US. DEPARTMENT OF COMMERCE
Hatisnal Techuical information Service

AD-A031 659

INVESTIGATION OF ROTATING STALL PHENOMENA
IN AXIAL FLOW COMPRESSORS

VOLUME 111. DEVELOPMENT OF A ROTATING
STALL CONTROL SYSTEM

CaLsPAN CorPORATION, BurraLo, New York

PREPARED FOR
AIR Force SYSTEMS COMMAND,
WRI1GHT-PATTERSON AIR FORCE BAsSE, OHioO

June 1976




e b S

AKERPLIR-T4SS
VOeess i

314104

00 e o T

il A1 N

ESVESHISATON COF ROTATING STALL FHERONIENA
AXEAL FLORW COMPRESSOES

VOLLE B-DEVELOPEENY OF A ROTATIR® STALL
CCRIRCL SVSTEN

WAG31659

L0 el

CALSPAN CORPORATION
P.0. BOX 235
BUrFALO, NEW YORK 14321

e

JUNE 1976

TECHNICAL REPORT AFAPL-TR-76-48 VOLUKE I
FINAL REPORT FOR PERIOD 1 EJAY 1¢78 - 81 LIAY 1976

Anoroved for public release: distribution unlimited II

:

AIR FORCE AERO PROPULSION LABORATORY
AIR FORCE WRIGHT ABRONAUTICAL LABORATORIES
AIR FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCE BASE., OHIO 45433
REPEGDUEAD BV
NATIONAL TECHNICAL
NFORMATION SERVIKE

3. DEPAGTESENT OF COMMIRGE
U3 SN IaAD. VA TGl "

e s memc Bl o) 0 AR 50000 00 e R o,

ot ol sl L s

l[””m\l‘\vmn_wm F——




N,

1 G o 1 S R e e - e % =

——

=stion @ a éZinioly ralstal
%ﬁs‘ﬁg i% E‘%L:Q Q?E ég‘e;;i%-ﬁe %&ggirg

ée@f@g@%‘géﬁ‘@iﬁﬁ‘é
%%%9%5 %Eﬁﬁi%sﬁ?—ﬁ——vg‘% is mot 0 ko =4
éaﬁ@iﬂ%ﬁ%%&%&%%j—% G olew o ey
%@E@%@@g@%@ ing &y TiCS o parndesian O
=mHactEs, 22, o eall any patented lniesklon Gat ey in gy =y be
relst=d thersto,

== =1

Frlg Figal %%@#ﬁ%ﬁé@% Sosporatian, weisy
mmeresy FIS516-73-C-2015. T ofiimt w3 ol %ﬁ s hir e

Ewofromilglon I=oraory, Rly Fores Systess G, Wriche-Pattarstn
BED, (hio wiss Brojeste 3085, Tosx 308203, =d Gk Unde 30200334 widh
Bz, =svin b, Stibich, MIEST/TEC, o3 Projest %@f%ﬁ in e=zea,

bz, &=y R i%ﬁg@fﬁé@él%@?&ﬂ@% %E%@ﬁ%
= B s,

Thin reose oo bem revicsd by S Infoesstion 0Eficy, A=/ 0TP,
& s rolee=Rlg (0 G ol Teuwmicl Inforsstion Ssrvice (FFi9).
5r IFE8, it will bs swailshis o tha eansral milie, including forelen
feeims.

?gujgﬂ oinsss

iR 1= OSSR

'g*ﬁ Bren Eage EEDET, Seaese==0n

Gandes of Gids veeove aunuid mw ba E@%@ unless reamm is
rﬁgﬂnﬁ oy ezmwlty oonaidsyations, oomtrachial cdhlimbions, o notics
5 a sondfic dsmwent.

A W I S




v P A, T T

o ome e

POREHORD
This is the iinal Tech ucal Report prepaved by the Calspan
Corporation. The effort was sponsored Ly (W= Air Force Aero-
Propulsion Laboratory, Air Force Systes Cawmand, Wright-Patterson
AFB, Ohio under Contract F33615-73-C-2046 for the period 1 May 1973
o 31 May 1976. Th= work herein was acconplished under Project 3066,
Task 306603, Work Unit 20660334, "Investigation of Rotating Stall
Phenomena in Axial Flow Comoressors,” with My, Marvin A. Stibich,
AFAPL/TEC, as Project Enginssr. DOr. Gary R. Ludwig of the Calspan
Corporaticn was technically respor.ible for the work. Other Calspan
personreel were: Joseph P. Nenn., John C. Erickson, John A. Loxdi,

Gresory F. Hc ticz, and Rudy H. Arendt.

I

AL ol I

i Autul e




ABSTRACT

This report presents the results of a research program that had two
major objectives. The first objective was the development of a prototype
rotating stall control system which was tested both on a low spced rig and a
J-85-5 engine. The second objective was to perform fundamental studies of the
flow mechanisms that produce rotating stall, surge and noise in axial flow
compressors and thereby obtain an understanding of these phenomena that would
aid attaining the first objective. The work is reported in three separate
volumes. Volume I covers the fundamental theoretical and experimental studies
of rotating stall; Volume 1I covers the theoretical and experimental studies of
discrete-tone aerodynamic noise generation mechanisms in axial flow compressors;
and, Volume I1I covers the development and testing of a prototype rotating stall

control system on both the low speed test rig and the J-85-5 engine.

Volume I describes the theoretical and experimental investigation of
the influence of distortion on the inception and properties of rotating stall

for an isolated rotor row, and the effects of close coupling of a rotor and

e ¢

stator row on rotating stall inception. The expcriments were conducted in the

Calspan/Air Force Annular Cascade Facility, which is a low speed compressor
research rig. In addition, the previously developed two dimensional stability
theory for prediction of inception conditions was extended to include the
effect of compressibility and the development of a three dimensionzl theory
was initiated. These studies led to the following key results. The experi-
mental studies of distortion show that for a single blade row the response of
the blade row to the distortion and rotating stall are uncoupled phenomena and

may be explained on the basis of & linearized analysis. The experimental

I e

studies of a closely coupled rotor-stator pair show that the addition of a

closely spaced stator row downstream of a rotor row delays the onset of rotating

stall. Moreover, the corresponding theoretical analysis predicts this trend ,

although quantitative agreement is hampered by the lach of appropriate steady-

state loss and turning performance for each blade row at the required operating

conditions. The cheoretical investigation of the cffects of compressibility

for wholly subsonic flows outside the blade rows indicates that the effects of
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compressibility do mot alter the mechanisms of rotating stall as deduced from
the incompressible theory in that the rate of change of the steady statc loss
curve with inlet swirl is the dowinant blade row characteristic affecting its
stability. Therefore, if the stuvady state losses are known for the compressible

flow condition, the linc2rized stability analysis is expected to apply.

Volume¢ II describes a theorctical and experimental study of discrete-
tone noise generation by the interaction cof a rotor and a stator, and the de-
velopment of a direct lifting surface theory {or an isolated rotor. An approxi-
mate model has been developed to predict the sound pressure level and total
power radiated at harmonics of the blade passage frequency for a rotor-stator
stage. The analysis matches the duct acoustic modes for an annular duct with
an approximate reprecsentation of the unsteady blade forces which includes com-
pressibility effects. Measurements were made of the sound pressure levels
produced on thc duct wall of the annular cascade facility by a rotor-stator
pair. Predictions which indicated that only the fourth and higher harmonics
could be excited at conditions achievable in the facility, were borne out by
the experiments. The calculations of the sound pressure levels for the propa-
gating modes were significantly below the measured values. This discrepancy
is believed to result from inaccuracics in existing models of rotor wake
velocity profiles, which are shown to have a strong influence on predictions
of the sound pressure levels of the higher harmonics. Volume II also contains
the formulution of a direct lifting surfacc theory for the compressible,
threce-dimensional flow through a rotor row in an infinitely long annular duct.
A Jetailed derivation 1s given for the linearized equations and the corres-
ponding solutions for thc blade thickness and loading contributions to the
rotor flow field. The governing integral cquation tor the blade loading in a
lifting surface theory is obtained for subsonic flow and progress on its

solution is reported.

