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SECTION I
INTRODUCTION

The optimum performance of a turbo-propulsion system is usually
achieved when the compressor i1s operating near its maximum pressure ratio.
However, this optimum is generally not attainable because it occurs close to
compressor stall and unstable flow conditions. In actual operation, a stall
margin must be provided to prevent the compressor from penetrating the stall
boundary and developing destructive unsteady flow phenomena such as rotating
stall and surge. This is usually done by prescheduling the engine controls.
When an aircraft has a varied flight envelope, the prescheduling approach can
lead to the requirement for a large stall margin to keep the engine out of
stall under all possible transient and steady flight conditions. This stall
margin represents a significant performance penalty. Also, in many instances
of engine failure, rotating stall has been identified as a precursor to destruc-
tive unsteady flows in an engine. Furthermore, blade fatigue considgrations
will not allow a compressor to operate for prolonged periods in a large amplitude
rotating stall mode. Clearly then, it is desirable to develop methods of
estimating the stall boundaries of a compressor and if possible to develop an
engine control system that can sense incipient destructive unsteady flows in a
compressor and take corrective action to prevent compressor stall. Recognition
of these goals has been the motivation for a continuing program of research that
the AFAPL has sponsored at Calspan since 1962. The last program at Calspan was
carried out under Contract No. F33615-76-C-2092 and the results are reported in

References 1 through 3.

The work at Calspan has been both theoretical and experimental in
nature and has been aimed at obtaining a sufficient understanding of the rotating
stall phenomenon such that its onset and its properties can be predicted and
controlled. Demonstrated progress has been made toward these goals in that a
theory has been developed which is capable of predicting inception of rotating
stall on a high hub-to-tip ratio compressor stage (rotor plus stator) in low

speed flows, provided that the appropriate steady state blade row performance



data are available. In addition, a prototype rotating stall control system
has been designed and demonstrated successfully by tests conducted by Calspan
on a J85-5 turbojet engine and by the Air Force Aero Propulsion Laboratory on

a J85-13 turbojet engine.

The latest three-year program has the objectives of (1).develop an
analysis for a three-dimensional time-variant rotating stall and separation
theory, (2) develop analyses for post-stall operation/recovery and aerodynami-
cally induced exotic metal combustion and (3) consider the effects of distortion,
water ingestion, and nuclear blasts on axial flow compressors. The work done
towards accomplishing objective (1) is reported in Volume I of this report.

The work done towards the accomplishment of the remaining objectives are

reported herein.

The approach adopted towards accomplishing objectives (2) and (3)
listed above was primarily experimental in nature. Experiments in a low-speed
rotating annular cascade were performed to investigate the influence of rotor-
stator interference on the work performed by a rotor in a compressor stage with
and without inlet distortion and during stall. The experiments were performed
on a configuration of the annular cascade with low hub-to-tip ratio. They
included detailed total pressure surveys, three-component hot-film surveys
to determine velocities, and measurement of the torque input to the rotor.
Experiments on a J-85 engine with stall control system were performed to study
the unsteady temperature fluctuations in the J-85 compressor during rotating
stall, the performance of the stall control in anticipating and preventing
rotating stall, and the performance requirements for the stall control to
clear rotating stall once it has started. Separate tests were performed to
study the response of the rotating stall control system when a simulated blast
wave impinges on the engine inlet. Analyses of the post-stall behavior were
performed for both the low speed annular cascade and the J-85 engine. Finally,
a review of the literature applicable to water ingestion effects on a turbojet

engine was performed.



The experimental studies in the low speed annular cascade are covered in
Section II of this report. Section III presents the results of the tests on
the J-85 turbojet engine. A summary of the results and conclusions reached
is presented in Section IV. A detailed description of calibration and data
analysis techniques used with the three-sensor hot-film probe is presented in
Appendix A and tabulated three-component velocity data obtained with this
probe are presented in Appendix B. The literature review for water ingestion

effects 1is pfesented in Appendix C.



SECTION II
STUDIES IN ROTATING ANNULAR CASCADE

1. .INTRODUCTION

As a part of the work under a previous program Contract AF33(615)-3357,
an annular cascade facility was designed and fabricated. Its principal purpose
is to provide detailed fundamental experimental data during and prior to the
occurrence of rotating stall in order to improve our understanding of the
phenomena and for use as a guide in improving theoretical analyses. The
facility has also been used to evaluate the operation of a prototype rotating
stall control system (Ref. 4) and to provide acoustic data for comparison with
theory (Refs. 2 and S). This section presents the results of fundamental experi-
ments in the annular cascade to study interference effects on a rotor-stator

stage.

Experimental studies on rotor-stator interference have been performed
previously in the Calspan/Air Force annular cascade in a configuration with a
hub-to-tip ratio of 0.8 (Ref. 3). This investigation included measurements on
an isolated rotor, a closely coupled rotor-stator stage, and the same stage
with circumferential inlet distortion. The experiments on the stage were
performed for two different stagger angle settings of the stators. With undis-
torted flow, it was found that the presence of the stators delayed rotating
stall inception over that which occurs on the isolated rotor. Moreover, prior
to rotating stall inception, there was significantly more total pressure rise
across the rotor with the stator behind it than there was.across the isolated
rotor. This could be due to either: (a) the rotor-stator interference produces
more rotor work than the isolated case, or (b) the rotor-stator interference
produces a reduction in the rotor losses (presumably by influencing boundary
layer separation). An attempt was made to resolve these possibilities by
measuring the total temperature rise across the rotor. However, the results
were not accurate enough to provide reliable estimates of the work done by the

rotor.



The experimental steady-state performance data measured on the isolated
rotor and on the stage were used to provide inputs to a two-dimensional rotating
stall stability theory. The inputs required by the theory are the relative
losses and the turning of the flow through the rotor and the losses and turning
of the flow through the stators. Calculation of the relative losses through the
rotor in the stage required determination of the total pressure rise across the
rotor and of the work done by the rotor. As noted above, attempts to measure
the rotor work through total temperature measurements were not successful.
However, the work done by the isolated rotor had been determined previously
through an extensive series of velocity measurements. Thus for application of
the stability theory, it was assumed that the work done by the rotor in the
stage was the same as that done by the isolated rotor. This corresponds to
assuming that the observed increase in total pressure rise across the rotor
in the stage is a result of reduced losses through the rotor. With this input,
the resulting stability boundary predictions from the theory agreed extremely
well with the experimental stall inception boundary for the stage for both
stator stagger angles that were tested. However, this result is not conclusive
proof as to which effect, more rotor work or reduced rotor losses, is the cause
of the significant increase in total pressure rise across the rotor when the
stator is placed behind it. Resolving this point is an important factor for
rotating stall research as well as for general compressor design practice.
Furthermore, inspection of the isolated rotor work measured after rotating
stall had started suggested that the presence of rotating stall does not affect
the time-averaged rotor work if the mean and velocity in the annular cascade is
held constant. If this result is true in general, it may have application towards

explaining stall-induced titanium combustion in compressors.

The current work was designed to extend the experimental studies of
rotor-stator coupling to determine the effect on rotor work prior to rotating
stall inception and during rotating stall. The studies were performed on a
low hub-to-tip ratio (0.44) configuration of the annular cascade so that the
results could also be used to test the predictions of the rotating stall
stability theory for such a case. Previous tests of the stability theory had
all been for configurations with high hub-to-tip ratio. Rotor work was

determined by measuring the torque input to the rotor during the tests.
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The order of presentation of the experimental studies in the annular
cascade is as follows. A description of the low'hub-to-tip ratio configuration
of the annular cascade with a torque measuring device is presented in Section
II-B. Section II-C presents the results of measurements on the isolated rotor.
Results of measurements on the rotor-stator stage are presented and compared
with the isolated rotor measurements in Section II-D. Finally, in Section II-E,
the experimental results are compared to the predictions of the stability theory
and to those of a post-stall theory developed by Day, Greitzer and Cumpsty
(Ref. 6).

2. DESCRIPTION OF ANNULAR CASCADE FACILITY

a. General Description

The annular cascade facility consists of a test section built around
the outer front casing of a J-79 jet-engine compressor with a Calspan fabri-
cated hub. The facility includes a bell-mouth inlet on the outer casing and
a bullet nose on the hub to provide a smooth flow of air to the test section.
Outlet ducting is connected to an independently variable source of suction to
provide the required flow through the annulus. An electrically powered two-
speed axial flow fan is used as the source of suction. Continuous control of
the mass flow is achived through the use of variable inlet guide vanes to the
fan and a variable damper in the fan exit flow. A sketch of the annular cascade

facility with a torquemeter on the rotor drive shaft is shown in Fig. 1.

The test section of the annular cascade forms a circular annulus with
an outer diameter of 29.4 inches and an inner diameter of 12.8 inches which
provides a hub-to-tip ratio of 0.44. The outer casing will accept up to six
variable stagger angle stator rows. The hub was designed to accept the first
stage rotor from a J-79 compressor at its normal axial location relative to the
J-79 outer casing. This allows tests with the rotor alone, or with a stage
consisting of the J-79 first stage rotor and first stage stator. The hub has
an elliptical nose fairing at the front of the annulus, and the outer casing
has the same bell mouth inlet as was used for the high hub-to-tip ratio configu-

ration of Ref. 3.



The rotor uses the orignal rotor hub section from the J-79 compressor
to retain the blades. The original tapered hub was changéd to a constant area
design by filling the inter-blade spaces on the hub of the rotor blades. The
tapered-end stator blades were converted to constant area by trimming the hub
ends to the desired shape. The configuration of the stator blade hub-end
fittings was retained to allow use of the original stator hub support ring
from the J-79 compressor. The final hub-to-tip ratio (0.44) of the new configu-
ration was governed by the radial length of the original stator blade trailing
edges. With this design, the rotor blade stagger angle is fixed, but the
stator stagger is variable through the variable geometry mechanisms on the
J-79 compressor casing. Geometric characteristics of the rotor blades and

stator vanes are listed in Table 1.

The rotor is driven by a hydraulic motor mounted inside the hub. An
external hydraulic system, powered by a 50-horsepower electric motor is used to
provide power to the hydraulic motor. With this system, rotor speed 1is
continually variable from 0 rpm up to its maximum speed. Maximum speed in
these tests was limited to 1300 rpm by overload constraints on the torquemeter
insérted between the hydraulic motor and the rotor drive shaft. The torquemeter
is a Himmelstein Model MCRT 9-02T(5-2) with a full-scale range of 424-inch
pounds. The radial extent of the drive system and torquemeter was kept small
enough that the hub diameter could be kept constant at 12.8 inches throughout

the test section and downstream ducting.

For some of the tests, a circumferential distortion screen was mounted
upstream of the rotor. The screen is designed to provide a square wave distor-
tion pattern with a circumferential extent of 180 degrees. It is fabricated
from a perforated steel plate with an open area ratio of 60 percent. Previous
calibrations (Ref. 7) of screens made from this material have shown that it
provides a square-wave total pressure drop with a magnitude of approximately
1.1 times the dynamic pressure in the approaching flow. The mounting system
for the distortion screen allows it to be indexed to different circumferential

locations.



TABLE

1

GEOMETRIC CHARACTERISTICS OF ROTOR BLADES AND STATOR VANES

Blade Length
Blade Chord

Number of Blades
Stagger Angle;
Chord Angle)
from Axial

Camber Angle;

Max. Tbickness/Chord;

Vane Length

Vane Chord;

Number of Vanes
Stagger Angle
Relative Twist
<Positive Twist >

Increases Stagger

Max. Thickness/Chord;

a. Rotor Blades

Hub
Mean Radius
Tip

Hub
Mean Radius
Tip
Hub

Mean Radius
Tip

b. Stator

(r
(r
(r

Vanes

6.4™")
11.32")
14.63")

Hub
Tip

Hub
Mean Radius
Tip

Hub
Tip

(x
(r
(r

i n

6.4")
11,32™)
14.71'")

8.23 inches
2

.23 inches

6.7 deg.
deg.
50.1 deg.

(93]
(@)
8]

28.7 deg.
21.5 deg.
14.5 deg.
0.130

0.070
0.039

8.31 inches

1.62 inches
1.74 inches

28

Variable



b. Instrumentation

The outer casing of the annular cascade test section has been modified
to allow radial traverses with hot-film and total pressure probes far upstream
of the rotor and immediately downstream of the rotor. The downstream station
is located circumferentially half-way between two stator vanes and the probe
éensing tips (pressure and hot-film) fall approximately at the axial location
of the stator vane 1/4 chord. The far upstream station is approximately 32
inches upstream of the rotor. In all of the experiments, the mass flow through
the test section was determined by measuring the dynamic pressure in the constant

area annulus at the far upstream station.

The total pressure measurements were made with a multi-tube rake which
covers only a fraction (1.5 inches) of the total radial span (8.31 inches) of
the annular cascade test section. The full span was covered by traversing the
rake to different radial locations. Traversing the radius with a short rake
allowed the rake to be aligned approximately with the local flow direction
which was determined at each radial location from a Conrad arrowhead style
yawmeter incorporated on the rake. Proceeding in this manner was time consuming
but necessary since the radial variation in flow direction was very large in
some tests, exceeding 30 degrees. Pressures detected by the rake were photo-

graphically recorded from a multitube manometer and analyzed later.

The three-dimensional velocity field upstream and downstream of the
rotor was measured with a three-sensor hot-film anemometer system (triple probe
system). A substantial portion of time was required to calibrate the triple
probe system and develop data analysis techniques for obtaining three-component
velocity data from the three anemometer voltage outputs. Although the triple-
probe system had been calibrated previously for another program, preliminary
calibration tests in this program indicated that the calibration was valid only
over a small range of flow angles with respect to the probe axis of symmetry.
Extending the calibration to be valid over a larger range of angles required
that the equations relating the flow velocity components to the anemometer
voltage outputs contain terms which account for flow interference between the
hot-film sensors and the needles which support them. Inclusion of these inter-

ference terms results in a set of algebraic equations which are nonlinear and
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coupled. An iteration process was used to solve these equations on-line using

a Hewlett-Packard desk-top computer (HP-9825A). An on-line program was developed
for the computer which used a large number of instantaneous anemometer voltage
samples to determine the time averaged values of the three velocity components,
the time-average of the velocity component cross products, and various statistical
time averages of the fluctuating components. A detailed discussion of the

triple-probe calibration and data analysis techniques 1s presented in Appendix A.

The output from the torquemeter was integrated for 10 seconds on an
integrating voltmeter and the average of five such integrated readings was used
to determine a single torque data point. This procedure was used to average
out small random fluctuations which occur because the operating conditions
are not absolutely steady. In addition to torque, the torquemeter provided an
output of 60 pulses for each rotor revolution. This output was read on an
electronic counter set to a one-second gate time to provide a direct rpm readout.

In preliminary tests, the presence of rotating stall was detected by
a pressure transducer connected to a static pressure tap on the outer casing at
the axial location of the rotor 1/4 chord. However, it was found that a
clearer indication of rotating stall was obtained from a total pressure probe
mounted just upstream of the rotor. This method was used for the main body
of the test program. In addition, rotating stall was evident in oscilloscope
traces from the triple probe anemometer outputs. This indication of rotating

stall was in agreement with the total pressure probe indicator.

c. Determination of Bearing Tare Torque

The rotor blades in the current configuration of the annular cascade
are mounted on the first stage rotor disk from the J-79 and are not removable
after assembly. The fixed nature of the rotor blade assembly created a problem
in determining the tare torque generated by the bearings in the rotor drive
system. Bearing torque values are required so that the aerodynamically generated
torque on the rotor can be determined from overall torque measurements which

include the bearing torque.
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The value of the bearing tare torque as a function of rotor speed was
determined by sealing the rotor in a small cavity between two annular disks.
The configuration is sketched in the upper portion of Fig. 2. With the rotor
sealed in this fashion, the torque required to drive the rotor consists of the
bearing torque and the torque generated by aerodynamic forces due to the
recirculating flow in the sealed cavity. The bearing torque will vary linearly
with rotor speed (Ref. 8), while the aerodynamic torque will vary with the
rotor speed raised to a power between 9/5 and 2. The 9/5 power will dominate
if turbulent boundary layer friction is the primary aerodynamic mechanism
(Ref. 9), while the power 2 will dominate if pressure drag is the primary

mechanism.

Figure 2 show three sets of torque data taken on separate days. Each
data set was fitted with two curves using the method of least squares. One
curve assumed a 9/5 power law for the aerodynamic losses and the other assumed
a square power law. The square power law provided a slightly better fit to the
data based on the sum of the squared errors. It is these curves which are
shown in Fig. 2 fitted to the total torque data. The linear portions of the
least square fits to the three sets of data are also shown in Fig. 2, labelled
bearing torque. As can be seen, the three bearing torque estimates are reason-
ably consistent. The maximum difference between the three curves is less than
1.5 inch pounds and this maximum difference occurs at high rpm where the rotor
torque during the experiments is high, minimizing the percentage error in the
bearihg torque estimate relative to the overall torque. The average of the
three bearing torque curves was used as an estimate of the bearing torque for

analysis of the data taken during the experimental program.

3. ISOLATED ROTOR

a. Inlet Flow Calibration

In preliminary tests, the annular cascade contained a hub section upstream
of the rotor which was 30 inches shorter than that sketched in Fig. 1. During
the preliminary tests, it was noted that the boundary layer on the hub upstream
of the rotor separated intermittently on a fairly regular basis. The inter-

mittent separation was independent of rotor speed; it occurred even with the
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rotor stationary. Further investigation suggested that the separation was
caused by a local unfavorable pressure gradient near the joint between the
bullet nose and the constant diameter hub. Thus it was decided to modify the
hub region near the inlet bell. A 30-inch hub extension was fabricated to
move the bullet nose forward inside the large outer casing inlet bell (Fig. 1),
where there is a favorable axial pressure gradient imposed by the inlet bell.
Subsequent measurements with a pressure transducer connected to the total
pressure survey rake showed that the separation was eliminated by the hub
extension. Following this, radial surveys were performed to establish the
uniformity of the total pressure in the constant area annulus far upstream of

the rotor. The results are shown in Fig. 3.

In Fig. 3, the inlet total pressure coefficient, Ck?a , is shown as

a function of radius. The inlet total pressure coefficient is

.
o T T
.7 %P Yy
where fr = Total pressure measured by the rake
= Total pressure measured by a fixed reference probe near
77 P P
~ mid-annulus far upstream of the rotor
¢, = Mean axial velocity far upstreanm

Air density

RS

Fig. 3 shows that the inlet flow to the annular cascade test section is quite
uniform in total pressure except for the boundary layers on the hub and tip
casings. Both boundary layers are thin; the hub boundary layer has a depth of
approximately 0.1 inch and the tip boundary layer a depth of approximately 0.25
inch. These depths are negligible fractions of the radial span of the annular

cascade test section.

Rédial surveys of inlet flow velocity field taken with the hot-film
triple probe at the same location as the total pressure data are shown in
Fig. 4. These surveys were made at three different rotor speeds (500, 900 and
1200 rpm), with the mean axial velocity, (/, , held constant at approximately

52.5 feet per second. At this value of (/, , rotating stall inception occurs
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on the rotor at approximately 1000 rpm. Thus the velocity surveys provide data
for conditions well below stall inception (500 rpm), near stall inception

(900 rpm), and after a steady state rotating stall has developed (1200 rpm).

Each part of Fig. 4 (a, b and c¢) presents results at a different rotor
speed. The mean axial, (/ , circumferential, }/ , and radial, W , velocity
components are shown in each part along with the r.m.s. values ( Q,’ DFU w' )
of the fluctuations in each velocity component. All the velocity data have been
nondimensionalized by the mean inlet velocity, (,, . The latter is calculated
from the pressure difference between a total pressure probe in the cascade
annulus and a static pressure tap on the outer casing, both at the upstream

axial location of the radial velocity surveys.

Comparing parts a, b and c of Fig. 4 shows that the flow far upstream
of the rotor is independent of rotor speed and of the presence or absence of
rotating stall; all three parts provide results which are indentical to within
the accuracy of the measurements. As expected from previous total pressure
surveys at this location (Fig. 3), the dimensionless mean axial component has
a nearly constant value ( 5&@@ %/ ) with radius, and the circumferential and
radial components are small. The circumferential component, V/AUb , does appear
to contain a consistent trend with radius being positive near the hub and very
slightly negative near the tip. The rms values of the circumferential, Uj/bg,
and radial, ac?[@ , components lie in the range between 3 and 6 percent while
the rms of the axial componént, a;/bb, is smaller (a&ﬁ&é::l percent). While-
ms values of 3 to 6 percent for the circumferential and radial fluctuations
are relatively large by wind tunnel standards, they are not surprising for the

inlet region of a low hub-to-tip ratio annular cascade.

In summary, the inlet total pressure and velocity surveys provide
results which appear to be satisfactory as undistorted inlet conditions for
the rotor. Moreoever, since the data behave as expected, it indicates that the
triple probe anemometer system and on-line computer program for data analysis

operated properly.
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b. Velocity Field Downstream of Isolated Rotor

Radial surveys were performed with the triple probe downstream of the
rotor with the probe shaft at the axial location of the mid-chord of the stator
row when installed. This places the sensing elements on the tfiple probe
approximately 1 inch downstream of the rotor blade trailing edges. The radial
surveys were performed at 13 different rotor speeds, covering flow conditions
from well below rotating stall inception to well above inception. The major
results of the surveys are presented in Figs. 5 and 6. Mean velocity componenté
are shown in Fig. 5, and the rms of the fluctuations are shown in Fig. 6.
Numerical values of the above data and of some other parameters are tabulated

in the computer printouts of Appendix B.

Each part, a through i of Fig. 5, presents mean velocity data for a
different rotor speed. In addition, parts ¢ and g present data from repeat
runs made on different days and at different ambient temperatures. The date,
air temperature and mean inlet velocity, (/, , are given in a box for -each run
and the absence or presence of rotating stall is noted below the box. The
repeat run made at 800 rpm (Fig. 9c¢), which is below stall inceptions agrees
quite well with the original survey. The repeat run after stall inception
(Fig. 9g), 1050 rpm), shows somewhat more scatter but the agreement between
surveys 1s still satisfactory.

At low rotor speeds, the mean axial velocity,.67 is approximately
constant in the central portion of the annulus and decreases near the hub and
tip regions. As rotor speed increases towards rotating stall inception, the

(/ distribution changes shape, displaying maxima at radial locations near the
hub and near the tip and a minimum near mid-annulus. As rotating stall develops
(rpm 3 1000), the maximum near the tip disappears and ¢/ begins to decrease
with increasing radius. Once steady rotating stall has developed (rpm 2 1100),
the decrease in (/ with increasing radius becomes large. Earlier tests with a
traversing total pressure probe had shown that rotating stall on this rotor
covered approximately the outermost 70 percent of the blade span, with the
remaining region being apparently free of rotating stall. Visual observation

of the signals from the hot-film sensors suggested the same behavior. Thus the
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large decrease in (/ with increasing radius once steady rotating stall has
formed is not surprising since the axial velocity in the stall cells is small.
Apparently the deficit in mean axial velocity in the stalled regions forces
more of the flow to pass through the unstalled hub region on this low hub-to-tip
ratio rotor. The increased axial velocity near the hub tends to stabilize this
region and prevent rotating stall from becoming full span as the rotor speed is
increased.
Consider now the mean circumferential velocity component / in Fig. 5.

There are two trends in Y with increasing rotor speed. First the overall
magnitude of V increases with rTotor speed as expected. Second the shape of
the radial distribution changes with rotor speed. At low rotor speeds, V is
a maximum near the hub and decreases towards the tip. This is a result of the
twist in the rotor blades; at low rotor speeds the blades have more twist than
that required to account for the increase in circumferential blade velocity with
radius. As rotor speed is increased in the unstalled region, the decrease in

V  with radius becomes progressively less pronounced, as expected. However,
the V distribution near the blade tip region is unusual. At rotor speeds of
800 rpm and above, there is a region near the tip in which Y increases very
rapidly with radius. At rotor speeds of 800 and 900 rpm, the region of
rapidly increasing V occurs at A7 X 7.3 inches and corresponds to the
region in which U is decreasing rapidly. Rotating stall was not detected at
these rotor speeds, so the unusual behavior of V near the tip may be a result
of secondary flow phenomena near the tip. On the other hand, the V behavior
may be evidence of a small undetected rotating stall confined to the blade tip

region.

For rotor speeds at which rotating stall was detected ( 2 950 Tpm),
the region of rapidly increasing V begins to extend further into the annulus
as rotor speed increases. At the maximum rotor speed tested (1300 rpm), %
begins to increase at A» = 5 inches while 67 begins its most rapid decrease
with radius at this same radius. The increase in V in the presence of rotating
stall is consistent with the description of flow in a rotating stall cell

presented in Ref. 10. There it was found that very high circumferential velocities
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and low axial velocities exist in a stall cell immediately upstream of the first
rotor in a two-stage compressor in part span rotating stall. Immediately down-
stream of the same rotor, although the absolute magnitude of the velocity
decreased, the flow in the cell was still predominantly circumferential. More-
over, this circumferential velocity increased with increasing radius. Thus one
would expect the mean circumferential velocity, which is an integral of the
velocity in the cell and external to the cell, to show the behavior displayed

by the current data in the presence of rotating stall.

The final component of velocity presented in Fig. 5 is the mean radial
velocity, PV . At low rotor speeds, this component is small and consistently
negative over most of the radius. As rotor speed is increased, W approaches
zero and becomes more irregular with radius. The scatter of about zero is
probably within the accuracy of the triple probe measurements. Once steady
rotating stall is established (rpm Z 1100), w appears to take a small con-
sistently positive value in the outer portion of the annulus. However, it is
not certain that the W data are reliable in this region of large velocity
fluctuations. The 57 and V components are probably more reliable because
the effect of velocity fluctuations in these components is made less severe by

adjusting the pointer angle on the probe as discussed in Appendix A.

The rms of the fluctuations in the velocity components are presented

in Fig. 6. At the three lowest rotor speeds (400, 500 and 600 rpm), the
rms components are all approximately constant at 3 to 5 percent of (/, except
for small increases near the hub and tip. At rotor speeds above 600 rpm, the
rms values begin to increase with increasing rotor speed except for the region
close to the hub. The increase is gradual and appears to affect all three
components equally until rotating stall occurs. Once rotating .stall is present,
all components continue to increase with rotor speed, but the rms axial component,

«' , increases more rapidly. At rotor speeds above 1000 rpm, the «’ compo-
nent is distinctly larger than Lf/ and ur’, except perhaps in the region close
to the hub. The larger values of (' are most likely caused by the combination
of low axial flow velocity within the stall cell and larger axial flow
veiocity in the free stream region between cells. This difference apparently
is larger than the difference in circumferential velocities within the cell and

external to the cell.
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c. Integrated Velocity Components and Comparisons With Other
Measurements

rThe velocity data presented above illustrate that the time averaged
velocity components downstream of the rotor in the annular cascade are very
nonuniform with radius and that the fluctuations in the instantaneous values
become large even before rotating stall inception occurs. The complexity of
both the flow field and the on-line computer program for analysis of the
tr}ple—probe data raise questions regarding the accuracy of the results. Thus
it is of interest to assess the accuracy of the data through comparisons with
results from measurements performed with other instrumentation or through
comparisons in which the correct results are known. Three such comparisons are

presented in the following paragraphs.

The first comparison 1s concerned with the swirl angle, /32 , down-
stream of the rotor. Total pressure data which will be presented shortly were
measured with a multi-tube rake which covers only a fraction (1.5 inches) of
the total radial span (8.31 inches) of the annular cascade test section. The
full span was covered by traversing the rake to.different radial locations.
The total pressure rake contained a Conrad arrowhead style yawmeter at its
radial center which was used to align the rake with the local flow direction
at this center. The flow angle determined by this alignment procedure was
recorded for each rake position and rotor speed. Since four radial positions
of the rake were used in each total pressure survey, the swirl angles downstream
of the rotor at these four locations are available for comparison with swirl

angles calculated from the triple-probe mean velocity components.

The swirl angle calculated from the velocity data is given by

at the radial location of the yawmeter measurements. The velocity data were
not measured at exactly the radial locations corresponding to the yawmeter
measurements, so each component [/ and V of the velocity data were assumed
to vary linearly between the two points closest to the yawmeter radial location.
Swirl angles calculated in this way from the velocity measurements are compared

with the yawmeter results in Fig. 7.
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Fig. 7 presents swirl angle comparisons as a function of rotor speed
for each of the four fadial locations at which yawmeter data are available. As
can‘be seen the agreement between yawmeter and triple probe results is excellent
except for one point at a rotor speed of 1300 rpm and A?> = 5.41 inches (Fig.
7(b)). In view of the excellent agreement everywhere else, it is probable that
the yawmeter angle was misread by an increment of 5 degrees for this point.

Such an error is easy to make when concentration is focussed on interpolating
between the smallest angular divisions (1 deg) on the protractor used to read

yawmeter angle.

The excellent agreement between swirl angles determined from the yaw-
meter and from the triple probe indicates that the ratio between the mean
circumferential and axial velocity components, C?/(j , 1s determined with
satisfactory accuracy by the triple probe data system. Moreover, the accuracy
is maintained everywhere in the flow field and also in the presence of rotating

stall (rpm = 1000).

A second assessment of the accuracy of the triple probe data is
afforded by application of the flow continuity equation. This requires that

the area weighted integral of the mean axial velocity component, ¢ , be

constant at all locations in the flow field, or on a dimensionless basis

//(76/
A Yo ds =
S Uy 4

where S 1s the annulus area. The radial distribution of, éZ/Q75 , upstream

and downstream of the rotor have been integrated as indicated above and the
results are presented in Fig. 8. As expected, integration of the radial profiles
at the inlet (Fig. 4) provide the desired results to within better than 1 percent.
Integration of the downstream profiles (Fig. 5) provide results which are
excellent at the lowest rotor speeds but which become progressively lower as

rotor speed is increased until they are 5 percent low just prior to the occurrence
of relatively steady rotating stall (rpm >1000). After this speed there is a
small but sudden increase in the integral to nearly its correct value and then

a slow increase with rotor speed. The final value of the integral at 1300 rpm

is about 4 percent high. In general, the trends with rotor speed displayed
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by the downstream integrais are small but consistent. The reasons for this
behavior are unknown. However, the overall accuracy of the integrals is within
5 percent of the correct value over the complete rotor speed range of the tests.
While higher accuracy would be desirable, the apparent accuracy is considered
acceptable .in view of the nonuniformity and unsteadiness of the flow field being

measured.

The final comparison to be made is based on a relation between the
torque required to drive the rotor and the flow field downstream of the rotor.
In Ref. 11, it is shown that the overall torque on an isolated rotor depends
only on the overall change on angular momentum through the blade row. This
same result was reached independently during the current study (Ref. 12). For
a constant area annulus in incompressible flow with undistorted axial inflow
upstream of the rotor, the relation between the rotor torque and the downstream
flow field 1is

7= /oz/wds (1)
S
where = radius
= annulus cross-sectional area
TOtOoT torque

= axial velocity downstream of the rotor

< R N G X
I

= circumferential velocity downstream of the rotor in duct-fixed

coordinates

The above relation applies to the annular cascade configuration used in the

current experiments.

Now define a torque coefficient, C, , as

Er s
OUSS

Cr

where ¢/ 1s the rotor angular velocity. Then using Eq. (1), the relation

between C}. and the downstream flow field is
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2W7r // 2rd IV -
cr= =25 ==/ 5 ds
A 2)

where ('“—) indicates a time average of the instantaneous velocity product.
The time average is required because the instantaneous flow field is unsteady
due to rotor wake passage in the duct fixed coordinate system. (The time
average 1s assumed to be equivalent to a circumferential average in a frame of

reference which rotates with the blades.)

The value of (' can be calculated from the measured values of the
torque, /7 , required to drive the rotor and, independently, it can be calculated
by integration of d;;: as indicated by Eq. (2). The local values of UV deter-
mined by the triple-probe surveys are tabulated in Appendix B along with the
area integral of Eq. (2). The results for the isolated rotor are shown in
Fig. 9.

Fig. 9 presents comparisons of the torque coefficients over the complete
speed range (400 to 1300 rpm) of the tests. The state of the observed rotating
stalls is noted as a function of rotor speed in the lower portion of Fig. 9.

It is evident that the two independent means of obtaining > provide results
which are essentially identical at rotor sSpeeds of 1000 rpm or less. In this
speed range, rotating stall is either nonexistent or else occurs only occasion-
ally. Once rotating stall is present on a frequent or steady basis, the values
of Cr calculated from the velocity data become 10 to 12 percent larger than

those calculated from the torque data.

The excellent agreement between the torque coefficients derived from
torque measurements and from velocity measurements in the absence of steady-
state rotating stall provides confidence in the accuracy of both sets of measure-
ments in this flow region. Once rotating stall has developed, the torque
measurements provide the most reliable data because the triple probe velocity
data may be influenced by instantaneous excursions in flow angle which are beyond
the range.of validity of the calibration and data analysis procedure. The

apparent deterioration in accuracy in calculating £ from triple probe data in
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the presence of steady rotating stall does not compromise the experimental
program on rotor-stator interaction effects; the principal data required for

this study are obtained from the torquemeter data and total pressure measurements.
The triple probe is used only to provide the radial distributions of mean axial
flow for mass flow averaging of the total pressure data. The continuity inte-
grals in Fig. 8 indicate that these data are accurate to within 5 percent

at all flow conditions.

d. Rotor Torque, Total Pressure Rise, and Loss Coefficients

As noted in Section II-A, application of the existing rotating stall
stability theory requires an an input the relative losses across the rotor in
a blade-fixed coordinate system. In previous studies of a high hub-to-tip ratio
rotor (Refs. 3 and 7), the area averaged relative loss coefficient, gfzigﬁg s
was taken as the difference between an area averaged work coefficient, va s

and the area averaged total pressure rise across the rotor, 416%%_. That is,

AN Cpf,e = C'W“AC/;/_

7 (3)
=~ _ I 2y ¥
where - Cw = 379{; Y, ZZ: ds (4)
Sl [ B .
TS S }é/O C@

Note that the torque coefficient in Eq. (2) and the work coefficient in Eq. (4)

differ in that the torque coefficient contains 5Ua/662 in the integral while the
work coefficient contains only V/{[, . If the flow is completely steady in duct-
fixed coordinates,d@&ﬁéz=(49Qé)(E/%é)* and the difference between the torque and

This approximation is quite accurate for the data obtained in the absence of
rotating stall. In reality, 422/242—(/69Q@)(12/bg): &7;;76é% The values of
a/bf;/CQZ are listed in Appendix B (labeled «wv’ ) for each data point.
Inspection of the tables shows that « v’ is negligible in magnitude except
for rotor speeds above 1000 rpm where frequent to steady rotating stall was

present on the isolated rotor.
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work coefficients is that the torque coefficient is a mass flow averaged value
of the local work coefficient. It follows that the determination of an average
relative loss coefficient from the torque data and total pressure data requires

mass flow averaging of the total pressure data.

The actual expression relating the mass flow averaged relative loss
coefficient to the torque and total pressure data can be obtained by noting

that in a rotating frame of reference, the quantity conserved in loss-free flow,
(Ref. 12), is

- z 2 2 2y 2 2
—-/07"2/.7/0 TLW+VR) pa)r (6)
where P = static pressure
{O”M/ ) = axial, radial and circumferential velocity components in

relative (blade fixed) coordinate system.

Note that /%é "differs from the usual definition of relative total pressure by
the last term on the right in Eq. (6). The loss in total pressure due to
viscosity along the streamline as it passes through the rotor will be(ﬁﬁ%’/%kz>
where subscripts 0 and 2 indicate stations upstream and downstream of the rotor.