Volume 111 describes the development and testing of a prototype ro-
tating stall control system. The control system was tested on the low speed
compressor rescarch rig and on a J-85-5 turbojet eongine. On the low speed

research comprersor, the control was tested in the presence of circumferential

inlet distortion. These tests were performed to demonstrate the ability of
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the control to operate satisfactorily in the presence of inlct distortion and
to aid in the selection of stall sensor configurations for the subsequent
engine tests. The ccntrol system was then installed on a J-85-5 jet engine and
its perfoimance was tested under sea level static conditions, both with and
without inlet distortion. On the ergine, the scall control was installed to
override the normal operating schedule of rhe compressor bleed doors and inlet
guide vanes. The J-85-5 was stalled in two ways, first by closing the bleed
Jdoors at constant engine speed, and second by decelerating the engine with the
bleed doors partially closed at the beginning of the deceleration. A total of
41 compressor stalls were recorded at corrected engine speeds between 48 and
72 percent of the rated speed. In all cases, the control took successful
remedial action which limited the duration of the stull to 325 milliseconds

or less.
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SYMBOLS

detector bias level used in cconditioning of compressor static
pressure rise, millivolts (see Figure 29)

detector level gain used in conditioning of compressor static
pressure rise, see Figure 29

engine speed, ipm
rated speed of J-85 engine, 16,560 rpm

detection level - amplitude of conditioned pressure fluctuations
from control transducers which trigger stall control into corrective
action, millivolts

system reference pressure used by stall control system, millivolts,
(see Figure 29)

inlet dvnamic pressure measured upstream of compressor face,
in. H,0

ambient temperature, °R
stator stagger angle at mid-annulus, deg.
time lelay factor in rotai‘ng stall control, sec.

compressor static pressure rise measured on outer casing, psi
(millivolts)

ambient temperature ratio, 5187
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SECTION 1

INTRODUCTION

The useful operating range of a turbine engine compressor is greatly
influenced by its stalling characteristics. The optimum performance of a
turbo-propulsion system is usually achieved when the compressor is operating
near its waximum pressure ratio. However, this optimum is generally not
attainable because it occurs close to compressor stall and unstable flow con-
ditions. Because of the serious mechznical damage that may result during com-
pressor stall cycles, a factor of safety (stall margin) must be provided
between the compressor operating line and the stall boundary. This is usually
done hy prescheduling the primary engine controls. However, the prescheduling
approach can lead to the requirement for a large stall margin in order to keep
the engine from stalling under all possible transient and steady state flight
conditions. It is clear, then, that an engine control system that can sense
incipient destructive unsteady flow in a compressor and take corrective action
would allow for reduced stail margins in the design and thus lead to large
engine performance and/or efficiency gains. Recognition of this fact has been
the motivation for a continuing program of research that the AFAPL has sponsored

at Calspan dating back to 1962.

The work at Calspan has been both theoretical and experimental in
nature and has been aimed at obtaining a sufficient understanding of the rotat-
ing stall phenomena such that its onset and its properties can be predicted and
controlled. The capability of predicting the onset of rotating stall on isclated
blade rows of high hub-to-tip ratios in low speed flows was demonstrated in
Reference 1. In addition, the basic feasibility of developing a rotating stall
control system was demonstrated in the Calspan/Air Force Annular Cascade Facility.
This present report summarizes the latest three year research program at Calspan.
The specific goals of the present progran were to extend the fundamental studies of
rotating stall tc consider the effects of compressibility, blade row interaction

and inlet distortion; and to extend the fundamental aerodynamic and acoustic

analysis of flow through a compressor. In addition, the rotating stall control
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system was validated by successful ground tests on a J-85-5 turbojet

engine.

The work is reported in three separate volumes. Volume 1 entitled,
“Basic Studies of Rotating Stall", covers the theoretical and experimental
work on the effects of distortion and close coupling of blade rows on rotating
stall inception and properties. In addition, the theoretical analysis of com-
pressibility is treated in the two-dimensional approximation and the initial
development of a three-dimensional theory is given. Volume II entitled,
“Investigation of Rotor-Stator Interaction Noise and Lifting Surface Theory
for a Rotor'", describes the development of a linearized lifting surface theory
for the subsonic compressible flow through an isolated rotor row. In addition,
a theoretical and experimental study of the noise generated by the interaction
of a rotor and stator is described. Volume III entitled, '"Development of a
Rotating Stall Control System', describes the development and testing of the
control system installed on a low speed research compressor and on a J-85-5

turbojet engine,

Yolume III is divided into three main sections. In Section II, the
functional requirements for a rotating stall control system are reviewed and a
description of the basic stall control system used to meet these requirements
is presented. Section III present: the results of testing the control on the
Calspan/Air Force Annular Cascade Facility in the presence of inlet distortion.
In Section 1V, the installation and testing of the control on a J-85-5 turbojet
engine are described. Following these three major sections, the results of the
overall development and test program for the rotating stall control are

summarized in Section V.

i P e e
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SECTION I1
DESCRIPYION OF THE ROTATING STALL COWTROL SYSTEM

As noted in the introduction, the development of an engine control
system which can sease incipient destructive unsteady flow in a compressor and
take corrective action would allow for reduced comprossor stall margins in the
design and thus lead to engine performance and/or efficiency gains. In many
instances of engine failure, rotating stall has been identified as a precursor
to destructive unsteady flows in ar engine. Moreover, blade fatigue considera-
tions will not allow a compressor tc operate for prolonged periods in a large-
amplitude rotating stall wmode. It is then desirable for several reasons to
develop an engine control system that would sense the onset of rotating stall
and keep the engine from operating in the rotating stall wode.

The functional requirements for a rotating stall control system have
been discussed in References 1 and 2. Briefly they can be summarized as follows:

1. An unambiguous signal of the presence of rotating stall must be

generated.

2. The contrel must be capable of processing this signal so that
action on some compressor variable can be taken which will

eliminate rotating stall.

3. When rotating stall is detected, control action must occur within
a time period on the order of milliseconds, and its effect on the

compressor should be almost immediate.

4, When rotating stall is absent, the control should have no effect
on the compressr operation. Return to normal compressor
operation after rotating stall dies away need not be as rapid as

initial control action when rotating stall first occurs.

In the work reported herein, the requirement for a fast acting control system
is attacked through sensing pressure fluctuations within the compressor itself
and using these signals to provide direct mechanical action on compressor

geometry (such as stator stagger angle or bleed port openings). It is believed
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that more indirect control action, such as fuel flow control, would not provide
a fast enough response. However, such a control could be used on the indirect

variables if the compressor response to these variables were fast enough.

The primary task to be treated before rotating stall control systeams
are feasible is the establishment of an incipient stall signature that can be
sensed by such a system. In previous werk (References 1 and 2) a search for
suitable stall sensors was coaducted in the Calspan/Air Force Annular Cascade
Facility. The studies of Reference 1 indicated that a variety of unsteady

pressure sensors located on or very close to the rotor or stator blades in the

compressor could provide acceptable signals for use with a rotating stall control.
The final selection of locations can be made on the basis of ease of installation

and maintenance rather than on the basis of signal quality.

During the previous program (Reference 1), a rotating stall control
which uses unsteady pressure sensor signals as inputs was designed and given
limited tests in the annular cascade facility. During the current program, a
number of significant modifications to the stall sontrol were made prior to the
tests. In the foilowing paragraphs a general description of the original, less
complicated system is presented first as background. This is followed by a
detailed description of the major changes made during this program. In the
block diagrams presented for thc present system, signal points equivalent to
those in the original system are identified by numbers identical to those used

in Reference 1.

The control is an electro-hydraulic feed-back control system. The in-
puts to the control system are unsteady pressure signals produced by the sensors
mounted in the compressor. The output of the control is a mechanical operation
on some variable geometry feature of the compressor to be controlled. For the

tests reported in Section I1I, the variable geometry is the stagger angle of

the stators in the Calspan/Air Force Rotating Annular Cascade Facility. For the

tests on the J-85 engine (Section IV), the variable geometry consists of the in-
let guide vanes and bleed doors on the intermediate stages of the compressor.
In the following description, stator stagger angle is uscd as the mechanical

variable for illustrative purposes.
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The signal conditioning and processing subsystem of the original de-
sign of the rotating stall control is shown in block diagram form in Figure 1.
The signals at various places or stages in the circuit are shown schematically
un the right hand side of the figure. In operation the system performs as

follows:

1) Time varying electrical signals are obtained from the pressure trans-
ducers on the rotating stall sensors. These signals 2re summed, at
appropriate gains, to form a composite stall pressure signal.

(Stage 1)

2) The composite signal is bandpass-filtered to remove steady state

and low frequency variations (which are not asseciated with rotating

stall) and high frequency contaminants such as instrument noisc and

blade passage effects. Both coruners of the passband are adjustable.
(Stage 2)

3) The bandpass signal is then processed in an absolute value circuit

(rectificd) to generate a single polarity signal proportional to
the absolute magnitude of the fluctuating pressure signal, (Stage 3)
Since the stall signal is a dynamic variable, pressure variations
above and beclow the mean level are cqually indicative of the presence

of stall and hence the usc of the absolute value circuit.
4) The rectified signal is then input to a voltage comparator circuit.
The comparator produces two output signals. The first signal, Stage 4,

is obtained by comparing the rectified input signal with an adjustable

dc reference level. Only that portion of the rectified signal which

exceeds the reference level is passed. The second comparator output

signal, Stage 5, controls an eclectronic gate. This signal activates

the gatc whencver the input signal cxceeds the reference level. ‘The

P e

gate has been included in the circuit to ensurce that the next compo-

ncnt of the circuit, the integrator, is referenced to zero voltage

oy

when the input signal is below the reference level.

The output from the gate is fed into an integrator. The integrator
gain and decay rate are independently adjustable. The integrator out-
put is then a signal which is obtained by integrating only that portion

5
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of the original pressure signal whose absolute value exceeds the
reference level,

6} The output of the integrator, Stage 6, is summed in opposition with
the command position signal, Stage 7. The output of the summer is
fed to the servo which acts to move the stator vanes away from the
stall condition (reduce angle of attack). When the vanes reduce
angle of attack the original pressure signal should fall below the
reference level causing the input to the integrator to drop to zero.
The output voltage of the integrator then decays at a preselected, but
adjustable, rate. When this signal, Stage 6, decreases sufficieatly,
the original command signal, Stage 7, then resumes control allowing
the vanes to move towards their original position.

As discussed in Reference 1, it was found that the control systea
performed very well in the presence of rotating stall if the integrator decay
time constant is set to large values. However operation of the control systea
with a long decay time constant will cause the stators to overshoot when the
primary engine controls command a change from a stator stagger angle inside the
rotating stall boundary to one closer to the boundary or outside of the boundary.
Under this condition the undecayed portion of the stall control signal will re- §

inforce the engine control signal. Long decay time constants will increase the
magnitude and duration of the overshoot.

In order to alleviate the above problem, the controi system was de-
signed so that it operates with two time constants, that is with a long decay
time constant in the presence of rotating stall and with a short time constant
once it has disappeared for a speciiied short period.

The integrator decay circuitry consists of an electronic switch, an
adjustable time delay circuit and a variable resistor that results in a short
time constant when connected in parallel with the integrator feedback capacitor.
The circuitry is designed to produce a short time constant when the electronic
swit~h is closed and a long time constant when the switch is open. Stall pres-
sures in excess of the reference level cause the electronic switch to open

and thereby establish the long time constan.. The long time constant is
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maintiined as long as the stall pressure signal is in excess of the reference
level. If the stall pressure signal falls below the reference level, the
integrator is switched back to the short time constant after a specific but
aCjustable time delay., Thus the system selects the fast recovery time (short
time constant) only if the pressure signal remains below the refererce level
longer than the delay time. The delay time, A , is adjustable from 0.2 to
2.0 seconds and the short time constant is adjustable from 1.0 to 10.0 seconds.
The long time constant is adjustable to values in excess of 100.0 seconds.

Although the original rotating stall control system whic.. has just
been described is functionally similar to the cucrent configuration, there are
some significant differences between the two. The major differences in the new
systea are the following:

(a) A separate Detector Chamnel is provided for each input pressure
signal.

(b) Provisions to vary the system reference pressure as a linear
function of engine pressure ratio or amy other appropriate variable
is incorporated.

{c) The Detector Channel bandwidth was extended from 2 K Hz to 50 K Hz.

In the previous system the various Detector Channel signals were first
summed and then the summed signal was compared to the reference pressure to
generate the gate enabling signal 5 and the integrator input signal 4 as shown
in Figure 1. It was belicved that the noise content of the summed signal could
mask the presence of a stall signal on any one channel. This is particularly
unsatisfactory in the presence of circumferential inlet distortion where a sensor
in one region of the flow may provide the first indication of approaching stall
while the remaining sensors indicate acceptable conditions. To overcome this
problem, the system was modified to incorporate a separate comparator for each
detector channel. The separate comparator outputs are then combined to produce
the equivalent of the integrator input and gate enabling signals labelled 4 and 5,

respn: tively in Figure 1 but with greater noisc immunity.
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In the previous system, the system reference pressure was a constant
level set on the control console. The present system includes circuitry to
cause the pressure reference to vary as a linear functicn of engine pressure
ratio or any other appropriate signal. This signal is processed through a one
radian/sec. second order critically domped filter and therefore the reference

pressure changes only in response to slowly varying parameters.

A detailed block diagram of the signal flow for two typical detector
channcls in the present stall contrcl system is presented in Figurc 2 and 2
photograph of the control console for this ten channel system is shown in
Figure 3. Referring to Figure 2, euch input pressure signal is amplified and
bandpass filtered to remove very high and very low frequency information that is not
related to rotating stall. After filtering, each signal is rectified in a pre-
cision absolute value circuit to provide a singlc polarity signal to compare with
the system reference pressure. The bandpass filtered absolute value of cach input
pressure signal is connccted to a gating comparator circuit and a biased analog
comparator circuit. As illustrated in the block diagram of Figure 2, the gating
comparator output is high when the input signal level exceeds the reference level
and zero when the input level is less than the reference level. The biased analog
comparator simply passes, with unity gatn, that portion of the input signal in
excess of the system reference level. The analog output from cach analog comparator
channel is summed to produce signal 4 which represents the sum of the input pres-
sur¢ signals in excess of the refercnce pressure. The gating comparator outputs
are combined, with logic circuitry, t¢ produce signal 5, the gatc enabling signal.
This signal is TRUE when any input signal exceeds the reference level and FALSE
when all arc less than the reference level. 1t controls the input to the integrator
and also controls the integrator decay circuit. Integration is allowed only when
signal 5 is TRUE. The operation of the two time constant decay circuit is identical
to the original control which has becn described carlier in this section. In fact,
the overall system configuration from signal points 4 and 5 to the output is

identical te the previous system.

In both the original and the current versions of the control system, the
mechanical operation commanded by the clectronic consele is performed by an electro-

hydraulic servo. The scrvo consists of a fiow control valve, a feedback
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potentiometer and a linecar actuator. The linear actuator is of the balanced
piston type (equal area on each side of piston) with an effective area of 0.2 in®
and a stroke of 1.0 inch. The valve is a Moog Series 3 Flow Control Valve and
provides a maximum flow of 26 ins/sec a4t a supply pressure of 3000 psi and zero
load pressure. A linear potentiometer measures the actuator position. The servo
was designed to meet design velocity and acceleration limits (02.5 in/sec and

3 x 1w’ in/sccz, respectively) at a supply pressurc of 1000 psi. However. the

servo can be operated safely to pressures ot 3000 psi.

The servo loop gain (velocity constant) is 300 sec'l. When used to
drive the two stator rows in the tests of the rotating stall control system on
the annular cascade. this gain resulted in a closed loop corner treguency {down
53 db.) of 48 Hertz. The servo was stahle and well behaved at this gain., It did
not requirc velocity or acceleration feedback to improve the damping characteristics.