The mass flow average of these relative losses in a constant area annulus 1is

~ /
Dl = &;g,[[((/’of@%'(ap&)z} ds (7)

Using Eqs. (4), (5) and (6) and .specifying uniform inflow,(%/zj: U, and

/}b = constant, one can show that the mass flow averaged relative loss
o
coefficient, AC (AP ///OU ) is given by

/T

2dr OV
AT 5, © 5/[ ) (——ACP)JC/S c,—acp (8)

o 7 (/ ] ) (9)
where Cr, = — / ACy, d
Y A
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In view of Eq. (8), the difference between the torque coefficient C'r
and the area averaged pressure rise coefficient, ﬁg_Z;%r (Eq. (5)), represents
the relative loss across the rotor only if the axial velocity downstream of the
rotor is a constant with radius. The axial velocity profiles presented in
Fig. 5 show that this is not the case. Thus it is of interest tc compare the
results from mass flow and area averaging of the total pressures to determine
the magnitude of the difference between the two procedures. This comparison

will be presented shortly.

Radial distributions of the local value of the torque coefficient
(2’&)7/%6)(2@&4%3) and mass flow weighted total pressure rise coefficient,
(/CZ/bb>[§cy%f , are presented in Fig. 10 for the isolated rotor. The data
used in Fig. 10 were all obtained with the mean axial velocity, 02 , far
upstream of the rotor held constant at approximately 53 feet per second. Each
part, a through i, of Fig. 10 presents data at different rotor speeds. In the
rotor speed range between 700 and 1000, the total pressures were not completely
steady so multiple total pressure surveys were made to define the extremes.

In addition to the multiple total pressure surveys, two of the triple prqbe
velocity surveys were repeated on different days with different ambient tempera-
tures. Both sets of local torque coefficient, are shown for these repeated

surveys (Figs. 10c and 10f).

As indicatgg by Eq. (8), the difference between the radial distribution

dr TV
527__ j%%: and é? Zlé}qr gives the radial distribution of the rotor's
g o o

of
mass-flow weighted relative loss coefficient (as measured at an axial location
approximately 1 inch downstream of the rotor blade trailing edges). At the
lowest rotor speeds (400 to 600 RPM), the majority of the losses across the rotor
occur near the hub and tip regions. At 700 RPM, the rotor begins to incur
significant losses over the complete span. As rotor speed is increased further,
the losses increase in magnitude with increasing rotor speed except in a small
region near the hub where they appear to remain relatively constant up to a

rotor speed of approximately 1050 to 1100 RPM. As noted on the separate parts

of Fig. 10, first indication of the presence of rotating stall occurred at a

rotor speed of 950 RPM, and it becomes steady rotating stall at 1100 RPM. The
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data presented in Fig. 10 show that the rotor losses on the outer three-quarters
of its span begin to increase rapidly at rotor speeds well below those at which
rotating stall was detected and that the hub region incurs low losses even after
rotating stall has started. In fact, it is not possible to deduce the presence

of rotating stall from inspection of these data.

The radial distributions of the mass flow weighted total pressure rise,
('53/291)ZXC7%_ , have been integrated gxer the annulus area to obtain the
mass flow averaged total pressure rise Zl<fp% . These data are presented
in Fig. 11. At rotor speeds where multiple radial surveys were measured, each
distribution was integrated and the average of these integrals is shown 1in
Fig. 11. The values of égif;}_ have been corrected to eliminate small inaccura-
cies in the axial velocity component derived from the triple probe data. The

correction was made as follows:

g
~ g[UAC/Da/
NCp = =
a L/‘_U_
S Yo (10)
/
where J/~59 CKS . The latter integral was evaluated and presented in

Fig. 8 for all of the velocity surveys on the isolated rotor. Its value was
within 5 percent of unity for all cases tested. Also shown in Fig. 11 is the

torque coefficient, Cr , derived from the torquemeter data.

e

The difference between (', and ACp_ 1is the mass flow averaged rela-
—~ 7

tive loss coefficient A Cvc%k for the rotor (Eq. (8)). This relative loss

coefficient is the third variable in Fig. 11.

It was pointed out earlier that in past studies on a high hub-to-tip
ratio rotor, the relative loss coefficient across the rotor was taken as the
difference between an area-averaged work coefficient, EFM, , and the area-
averaged total pressure rise, Z;:E/%r , across the rotor (Eq. (3)). Both of
these quantities lack the axial velocity ratio, Za/bb , which occurs in the
mass flow average of Eq. (8)). In particular, it was noted that the difference

between the torque coefficient, Cr , (which is a mass-flow averaged parameter)
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and the area averaged total pressure rise coefficient, é;&pr (which 1is not
mass~-flow averaged) represents the relative losses across the rotor only if the
axial flow velocity downstream of the rotor is constant with radius. The
velocity data presented in Fig. 5 show that the axial velocity, ( , downstream
of the rotor is far from being constant with radius. Thus, it was expected

™ ——
that there would be significant differences between A C}@_ and A C>Zr

Since the determination of mass-flow averages requires the measurement
of the axial velocity distribution, which is a difficult measurement, it is of
interest to compare the results of mass-flow averaging with the results of
area-averaging. This has been done in Fig. 11 where the total pressure and
relative loss results are presented for both mass-flow and area averaging. It
can be seen that the mass-flow and area averages agree extremely well except
at rotor speeds of 1200 and 1300 RPM, where steady large-amplitude rotating
stall was present during the measurements. In fact, the agreement is maintained
at rotor speeds well above those at which rotating stall was first detected.

The first indication of rotating stall is marked by an arrow in Fig. 11. The
reason for the agreement between the mass-flow averaged and area averaged total
pressure rise across the rotor is unknown at preseﬁt. However, if such agreement
can be assumed to hold in general, then the determination of rotor losses becomes
a much simpler experimental task, requiring only torque and total pressure
measurements. Further evidence of this phenomenon will be presented in the

rotor-stator stage data.

The data presented in Fig. 11 are sufficient to use as inputs to the
existing rotating stall stability theory to investigate the ability of the
theory to predict rotating stall inception on a low hub-to-tip ratio rotor.

This has been done and the results are presented in a later subsection.
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4. ROTOR-STATOR STAGE

a. Rotor Torque

As noted in Section II-A, previous studies on a high hub-to-tip rotor
configuration of the annular cascade showed that the addition of a closely coupled
stator row downstream of a rotor caused the rotor to generate a significantly
higher total pressure rise than that generated by the isolated rotor with the
same inlet conditions. The reason for this higher total pressure rise was not
determined, but it was speculated that it could be caused.by a larger work in-
put from the rotor in the stage or a reduction in the losses across the rotor.
In the present program resolution of these possibilities was approached through
measurement of the torque input to a rotor in isolation and to the same rotor
in a rotor-stator stage. In this case, the annular cascade has a much lower
hub-to-tip ratio (0.44) than that used previously, so it is of interest to see
if the rotor-stator interference effects are still in evidence as well as to
determine if the rotor torque depends on the presence of a downstream stator

-

row.

The results of the torque measurements on the rotor in the stage are
compared to those measured on the isolated rotor in Fig. 12. These data
were obtained with constant mean axial velocity ( {,~ 53 ft/sec) in the annulus
far upstream of the rotor. Data for the rotor in the stage are shown for three
different stator stagger angles, 55 , at the mean radius of the annular cascade.
The middle stagger angle, 22.9 deg., corresponds approximately to the original
design operating condition for the first stage of the J-79 compressor from

which this low speed stage was adopted.

As can be seen in Fig. 12, there is a small but distinct increase
in rotor torque when the stator row is added downstream of the rotor. Sur-
prisingly, at rotor speeds up to approximately 800 RPM, the increase in rotor
torque is largest for the stators with the lowest loading ( 85 = 32.9 deg.)
and smallest for the highest loading ( dg = 12.9 deg.). Above 800 RPM, there
is no consistent trend between torque and stator stagger angle; but the staged-

rotor torque Tremains above that measured on the isolated rotor. Thus it would
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appear that the addition of a stator row downstream of this low hub-to-tip ratio
rotor increases the torque required to drive the rotor even though upstream

flow conditions are held constant. It remains to be seen whether the total
pressure rise across this rotor is affected by the presence of the stator row

in a fashion similar to that observed on the high hub-to-tip ratio rotor and
rotor-stator stage. The results of the total pressure surveys are presented

below.

b. Total Pressure Distribution on Rotor

Following the rotor torque measurements, radial distributions of
total pressure between the rotor and stator were measured for a variety of
rotor speeds, again with the mean axial velocity, 6@ , held constant at ap-
proximately 53 ft/sec. In all, surveys were made‘for the same 13 rotor speeds
as were tested with the isolated rotor, and for three different stagger angle
settings of the stator row. As with the isolated rotor, 1t was found that the
total pressures were not entirely steady in time, particularly in the mid-range
of rotor speeds. Thus, two.sets of total pressure data were taken for each
test to define the extremes. The results of these measurements are compared
to the equivalent measurements on the isolated rotor in Figs. 13 and 14. Fig.
13 presents the results for a stator stagger, &5 , angle of 12.9 deg. and Fig.
14 presents those obtained with d; = 32.9 deg. Similar data are available for

é; = 22.9 deg. but are not presented herein since the two sets of data shown

are sufficient to illustrate trends.

The different parts, a through i, of Figs. 13 and 14 present data
for different rotor speeds. The data obtainted on the isolated rotor are
shown as dashed lines while that obtained on the rotor in the stage are shown
as symbols. The presence or absence of rotating stall is noted on each figure.
On the isolated rotor, rotating stall was first detected at a rotor speed of
approximately 950 RPM. With the stators installed, rotating stall inception
was delayed to higher rotor speeds, approximately 1050 RPM for 65 = 12.9 deg.
and 1100 RPM for ég = 32.9 deg. These delays are similar to those observed on

the high hub-to-tip ratio state tested previously.
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For the smallest stator stagger angle (Fig. 13, 6g = 12.9 deg.),
the total pressure rise across the isolated rotor and across the rotor in the
stage are similar at low rotor speeds. As rotor speed i1s increased, the rotor
in the stage displays progressively more total pressure rise than the isolated
rotor in the lower portion of the annulus. In fact, the staged rotor begins
to develop a peak in total pressure rise at a distance of approximately 2-1/2
inches from the hub for rotor speeds as low as 800 RPM. this peak grows as
rotor speed is increased further. Very close to the tip, the isolated rotor and
staged rotor display similar total pressure behavior even after the isolated
rotor has entered rotating stall (950 RPM). This similarity is maintained until
the staged rotor enters rotating stall (1050 RPM). Once the staged rotor enters
rotating stall, the tip total pressures drop suddenly while the remainder of
the annulus still displays a substantial increase in total pressure for the
staged rotor. As rotor speed is increased further, the deficit in total pres-
sure near the tip of the staged rotor moves progressively farther down into the
annulus.

At the higher stator stagger angle (Fig. l4,d;.= 32.9 deg.), the
general trends observed withC% = 12.9 deg. remain unchanged but the magnitudes
of the effects differ. The peak in total pressure on the staged rotor still
develops but its magnitude is not as large and it occurs at a slightly smaller
radius ( A7”=% 2 in.}. Moreover; the sudden drop in total pressure near the tip
is delayed from 1050 to 1100 RPM in correspondence with the delay in rotating

stall inception on this stage.

In general the radial distributions of total pressure rise across

the isolated rotor and staged rotor in this low hub-to-tip ratio configuration
display trends similar to those observed on the high hub-to-tip ratio configura-
tion (Ref. 3), that is the staged rotor generates a greater total pressure rise
than the isolated rotor even before rotating stall inception. However, the in-
creased total pressure on the current low hub-to-tip ratio configuration is much
more nonuniform with radius tham it was on the high hub-to-tip ratio unit. In
any event, it would appear that both high and low hub-to-tip ratio rotors

display interference effects when closely coupled to a downstream stator row.
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¢c. Axial Velocity and Mass Flow Weighted Total Pressure

Rise Distributions

As discussed in Section II C.4, the determination of relative losses
across the rotor requires knowledge of the rotor torque coefficient and the
mass-flow averaged total pressure rise (Eq. 8)). The latter is determined
through integration of the mass-flow weighted total pressure rise coefficient
over the annulus area. Radial distributions of dimensionless mass-flow weighted
total pressure rise coefficient ((7/42%)534é_are presented in Fig. 15 along with
radial distributions of the dimensionless axial velocity, 5@/0? . In each case,

the data are made dimensionless through division by {/r where

/ —
%=3‘{4/45 (11)

Division by Q% compensates for inaccuracies 1in measuring the axial
flow component of velocity (see discussion surrounding Eq. (10)) and provides
a consistent basis for comparing data from the isolated rotor with data measured
mid-way between the stators at an axial location near the stator 1/4 chord.
The presence of the stators accelerates the flow at the measuring location.
Division of the data by /7 assumes that the mid-vane space radial surveys of
axial velocity are typical of the distributions throughout the passage space
between the stators. The flow acceleration induced by the stators does not
affect the total pressure rise coefficient,[kczqr , since the total pressure
downstream of the rotor is conserved, unless the measuring location lies in a

region of flow separation generated at the stator leading edges.

Fig. 15 compares data taken on the isolated rotor with data obtained
on the rotor-stator stage. The stage data are presented for two different
stator stagger angles. In all cases, the mean axial velocity, {, , was held
constant at approximately 53 ft/sec and the rotor speed was varied. Each part
{(a through 1) of Fig. 15 present data for a different rotor sﬁeed. When more
than one radial survey was taken for a given condition, the plotted data are

averages of the multiple survey results.
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The dimensionless axial flow velocity profiles on the isolated rotor

and the rotor in the stage are identical to within the experimental accuracy
at the lower rotor speeds (up to 800 RPM). However, the mass flow weighted
total pressure rise coefficients display increasingly larger differences as
rotor speed is increased in this range. In general, the rotor in the stage
displays an increase 1in mass-flow weighted total pressure rise over that ob-
served with the isolated rotor. At a rotor speed of 900 RPM, the axial ve-
locity profile for the state with a stagger angle 6} = 32.9 deg. remains
essentially similar to that measured on the isolated rotor while the stage with

55 = 12.9 deg. displays a redistribution of the axial flow in the lower half
of the annulus. At higher rotor speeds, the axial flow velocity is redistribu--
‘ted on the stage for both stator stagger angles. In the outer portion of the
annulus, the results on the stage at both stagger angles are similar and both
display higher axial velocities than the isolated rotor. In the lower portion
of the annulus, the effect of the stators depends on stator stagger angle, but
the results for both stagger angles show reduced axial velocities over those
observed on the isolated rotor. At the highest rotor speeds (1200 and 1300 RPM)
where steady rotating stall was present on all three configurations, the rotor
in the stage displays significantly higher axial velocities near the tip than
does the isolated rotor. In all cases above 800 RPM, the mass flow weighted
total pressure rise distributions on the rotor in the stage are substantially

different from those observed on the isolated rotor.

In general, the mass flow weighted total pressure rise data in Fig. 15
follows the trends displayed by the total pressure rise data presented previously.
The specific shapes of the distributions are different because the axial flow velocity
is not uniform with radius. However, the comparative differences between the
isolated rotor and the rotor in the stage remain. The presence of the stator
row causes a redistribution in the axial flow with radius at rotor speeds above
800 RPM but this effect is not nearly as large as the effect on total pressure,
except perhaps near the rotor tip under conditions when steady rotating stall
was present on all three configurations. The latter data are suspect because
the large instantaneous velocity excursions during stall may be beyond the range

of validity of the triple probe calibration.
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d. Rotor Torque, Total Pressure Rise and Loss Coefficients

As with the isolated rotor, there are several integrated flow param-
eters of interest. These are the area-averaged values of axial flow velocity,
total pressure rise coefficient, and mass-flow weighted total pressure rise
coefficient. The integral of the velocity derived torque coefficient was also
evaluated for the isolated rotor. However, for the rotor in the stage, this
particular integral does not apply because the stator row provides an additional
body force on the flow downstream of the rotor which makes the integral of the
velocity field in Eq. (2) inapplicable. The area averaged axial flow velocity,
total pressure rise coefficient and mass-flow weighted total pressure rise
coefficient are presented in Figs. 16 and 17. Torque coefficients derived
from the torquemeter data and integrated total pressure rise and relative loss

coefficients are presented in Figs. 18, 19 and 20.

The area weighted integral of the dimensionless mean axial flow ve-
lOCity,éaayg is presented in Fig. 16 as a function of rotor speed for both ~
the isolated rotor and the rotor in the stage. The isolated rotor data have
been presented previously in Fig. 8. 1In the discussion cf that figure it
was noted that by flow continuity the value of the integral should be unity
for this case. Deviations from unity are a measure of the accuracy of the
triple probe data. The deviations ranged from -5 to +4 percent for this case,
acceptable results considering the nonuniformity and unsteadiness of the flow

field.

In the case of the stage, 1t was noted in Section II-D.3 that the
axial flow at the measuring station is accelerated by the displacement effect
of the stators. This effect is evident in the data for the stage where the in-
tegrated values are all greater than unity. However, a simple solid body dis-
placement effect is not sufficient to explain the increases in the integral at
low and high rotor speeds. This result is probably caused by additional dis-
placement effects from boundary-layer separation on the stator vanes. At low
rotor speeds, particularly for the larger stator stagger angle, &5 = 32.9 deg.
the stators may have separated flow on the underside (pressure side) of the

vanes. As rotor speed is increased the pressure side separation apparently
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vanishes and is eventually replaced by flow separation on the suction surface.
For the lower stator stagger angle, d; = 12.9 deg., the suction side separation
appears to occur well before rotating stall is detected. (The first indication
of detectable rotating stall is denoted by arrows in Fig. 16.) For the larger
stagger angle, the axial flow integral does not begin to increase until rotating
stall occurs. In this case, the apparent increase in axial flow velocity is
uncertain because the presence of rotating stall may cause errors in the triple
probe data. The same comment applies to the data after rotating stall inception
on the stage with 6; = 12.9 deg. However, in this case the increase in the
integral begins well before stall inception and these data should be reliable.
The fact that the largest deviations in the axial flow integral for the rotor

in the stage aré positive indicates that the probe location was not in a region
of separated flow from the stators. Location in such a region should cause a

decrease in the integral of Fig. 16.