During all of the tests, a small hydraulic power supply was used to drive
the servo on the rotating stall control. The hydraulic power supply consisted of
ao inslscc fixed displacement pump, an unloading valve set to unload at 1200 psi
and a ] gallon accumulator. With this system, the hydraulic supply pressure was
maintained between 1000 and 1200 psi. This was adequate for all tests which
were conducted.  No oil or overheating problems were encountercd during operating

periods up to 8 hours in lenpth.
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SECTION 111

STALL CONTROL TESTS ON ROTATING ANNULAR CASCADE WITH ENLET UISTORTION

The original rotating stall control system was tested previously on
the Calspan/Air Force Amnnular Cascade Facility for undistorted ialet flow. A
detailed description of the facility and the results of the tests have been
reported in Reference 1. In the current program, the modified control system
was tested on this same facility with circumferential inlet distortion. The
latter tests were performed to demonstrate the ability of the woditied control
to operate satisfactorily in the presence of inlet distortion and to aid in
the selection of stall sensor cunfigurations for the subsequent contrul tests on

a J-85-5 jet enginc.
A, INSTALLATION OF CONTROL ON ANNULAR CASCADE

The annular cascade tacility consists basically of the front outer

casing of a J-79 jet-engine compressor with a Calspan fabricated hub. The

outer casing will accept up to six variable stagger angle stator rows, The hub
has provision for two votor rows at the third- and fifth-stage rotor locations
of the J-79 compressor. Specd control on euach rotor hub is independently
variable in either direction of rotation. The annular passage between the hub
and outer casing has a constant hub-to-tip ratio of 0.80. The facility includes
a belli-mouth inlet on the outer casing and a bullet nosc on the hub to provide
a smooth flow of air to the test scction. Outlet ducting is connected to an in-
dependently variable source ot suction to provide the reguired flow through the

annulus.  An electrically powered two-speed axial flow i is used as the source of

— suction. Continuous control of the mass flow is achieved through the use of

variable inlet guide vanes to the fan and a variable damper in the ftun exit flow,

st 54 IR AN SO oo oo, O G S e 1 AL i, et s oot

The modified retating stall control wias tested on a coufiguration of
the annular cascade siwilar tu that used in the tests reported in Reference 1.
A sketch of the configuratiun ix shown in Figure 4 along with a list of the
sensors which were used. The only Jdifterence in the annular cascade between the
curcent tests and those of Reterence 1 ois the inclusion in the current work of

distortion screens just upstream of the puide vanes. These scereens were vonfiigured
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to generate a tuo lobe distortion pattern as shown in Figure 5. The circum-
ferential locations of the sensors relative to the distortion screens are also

shown in Figure 5.

In the configuration used for the tests of the control system

(Figure 4), the annular cascade contained three stationary blade rows and one
rotor row. In sequencc from the inlet, these were: an inlet guide vane row,

a stator row (stator row 4}, a rotor row (rotor vow 5), and finally another
stator row (stator row 5). The numbering system for the rotor and stator rows is
based on their locations in the original J-79 compressors. The guide vane row is
Calspan fabricated. It was used to provide an inlet swirl to stator row 4. The
blades i the itwo stator rows and the rotor row consist of shortened blades from
the corresponding locations in the origirnal J-79 compressor. In these tests, the

| stagger angles of the two stator rows were varied in unison by the control system
servo mechanism while the rotor stagger was held fixed at 40 degrees. The con-

! trolled variable stagger angle of the stators provided the means of controlling

i rotating stall on themselves and on the rotor.

|

| In operation on a compressor. the rctating stall control system would

; normally be used to override the primary engine control command signals. In

control system tests on the annular cascade, the primary engine control command

signal is simulated so that the stator vanes can be ordered to take any arbitrary

! position in the absence of rotatirg stall. The presence of rotating stall then

causes the stall control system to override the primary command signal.

The types of sensors used in these stall control tests were limited to
those mounted in the outer wall of the ccmpressor casing (see Figure 4). These
sensors are of the most interest because they are similar to the sensors which
wcre used later in the control tests on the J-85 engine. For each of the types

of sensors tested, two sensors were used at different circumferential locations,

one in the wake of a distortion screen and one in the clear area bhetween dis-

tortion screen lobes (Figure 5). The signals from both sersors of the same type

were used simultaneously as inputs to the stall control system. llowever, separate

tests were performed on sensors of different types.
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One of the modifications to the stall control system which was described
earlier (Section 11) was the incorporation of provisions to vary the system refer-
ence pressure as a linear function of engine pressure ratio or any other appropri-
ate variable. In the current tests, the static pressure rise across the compressor
was chosen as the variable. Initial tests during this program pointed out a
deficiency of a simple linear variation in the system reference pressure. At low
rotor speeds, the system reference pressure became very small and the control took X
action even in the absence of rotating stall. To prevent this occurrence, the ' o o
system reference pressure circuit was modified so that the reference signal was

always maintained above a prescribed minimum positive value.

A sketch of the system reference pressure variation in response to a
typical input pressure variation (from rotor speed changes) is shown in Figure 6.
The input pressure is shown starting at a negative value and rising to some positive i
value. Typical fluctuations in the input pressure are also shown. These fluctu- i
ations are removed from the system reference pressure by a onec radian/sec second-
order critically-damped filter. While the input pressure is negative, the system
reference pressure is maintained at a positive value selected by a bias control.
Once the input pressure becomes positive, the system reference pressure is increased
above the bias level by an amount equal to the value of the input pressure multiplied
by the detector gain. Both the detector bias level and detector gain are variable

in this prototypc control system.

The performance of the reference pressurc conditioning system under
operating conditions can be seen in the records presented in Figure 7. The records
were obtained by accelerating and decelerating the rotor in the annular cascade.
The upper record, (a), in this figurc shows the raw input pressure signal and the
lower record, (b), shows the conditioned system reference pressure used by the
control system. Thesc rccords were taken at slightly different times but under

identical opecrating conditions of the annular cascade.

In addition to the modifications of the conditioning circuit for the
system reference pressure, onc other minor modification of the control was made

before initiating the main body of the tests. It was found that the prescnce of

large amplitude rotating stall caused the new control system to act so tast that




the elasticity in the mechanical linkages to the stators caused a resonant
response (chatter) of the mechanical-hydraulic system. This could be avoided
by reducing the integrator gain in the control system, but at the expense of
drastically slowing the response to small amplitude rotating stall signals. A
satisfactory solution to the chatter was accomplished by reducing the bandwidth
of the hydraulic actuator system from approximately 40 Hz to 10 Hz. With the
reduction in bandwidth, it was possible to maintain a fast response to small
amplitude rotating stall signals but to limit the speed of response to large
amplitude signals to a value which avoided chatter.

B. STALL CONTROL TESTS

Before proceeding into the presentation of the results, some general
comments which apply to all of the data will be made. In the process of testing
the control on the annular cascade, over 150 data records were generated. Some
of these records were used to determine final control settings and others were

made to test the control operation at its final settings. For the sake of clarity

and conciseness only a portion of the records will be presented. However, the
selected records are representative of the performance attained.

In all of the figures which are presented (Figures 8 through 13), six
recorded traces are shown as a function of time for each data run. The time
increases from left to right in each figure. The time scale varies between
figures and its value is indicated just above the third record from the top in
each figure. Each record is discussed below starting with the top record as

number one.

(1) Rotor Speed - This is a record of the rotor speed between 500
and 1500 rpm. For the first series of tests, the rotor speed
was held constant at approximately 1250 rpm (Figures 8 and 9).
However, both rapid and slow variations in rotor speed are shown

in the final series of tests (Figures 10 through 13).

(2) Inlet Dynamic Pressure, 4, - This is a record of the pressure
difference betwecen the total and static pressur- taps far up-

stream of the distortion screens. (See Figure 4.) It is
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proportional to the square of the mass flow through the com-
pressor. .As noted on each figure, tle top line of _the dynamic
pressure record corresponds to two inches of water and the
bottom line to 0. Note that in some cases, this dynamic pressure

can be larger than the static pressure rise¢ across the compressor
because the fan system downstream of the compressor is turned on.
(The stall cdntrol was tested with the fan both on and off. The

data selected for presentation are representutive of the severest
tests of the rotating stall control system.) In all of the figures,
high frequency fluctuations in this record have been filtered through
a simple first order filter with a corner frequency at 6 Hz. This
filtering was performed in order to obtain a cleaner record.

(3) Compressor Static Pressure Rise, O P, - This is a record of the
pressure difference between static pressure taps located on the
outer casing upstream and downstream of the compressor. (See
Figure 4.) It is used as the input reference pressure to the

i
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control system which was discussed previously. (See Figures 6
and 7.) As with 9y for recording purposes the high frequency
fluctuations were filtered through a simple first order filter

with a corner frequency of 6 Hz.

(4) Stator Row 4 Stagger Angle, 65"’ - This is a record of the
stagger angle of stator row 4. It is representative of the
response of the control to rotating stall. The scale factor
for the record is 2.4 degrees per major division. As noted on
each figure, the top line corresponds to GSH. = 54 degrees and
the bottom line corresponds to 65H‘ = 30 degrees. In these
tests, stator rows 4 and 5 are linked together mechanically so

the record is also representative of the stagger angle of stator

row 5. However, the numerica! value for stator row 5 is
different. For these tests, the stagger angle of stator row 5

was set to be approximately 6 degrees larger than that of stator

row 4. This corresponds to the configuration designated stator

I

row 5 "loaded" in Reference 1. In these records, the primary
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compressor control is selected to provide a stagger angle on
stator row 4 of 30 degrees and the occurrence of rotating stall
causes the stall control system to increase the stagger angle
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until rotating stall disappears. In some tests the control
system was turned off to provide a record of the uncontrolled
compressor performance for comparison with the controlled com-

pressor performance.
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(5) Detector Pressure Signal - This is a record of the signal ob-
tained from the upper pressure sensor which is in the wake of
the distortion screens. (See Figure 5.) This signal, along

with the signal from a second sensor, (Record 6), is used by the
control system to determine the presence of rotating stall. If
the amplitude of the fluctuations becomes larger than the system
reference pressure, the control increases the stator stagger
angles until the fluctuation amplitude decreases below the refer-
ence level. After stall disappears for a specified time () second
in these tests), the stator stagger angles return to the position

A st s RSNt it

selected by the primary compressor control. The rate at which the
stagger angles return is specified by the decay rate of the inte-
grator in the control system. In these tests the time constant
for the decay rate was 5.8 seconds. A discussion of the control

return process after stall has disappeared can be found in
Section 1I.

(6) Detector Pressure Signal - This record is the signal from a
second sensor mounted in the clear area bhetween the lobes of
the distortion screen. The signal has the same function as that
shown in Record 5. 1In all cases tested, both sensors were of the
same type in each figure, but the results attained with different

types of sensors are shown in different figures. The type of
sensor used is identified in the title of each figure. In addition,

the sensor signals were filtered to remove high and very low

ot mr it bt A R T Dt e R

frequencies prior to insertion into the control system. Simple
first order filters were used for both the low and high frequencies.
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The corner frequencies of these filters aré also listed in the
titles. Records 5 and 6 show the signals after the high fre-
quencies have been removed. The effects of the low frequency
filters are not apparent in the records. These filters are
within the control system.

The results of the control system t{:.its will be presented in four
steps. First, some records will be presented to show the steady state perform-
ance of the control system, that is operation of the control when it is required
to prevent rotating stall over continuous long periods of time. Following this
is a discussion of the performance of the control as the mass flow through the
compressor is varied at constant rotor speed. Next, the transient performance
of the control system during rapid acceleration of the rotor is presented. The

final presentation is the performance of the control system as the rotor speed is

varied slowly over a wide range of rpm. ;
|

In all of the results, the inlet guide vanes in the cascade were held
at a fixed stagger angle of 24.5 degrees. In Reference 1, results with four
different guide vane scttings were presented because the rotating stall character-
istics varied with guide vane stagger angle. However, preliminary tests during
this program showed that with the distortion screens in place, the rotating stall

characteristics were nearly independent of guide vane setting.

The procedure uscd in testing a particular combination of sensors and
control system variables is as follows. A preliminary survey was made to deter-
mine a detector bias level setting which prevented unwarranted operation of the
control at low levels of the input reference pressure (sec Figure 6). With the
bias level selected, the rotor speed was sct to approximately 1250 rpm and the
downstream flow control damper vanes were closed until continuous large amplitude
stall occurred with the control turned off. With the damper vanes fixed in this
position, the control was then turned on and a scries ot records at various
detector level gain scttings (scc Figure 6) were recorded at slow chart speeds
for periods usually exceeding thirty seconds. These records were used to assess
the degrec of hunting at the different detector level gain scttings, and, if
possible, to select one particular detector gain which appeared suitable for

controlling rotating stall over long periods of time.
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The criterion used in selecting the most favorablc detector gain is
that it should prevent repeated occurrence of large amplitude rotating stall
while at the same time it should not rcquire the stators to back off more than
is necessary. As in the results reported in Reference 1, it appears that the
best detector level for this purpose is one which allows occasional bursts of
small amplitude rotating stall under conditions which would normally cause con-
tinuous occurrence of large amplitude rotating stall in the uncontrolled
compressor.

Figure 8 presents a scries of records which were used to select
detector level gain settings. Each part (a, b or c¢) of this figure corresponds
to a particular type of sensor while the various runs in each part show the per-
formance at different detector level gain settings. On the left of each figure,

the detector level gain is high and rotating stall is occurring continuously

while on the right the gain is low and rotating stall has been either completely
eliminated or limited to a very occasional burst. At intermediate gains, rotating
stall occurs un a fairly regular basis and the controlled stator stagger angles
“hunt" through a large amplitude. Note that the presence of large amplitude
rotating stall is apparent not only in the detector pressure signals but also in
the inlet dynamic pressure, 9, and in the compressor static pressure rise, APqe

As found in the tests with undistorted inlet conditions (Reference 1),
it was found in the current tests that even when rotating stall is completely
eliminated (low detector level gains), therc is a certain amount of hunting in
the .control action on the stator blades. However, as discussed in Reference 1,
this is considered acceptable for an overridc type of control which is being
forced to operate continuously under adverse conditions when such operation should

occur only transicntly in practice.

Inspection of parts a, b and ¢ of Figure 8 shows that the most satis-
factory operation of the control is obtained with Scnsors | (Figure 8a) at a
detector bias lecvel setting of 50 and a detector level gain setting ot 50 or 60.
Sensors 2 (Figurc 8b) provided marginal performance at bias and gain scttings of
50.

With Sensors 3 (Figurec 8c¢c), it wus necessary to use a bias level of 40 with



a gain of 40 or 50 to obtain satisfactory performance during continuous long
time operation of the control.

In these tests, each type of sensor was investigated separately. The
control is capable of using up to ten sensors at the same time. However, only one
system reference pressure with its corresponding detector bias level and gain
setting will be used. Thus, if the combined performance is to be inforred from
the individual sensor tests, it is necessary to maintain the gain and bias settings
in the same ratio for all three types of sensors (for example 60/50 or 48/40).
Differences in absolute value of both settings can be offset by adjusting the
gain of the existing amplifiers at the input of each detector channel. Thus, the
final gain/bias settings which were selected for the remainder of the tests on the
three types of sensors are as follows.

Detector Level Gain Detector Bias Level
Sensors (1) 50 50
Sensors (2) 50 50
Sensors (3) 40 490

Note that the units used to describe the detector level gain, detector
bias level and the integrutor gain (also listed in each figure) do not correspond

to physical units. They are read from the settings of linear potentiometers on
the face of the control cabinet.

Following the tests for continuous control operation under adverse
conditions, the performance of the control was .nvestigated with each type of
sensor as the mass flow was varied. The rotor was held at approximately constant
speed and the mass flow was varied by opening and closing a sct of electrically
driven damper vanes downstream of the compressor. The results are presented in
Figure 9. Different parts of this figure (a, b and c) present the results for
different sensor types. Two test runs are shown for each typce of sensor. The
run on the left shows the compressor performance with the control turned off while

the run on the right shows the performance with the control turned on. Note that




the time scale in Figure 9 has been expanded by a factor of 5 ovér that used ~
in Figure 8.