In Section II-C.4 it was shown that mass flow averaging and area
averaging of the rotor total pressure rise coefficient provide almost identical
results for the isolated rotor in the absence of steady rotating étall (Fig. 11).
A similar comparison of the data obtained with the rotor in the state has been
made. The stage results are shown in Fig. 17 along with the isolated rotor
results. Here the dimensionless mass-flow averaged total pressure rise integrals
are plotted versus the area averaged total pressure rise integrals. Data taken
during rotating stall are indicated by tails on the symbols. As with previous
comparisons, the velocity data have been normalized through division by (/ to
eliminate small inaccuracies in the triple probe data and flow acceleration

effects caused by the presence of the stators.

The solid line in Fig. 17 represents the results which would be ob-
tained if mass flow averaging and area averaging provide identical results.
It is evident from the data that the two types of averaging provide essentially
the same result in the absence or rotating stall. The unstalled mass flow
averaged data are consistently very slightly larger than the area averaged data,
but the difference is considered negligible. It may result from the fact that
fewer spanwise data points were available for mass flow averaging. The span-

wise velocity data were taken at 20 radial locations while the total pressure
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data were taken at 28 radial locations, including locations closer to the hub
and tip which could not be reached with the triple probe. Thus, the earlier
discussion on the equivalence of mass flow averaging and area averaging of the
total pressure appears to apply to the staged rotor as well as the isolated
rotor in the absence of rotating stall. After sfall inception, the results of
mass-flow averaging of the total pressure rise coefficient differ from those of
area averaging, but these apparent differences may be a result of inaccuracies

in the triple probe velocity data for this situation.

As discussed previously, the rotor in a stage generates a larger
total pressure rise and requires a larger driving torque than that found for an
isolated rotor with the same upstream flow conditions. One of the aims of the
current program is to determine if the rotor torque changes when a downstream
stator row is added (it does), and another is to investigate the effect of
rotor-stator interference on the losses across the rotor. In Section II-C4,
the relation between relative losses, torque coefficient and mass-flow averaged
total pressure rise was presented (Eq. (8)); the relative loss coefficient for
rotor is simply the difference between the torque coefficient and the mass-flow
averaged total pressure rise coefficient. Furthermore it was demonstrated above,
that the mass flow and area averaged total pressure rise coefficients are almost
identical at rotor speeds below rotating stall inception. After inception, the
results of mass-flow averaging and area averaging differ but the apparent dif-
ferences may be a result of errors in the axial velocity data derived from triple
probe measurements in the presence of rotating stall. The area-averaged total
pressure rise data may be more reliable after rotating stall inception. Thus,
it is of interest to examine the rotor losses calculated from the torque coef-
ficient and the area-averaged total pressure rise across the staged rotor. The
results are presented in Figs. 18, 19 and 20 for the three stator stagger angles
tested. For the staged rotor, the integrated data in these figures are averages

of the two sets of total pressure distributions measured for each rotor speed.

Each of Figs. 18, 19 and 20 presents the torque coefficient, the
area-averaged total pressure rise across the rotor and the relative losses

calculated from the first two quantities. Similar quantities measured on

the isolated rotor are shown as dashed lines for comparison. The lowest rotor
speed at which rotating stall was present during the measurements is denoted by

arrows on each figure.
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At the lowest stator stagger angle (Fig. 18), the area-averaged
total pressure rise across the isolated rotor and staged rotor are almost iden-
tical up to a rotor speed of 700 RPM. As rotor speed is increased further, the
staged rotor displays a progressively larger overall total pressure rise until
it enters rotating stall. After stall inception, the staged rotor total pres-
sure rise becomes less than that for the isolated rotor. As can be seen in the
radial distributions of Fig. 13, the drop in overall total pressure rise after
rotating stall inception on the staged rotor is due to the suddenly large
deficits near the tip region. The region near the hub retains a large surplus

in total pressure rise.

As the stator stagger angle is increased (Figs. 19 aqd 20), the
increased total pressure rise across the isolated rotor extends to lower
rotor speeds until at the lowest stator stagger angle (Fig. 20), there is
a moderate increase even at the lowest rotor speeds. After rotating stall
inception on the staged rotor, the total pressure rise on the staged Totor
for these stator stagger angles also drops to values less than that found
on the isolated rotor; although the deficit decreases as the stator stagger

angle increases.

In general, the area averaged total pressure results on this low
hub-to-tip ratio configuration do not display as large an effect of rotor-
stator interference as that found on the high hub-to-tip rotor configuration.
On the latter, the addition of a stator row increased the rotor total pressure
rise coefficient by a value of approximately 0.2 at low rotor speeds and 0.4
to 0.5 just prior to stall inception on the isolated rotor (Ref. 3,

Fig. 7). The corresponding numbers in Figs. 18, 19 and 20 are 0 to 0.05

at low rotor speeds and approximately 0.1 to 0.2 just prior to inception on
the isolated rotor. After inception the two configurations are not comparable;
the high hub-to-tip ratio stage entered a full-span large amplitutde rotating
stall with hysteresis while the currené configuration entered rotating stall
progressively with a part-span small-amplitude stall which did not display

hysteresis effects.

Comparison of the relative loss curves in Figures 18, 19 and 20 for

the isolated rotor and staged rotor indicates that the increase in rotor torque
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when a stator row is added downstream only partially offsets the changes in
area-averaged total pressure rise across the rotor. At rotor speeds up to
700 RPM, where the rotor total pressure rise is changed very little by the
addition of a stator row, the small increase in rotor torque on the staged
rotor leads to calculated relative losses which are very slightly higher for
the staged rotor than for the isolated rotor. This result is independent of
stator stagger angle, the relative losses obtained with each stator stagger
angle are identical to within the experimental accuracy in this speed range.
At higher rotor speeds, but below that for rotating stall inception on the
staged rotor, the relative losses at the twd smaller stator stagger angles
(Figs. 18 and 19) are less than those which occur on the isolated rotor.
However, for the largest stator stagger angle in the same speed range,

(Fig. 20),, the isolated rotor and staged rotor display almost identical
relative loss curves until the staged rotor stalls. Thus it would appear
that prior to rotating stall inception on the staged rotor, the increase in
area averaged total pressure rise across the rotor is a result of changes
in both rotor torque and in relative losses. The general increase in rotor
torque when the stator is added does not accountcompletely for the observed
total pressure increase prior to stall inception, except perhaps for the

lowest stator stagger angle tested.

One other point is worth noting in the data of Figs. 18, 19 and 20.
This is that the presence of rotating stall has very little effect on the
rotor torque when the mean axial velocity at the inlet is held constant. The
torque coefficient curves are continuous through rotating stall inception -
both on the isolated rotor and on the staged rotor. This is in agreement
with the assumptions used previously in application of the rotating stall
stability theory to prediction of rotating stall inception on the high
hub-to-tip ratio stage. However it was also assumed that the torque on
the staged rotor is the same as that measured on the isolated rotor. The
latter assumption is not verified by these data, although the differences
are small and nearly constant with rotor speed for a given stator stagger
angle. Thus the slopes of the relative loss curve on the staged rotor are
not changed much by this assumption. Since these slopes are the major con-
tributor to the theoretical stability, the effect of the assumption on the

past predictions of inception should be small. Stability calculations for

the current low hub-to-tip ‘ratio rotor are presented in Section II-E.
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e. Tests with Inlet Distortion

In previous investigations on a high hub-to-tip ratio configuration
of the annular cascade, the effect of inlet distortion on rotating stall incep-
tion was studied for both an isolated rotor and a closely coupled rotor-stator
stage (Refs. 3 and 7). The isolated rotor studies included tests with stationary
two- and four-lobed circumferential distortion patterns and also with the two-
lobed pattern rotating about the compressor axis. On the stage, only the two
lobed 'distortion patterns were used. The results of these tests were surprising.
On the isolated rotor (Ref. 7), stationary distortion displayed a negligible
effect on rotating stall inception or its properties after inception. Rotating
distortion also had little effect except when the pattern was rotated at speeds
near the natural stall propagation velocity for undistorted flow. In this case,
the isolated rotor incurred rotating stall at much higher flow coefficients than
for the undistorted flow case. On the stage, the presence of circumferential
inlet distortion caused a delay in rotating stall inception. Application of
the stability theory predicted the experimental results obtained on the isolated
rotor and predicted a delay in inception for the stage but the delay was not as
large as that observed experimentally. Input data for the theofy were estimated
from steady-state data measured on the isolated rotor with distortion and from

stage data without distortion.

In the current low hub-to-tip ratio configuration of the annular cascade,
the effect of inlet distortion on the work perfofmed by the staged rotor was
studied briefly through rotor torque measurements. In addition, the effect of
distortion on rotating stall incpetion was noted. The results are summarized
in Fig. 21. The 180 degree circumferential distortion screen used in these tests

is described in Section II B.l.

Rotor torque coefficients measured on the stage with inlet distortion
are compared to those obtained on the isolated rotor and staged rotor with un-
distored inlet flow in Fig. 21. Each part, (a,b,c) of Fig. 21 presents data
for a different stator stagger angle. The Totor speed at which rotating stall
was first detected i1s indicated by arrows for each case. As noted on each part

of Fig. 21, inlet distortion did not have any detectable effect on rotating stall
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inception.on the stage. This result is similar to that observed previously in
the high hub-to-tip ratio isolated rotor but not on the high hub-to-tip ratio
stage, where stall inception was delayed by distortion. It is worth noting
that none of the tests in the annular cascade have resulted in the promotion of
rotating stall by stationary inlet distortion. These results are in contrast
with the generally accepted view that inlet distortion promotes the occurrence

of rotating stall and surge.

The torque coefficients in Fig. 21 display mixed results when inlet

~ distortion is present. At the two smaller stator stagger angles, (g = 12.9 and
22.9 degrees, the torque coefficients measured with inlet distortion appeared

to follow the isolated rotor data for undistorted inflow until rotating stall

is well established. However the differences in all these sets of torque data

are small in this range and the results are inconclusive. Once rotating stall
becomes well established on the stage (rpm = 1200), the torque coefficients measured
with inlet distortion Become nearly identical to those measured with undistorted
inlet flow to the stage. At the largest stator stagger angle, dg = 32.9 degrees,
the torque coefficients for undistorted inflow to the isolated rotor and stage show
larger differences over the complete rotor speed range. In this case the rotor
torque coefficients measured on the stage with inlet distortion are the same as

those measured on the stage without distortion.

In summary of the above discussion, circumferential inlet distortion
had no detectable effect on rotating stall inception on the low hub-to-tip
ratio stage. On the stage with the largest stator stagger angle, ( 6; = 32.9
degrees), the torque on the isolated rotor and rotor in the stage displayed
distinct differences with undistorted inflow; in this case the rotor torque
on the stage with inlet distortion was the same as that measured on the stage
without distortion (Fig. 21(c)). In the stage with the smallest stator stagger
angle, d; = 12.9 degrees, the rotor torque on the stage with inlet distortion
appears to follow the torque on the isolated rotor with undistorted inflow
(Fig. 21(a)) until rotating stall becomes well established. However the torque
differences in this case are small and the results are inconclusive. In all cases,
after rotating stall becomes well established, the presence of inlet distortion

had no effect on the torque coefficient for the rotor in the stage.
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5. STABILITY AND POST-STALL ANALYSES

a. Application of Stability Theory

The existing rotating stall stability theory is essentially a
two-dimensional theory. In previous work it has been applied to predict
rotating stall inception on a high hub-to-tip ratio rotor and rotor-stator
stage with excellent results (e.g., Reference 3). The use of three-dimen-
sional data in the two-dimensional theory was effected by using data inte-
'grated across the annulus as inputs to the stability theory. On a low hub-to-
tip ratio configuration, the flow parameters are much more nonuniform with
radius than they are on a high hub-to-tip ratio configuration. Thus it
is of'interest to see how well the stability theory predicts rotating stall

inception on the current configuration of the annular cascade.

The stability theory provides an expression for the damping of small
disturbance in a compressor. For an isolated rotor in incompressible flow,

the damping factor is given by

1l
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V, = tangential velocity downstream of rotor

rotor angular velocity (rad/sec)

w

= relative loss across rotor

and ( )/ denotes J%%g%—

7Cr .
For nositive values of Py the flow 1is stable; rotating stall inception
0

rCr

(4

Acq,

occurs when = 0,

The right side of Eq. 12 has been evaluated by integration of the

experimental data over the annulus to obtain the required inputs. For un-

distorted inlet flow, the integral relations are

7 7 «
Pt ()4 .
s 0

= / J (14)
ACp = Cr-% /) [ AC >c/5 ,
and
J-d-Z
= T T3 (15)
2 / 23/‘
Eq. (15) relates the outlet swirl to the inlet swirl and the torque

(73) of Ref. 3 which. related the
The

coefficient. It is equivalent to Eq.
outlet swirl to the inlet swirl and the work coefficient (Eq. 4).

narameter, 5,, in Eq. (12) is a constant for a given rotor. For the current

test configuration, is value is 0.207 for 77= 1.

The results of the stability calculations for the isolated rotor

are shown in Fig. 22 where the computed damping factor is shown as a function

Two sets of damping factors are presented; one using relative

(8)),

of rotor speed.
losses calculatad fram the mass-Fflow averaged total n~rsssurs rise, (Eq.
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an” one in which the area averagaed total pressure rise (Eq. S5), was used in

Eq. (8) to compute A;EF%TK . As expected from the discussion in Section II.C.4
there is very little difference in the damping factors computed by mass-

flow averaging and area averaging of the total pressure rise coefficients.
Theoretical rotating stall inception occurs when the damping factcr first

ces to zero. The state of the experimentally observed rotating stall is noted

wa

as a function of rotor speed iﬁ the lower portion of the figure. Theoretical
inception is predicted at a rotor speed in a range where it is possible that
a very small amplitudé—rotating stall began to form on the rotor. Thus the

agreement between theoretical and experimental inception appears to be quite

good.

In addition to the stability calculations for the isolated rotor, similar
calculations have been performed for the rotor in the stage. The results are
presented in Figs. 23, 24 and 25 for the three stator stagger angles used in
the tests. Figure 24 shows results only for the case of area-averaging the
rotor total pressure rise coefficient. The velocity data required for mass-flow
averaging are not available for this case. Figufes 23 and 25 present results
for both types of averaging. As with the isolated rotor, here again there is
very little difference in the damping factors computed by mass-flow averaging
and area averaging of the total pressure rise coefficients. For all three

stator stagger angles, predicted inception of rotating stall is in good agreement

with the experimentally observed inception. Both the theory and experiment

show a delay in rotating stall inception to higher rotor speeds when the downstream
stator row 1s added with the largest delay occurring for the largest stator stagger
angle (Fig. 25). 2

The above stability calculations were performed using data measured
across the rotor in the stage. Past experience with predicting inception on a
stage has indicated that the predictions are modified only slightly when the
losses across the stator row are taken into account (Ref. 3). The additional

stator losses delay predicted inception to rotor speeds slightly in excess
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(10-25 rpm) of those predicted when only the rotor data are used. Such a pre-
dicted delay in inception would still fall within the experimental band of
uncertainty in detecting rotating state on this low hub-to-tip ratio stage.

Thus is appears that the stability theory is capable of predicting inception on
both high and low hub-to-tip ratio stages and that extensive velocity measurements
are not necessary for application of the theory. The stability calculations

require only torque and area-averaged total pressure data as inputs.

b. Post-Stall Analysis of Annular Cascade Data

Day, Greitzer and Cumpsty (Ref. 6) have proposed a post-stall model
based on the idea that the next axial flow in the stall cells is near zero and
that the inlet total to exit static pressure rise across a stalled compressor
depends only on the number of stages in the compressor. Using empirically
determined values for the pressure rise coefficient and a limiting number for
the extent of a stall cell, they showed good correlation for the degree of
hysteris between stalled and unstalled compressor operation. The hysteris
loop depends on throttle characteristics as well as compressor parameters.
This type of result is what is required to investigate the steps needed to
make a compressor recover from rotating stall once it has occurred. The work
is based on empricial data obtained on numerous low-speed (incompressible
flow) research compressors. In this subsection, the analysis is applied to
existing data from the annular cascade to test the analytical predictions for a
stage with exit conditions which differ from those of the test rigs used to

develop the empirical constants in the analysis.

The basic test compressor used in Ref. 6 to develop the required
empirical constants was a low speed compressor with a variable number of
stages, from one to four. The exit flow was constrained by exit guide vanes
so that the discharge was axial. The inlet total to exit static pressure
characteristic was determined as a function of flow coefficient by throttling
the discharge at constant rotor speed. The analytical development was bgsed
on experimental evidence generated primarily on this rig, and verified by applica-

tion of the analysis to results from other similar test rigs. It was concluded
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that if the unstalled inlet total to exit static pressure rise is known

and the stall inception point is given, then the analysis can be used to predict
the type of rotating stall (part-span or full-span) which will be encountered
after inception and also, in the case of full span stall, to predict the point

at which stall will be eliminated (stall cessation).

As part of past tests in the annular cascade facility, the hysteresis
loop between stall inception and cessatlon on a rotor-stator stage was routinely
measured under conditions of constant mean axial velocity and variable rotor
speed. The static pressure rise across the stage was also measured on the hub
and on the outer casing. The use of constant axial velocity and variable rotor
speed corresponds to a throttle characteristic which differs from the parabolic
throttle characteristic (corresponding to constant rotor speed and variable
axial velocity) which was assumed in Ref. 6. Moreover, the exit flow from the
stage was not constrained to the axial direction. Instead the exit flow contained
considerable swirl whose magnitude depended on the stagger angle setting of the
stators in the stage. The presence of the downstream swirl decreases the static
pressure downstream of the stage, and thus changes the inlet total to exit static
pressure characteristic under both stalled and unstalled operating conditions.
Thus it is of interest to determine if the analysis can be used to predict the

stalled characteristics in the annular cascade.

' Figure 26 shows the inlet total to exit average static pressure coeffi-
cients, y§3 , for a rotor-stator stage of high hué—to—tip ratio in the annular
cascade. Three curves are shown, each one corresponding to a different stagger
angle of the stators in the stage. The mean rotor stagger angle was held
constant in these tests. The parameters used in this figure are defined as

follows:

Pexitiavg) =7yt (16)
PV

P = Uo/l{s (17)

3”75 =
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where Z%&be = ilnlet total pressure

7Qaw75&vq) = average of exit static pressures measured on hub and
on outer casing of annular cascade downstream of stage
Y, = mean axial velocity
kg = rotor blade velocity at mean radius

As canbe seen in Fig. 26, %, in the unstalled (high @ ) region decreases sub-
stantially at constant flow coefficient, ¢ , as the stator stagger angle,d; s
is increased. This is because the exit swirl increases and the average exit

static pressure decreases as 6? is increased.

The points of rotating stall inception and cessation are indicated
for each curve in Fig. 26. At the two lower stator stagger angles ( 65 = 28.2
and 37.2 deg), the stage entered large-amplitude full-span rotating stall and
there was a degree of hysteresis between rotating stall inception and cessation.
On the other hand, with é; = 47.2 deg., rotating stall inception was of small
amplitude and intermittent, with no hysteresis between inception and cessation.

This behavior is typical of a part-span stall at inception.

The analysis of Ref. 6 is applied to the data in Fig. 26 as follows:

*
A parabola is passed through the origin ( p@z :¢§:1O ) and through the points
of stall inception for each stator stagger angle. The parabolas through these

points are given by

Vz:q:(wrs)j ¢2 (18)

P° Jsrau

where the subscript ''STALL' denotes the measured point of stall inception. The -

Taking the origin as a point on the parabola corresponds to assuming a throttle
characteristic similar to that used in Ref. 6. Actually the configuration

used in the annular cascade is more closely approximated by using a small
negative value of Y, at ¢ = 0. The required negative value of Yys cannot be
determined form the data available. However, its magnitude should be quite
small and should not affect the results discussed here.
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intersection of these parabolas with the line y93 = 0.17 is determined as

2 %
?’/./7 = [0./7(¢ ) ] ’ (19)
Vrs /s -

and the theoretical extent, A

of the stall cell at this point is found from

A7
;\ — ¢(/ﬂ52‘a//€a/, —¢./7 (20)
7 P unstalled
Where'séunstalled is the value of gfon the unstalled compressor characteristic

at Wrs=10.17. If A ,, is less than 30 percent, the compressor is predicted

to enter part span stall while for greater values full-span stall 1is predicted.

Using the above procedure, the data in Fig. 26 provides the results

listed in Table 2.

TABLE 2

UNMODIFIED POST-STALL ANALYSIS OF DAY, GREITZER, AND CUMPSTY
APPLIED TO ANNULAR CASCADE DATA

Stator Stagger Angle, 55 deg. 28.2 37.2 47.2
Flow Coeff. at Stall, & ... - .500 .468 .410
Pressure Coeff. at Stall, ¥rs STALL 211 .207 .191
Flow Coeff., @ , at Ype= 0.17 449 424 .387
Flow Coeff., ¢unsta11ed’ at Yoo = 0.17 .580 .543 439
Extent of Stall, A /7 - .226 .219 119
Measured ( @ .. I/ B 1104 &t W= 0.11) .78 .79 .79

Note that A\ Wis less than 0.3 for all three stator stagger angles in Table 2.
Thus this procedure predicts part-span stall for all three cases. In contrast,
the experimental results indicated part-span stall only for § =47.2 deg.

Full-span stall was obtained at the two lower stator stagger angles.

44



The analysis of Ref. 6 provides another prediction which can be applied
to the annular cascade data. The analysis predicts that if full-span stall
occurs, the point at which this stall will cease as the throttle is opemned is
determined by the value of;ﬁ.on the unstalled performance curve at which

}Vﬂ5= 0.11. That is,

5é6855afiaq —,7 (21)
¢wzs&‘¢z//fg{ al Ype =01/

The measured values of this ratio are shown in Table 2 for all three stator
stagger angles. In all cases,géyéﬁé_ﬁ is considerably greater than 0.7 which
again is in disagreement with the theory as it is applied to the data in Fig.
26. Strictly speaking, this comparison should not be used for the stage with
55 = 47.2 because the theory and experiment indicate only part span stall
for this case and stall inception and cessation are predicted at the same flow
coefficient under these conditions. However, the fact remains that the analysis
when applied to the data in Fig. 26, does'not adequately predict the post-staldl

behavior of the stage in the annular cascade.

As noted earlier, the analysis of Ref. 6 is based on data generated
in test rigs in which the exit flow is axial, while the exit flow in the annular
cascade is far from axial. Thus it was felt that the analysis should be
re-applied to the annular cascade data after it had been theoretically corrected
to axial exit conditions. This correction can be applied to the stage data
obtained with 55 = 28.2 and 37.2 degrees because the area-averaged total pressure
rise, Z;EF; , across the stage 1s available for these cases (Ref. 3). Correction
of the data to axial exit conditions is performed by assuming loss-free turning
of the swirled downstream flow to the axial direction in the following fashion.

The measured area-averaged total pressure rise coefficient is given by

ACp_ = Feret /D:fhw (22)
a 2 P Uy
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where the bars indicate area averaging across the test section annulus. With
loss-free turning of the exit .flow to the axial direction, the exit static

pressure will be
2

= 1
Poyil = /?‘ezéf - /2/0 2 (23)

and

7 e 2
Yo = Pexcl ~ /Z//z/ﬂ‘ - /?'ezzf _’07'4'/7/52‘— /2/0(/0 )/ﬁ% \J
s P AR (20

The results of analyzing the data in this fashion are presented in Fig. 27,
for the rotor-stator stage with stator stagger angles of 28.2 and 37.2 deg. and
also for the same rotor in isolation.

Note that at a given flow coefficient, the y@s curves in Fig. 27 for
the stage are substantially higher than the corresponding curves in Fig. 26
and that Ehe maximum values of ¥, at stall reach greater values with this data
presentation. Both of these factors will affect the predictions of the analysis.
Proceeding with the analysis in the same way as used for Fig. 26 provides the
results listed in Table 3 under the heading ''High Hub-to Tip Ratio''. As can be
seen, the value of 2_/7 is greater than 0.3 for the high hub-to-tip ratio stage
with both stator stagger angles. Thus the modified analysis predicts full-span
rotating stall will occur at inception. This agrees with the experiments.
Moreover, the flow coefficient at cessation is now predicted with an accuracy
equivalent to that found in the presentation of Ref. 6. Finally,-the ratio of
the measured flow coefficients given at the bottom of Table 3 is considerably

closer to the value of 0.7 given in Ref. 6 and presented herein as Eq. (21).

The high hub-to-tip ratio isolated rotor in Fig. 27 and Table 3 dis-
played a post-stall behavior different from the same rotor in the stage. In
this case, experimental rotating stall inception and cessation occurred at

essentially the same flow coefficient. It was very difficult to hold this
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Table 3

COMPARISON OF MODIFIED POST-STALL ANALYSIS
OF DAY, GREITZER, AND CUMPSTY WITH ANNULAR

CASCADE RESULTS

HIGH HUB-TO-TIP

LOW HUB-TO-TIP

RATIO (=0.80) RATIO (=0.44)
ISOLATED |[ROTOR-STATOR | ISOLATED ROTOR IN
PARAMETER ROTOR STAGE ROTOR ROTOR-STATOR STAGE
STATOR STAGGER ANGLE, §, deg - 282 | 372 - 12.9 32.9
FLOW COEFF. AT STALL, $g7a L 0517 0500 | 0.468 0.54 TO057 | 052TO0.54 | 0.49 TO 0.51
PRESSURE COEFF, AT STALL, ¢ 0.216 0.248 | 0.256 0.162 0.211 0.199
TSsTALL
UNSTALLED FLOW COEFF, AT ¢ ¢=0.17 | 0.605 0,626 | 0.610 — 0.613 0,580
UNSTALLED FLOW COEFF, AT ¥ 15=0.11| 0.684 0.702 | 0.675 0.652 0.688 0.697
PREDICTED EXTENT OF STALL, A 45 0.241 0.339 | 0.375 — 0.25TO0.22 | 0.23TO 0.20
PREDICTED ¢ AT STALL CESSATION 0.517* 0.491 | 0.473 0.54 TO 0.57*| 0.52 TO 0.54* | 0.49 TO 0,51+
MEASURED ¢ AT STALL CESSATION 0.52 0.517 | 0.486 0.54 TO 0.57*| 0.52 TO 0.54* | 0.49 TO 0.51*
MEASURED ? ceEsSATION NOT 074 | 0.72 NOT NOT NOT
= APPLIC
S UNSTALLEDAT ¥rg = 011 LICABLE APPLICABLE | APPLICABLE | APPLICABLE

*STALL INCEPTION AND CESSATION OCCUR AT SAME FLOW COEFFICIENT
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isolated rotor in either a consistently stalled or unstalled condition for a
long enough time to obtain data at this flow coefficient. As indicated in
Table 3 for this case, the modified post-stall analysis of this case predicts
an extent of stall ( 3'17) which is less than 0.3 and thus a part-span stall
for which stall inception and cessation occur at the same flow coefficient.

This result is in agreement with the experiments.

The modified analysis has also been applied to the data obtained on
the low hub-to-tip ratio configuration of the annular cascade. Input data for
the analysis are presented in Fig. 28. 1In the low hub-to-tip ratio configuration,
both the isolated rotor and the Totor-stator stage entered rotating stall
progressively with a part-span small-amplitude stall which grew progressively
larger with decreasing flow coefficient. Since the initial occurrence of rotating
stall was of very small amplitude, it was difficult to determine a distinct
value of the flow coefficient for stall inception and cessation.  Accordingly,
Fig. 28 shows a small region of uncertainty for the flow coefficient at this
point and both inception and cessation are taken to occur at the same flow coef-

ficient.

The results of the modified post-stall analysis of the low hub-to-tip
ratio data are presented on the right half of Table 3. The predicted extent of
stall is less than 0.3 for the stage. at both stator stagger angles. Tﬁus the
analysis* predicts the experimental results: a part span stall on the stage with
stall inception and cessation occurring at the same flow coefficient. The

¥rg curve for the isolated rotor never attains a value of 0.17 before stall

inception. This result also is interpreted as an indication of part-span stall

(Ref. 6) and is in agreement with the experiments.

The Y, curves for the stage in Fig. 28 are based on the total pressure rise
across the rotor in the stage rather than the rise across the complete stage.
Since the modified analysis used in Table 3 assumes loss free turning of the
exit flow to the axial direction, it is equivalent to assuming that the down-
stream stator Tow will generate no losses. Inclusion of stator losses will
lower the curves for the stage, but the predicted part-span stall would be
unchanged by this effect.
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In summary, the predicted results of the modified post-stall analysis
agree with the experimental observations for all of the annular cascade tests.
These include both low and high hub-to-tip ratio isolated rotors and rotor-
stator stages. The modification to the original analysis of Ref. 6 appears to
be required for exit flows which contain significant swirl. In these cases,
the Ref.. 6 analysis is modified by using total pressure data to calculate the
downstream static pressure which would be obtained by loss-free turning of the

swirled flow to the axial direction.
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SECTION III
J-85 ENGINE TESTS

]2, INTRODUCTION

In previous programs, a rotating stall control system for axial flow
compressors was built and tested on the rotating annular cascade facility and
on a J-85-5 turbojet engine (Refs. 1, 4, 13 and 14). The principle of operation
of the control has been described in Ref. 1. Very briefly, the control is an
electronic feedback control system which uses unsteady pressure signals produced
by pressure sensors within the compressor to detect the presence of stall and
provide a correction signal when stall occurs. On the J-85 engine, the correc-
tion signal is used to drive a fast-response hydraulic actuator which operates
intermediate stage compressor bleed doors and inlet guide vane flaps. The
performance of the stall control system was tested by closing the interstage
bleed doors until rotating stall occurred or until the control anticipated
stall and held the bleed doors open. The latest tests of the stall control on
the J-85 (Ref. 1) showed that the stall control is capable of anticipating
stall before it occurs and keeping the engine completely clear of stall at
speeds up to 80 percent of design speed. No tests were performed at speeds above
80 percent of design because it was believed that opening the bleed doors at such

speeds might aggravate the stall rather than clear it.

During the current program, the J-85 engine with stall control system
was installed in the Ludwieg tube at Calspan for blast response tests in which
a shock wave is used to simulate a nuclear blast wave impinging on the engine
inlet (Ref. 15). The stall control feature was not a subject of investigation
in these blast response tests. One purpose of the current program was to
study the stall control feature in operation under blast conditions. A second
purpose was to investigate the unsteady temperature fluctuations in the J-85
compressor during the presence of rotating stall. In the process of performing
the temperature measurements, additional information on the performance of the
stall control system was obtained. This section presents the results of all of

the J-85 tests. The results of the stall control performance tests are presented
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in Section III. C., the in-stall temperature measurements in Section III. D.,

and the stall control blast tests in Section III. E. In addition, the post-
stall analysis of Day, Greitzer and Cumpsty was applied to the J-85 data. The
results of this application are presented in Section III. F. The instrumentation

used on the J-85 during the tests is described first (Section II. B.).

2. INSTRUMENTATION

The instrumentation used in the J-85 compressor was similar for all of
the tests. The location of the instrumentation in the compressor is shown in
Fig. 29. The original J-85/stall control installation contained eight pressure
transducers for stall detection purposes. These were situated at four axial
locations, with two circumferentially séparated transducers at each of the

following locations:

Axial
Location
(Figure 29) ) Description
(1) near the first stage rotor mid-chord;
(2) near the quarter-chord of the first stage stator, as
close to the stator suction surface as possible;
(3) near the trailing edge of the second stage rotor;
(4) between the second stage stator trailing edge and the

third stage rotor leading edge.

In the current program, the two pressure transducers situated at axial location
No. 2 were replaced with thin film temperature probes capable of high frequency
response. The configuration of these temperature probes is sketched as probe
type 1 in Fig. 30. These probes each contain two thin film gauges at different
radial locations. The maximum insertion distance of these probes was chosen

so that they did not interfere with the first stage rotor. The probes were

installed with the thin film gauges facing upstream in the compressor.

In addition to the temperature and pressure sensors at axial locations
1 through 4, the original compressor casing had provision for a monitor pressure
transducer near the rear of the compressor between the seventh stage stator

blades at approximately midchord (axial location 5 in Fig. 29). This pressure
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transducer was alo replaced with a thin film temperature probe (probe type 2
in Fig. 30). Here again, the probe was mounted with the thin film gauge facing

upstream in the compressor.

It was originally planned to use a steady-state thermistor or thermo-
couple probe at one of the circumferential positions at axial location 2 in the
compressor. This probe was to be mounted within a stagnation shield with small
air bleeds so as to measure mean total temperature for comparison with the fast
response thin film probes. However, it was not possible to fit such a probe
within the existing constraints of the J-85 compressor geometry and instrumenta-
tion holes in the casing. As an alternative temperature probe, a thin wire
temperature probe similar to a hot-wire anemometer probe was built, calibrated
and tested in the compressor. This probe was unsuccessful; the thin wire broke
before any data were obtained. Thus the thin film temperature probes shown in
Fig. 30 were used during all tests.

In addition to the pressure transducers and temperature probes noted
above, two other Fransducers are also installed on the engine. One of these.
is used to measure the static pressure rise across the compressor, and the other
is used to measure the dynamic pressure at the throat of the bellmouth upstream
of the compressor. This last transducer is used to provide a measure of mass

flow through the compressor.

3. ROTATING STALL CONTROL TESTS

In the J-85 unsteady temperature tests which will be discussed shortly,
the engine was forced into rotating stall by closing the bleed doors on the
compressor. The stall control system was in operation during these tests to
ensure the safety of the engine. However, the stall control was detuned so that
bursts of rotating stall could be achieved. In the initial tests, the J-85.
was stalled at engine speeds of 60, 65 and 70 percent of design speed with the
stall control set to minimize the time that the engine remained in rotating stall.
In later tests, the engine was stalled at nominal engine speeds of 70, 75 and
78 percent, and some attempts were made to stall the engine at higher speeds.

The latter attempts were unsuccessful; the engine would not stall even with the

bleed doors closed completely.
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At each of the three largest engine speeds noted above, a number of
stalls were initiated with the stall control set at progressively lower integrator
gains to slow down the stall control response speed and allow progressively
longer bursts of rotating stall. The slowing down process was continued until
stall recovery was delayed to such an extent that a substantial uncontrolled
engine deceleration occurred prior to stall recovery. The progressive lengthening
of the stall duration was done primarily to ensure that the maximum effect on
the unsteady temperature fluctuations during stall was obtained. However, the
effect on the J-85 of slowing down the control response is of interest in its

own right and is discussed in the following paragraphs.

a. Time Available to Effect Stall Recovery

The response of the J-85 engine to rotating stall at the various
engine speeds and stall control response speeds is illusfrated in Figs. 31
through 36. Figs. 31 through 33 are strip recorder records taken with a slow
chart speed and include approximately 8 seconds of test results. Each of these
figures is for a different nominal engine speed and the sub-parts (a, b, c, d)
of the figures present results at progressively lower values of stall control
integrator gain (and hence, slower stall control response). Figs. 34 through
36 present essentially the same results as Figs. 31 through 33 but on a much
expanded time scale which covers approximately 320 milliseconds. 1In each figure,
six recorded traces of engine and stall control data are shown as a function of
time. The time increases from left to right and the time scale is indicated
just below the fifth record from the top. The recorded parameters shown in
these figures have been described in Ref. 1. The descriptions are repeated

below for the sake of clarity.

(1) Engine RPM (Uncorrected) - This is a record of the engine sPeéd
in percent of design speed. It is obtained from a magnetic pick-
up which counts blade passage of the first stage rotor. The

record has not been corrected for compressor inlet temperature.