For each test run in Figure 9, the records were started with the
damper vanes wide open, allowing a high mass flow through the compressor. The
record of inlet dynamic pressure, do’ can be used to infer the relative mass
flow, since q, is proportional to the square of the mass flow., Rotating stall
is absent at these high mass flows. Next, the damper vanes were closed
gradually. This decieased the mass flow and increased the static pressure rise,

YA Pogw » UP Lo a maximum of approximately 1.8 inches of water. Further closing
of the damper vanes continued to reduce the mass flow but the compressor static
pressure rise also began to decrease as the blade rows began to enter stcady
stall. The detector pressure signals show an incrcase in amplitude of the
high frequency fluctuations associated with increased turbulence in this region.
At very low mass flows, the uncontrolled compressor entered large amplitude

rotating stall, This rotating stall is apparent in the dg and O P,,, records

F
as well as in the detector pressure signals. In the final portion of each test
run, the damper vanes were opened gradually and the extinction of rotating stall

can be observed in the last portion of each test run.

With the control turned on, the general performance features with all
three sensor types were similar. At most, the control allowed one fragmented
stall cell to appear. With sensor type 1, (Figure 9a), the control began to act
at the first appearance of the turbulent fluctuations associated with steady state
stall. However, the mass flow was reduced to such a small value in this case that
a small amplitudc rotating stall (probably on the stators) was allowed to develop
at these very low mass flows. It is believed that the control of these residual,
very small amplitude, stalls is neither necessary nor practical since such action
would probably lecad to overcontrolling the compressor. With scnsor types 2 and 3
(Figures 9b and 9¢), the control did not act until a rotating stall cell appeared.
However, the appearance of such a cell led to very rapid action of the control
which eliminated its existence almost immediately. In fact, the rotating stall
cell in the "control on" records of Figurc Y¢ did not show up at all in the

N P, record and it is just discernible in the detector pressure signal
records. The gruadual decrease in control action is shown in the last portion of

each record as the domper vancs arc opened and rotating stall disappears.
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0f the three types of sensors tested in Figure 9, the control perform-
ance appears to be best with sensor type 1, followed by sensor type 3. Sensor
type 2 appears to be generating a larger control action than is required to
eliminate rotating stall. If all of these sensor types were used at the same
time, we would probably reduce the gain in fhe input amplifiers fiom sensor
type 2 so that the control detects only the larger amplitude stalls on this
sensor. The control of smaller amplitude stalls would be left to sensors of
types 1 and 3. Finally, note that all three sensor types in Figure 9 generated
a "control on" pressure rise across the compressor at the lowest mass flows
vhich was equal to or larger than the maximum pressure rise during the continuous
rotating stall which occurred with the control off.

In the next series of tests, each sensor type-control combination was
tested for transient performance during rapid acceleration of the rotor. The
results are shown in Figures 10, 11, and 12. Note that the time scale is expanded
compared to those used previously. Each of these figures has two parts, a and b.
Part a is a test with the control turned off and part b is a test with the control
turned on. Prior to the test presented in each figure, the rotor speed was set to
approximately 1250 rpm and the damper vanes were adjusted to provide a continuous
large amplitude rotating stall with the control off. The damper vanes were fixed
in this position for all of the tests. The fan downstream of the damper vanes
kept the mass flow through the compressor high enough so that reducing the rotor
speed to values substantially below 1250 rpm caused rotating stall to disappear.

All acceleration tests were initiated at 500 rpm where rotating stall
was absent. The rotor was accelerated rapidly to approximately 1250 or 1300 rpm
and held there for a number of seconds. The rotor was then decelerated to approxi-
mately 500 rpm. The hydraulic drive system of the rotor in the annular cascade

allowed very fast accelcrations. However, decelerations could not be accomplished
with the samc speed.

Inspection of the "control off" records, part a of Figures 10, 11 and 12
shows that inception of rotating stall usually occurred some time after the rotor
reached its final top speed. Apparently, it takes a while for rotating stall to

develop. Once rotating stall has developed, the maximum compressor static
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pressure rise is generally slightly less than the steady pressure rise attained
before inception. The decay in rotating stall as rotor speed is reduced is
shown on the right side of part a of each figure.

Inspection of the '"control on" recordé. part b of Figures 10 and 12
show that the control performance with sensor types 1 and 3 is excellent. With
both of these sensor types, large amplitude rotating stall was eliminated
completely while at the same time the compressor static pressure risc was main-

tained at levels comparable to those achicved by the uncontrolled compressor

I P

prior to rotating stall inception. The stator stagger angle records for these
two cases suggest that rotating stall was controlled so completely because the
control system acted on the increased turbulence signals prior to inception.
Thus, inception was anticipated and eliminated. In both cases, the maximum
control action on the stator stagger angles was comparable and does not appear

to be excessive.

With sensors type 2 (Figure 1lb), the control did not act until a
stall cell appeared and then it reacted extremely rapidly to its maximum
amplitude in stator stagger angle. Morcover, the compressor static pressure
rise after control action was less than with the other types of sensors. This
action is similar to that observed in the earlier tests of this sensor type.

As mentioned previously, if this sensor type werc used in combination with other
types, its sensitivity would be reduced to the extent that it detected only very
large amplitude rotating stalls. The majority of the control action would be

contributed by sensors of types 1 and 3.

The final series of tests shows the response of the controt system

to rotating stalls of varying amplitude. For these tests, the damper vanes

werc set nearly closed and the downstream fan was turned off. With this con-

figuration, the uncontrolled compressor expericnced rotating stall at all rotor

speeds. This is illustrated in Figure 13a. The rotor speced here is being varied

slowly between 125C and 500 rpm. The change in amplitude and frequency of the

rotating stall is apparent in all of the pressurce records. A comparable test

with the control turned on is shown iu Figure 13b. [t can be scen that the

control acts to climinate all but the smallest amplitude rotating stalls which

occur #t very low rotor speeds. This result illustrates that the variuble
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system reference pressure is performing properly. The necessity of incorporating

a positive bias in the system reference pressure makes it impossible to eliminate
completely very small amplitude rotating stall. However, we believe that this
limitation does not compromise the overall excellent performance of the control
= system. The main function of the control is to eliminate serious large amplitude
stalls.

A

1]

]
In summary, the tests of the rotating stall control systes on the }
annular cascade with inlet distortion show that with the proper types of sensors,
the performance of the control is excellent. The use of the control with sensors

of types 1 or 3 provided performance characteristics which completely eliminated
large amplitude rotating stall under both steady state and transient conditions.
Sensors of type 2 reacted very rapidly to large amplitude rotating stall but tended
to exert more control action than necessary. These latter sensors should be used
only in combination with the other types and in such comhinations their input gains

should be adjusted so that they are sensitive only to very large amplitude rotating
stalls. The control of smaller amplitude stalls should be left to sensors of
types 1 and 3. ! 3
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SECTION 1V
STALL CONTROL TESTS ON J-85-5 ENGINE

The successful tests of the rotating stall contral system on the low
speed annular cascade demonstrated that the basic concept of the control was sound.
However, a test of the contro. on an operational compressor would provide a much
more convincing demonstration. This section reports the results of such tests,

The selection of a suitable operational compressor for the control
tests was constrained by two requirements. First the compressor must have
variable geometry features which are amenable to modification for operation by 1
the rotating stall control system. Second, the compressor and drive system must
be continuously available for installation, checkout, and testing of the control
system. Both of these recquirements were satisfied by the selection of a complete
J-85-5 turbojet engine for the tests. The complete engine, of course, contained

its own compressor drive system and was made available for long term testing by
AFAPL as government furnished property. Moreover, the J-85 compressor has variable
inlet guide vanes and bleed doors on the intermediate stages which are operated on
a predetermined schedule by the engine fuel control system. Thus the rotating
stall control system could be used to modify this schedule for stall control test
purposes.

The remainder of this section is divided into three major parts.
Section IV-A describes the installation of the rotating stall control system on
the J-85 engine. Scction IV-B describes the adjustment of the contirol variables
to obtain the desired performance. Finally Section IV-C presents the results of
testing the engine with the stall control in operation.

A, INSTALLATION OF CONTRO! ON J-85 ENGINE

1. General Description

The rotating stall control is an eclectro-hydraulic feedback control
system. Its principle of operation has been described carlier (Section 11).

Briefly, the inputs to the control are unstcady pressurce signals produced by
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sensors mounted in the compressor. The output of the control is a mechanical
operation on some variable geometry feature of the compressor to be controlled.
On the J-85 engine, which has an eight stage compressor, the variable geometry
consists of the inlet guide vanes and bleed doors on the third, fourth, and

fifth stages of the compressor. The positions of the guide vancs and bleed Jdoors
on the J-85 are normally controlled by the fuel control system as a function of
engine rpm and inlet alr temperature. A mechanical feedback cable between the

variable geometry actuators and the fuel control is used to ensure that the

proper position is maintained. The rotating stall control system was incorporsted
into the main J-85 control system by replacing the mechanical feedback co ° - with
another mechanicai cable which is operated by the stall control system. This cable
replacement was the only change made in the original fuel control system. The
variabie geometry actuators continue to be operated by the fuel control but the
response can be modified by action of ~he stall control cu the feedback loop.
Essentially the stall control deceives the engine fuel control into performing the
desired stall control functions. The principal advantage of incorporating the
stail control in this way is that it minimizes the engine modifications which are

required.

o i ARl Mt S ok

A sketch of the mechanical/hydraulic feedbuck loop with the rotating
stall control incorporated is shown in Figure 14. The lower portion of this figure
shows the original variable geometry system for the J-85 engine. An operating
description is presented in the J-85 Training Guide (SE[-427, August 1973). It
will not bc repcated herc. It is sutficient to point out the ubove-mentioned

change in the feedback cable. 'The rotating stall control system is shown schemat-

ically in the upper portion of Figure 14.

Under normal engine operating conditions, it is necessary that the
wodified engine follow a variable geometry schedule which is the same as that of
the unmodified engine. This has been accomplished by mounting a precision linear

potentiometer on the existiag variable geometry control belleranh (sce Figure 14).

é% The potentiometer provides an electrical signal that represents the position of
= the original feedback cable. [In the absence of rotating stall, this clectrical

g signal commands the stall control sorvo to move the new feedback cable to the ‘

normai position of the original cable. Thus, the normal operating schedule is i
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maintained. If a stall does occur, the stall correction signal is electrically

‘combined with the potentiometer signal to command new bleed door (and guide vane)

configurations to control the stall condition.

The installation of the stall control on the J-85 engine has a limita-
tion generated by the overali configuration of that engine. The location of the
bleed doors on the intermediate compressor stages will only allow control of
stalls which originate on the first twe or three compressor stages. Such stalls
are most likely to occur at engine speeds between idle and approximately 80 percent
of rated speed, where the bleed doors are normally scheduled to be open in order
to provide matching between the front stages and rear stages. (For stall-free
operation, the front stages require a higher muss flow than the rear stages can
accept.) Thus, the operation of the stall control system was ultimately tested
by arbitrarily closing the bleed doors at these engine speeds, and observing if
the stall control prevents the occurrence of rotating ~tall by limiting how far the

. doors ci.. be closed, or by rapidly opening the doors if a stall does begin to form.

The arbitrary command for closing the bleed doors is generated by an auxiliary elec-
trical command signal within *he stall control system. This command signal, which

is shown as an input to the stall control in Figure 14, is combined with the variable
geometry potentiometer signal to provide off-schedule performance of the bleed doors

and inlct guide vanes.
Y

A block diagram of the overall variable geometry system with the stall
control incorporated is shown in Figure 15. The signals at various stages in the
compiete system are sketched or the right side of this figure. These signals will
be discussed shortly. For now, attention is called to the blouck diagram. The
operation of the rotating stall control up to the gencration of a stall correction
signal (signal 6, Figurc 15) has been described in Section I1. This stall correction
signal is combined with the variable gcometry position feedback signal (signal 8)
and a signal to gencrate off-schedule operation of the variable geometry (signal 7)
to provide the input (signal 9) to the stall control servo. The stall control
servo positions the mechanical feedback cable to the fuel control system in response
to signal 9 such that the fuel control commands the final variable geometry position

(signal 10} through the original engine actuators.
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The signals sketched on the right side of Figure 15 for various stages !

in the system are divided to show two different operating conditions in the

comprassor. The ieft portions of these sketches illustrate the response during

an engine acceleration and deceleration under normsl (on-schedule) conditions,

that is when the off-schedule comnand (signal 7) is zero and the bleed doors

operate on their normal engine schedule without inducing rotating stall. Here

no stall correction signal (signal 6) is generated. The only input tc the stall

control servo is the variable geometry feedback signal (signal 8). This allows

the feedback cable (signal 9) and thus the variable geometry (signal 10) to

follow the normal schedule programmed into the fuel control system.

The right side of the signal sketches illustrate the response with the

rotating stall control in operation. Here the operating engineer has programmed

an off-schedule command (signal 7) which causes the bleed doors to close far

enough for the compressor to enter rotating stall. The polarity of signal 7 is

negative in order to generate the correct error motion in the feedback cable

(signal 9). For the situation illustrated the bleed doors were initially full

open. The off-schedule command closes the doors until rotating stall occurs.

when this happens, a stall correction signal (signal 6) is generated as described

in Section II and the bleed doors open rapidly until the stall has disappeared.

At the far right of the off-schedule sketches, the operating engineer is remcving

the off-schedule command in stages and the engine is reverting to normal operation.

2. Physical Details

The preceding paragraphs provide a general description of how the

rotating stall control was installed on the J-85 engine. Details of the hardware

associated with the installation are given below.

The inputs to the rotating stall control system are unsteady pressure

signals produced by semsors wounted in the compressor. On the J-85 engine, a

total of eight pressure transducers are used to provide rotating stall control

signals and two additional transducers are used to monitor the unsteady pressures

near the rear of the compressor. All of the transducers are mounted to measure

the pressure fluctuations on the inner surface of the compressor casing at
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various axial locations. A photograph of typical control and monitor pressure
transducers is shown in Figure 16 and a detailed sketch of each is shown in

Figure 17.

The control pressure transducers are geometrically modified versions
of standard pressure transducers supplied by PCB Piezotronics, Inc. They are
mounted in special housings which incorporate a ground isolation shield from the
compressor casing. A recessed cavity between the compressor wall inner diameter
and the transducer face is approximately 0.020 inches deep. This small clearance
was chosen to provide protection of the transducer from damage without compromis-

ing the frequency response characteristics of the system.

The eight control pressure transducers are mounted at four axial locations
near the front of the compressor. Two transducers, separated circueferentially,
are used at each axial location. The axial locations are governed by the geometry
of the existing compressor casing which includes stiffener flanges on the external
surface and stator support rings on the inner surface. The four axial lccations

are sketched in Figure 18. They are as follows:
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. This location
is determined by the presence of a stiffener flange on the outside
of the compressor casing and the second stage stator support ring
on the casing inner surface.

4. Between the second stage stator trailing edge and the third stage
rotor leading edge. This location is determined by the location
of the compressor bleed structure on the outer surface of the

compressor case.

The circumferential locations of the control pressure transducers were
selected so they do not interfere with mounting of the accessories and stall
control on the compressor casing. The locations selected are illustrated in the

photographs ct Figure 19. In final assembly on the J-85 engine, the presence of
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the control transducers on the right side of the compressor casing required a

slight relocation of an electrical junction box. This relocation did not cause
any problems.. The remaining transducers did not interfere with any of the engine
accessories. The control transducers are shown in Figure 20 viewed from the in-
side of the compressor casing.