(2) Bleed Door Position - This is a record of the position of a
linear potentiometer on the J-85 variable geometry bellcrank. It
is representative of the bleed door position as well as the
configuration of the inlet guide vanes since both are connected
mechanically.
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(3)

(4)

(5)

(6)

Integrator Output - This is a record of the electrical output
from the stall control system. A non-zero output (downward
deflection on the chart) from the integrator will open the bleed
doors in proportion to the magnitude of the output. A very rapid
increase in the integrator output, such as when large amplitude
rotating stall occurs, opens the bleed doors at a rate determined
by the capability of the hydraulic actuation system. The inte-
grator gain controls the rate at which this signal increases: the
larger the gain, the faster this signal increases when stall

occurs.

Compressor Static Pressure Rise, APREF - This is a record of the

pressure difference between static pressure taps located on the

outer casing upstream and downstream of the compressor. The con-
s i from AP as explained i

pe 1 derived from A REF @S plai n

Reference 1. The bias, B, and gain, K, which determine the

curve (Ref, 1, Fig. 5)

trol system pressure, P

shape of the system reference pressure, PR’
are noted just below the first record.
Compressor Inlet Dynamic Pressure, 4y - This is a record of the
dynamic pressure at the throat of the bellmouth upstream of the
J-85 compressor. It is proportional to the square of the mass

flow at the compressor inlet.

Detector Static Pressure Signal - No. 2 Stator Left - This is a
record of the signal from one of the control pressure transducers
mounted in the compressor outer casing. This signal along with
signals from the other transducers are used by the control system
to detect the presence of rotating stall. If the amplitude of
the fluctuations in any one of these signals becomes larger than
the system reference pressure, PR, the control opens the bleed
doors until the fluctuation amplitude decreases below the refer-
ence level. After stall disappears for a specified time (0.2
seconds in these tests), the bleed doors return to their original

position. The rate at which the bleed doors return is specified
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by the decay rate of the integrator in the control system. In
these tests, the time constant for the decay rate was 2 seconds.,
The recorded signal in this record has been filtered as indicated

in Fig. 3 of Ref. 1.

The vertical scales for all of the records discussed above are presented
on the right side of each record. Rotating stall inception is indicated by a
vertical dashed line in each figure. The position of this line corresponds to
the first indication of rotating stall in either the detector pressure signals
or the unsteady temperature signals. The unsteady temperature signals are not

shown in these figures. They are presented later in this report.

The slow chart speed records (Figs. 31, 32, 33) illustrate the long time
effect of the stall on the engine. On the left side of these figures, the bleed
doors are being closed slowly. At constant throttle position this causes an

increase in static pressure rise AP a small increase in engine speed, and

EF’
a decrease in inlet dynamic pressurz. These gradual changes are not very apparent
in the figures because the lengths of the records have been shortened for
presentation purposes. However, they can be seen by close inspection of Figure
31(c). At all but the lowest value of integrator gain in each of Figs. 31, 32
and 33, when rotating stall occurs the bleed doors open fast enough to allow
rapid recovery from the stall. There is a significant but momentary drop in
compressor static pressure rise and inlet dynamic pressure and a small temporary
decrease in engine speed which occurs usually after stall recovery. After stall
recovery there are also more permanent effects on the engine parameters caused
by the fact that the bleed doors are now more open than they were prior to
stall. The compressor static pressure rise is lower, the engine speed is
very slightly lower, and the inlet dynamic pressure is higher. These are all

normal effects assoclated with the bleed door position.

At the lowest integrator gain for each engine speed (Figs. 31(d), 32(d),
33(b)), the stall control did not open the bleed doors fast enough to prevent

a significant engine deceleration prior to stall recovery. In each case,
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stall recovery was not initiated until well after the bleed doors were open.
While stall was occurring, the pressure drop across the compressor caused the
engine to decelerate prior to stall recovery. At 71.1 percent initial corrected
engine speed, Figure 31(d), the stall was relatively short (=0.34 seconds) and
the engine speed dropped only six percent before recovery was initiated. How-
ever, at initial corrected engine speeds of 75.5 and 78.7 percent.(Figs. 32(d)
and 33(b), the length of the stall was substantial, approximately 1.9 seconds
in each case. The engine recovered from both stalls at a corrected engine speed
very close to 57 percent. For the stall initiated at 75.5 percent corrected
engine speed (Figure 32 (d)), the operating engineer chopped the throttle to
idle before recovery was completed. However, it can be seen that recovery had
been initiated before the throttle was chopped. At the initial corrected speed
of 78.7 percent (Figure 33(b)), the throttle was not decreased and full recovery
was obtained. Subsequent tests, which are not presented here, showed similar
full recovery from long duration stalls at initial engine speeds of 75 percent.
It is believed that the long duration stalls shown in Figs. 32(d) and
33(b) are quite similar to what is sometimes referred to as a non-recoverable
stall or stall stagnation. In fact, if the bleed doors had not been opened by
the stall control the stall recovery would not have occurred. These long
duration stalls are not acceptable for an operational engine in an aircraft.
A similar long duration stall was observed in Ref. 1 at 79 percent engine
speed with a rate limiting device on the output of the stall gontrol system.
Tests without the rate limiter at an engine speed of 79 percent were not per-
formed in that work. However, on the basis of trends shown by tests with and-
without the rate limiter at lower engine speeds, it was concluded that the stall
control was not fast enough to clear stalls, once they had started without first
allowing a substantial engine deceleration. The control could be set to antici-
pate and prevent the stall from developing, but it could not clear the stall
rapidly if it did start. The current results show that the control is fast
enough to clear stalls without engine deceleration at the highest speeds for
which it is possible to stall the J-85 by closing the bleed doors. This is
illustrated in Fig. 33(a). Attempts to stall the engine at higher engine speeds

were unsuccessful, even with the bleed doors completely closed.
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The above discussion raises the question of how fast a control action
is required to clear stalls rapidly once they have started.' A partial answer
can be given by inspection of the expaﬂded time records presented in Figs.
34, 35 and 36. The parameters in these records are the same as those in Figs.
31, 32 and 33. However, the time scale in the vicinity of rotating stall inception

has been expanded 25 times.

Inspection of these figures suggests that long duration stalls were
prevented when the bleed doors opened fast enough to initiate recovery within
the time required for the passage of seven stall cells past.the detector static
pressure transducer. As will be shown later (Section III.D.1.), stall cell
passage is indicated by the positive peaks in the detector record on each figure.
Although successful recovery was obtained with as many as 8 or 9 cells passing
the detector (Figs. 34(c), 35(c¢) and 36(a)), comparison of these results with
the corresponding long duration stalls (Figs. 34(d), 35(d) and 36(b)) shows that
stall recovery was initiated approximately at the time of passage of the seventh
cell. This observation can be used to estimate the reaction speed required of
the stall control system on the J-85 engine. The seventh stall cell will
pass the detector in a time interval corrsponding to six revolutions of the
cell, since the first cell is detected at inception. Analysis of the long
duration stalls shows that rotating stall on the J;85 consists of one cell
rotating in the direction of the rotor at 39 to 40 percent of the rotor speed.
Thus the time, TC’ available for control action is approximately
TC = 6/[0.4x(ROTOR RPM/60] seconds.

The estimated time, TC” is shown on the bleed door records in Figs. 34,

35 and 36. If TC is taken as the maximum time available to open the bleed doors

completely, then it can be seen that the TC estimates are slightly conservative
at nominal engine speeds of 70 and 75 percent. Unfortunately, no records were
obtained for an :.integrator gain of 400 with an engine speed of 78 percent, and
the J-85 entered a long duration stall with an integrator gain of 200 at this

engine speed. Thus the adequacy of the T, estimate is not proven in this case.

C
However, the short duration stall at a nominal engine speed of 78 percent

(Fig. 36(a)) satisfied the T. criterion while the long duration stall (Fig.

C
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36(b)) exceeded the T, criterion. Moreover, the long duration stall shown in

C
Fig. 29 of Ref. 1 also exceeded the TC criterion. For this case, the value of
To is 67.8 milliseconds. The bleed doors were still approximately 20 percent

closed at this time.

The above estimate for the control time available to prevent long
duration rotating stall is longer than that which can be inferred from the
comments of Mazzawy and Greitzer in the discussion of Ref. 13. They show that
the growth of a stall cell is a function of the number rotor revolutions after
inception, and hence the growth scales directly with rotor speed. The graph
presented in Fig. 12 of Ref. 13 shows that stall cell growth is nearly completed
within 5 or 6 revolutions. Thus they conclude that preventing rotating stall
becomes very difficult at high speed because of the shorter growth times of the
stall cells. The estimated time, TC’ developed above corresponds to 15 rotor
revolutions on the J-85 engine. The current installation of the control on the
J-85 is easily capable of full action within this time period even at 100 percent
engine speed (RPM = 16,560; TC = 54 milliseconds). On the other hand, if 5
rotor revolutions are used to develop a time criterion, full control action would
be required in 26 milliseconds at 70 percent engine speed and in 24 milliseconds
at 75 percent engine speed. Inspection of Figs. 34 and 35 shows that this time
was exceeded by a large amount prior to the onset of long duration rotating
stall. Thus the comments of Mazzawy and Creitzer appear to underestimate the
time available for stall control action. On the J-85 engine, the stall control
is capable both of anticipating and preventing rotating stall (Ref. 1), and

also of rapidly clearing stalls if they do start.

b. Stall Anticipation

As noted above, it was shown in Ref. 1 that the Calspan/Air Force
rotating stall control system is capable of anticipating rotating stall on the
J-85 engine and preventing its onset. However, the F.M. tape records of those
tests were not long enough to allow study of the details of the control action
over the long time periods prior to the inception of rotating stall or its

prevention by the control system. During the current program, some pre-stall
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records were obtained which are suitable for studying the anticipating capabilities
of the stall control system. These records have been analyzed and the results

are presented below.

Pre-stall records from two stall control tests on the J-85 engine are
shown in Figs. 37 and 38. Each figure is composed of selected pértions of a
very long strip recorder chart. Each portion contains approximately 50 milli-
seconds or slightly more of data records, with large time gaps deleted between
the portions to allow compression to report size figures. The total elapsed
times between the  start of the test (left side of each figure) and stall
inception (right side of each figure) is 1S seconds for Fig. 37 and 56 seconds
for Fig. 38. Fig. 37 presents results obtained with the stall control detuned
to allow stall and Fig. 38 presents results with the control tuned so that

stall was delayed for a considerable time,

The recorded parameters in Figs. 37 and 38 have been described in the
previous.subsection.— A brief outline of the tests is as follows. The J-85
is stalled by closing bleed doors oﬂ intermediate stages of the compressor at
engine speeds for which these doors would normally be open. The stall control
uses unsteady pressure signals from pressure transducers (detectors) in the
compressors to detect when rotating stall is about to occur. The amplitudes of
these unsteady signals are compared to a reference level derived from the static

pressure rise, AP across the compressor. When the detector signals exceed

REF’
the reference level, amplitudes in excess of this level are integrated and used
to provide a signal (integrator output) for opening the bleed doors. With

proper tuning of the conditioning for AP the stall control reference level

REF’
becomes sufficiently small to prevent the ileed doors from being closed far
enough to cause inception of rotating stall (Ref. 1). If the control is detuned
to allow larger reference levels, rotating stall inception will be allowed, but
recovery from the stall is extremely rapid (Section III. C.1.). In order to
avoid unwarranted action by the stall control system, the reference level must
be larger than the background noise generated.by the detectors when the engine

is operating normally.
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The data records in Figs. 37 and 38 display the engine speed,.
bleed door position, integrator output (stall correction signal) compressor
static pressure rise APREF’ dynamic pressure at the compressor inlet, and
the unsteady pressure signal from one of the detector pressure transducers
in the compressor. The latter signal, which is shown on the bottom record,
has been amplified considerably from levels used in the previous subsection,
in order to study the amplitude of the fluctuations preceding stall inception.
Also shown on the bottom record is the reference level (derived from APREF)'
which is used by the control for comparison with the unsteady detector
signal.* Fig. 37 shows two such levels; the one used for the test, and one
which has been found to anticipate and prevent stall completely (Ref. 1) at
the tested engine speed. The reference level used in the test of Fig. 38

lies between the above two values.

On the left side in Figs. 37 and 38 the engine is initially operating
normally with the bleed doors fully open. Progressing to the right, an off-
schedule command to close the bleed doors is applied gradually by the operating
engineer. In Fig. 37, where the stall control reference level is not small
enough for stall anticipation, the integrator output remains almost zero
and the bleed doors close as commanded until stall inception occurs. Once
this happens, the detector pressure amplitude becomes very large (off-scale)
and the bleed doors open rapidly to effect recovery from the stall. As

indicated by the AP record, recovery is completed prior to the end of

REF
the figure. As the bleed doors are closing, the detector signal amplitude

increases from values considerably less than the reference level for stall

The detector signal is amplified and rectified within the stall control
system before comparison with the reference level. The detector record
shown here has not been rectified. Thus the corresponding reference level
appears as upper and lower bounds enclosing the detector signal. The width
between the two bounds 1s determined by the magnitude of AP and also

by the gain, K, and bias, B, used in the stall control to condition
APREF' The values of B and K used in each test are listed in Figs. 37 and
38. The values of B and K found to provide a reference level suitable
for stall anticipation (dashed lines in Fig. 37) are B = 180 mV, X = 0.040.
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anticipation to values which exceed the stall anticipation reference level.
The anticipation reference level is exceeded at bleed door closures of 50

percent or more while the compressor stalled at a closure of 68 percent.

The reference level used in Fig. 38 is lower than that used in
Fig. 37 but not as low as that found capable of preventing stall completely.
This results in substantial overiding action by the stall control system to
open the bleed doors while the off-schedule command is requiring the doors
to close. The position the bleed doors would have taken in the absence of
stall control action has been added to the bleed door position record as
a dashed line labelled "Off-Schedule Command'. The time before stall in-
ception has also been added to the lower portion of the bleed door position
record. With the reference level used in this test, the stall control begins
to provide a correction signal (integrator output) approximately 17 seconds
before stall inception, when the bleed doors are 60 percent closed. As the
off-schedule command is increased, the correction signal also increases to
hold the bleed doors between 62 and 68 percent open. The compressor finally
stalls at a bleed door position of 64 percent closed. This is a bit lower
than the stall inception point in Fig. 37, probably because of the length
of time (more than 15 seconds).that the bleed doors are held in the vicinity

of the inception point.

Previous tests (Ref. 1, Fig. 32) with the reference level set at
the stall anticipation level (B = 180 mV, K = 0.040) of Fig. 37 have shown
that the control will not allow the bleed doors to close more than 59 percent
at the corrected engine speed (70%) corresponding to these tests. This was
sufficient to avoid stall completely. As mentioned previously, the F.M.
tape records of those tests are not long enough to illustrate the progressive
increase of the detector signals as the bleed doors are being closed. How-
ever the current records in Figs. 37 and 38 are sufficient to illustrate the
way in which stall anticipation is achieved by the control system. They also
illustrate that the réference levels required for stall anticipation are
high enough to avoid control-action when the engine is operating normally,

as on the left sides of Figs. 37 and 38.
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4. THIN-FILM TEMPERATURE MEASUREMENTS DURING ROTATING STALL

These tests were designed to provide an indication of the unsteady
temperatures in the J-85 compressor during the presence of rotating stall. The
motiviation for these tests was to determine if the presence of rotating stall
can generate enough heat to ignite titanium rotor blades. It was not expected
that the tests in the J-85 would display temperatures sufficient for such com-
bustion since the compressor has a low pressure ratio and the engine would be operated
at less than design speed. However, if rotating stall is a factor in titanium
ignition, it was expected that a substantial increase in instantaneous tempera-
ture would be observed during the presence of rotating stall over that normally

attained in the compressor.

It was not possible to measure directly the unsteady fluctuations in
the air total temperature during these tests; the development of a robust,
high frequency response total temperature probe was beyond thé scope of the
current program. Instead, thin-film gauges were mounted on probes which were
inserted into the compressor just downstream of the first stage rotor and also
between the seventh stage stator blades (Section III. B.). These gauges wére
constructed using well established techniques (Ref. 16). The thin-film gauge
is made of platinum (& 10003 thick) and is painted on a pyrex substrate. A
coating of magnesium fluoride (= 12004 thick) is vapor deposited over the

gauge to protect against abrasion.

In these tests, the thin-film was used as a resistance thermometer to
measure the instantaneous temperéture at the surface of the pyrex substrate.
The temperature-time histories from the thin film gauges can be used to determine
the heat transfer rate to the probe during rotating stall and thus provide an
indication of whether rotating stall might be a factor in titanium ignition in
compressors. In the folliwng presentation, the gauge temperature-time histories
are presented first. This is followed by an analysis of one of these records
to determine the heat-transfer rate during stall cell passage and to estimate,

very roughly, the gas total temperature in the stall cell.
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a. Thin-Film Temperature-Time Histories

Before entering a discussion of the thin-film data, it 1s appropriate
to describe the differences between the probe response to slowly varying gas
temperatures and to high frequency temperature fluctuations. In the case of
steady flow or slowly varying flow, the probe is soaked in the flow for a
sufficient time that the thin-film temperature data represent approximately
equilibrium conditions; that is, the gauge data provide the steady state
recovery temperature at the thin-film location. For the test conditions, this
is approximately the same as the gas total temperature. For rapidly changing
flow conditions, the gauge temperature-time history depends on the local heat
transfer rate to the substrate and the properties of the substrate. General
relations between the gauge temperature-time history and a time varying heat
transfer rate are usually mathematically intractable. However, for the case of
‘a step function increase in heat transfer rate, the gauge temperature will
increase parabolically as the square-root of elapsed time (Ref. 16). A similar
parabolic decrease in gauge'temperature will occur if the heat-transfer rate
is suddenly reduced to a lower value. As will be seen, during rotating stall
the gauge temperature-time histories display the parabolic rise and fall typical

of near step function changes in heat transfer rate.

Preliminary tests to obtain temperature-time histories during rotating
stall were performed at engine speeds of 60, 65 and 70 percent of design speed.
It was found that the temperature fluctuations during stalls at 60 percent
engine speed were almost undetectable and those at 65 percent were very small
(~ 3 deg. F maximum). Thus the remainder of the tests were performed at
engine speeds between 71 and 79 percent of design speed. The highest engine
speed for the tests was limited by the failure of the engine to enter rotating
stall at higher speeds. During the preliminary tests, the thin-film gauge
between the seventh sfage stators (axial location S in Fig. 29) failed through
abrasion, presumably from small particles in the air flow. Hence, the records

presented below are limited to those obtained from the four thin film-gauges

located just downstream of the first stage rotor (axial location 2 in Fig. 29).
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The results of the thin-film température measurements during long dura-
tion rotating stall are shown in Figs. 39 and 40. Figs. 39(a), (b) and (c)
present temperature records taken at slow chart speed for stalls initiated at
71.1, 75.5 and 78.7 percent corrected engine speed. Corresponding engine
and stall control data have been presented earlier in Figs. 31(d), 32(d) and
33(b). Figs. 40(a), (b) and (c) are expanded time temperature records of the
same stalls. In these cases, the corresponding engine and stall control records
can be found in Figs. 34(d), 35(d) and 36(b). For reference purposes, each
figure also includes a record of the static pressure fluctuations from the
same stall control pressure transducer that was presented in Figs. 31 through
36. The inlet air temperature is indicated by a horizontal dashed line on each

of the temperature records.

On the left side of the slow chart speed records, (Fig. 39), the
temperature rises slowly as the bleed doors are gradually closed. At stall
inception, the temperature rises rapidly to values significantly higher than
the pre-stall temperature. At each engine speed, the largest temperature
occurs just after rotating stall is initiated. After rotating stall is cleared, .
the temperature decreases to normal levels more gradually than the sudden in-
crease in temperature at stall inception. The temperature behavior after stall
is influenced by the after stall behavior of the engine. For the stall in
Fig. 39(a), recovery was rapid (see Fig. 31(d)) and the temperatures become
nearly stable over the right-hand third of the figure. 1In Fig. 39(b), the
throttle was chopped before the engine had accelerated to its pre-stall speed
(see Fig. 32(d)). 1In this case, temperatures are still decreasing on the right
side of the figure. For the stall in Fig. 39(c), the engine had accelerated
back to speed approximately 3.5 seconds after inception (see Fig. 33(b)). The

temperature records become approximately stable in a similar time period.

The expanded time records in Fig. 40 show the details of the thin film
temperature records just after stall inception where the highest temperatures
are observed. Temperatures read from these figures are summarized in Table 4.
The data obtained from the two inner gauges should be comparable since they
were at the same axial location and radial immersion, but separated circumferen-

tially by 120°. Similarly, the data from the two outer gauges should be
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S9

SUMMARY OF PRE-STALL AND STALLED TEMPERATURE DATA

TABLE 4

DURING LONG DURATION STALLS

Corrected Pre-Stall Stalled (Max. Stalled)

Engine Speed Temp. Rise Temp. Rise (Temp. Rise )

Temperature Run 4 at Stall Above Inlet Above Inlet (Pre-Stall )

Sensor Test No. Inception Air Temp. Air Temp. (Temp. Rise )
No. 1 Stator Top, 7 71.1 34.2 59.5 1.74
Inner Gauge 10 75.5 37.8 68.6 1.81
(Immersion = 1.2 in. 11 78.7 36.9 75.8 2.05
No. 1 Stator Top, 7 71.1 39.4 60.6 1.54
Outer Gauge 10 75.5 42.9 68.5 1.60
(Immersion = 0.6 in. 11 78.7 43.5 75.3 1.73
No. 1 Stator Left, 7 71.1 32.4 58.1 1.79
Inner Gauge 10 75.5 35.0 66.0 1.89
(Immersion = 1.2 in. 11 78.7 39.5 78.4 1.98
No. 1. Stator Left, 7 71.1 40.7 63.5 1.56
Outer Gauge 10 75.5 43.3 71.5 1.65
(Immersion = 0.6 in. 11 78.7 45.9 78.5 1.71




comparable As can be seen, the data are reasonably consistent. In particular,

the ratios of the maximum stalled temperature rise to the pre-stall temperature

rise agree fairly well.

The largest source of error in the thin film temperature data is
caused by erosiomn of the thin film temperature gauges during a test run. The
temperature is determined from these gauges by measuring the change of resistance
which is a linear function of temperature in the range of interest. Repeated
calibrations of the gauges showed that the slope of the temperature versus
resistance calibration did not change during a test run, but the overall level
of the resistance increased. The result of the gradual increase in overall
probe resistance is that the records accurately reflect short term temperature
difference, but the determination of the temperature level above ambient
requires correction to account for the gradual increase in gauge resistance
caused by erosion. Such a correction has been made to the data presented in
Figs. 39 and 40 and in Table 4. In the figures, the correction affects the
position of the dashed line labeled inlet air temperature. In the table, the
correction affects the overall temperature levels, but not the difference in
temperature between the pre-stall condition and the maximum stalled temperature:
The reasonable agreement in Table 4 between the temperature data from the two
inner gauges and, separately, between the temperature data from the two outer

gauges indicates that the erosion correction was fairly successful.

The data in Table 4 show that the thin-film temperatures taken just down-
stream of the first stage rotor during stall reach significant multiples of the
steady-state pre-stall temperature rise across the rotor. The magnitude of the
gauge temperature increases with engine speed and varies with radius inside
the compressor. The maximum gauge temperature was observed on the inner radius
gauges at an engine speed of 78.7 percent. As discussed earlier, the parabolic
sawtooth nature of the temperature records indicate that the gauges were
responding to nearly-step function changes in heat transfer rate during cell
passage. This suggests that the gas flow temperature during stall is a nearly
square wave 1in time with pérhaps a substantially larger amplitude than that

displayed by the thin film gauges. An analysis based on the square wave assumption
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is presented in the next subsection and the predicted results are compared to
the temperature time history obtained from one of the inner radius gauges at

an engine speed of 78.7 percent.

The data presented thus far do not determine whether the high tempera-
ture regions lie within the stall cells or within the high velocity region
between the stall cells. To resolve this question, the J-85 was reinstrumented
with a new probe containing a thin-film gauge and a total pressure transducer.
The thin film gauge was located at the radial immersion of the previous outer
gauges (0.6 inch) and a total pressure tube connected to an external, closely
coupled, transducer was located at the radial immersion of the previous inner
thin film gauge. The J-85 was then stalled as in the previous tests. The
results from a long duration stall with this instrumentation are presented in

Fig. 41

The data records shown in Fig. 41 are similar to those presented in
Fig. 40 except that the total pressure record replaces one of the temperature
records on the probe labelled No. 1 Stator Left. The passage of stall cells
past this probe is indicated by the irregular valleys in the total pressure
record. The regions of increasing temperature on the thin film gauge on the
same probe are indicated by F— . These same regions have been transferred
to the total pressure record and to the detector static pressure record. It
can be seen that the rising temperature region on the thin film record correlates
very well with stall cell passage as indicated by the total pressure record.
These increasing temperature portions of the thin film records correspond to
the high temperature regions in the gas flow. Thus it is concluded that the
highest temperatures during rotating stall occur within the stall cells. This
indicates that the work input by the rotor remains large during stall cell
passage and that it is transformed primarily to heat. The large work input
during stall has also been suggested by previous low speed annular cascade

experiments (Ref. 3) and by the torque measurements presented in Section II.
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One final observation on Fig. 41 is relevant to the previous discussion
on the time available for the stall control system to initiate rapid stall’
recovery (Section III.C.1.). It was stated in that discussion that the positive
peaks in the detector static pressure record correspond to the passage of stall
cells past the detector transducer. This transducer is at nearly the same circum-
ferential location and only slightly displaced axially from the total pressure
probe in Fig. 41. Thus, stall cells pass both of these transducers at nearly
identical times. Comparison of the total pressure and detector static pressure
records in Fig. 41 shows that the positive peaks in the static pressure record
do serve as an indication of stall cell passage as stated earlier. However,
the amplitude and phase of the detector static pressure record have been
modified by filters in the stall control system (see Ref. 1, Fig. 6). Thus,

this record should not be used to obtain quantitative static pressure data.

b. Analysis of Temperature Records

In the preceding discussion, it was noted that the parabolic sawtooth
shape of the thin film temperature records suggested a square wave variation of
heat-transfer rate with time. An analytical model based on this assumption is
sketched in Figure 42. With this assumed model, the expression for the time

dependence of the thin film gauge temperature becomes

N L
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where T(t) = thin film temperature (°F)
A = hedt transfer rate during stall cell passage (BTU/ft.zsec)
B = heat transfer rate between stall cells (BTU/ft.Zsec)
ks = thermal conductivity of substrate (BTU/ft. sec. °F)

density of substrate (slug/ft.s)

2

Cp = specific heat of substrate (BTU/slug °F)
s
t = time after stall inception (sec.)
ti = times associated with stall cell passage (Figure 42)
1 = l: 2’ _______

For the pyrex substrate used in the thin film gauges, Reference 16 gives

1/2 7/7)“/@ 5 6705 -——0,06‘6(5f0//’f‘.?0/5. 5557/2)

Typical temperature response curves for B equal to three fractional values of
A are sketched at the top of Figure 42. The predicted response curves appear
quité similar to the experimental data presented in Figure 40. Thus, a short
parametric study was made to fit the predicted response to one of the experi-

mental thin-film gauge records.

The results of the best fit predicted curve are compared to the ex-
perimental record in Figure 43. The experimental data were read from the ,
record labelled "No. 1 Stator Left: Inner Gauge' in Figure 40 (c), and time t = 0
was taken at the first indication of gauge temperature rise due to stall cell
passage. The assumed extent of the stall cell, passage time between stall cells,
and heat transfer rates during stall cell passage and between stall cells are
listed at the top of Figure 43. It can be seen that the simple analytical
model agrees quite well with the experimental data. Thus, it would appear
that an approximately constant heat transfer rate of 26 BTU/ft.Zsec occurred
at the thin film gauge during stall cell passage and near zero heat transfer

rate occurred between stall cells.
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The heat transfer rate during stall cell passage is not sufficient
by itself to determine the gas temperature within the stall cell. However,
a rough estimate of the minimum gas temperature can be made. For a circular
cylinder, steady state data are available (e.g. Reference 9) which relate the

mean Nusselt number NIn to the Reynolds number of the cylinder, R, where

N = /zz;/xf
R = UD/YV
and
D = cylinder diameter
h = heat transfer coefficient
k = conductiviﬁy of air
3] = free stream velocity
V) = kinematic viscosity of air

For the steady flew case, the heat transfer rate, {, 1is given by

2 =4 (7Te)
where Tw is the wall temperature and T,, is the air temperature at a large
distance from the cylinder. For the unsteady model considered above, it is

assumed that q(t) during stall cell passage can be taken as
2(8)=A (7 (¢)-7y09)

where Ta (t) is the air total temperature in the stall cell at time t, and

Tw(o) is the wall temperature just prior to passage of the first stall cell.

The value of the heat transfer coefficient, h, is determined from the
steady state data as a function of Reynolds number with appropriate values of

D, k, and 7/ for air at approximately one atmosphere and 100 deg. F, viz

0.2 in. = 1/60 ft.
4.3 x 10"6 BTU/ft. °F. sec

1}

1]
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7 = 1.9 x 107° ftz/sec

With these values

. Y2
E" Z/ ‘88(]
A .
o= _/1/,2_ =2.6x:0"W,,

Ta (¢) =75 (0) = §(£) /7
where ¢(t) is approximately 26 BTU/ft.Zsec. during stall cell passage. Using

these relations and the empirical curve in Reference 9 (p. 324) between N
m

and R one obtains the following results for assumed values of velocity, U, in
the stall cell.
h( BTU >

U (ft./sec) R Nm ft2.°F.sec Ta(t)nkao) (deg.F)

100 8,800 50 0.013. 2000

300 26,400 100 0.026 1000

600 52,800 150 0.039 670

900 79,200 200 0.052 500

The above values are based on a mean Nusselt number averaged over the cylinder.
Local Nusselt number at specific circumferential locations on the cylinder
approach values which are two times as large as the mean value at Reynolds
numbers on the order of 40,000 (Ref. 9, p. 325). Hence the temperature dif-
ferences indicated above may be lower by a factor of two. Thus the above
calculations suggest a minimum temperature rise in the stall cell on the order
of 250 degrees F and the temperature may be much higher if the velocity in the
cell is 1ow.l However, there is evidence (Reference 10) that the circumferen-
tial component of velocity in the cell can approach the rotor wheel speed so

the higher values of U assumed in the calculation are not unreasonable.
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An independent estimate of the temperature in the stall cell can be
obtained by assuming that the rotor torque remains unchanged during passage
through a stall cell and passage through the free-stream between stall cells
and that the magnitude is equal to that occurring Jjust prior to stall incep-
tion. Prior to stall inception, the torque, %; at a given spanwise location

on the first stage rotor is

= pUr(W,-1,) (26)
where 7 = radius
{/ = axial velocity
W, = circumferential velocity upstream of rotor
W, = circumferential velocity downstream of rotor
/O = density

In addition the difference in air total temperature upstream and downstream is

given by

_Wrwo-w)
Cp

(27)

where C

7,

specific heat at constant pressure

1

rotor angular velocity

Combining Equations (26) and (27) éives
(775 )= 45
PP %
If the torque is assumed constant as noted above, then
(:Ct T )s = 5‘}5;/2;0/63 s
(/Zb E@ = OU?y/Ck/QQ w
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where the subscript p denotes conditions prior to stall, the subscript s de-
notes conditions in the stall cell, and the subscript u denotes conditions in the

free stream area between cells.

For constant & and neglecting density changes, one has
Yo 75, =77 ) # G (7775 )s = Y (77777, (28)

For zero heat transfer rate between stall cells,
(/Z% _}GB/LO :(/72'_2%/L4

which indicates

If the extent of the stall is 1/3 as used in the previous wmodel, then the mean

axial velocity, (/, during stall is

_ 7 2
U o= 4% Cé * 4§‘CZ
~ 1 24
X B U FE
and : :f;' 2:/% _Eé;,bﬁ%;
0 7
Analysis of the inlet dynamic pressure record for the stall at 78.7 percent
speed gives —
J
A o072
i
Thus s 7 2

Finally from Equation (28),

) ,
(7 %) 2 (%),

73



and from Table 4, (/7/-770)70 = 39.5 deg. F for the thin film record analyzed
previously. Thus,(”fb ~77;)5‘ = 39.5/0.15 = 263 deg. F and the total tempera-
ture rise in the stall cell is 263-40 = 223 deg. F.

This estimate is in reasonable agreement with the minimum temperature
rise of 250 deg.F estimated previously from the heat transfer model. It is
worth noting that the assumption of constant rotor torque implies that the
product of axial velocity ¢/ and swirl velocity W/ is nearly constant inside and
outside of the stall cell (see Equation 26). This indicates that swirl ve-
locities inside of the cell are large, in agreement with the observations of
Reference 10 and also in agreement with the high velocities used in the previous

analysis to obtain a minimum value of temperature rise in the cell.

In summary, the thin film gauge temperature measurements indicate that
the total temperature in the stall cell is much larger than the total tempera-
ture between cells. Estimates of the total temperature in the cells for a stall
at 79 percent engine speed suggest values approximately 6 to 7 times the pre-
stall total temperature rise across the first stage rotor. No data were obtained
at other locations in the compressor. Howefer, the data obtained on the first
stage of this relativelﬁ low pressure ratio compressor suggest that very much
higher temperatures may be reached in later stages of a modern high pressure
ratio compressor at near design speeds. If such is the case, then rotating
stall could be a factor in titanium combustion in such compressors. Further
tests with more extensive instrumentation designed to study this phenomenon

would appear to be well worthwhile.
5. STALL CONTROL BLAST TESTS

These tests are designed to study the performance of the stall control
system in response to an impinging shock wave. The J-85 engine is operated
at speeds for which the stall control is effective and the bleed doors are
closed to a position just prior to that which induces rotating stall. The
engine is then subjected to a shock wave to determine the performance of the

stall control system. The impinging shock waves were generated by the Ludwieg
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tube at Calspan. Details of the J-85 installation in the Ludwieg tube are pre-
sented in Reference 15. A sketch of the installation and the shock tube in-
strumentation 1s shown in Figure 44. The shock tube upstream of the J-85 bell-
mouth was instrumented with nine static pressure transducers. In the following
discussion, the transducer denoted as P is used to determine shock overpressure.

The instrumentation on the J-85 compressor has been described previously.

In all, nine shock tests were performed at nominal engine speeds of
60 and 65 percent. Four tests were done with the control on and the bleed
doors partially closed, and four similar tests were done with the control off.
Finally, one reference test was performed with the engine in its normal con-
figuration, that is with the bleed doors fully open. None of the shock tests
induced rotating stall in the compressor; at a given engine speed, the compressor
response to the shock wave appeared to be unaffected by the position of the bleed
doors at the‘time of shock impingement. However, the tests with the stall control

active showed that the control responds rapidly to an incident shock. This is

illustrated in Figure 4S.

The data presentation in Figure 45 is similar to ﬁhat used in the
rotating stall tests presented in Figures 34 through 36. However, in this
case the disturbance is a shock wave with an overpressure of approximately 2.6
psi. The shock tube static pressure, P9, just upstream of the engine bellmouth
has been used to determine the arrival time of the shock at the compressor
.bellmouth. This is shown as a vertical dashed line through all of the strip

chart records.

Figure 45 shows that the bleed doors began to open within about 7 or
8 milliseconds and were fully opened in about 28 milliseconds. The results
correspond approximately to the maximum response rate obtainable with the
hydraulic/mechanical system used to operate the bleed doors on the J-85. This
is the result that was expected from these tests. However, similar tests with
the control turned off and the bleed doors closed the same amount throughout
the shock passage, failed to excite a rotating stall in the compressor. In

both tests the bleed door closure was approximately 4 to 8 percent less than
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the average closure required to excite spontaneous inception of rotating stall.
Apparently the J-85 engine is highly stable in the presence of an incident shock,
even when the bleed doors are closed to a position just slightly less than that
required for spontaneous inception. With the exception of the bleed door position,
the test results with the control turned off were virtually indistinguishable

from those shown in Figure 45 for the control turned on.

In view of the apparent stability of the J-85 compressor to incident
shock waves no further shock tests were performed. The results have shown that
the stall control responds at its maximum rate to an incident shock wave but it
has not been shown that this response is sufficient to prevent rotating stall if
the shock were to excite such stall. It is worth noting that none of the shock
wave tests, including those performed under the separate blast wave program pre-

sented in Reference 15, have excited rotating stall in the J-85 engine.

Reference 15 reports the results of detailed experiments performed to
investigate the behavior of a turbojet engine when subjected to a blaét—wave
environment. All of the experiments reported in that document were performed
for sea level conditions with the stall control inactive. In order to inves-
tigate the influence of a blast wave on J-85 ehgine performance at conditions
other thansea level, during this program the engine was allowed to pump down
the test section to a static pressure approkimately 2 psi lower than ambient.

At this reduced inlet pressure, but with ambient exhaust conditions, shock waves

were directed into the engine with the stall control inactive.

Experiments were performed for shock overpressure values up to approxi-
mately 2.5 psi at engine speeds near 95%. The dynamic engine pressure results
were similar to those obtained for sea level operation. No evidence of rotating
stall or surge could be found in the recorded pressure histories. These experi-
ments were not continued beyond.the exploratory results noted above because the

capability of simultaneously reducing the exhaust pressure was not available.

76



6. POST-STALL ANALYSIS OF J-85 DATA

In Section II, the post-stall analysis of Ref. 6 was applied to the
low-speed annular cascade data to test the analytical predictions for stages
with exit conditions which differ from those in the test rigs used to develop
the empirical constants. It was found that the analysis, modified slightly to
account for the different exit conditions, provided satisfactory predictions of
the experimental results. However, both the annular cascade data and the data
used in Ref. 6 were obtained on low speed rigs with essentially incompressible
flow. The records obtained during the long duration rotating stalls on the -85
engine provide a source of in-stall and stall recovery data for an aircraft
compressor operating in the compressible flow regime. Thus it is of interest to
analyze these data to determine 1f the stall recovery point can be estimated by

the analytical approach of Ref. 6.

The data required for application of the analysis are curves of the
unstalled inlet total to exit static pressure rise coefficient, 7&}5 , as
a function of flow coefficient, gf . These curves were calculated from
compressor maps for the J-85 presented in the usual manner, that is, total
pressure ratio,/§3/732 , versus corrected weight flow, M/x%yQp , for constant
values of corrected speed, /é/kﬁ‘7Q§q.

Recall that gﬁ and ;&kg are defined as
¢ = 9/y

3 Peoxit - /;}bA?f

Vs

2
Vs
where p = compressor inlet total pressure (PT )
inlet 2
exit = compressor exit static pressure (ps)
U = mean axial velocity
Vb = rotor blade veiocity at mean Tadius
/3 = air density
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The following assumptions were made in calculating 95 and ;th

. The mean radius is calculated at the leading edge of the first

stage rotor.

° The mean axial velocity, inlet axial Mach number, and air density

dre calculated at the same axial location as the mean radius.
. Inlet total pressure equals ambient static pressure.

* The compressor exit axial Mach number is equal to the inlet axial
Mach number. (Deviations in the real conditions from this assump-

tion have only a weak effect on the calculated results.)

With the above assumptions, the following results are obtained:

de Go(wr5/d)
27 g pPs RAz M (8% ) (N/NVE)

L mlZ)N(E) -]
" p(% m ) () ()
-

s = (70 F)

£ = (1)

a/n{

(W /) 2\3
9Ps Qs Ay (]+T

Mz
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where as = speed of sound at standard conditions (1117 ft/sec)
A, = annulus area at first stage rotor face (1.063 ft)
9 = acceleration of gravity (32.2 ft/secz)
My, = axial Mach number at first stage rotor face
N = engine rpm
N o= engine design rpm (16,560)

standard atmospheric pressure (2116 pounds/ftz)

i

Py = compressor exit static pressure

Fry = compressor inlet total pressure

}33 = compressor exit total pressure

/?% = mean radius at first stage rotor face (0.515 ft)
/02 = air density at first stage rotor face

/qz = ambient air density

standard atmospheric density (0.00238 slugs/fts)

Bs

; )
For A, £ [ , the equation for// can be approximated by taking

/1’/2 3,\_/ 3 2
(77&?2-) . ﬂ+—5-_—/v/2)
V7-2.4K°

12K

which gives

My 2

where
Kk =(wrg)s) /g p5as 4,

The approximation for A7, is within about 1 percent of the true value for the
J-85 operating at 100 percent of design speed. At lower speeds, the approxima-

tion becomes more accurate.

Curves of @%3 versus Fﬁ were calculated from the J-85 compressor map

and the results are presented in Figs. 46(a,b,c) for a number of corrected
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engine speeds. The performance maps in each part of Fig. 46 are identical;
they serve as a base for presenting the J-85 data taken from the records of

long duration stalls during the current program.

The data available from the records of the long duration rotating

stalls are the engine speed, the total pressure, PT , minus static pressure,
1

Py» in the constant diameter duct upstream of the compressor bullet nose (axial

station 1), and the static pressure rise across the compressor, 4&;0::¢93..]9/

The coefficients 3&}5 and §é were calculated from these data as

follows:

[A 70—(/077 ‘"/"0/):[

%: /0“(60 /‘?2”)( )(A/)

LB/ -
( ‘?ZN)( =)
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where the equation for M2 is solved by iteration. The notation used above is

the same as that used previously with the'following additions:

,4] = Duct area at station 1 upstream of compressor bullet nose
(1.396 £t%)
My = Mach number at station 1
¢07 = .static pressure at station 1 (pounds/ftz)
Pr = total pressure at station 1 (pounds/ftz)
! . . 2
2;7 = dynamic pressure at station 1 (pounds/ft )

Using the above relations, the experimental records for the three
long-duration stalls presented previously were analyzed. The results are
shown in Fig. 46 superimposed on the J-85 compressor map. Each part (a,b,c) of
Fig. 46 presents data for a long duration rotating stall which occurred at
different engine speeds.

The data points for the long duration rota£ing stalls correspond to
several operating conditions of the J-85. The test procedure was to set the
engine at a given speed and slowly close the interstage bleed doors until
rotating stall inception occurred. The triangular symbols show the approach to
stall as the bleéd doors are gradually closed. The initial point is for the
engine operating normally with the bleed doors open. As the doors are closed,
the engine speeds up very slightly, the pressure coefficient increases, and the
flow coefficient decreases until rotating stall occurs. Stall inception does
not occur on the normal engine surge line. This line was taken from a J-85
compressor map with the bleed doors open while the current tests destabilize

the engine so that it stalls below the normal surge line.

The post-stall behavior of the J-85 is denoted by slice-of-pie symbols.
In keeping with the compressor map, only data obtained after the bleed doors
had opened completely are included in the figures. During the post-stall time
inter?al, the engine is decelerating spontaneously, with corresponding decreases
in both mass flow and compressor pressure rise. (The numbers adjacent to the

symbols give the corrected engine speed corresponding to the nearest symbol.)
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The post-stall changes in engine speed, mass flow, and compressor pressure rise
combine to give a clockwise hystéresis loop to the data in Figs. 46(b) and (c).
The lowest sbeed stall, Fig. 46(a) shows very little hysteresis. There are no
data available for analysis at higher and lower engine speeds; the compressor
would not stall at engine speeds above 80 percent and it recovered from stall

before the bleed doors were open at speeds below 70 percent.

The engine behavior after stall recovery is shown by the square symbols.
In this region the engine is accelerating to the initial test condition with
corresponding "increases in mass flow and compressor pressure rise. Only Figs.
46(a) and (c) show a complete set of data in this region. The operating engineer
chopped the throttle before the acceleration was completed for the test of
Fig. 46(b).

Inspection of Fig. 46 indicates that the post-stall analysis of Ref. 6
is not applicable in its present form to the J-85. There are several points
in the analysis which would réqu;re modification before it could be applied to
the present data. The greatest difficulty lies in the fact that the engine
decelerates spontaneously after rotating stall occurs. The deceleration combined
with the fact that each constant speed line forms a different curve for V¥ig
versus . ¢5 make it impossible to estimate the recovery conditions without addi-
tional information. Moreover, the value of &43 per stage at recovery appears
to be much larger than the value of 0.11 used in Ref. 6. For the three.stalls
analyzed in Fig. 46, the value of y@s per stage was very close to 0.37 just
prior to recovery. This is also much larger than the value of 0.17 used in
Ref. 6 to distinguish between full-span stalls with hysteresis and part-span

stalls without hysteresis. Finally, using the approach of Ref. 6 to estimate
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the extent of the stall cells at recovery suggests that the extent is approxi-
*
mately 18 percent just prior to recovery rather than 30 percent as used in

Ref. 6.

In summary, analysis of the post-stall behavior of the J-85 indicates
that the analysis of Ref. 6 is not applicable in its present form to this case,
The empirical constants used in Ref. 6 do not appear to apply to the high-speed
J-85 compressor. Even if they did apply, or alternatively if values appropriate
to the current tests were used, the spontaneous deceleration of the engine
after rotating stall inception prevents estimation 'of stall-recovery conditions.
Further information is required to make such an estimate. It is suggested that
further experimental studies of post-stall behavior on high speed compressors
be performed to refine the empirical constants for this class of compressors.
These studies would best be performed under constant speed conditions. Applica-
tion of the analysis to.complete engines requires further development of the
model to allow for the spontaneous deceleration which occurs after stall

inception.

- :
A value of 18 percent for the extent of the stall cells at recovery was arrived
at as follows. In analogy with Egs. (20) and (21) of Section II, the extent
of stall, )WQ , at recovery 1s defined by

;\. = ] - ¢c‘essaz‘ {on
< Puprstalled @ ¥rs =037

where
¢C€55’czf/a/7 =& Pre -pecovery

In Fig. 46, values of ;5Pre-recovery divided by 0.82 are shown plotted at

3&}5 = 2.96 (i.e., p@s-/Stage = 0.37). It can be seen that these points lie
at approximately the position on the unstalled compressor map which corresponds
to the pre-recovery engine speed. Thus, [(¢c€ssat/aﬂ)/(¢z/ﬂsl‘d//f’(/ at: Yrs :0-37):] vo0.52
and }\/‘?«"5 (/—&.82) =0./8 . (Separate analysis of the thin film gauge
records to determine apparent stall cell extent gave values of approximately
25 percent just prior to stall recovery. However, these estimates represent
values at fixed spanwise locations and are very difficult to determine

accurately.)
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SECTION IV
SUMMARY AND CONCLUSIONS

This report presents the results of experimental studies designed to
aid in the development of methods to predict the onset of rotating stall in
axial flow compressors and to predict the post-stall operation and recovery
characteristics of a compressor. The experiments were performed in a low-speed
rotating annular cascade facility and on a J-85-5 turbojet engine. The low
speed tests studied the influence of rotor-stator interference on the work
performed by a rotor prior to and during rotating stall. The J-85 experiments
consisted of post-stall temperature measurements in the compressor and a demon-
stration of stall anticipation and stall recovery on this engine with a
previously developed Calspan/Air Force Rotating Stall Control in operation.

In addition, some blast tests were performed on the J-85 with the stall control

both operative and inoperative.

Past studies in the annular cascade had provided basic information
on rotor-stator interference and input data for an existing two-dimensional
stability theory for predicting rotating stall inception. These data were
obtained on a configuration of the cascade with a high hub-to-tip ratio (0.80).
Both an isolated rotor and the same rotor in a rotor-stator stage were tested.
Correlations between theory and experiment showed that the stability theory
predicts rotating stall inception quite accurately if the area-averaged steady-
state loss and turning performance are known. The addition of a closely coupled
stator row downstream of the rotor delayed rotating stall inception, and also
provided significantly higher total pressure rise across the rotor than that
observed on the same rotor in isolation. The current studies in the annular
cascade were designed to investigate if the stability theory provides accurate
predictions of rotating stall inception on a low hub-to-tip (0.44) rotor and
stage, and also to study the increase in total pressure rise across the rotor
when a stator row is added. The experiments included detailed total pressure
surveys, three-component hot-film surveys to determine velocities, and measure-

ment of the torque input to the rotor. Both an isolated rotor and a rotor-
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stator stage were tested. In addition, a brief study was performed to determine
the effect of circumferential inlet distortion on rotating stall inception and

on the rotor torque for the rotor in the stage.

The experimental studies in the low-speed annular cascade provided the
following results. Both high and low hub-to-tip ratio rotors display inter-
ference effects when coupled to a downstream stator row; the rotor in the stage
produces greater total pressure rise than that obtained on the isolated rotor
with the same inlet conditions. Moreover, the rotor torque is larger on the
rotor in the stage than it is on the isolated rotor. The presence of rotating
stall has very little effect on the rotor torque when the mean axial velocity
is held constant. Prior to rotating stall inception, area averaging and mass-
flow averaging of the total pressure rise distributions across the rotor provide
dimensionless results which are identical to within the experimental accuracy.
In this same pre-stall region, the changes in rotor torque and average total
pressure rise coefficient for the rotor in the stage combine to provide averaged
relative losses across the rotor which are nearly the same as for the isolated
rotor. This is true even though the pre-stall radial distributions of total
pressure rise across the rotor change considerably when the stator row is
added. However, small differences in the relative losses across the rotor delay

rotating stall inception on the stage.

The above results were obtained for undistorted inlet flow. Some
additional tests on the stage were performed with 180 degree circumferential
inlet distortion. The inlet distortion had no detectable effect on rotating

stall inception. This result is similar to that observed previously on a high

hub-to-tip isolated rotor but not on a high hub-to-tip ratio stage where stall
inception was delayed by distortion. None of the tests in the annular cascade
have resulted in the promotion of rotating stall by stationary inlet distortion.
These results appear to contradict the generally accepted views on the effect
of inlet distortion. Rotor torque measurements in the presence of inlet
distortion displayed a mixed effect. For low stator stagger angles, the torque
coefficients measured with inlet distortion were nearly the same as those
measured on the isolated rotor for undistorted inflow until rotating stall

became well established. At the largest stator stagger angle which was tested,
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the torque coefficients measured on the stage with inlet distortion were the
same as those measured on the stage without distortion over both the pre-stall
and post-stall ranges. For all stator stagger angles, once rotating stall be-
came well established, rotér torque on the stage with inlet distortion was the

same as that found on the stage without distortion.

The experimental data obtained in the annular cascade with undistorted
inflow were used to test the predictions of rotating stall inception by the
two-dimensional stability theory and also the predictions of post-stall behavior
by the analytical model of Day, Greitzer and Cumpsty. The-stability theory
performed well in predicting inception on both the low hub-to-tip ratio isolated
rotor and rotor-stator stage. The stability calculations require only torque
and area-averaged total pressure data as inputs; detailed velocity data do not
appear to be necessary. The post-stall behavior in the low-speed annular
cascade was predictable by a slightly modified version of the post-stall
analytical model. The modification appears to be required for exit flows

-

which contain significant swirl.

The blast and rotating stall tests on the J-85 engine with stall control
were performed with the engine installed in the Ludwieg Tube Test Facility at
Calspan.Advanced Technology Center. The blast tests were designed to study the
response of the rotating stall control system when a simulated blast wave
impinges on the engine inlet. Separate tests were performed to study the
unsteady temperature fluctuations in the J-85 compressor during rotating stall,
the performance of the stall control system in anticipating and preventing
rotating stall, and the performance requirements for the stall control to clear

rotating stall once it has started.

The J-85 tests provided the following results. In the blast tests,
neither rotating stall or surge were observed for shock overpressures up to
2.5 PSI. Shock passage triggers the stall control to respond at its maximum
rate. Partially destabilizing the J-85 compressor before shock impingement does
not trigger rotating stall or surge at shock passage. This result is independent

of control action.
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In the stall temperature studies, records from thin film temperature
probes downstream of the first stage rotor were obtained during rotating stall.
Individual stall cell passage was evident in these ‘records and the temperature
rise during stall cell passage increases with engine speed at inception.
Analysis of the thin film records for a stall initiated at 79 percent corrected
engine speed indicates a heat transfer rate to the thin film probe of
-26 BTU/ftzsec during stall cell passage and zero heat transfer rate between
stall cells. Determination of air total temperature in the stall cells is not
possible from the measured data, but a minimum temperature rise of at least
250 deg F isrsuggested. A separate estimate of the temperature rise in the
stall cells was performed by assuming that the rotor torque is unchanged during
the presence of rotating stall. An estimated temperature rise of approximately
220 deg F was obtained in this case. Both estimates indicate that the total
temperature in the stall cell was about 6 to 7 times the pre-stall temperature
rise across the first stage rotor in the J-85. These results, obtained on the
first stage of a relatively low pressure ratio compressor, suggest that much
higher temperatures may be reached in later stages of a modern high pressure
ratio compressor operating at near-design speeds. If this is true, then rotating

stall could be a factor in titanium combustion in such compressors.

The stall control performance tests showed that the control is capable
of anticipating and preventing rotating stall on the J-85. Moreover, normal
engine operation is unaffected by the presence of the stall control. If stall
inceptionlis allowed by detuning the control, the maximum time available for
complete control action corresponds to 1S5 engine revolutions on the J-85 engine.
With longer times, a fully developed rotating stall occurs which causes large

engine speed losses before recovery.

Three sets of records obtained during the rotating stall tests on the
J-85 were analyzed to determine if the post-stall analyses of Day, Greitzer and
Cumpsty is applicable to high speed compressors operating in the compressible
flow regime. The results indicate that the analysis is not applicable in its

present form to this case. The empirical constants used in the analysis do not
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appear to apply to the J-85 compressor. Furthermore, even if new constants
appropriate to the J-85 were determined, spontaneous deceleration of the complete
engine after rotating stall inception would prevent estimation of the stall
recovery conditions. The analytical model requries further development to allow

for this spontaneous deceleration.
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