The two monitor pressure transducers are mounted between the seventh !
stage stator blades at approximately the mid-chord of these blades (axial
location number S in Figure 18). These transducers are separated circumferentially
in a fashion similar to the control yressure transducers. However, the circum-

ferential separation in this case is less than that for the control transducers ;
(see Figure 19, left side view). The smaller circumferential spacing was ;
dictated by thc presence of obstructing accessories on the full J-85 installation.

This is not a problem since the monitor transducers are not required for any control

functions. They are used only to observe the flow stability near the rear of the

compressor. ‘the monitor pressure transducers are of a design which allows for the

higher temperatures which will be encountered at the rear of the compressor. The

installation differs from the control transducers (Figure 17). The space available

between the seventh stage stator vanes limits the allowable diameter of the holes

in the compressor casing. The allowable hole diameter is less than the diameter

of the transducer, requiring a pressure transfer tube between the compressor casing

inner diameter and the transducer face which is approximately 0.35 inches in length.

Thus the frequency response of the monitor pressure transducers is nct as high as

that of the controi transducers. However, it is high enough (9 KHZ) to detect

frequencies associated with rotating stall. The monitor transducer installations

arc shown in Figure 21 viewed from inside the compressor casing.

In addition to the eight control and two monitor pressure transducers,
two other pressurc transducers werc incorporated on the J-85. One of these trans-
ducers measured the static pressure rise across the compressor for usc as the input
reference pressure, AP,,, ., to the rotating stall control system. Its function
has been described in Sectien Il. The other transducer was used to measure the
dynamic pressure, q,. at the throat of the bellmouth upstream of the J-85 compressor.

This transducer is not required by the stall control system. 1t was used simply to

provide a measure of the mass flow through the compressor.
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Various photographs of the J-85 engine with the rotating stall control
mechanisms installed are shown in Figures 22 through 25. Most of the hardware
apparent in these figures is auxiliary equipment for the original J-85 engine.

The parts associated withuthe rotating stall control are labeled. Figure 22

shows an overall view of the engine. The small auxiliary hydraulic supply used
to power the stall control servo is on the left. A detailed view showing all of

the stall control installation except the control and monitor pressure transducers .

is given in Figure 23. A closeup view of the position feedback potentiometer

and four of the monitor pressure transducers is shown in Figure 24. The functions
of all of the labeled items except the emergency by-pass valve have been discussed %
earlier. This valve is part of a fail-safe system which automatically unloads

the stall control servo and opens the bleed doors in the event of an electrical
power or control system failure while the engine is operating. This system did

not activate during the engine tests.

Some of the stall control tests on the J-85 engine were performed with

a 180 degree circumferential distortion screen mounted just upstream of the com-

pressor face. The screen is shown in Figure 25. The inlet bellmouth is removed

in this photograph. During the tests, the bellmouth was installed as shown in i
Figures 22 and 23. The wire diameter in the distortion screen is 0.035 inches

and the mesh size is 8 wires per inch, providing a porosity of 52.1 percent open

area. The magnitude of the distortion was not mecasured. However. it falls within

the range of values reported in Reference 3 where a series of distortion tests

were performed on a J-85 engine. Screens of similar construction with mesh sizes

of 7-1/2, 8-1/2 and 9 wires per inch (porosities = 57.4%, 49.8% and 39.7%,

respectively) were tested in that work.

i e o L R o

The distortion screen was positioned so thaut four of the control pressure
transducers were in the wake of the scrcen and four were not. The four contvol trans- i
ducers outsid. of the screen wake arc labeled in Figure 25. The feur transducers |

in the screen wake are not visible in this photograph. They are located circum-

ferentially just below the labeled monitor pressure transducer.

=
= {

I Wﬂﬂﬂ_ﬂﬂﬂm




g

L) < it S L U L R

B. ADJUSTMENT OF CONTROL SYSTEM VARIABLES

The prototype rotating stall control system has been Jdesigned so that
several of the functions can be varied in order to optimize the performance. In
the tests on the low speed annular cascade (Section III), it was possible to per-
form these adjustments on line; that is while the cascade was cperating for lengthy
periods in the presence of rctating stall. Such a procedure would probably lead
to engine failure if it were used on the J-85. Thus the procedure used on this
engine was to obtain magnetic tape records of the sensor signals required as in-
puts to the rotating stall contxul. These records were obtained for various
on-schedule and off-schedule operating conditions including some where the com-
pressor was forced into rotating stall for a brief time period. The stall control
adjustments were then performed by using the taped records to simulate the engirne.

There were three major adjustments required to optimize the stall control
performance on the J-85. These were as follows.

1) Adjustment of the stall control servo so that its motion during
on-schedule operation of the engine is identical to the motion of
original J-85 feedback cable.

2) Selection of filter and gain characteristics for conditioning of
the control pressure signals.

3) Selection of the gain and bias levels to be used in conditioning

N m
the reference pressure, O/,

Item 3 above depends on the selections made under Item 2. Item 1l is independent
of Items 2 and 3. The items are discussed in the order listed.

Adjustment of the stall control servo motion was performed with the
engine turned off. The original variablc geometry system was moved by hand and
the feedback loop in the stall control was adjusted to obtain static positions
of the stall control servo which were the same as those of the original fecdback
cable. This adjustment procedure was then tested by comparing the position of
the stall control scrvo with the position of the potentiometer on the variable
geometry bellcrank during normal engine operation. The rcsults arc shown in

Figure 26 along with rocords of some of the other viriahles on the engine. The
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(1)

(2)

(3)

4)

(5)

(0)

" original mechanical feedback cable was left connected during this test., The

stall control servo was operating but not connected to the fuel control system.

7 In Figure 26, six recorded traces are shown as a function of time.
The time increases from left to right and its scale is indicated just below the
second record from the top. Each record is discussed below starting with the

top record as number one.

Engine Speed - This is a record of the cngine speed in pereent
of design speed. It is obtained from a magnetic pickup which
counts blade passage of the first stage rotor. The record has

not been corrected for compressor inlet temperaturc.

Bleed Door Position - This is a record of the position of the
linear potentiometer on the variable gcometry bellcrank. It is
representative of the bleed door position as well as the con-
figuration of thc inlet guide vanes since both are connected

mechanically.

Stall Control Servo Position - This is a record of the position
of the servo which is operated by the stall control system.
Under normal enginec operating conditions, it should tollow
cxactly the same curve as the bleed door pesition (record

number 2).

Compressor Static Pressurc Rise, A Pgpge - This is a rccord
of the pressure difference between static pressurc taps located
on the outer casiang upstream and downstream of the compressor.
It is used as the input rcfercnce pressure to the stall control
system. The function of this reference pressure was discussed

in Sections I1 and III1.

Compressor Inlet Dynamic Pressure, q, - This is a record of the
dynamic pressurce at the throat of the hellmouth upstream of the
J-85 compressor. It is proportional to the squarce of the mass

flow at the compressor inlet.

Conditioned System Reference Pressure, P, - This is a record of

the reference pressure that the control uses for comparison
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with the amplitude of the unsteady pressure signals generated
by the stall sensing pressure transducers within the compressor.
It is obtained by filtering, amplifying (or attenuating), and
biasing the compressor static pressure rise (record 4). The
various conditioning functions have been described in

Section 111. In this particular record, the only conditioning
was filtering of high frequency components. As indicated on
the figure, the amplification factor was unity and the bias was
set at zero.

The main feature illustrated by Figure 26 is that the stall control
servo (record 3) is performing its required function by accurately tracking the
position of the variable geometry bellcrank (record 2).

The rotating stall control operates by comparing the amplitude of
conditioned signals, P, , from control pressure transducers in the compressor
with the magnitude of a conditioned reference pressure signal, P, (record 6 in
Figure 26). Prior to conditioning, the unsteady signals from the control transducers
contain high frequency fluctuations caused by rotor blade passage and low frequency
fluctuations associated with transicnt operation of the engine. Both of these
components, which are associated with normal engine operation, could mask the
presence of rotating stall. Thus, it is necessary to filter the control trans-
ducer signals to reduce or eliminate the high and low frequency components. The
optimum filter characteristics were selected by observing the action of the control
in response to tape recorded transducer signals from the engine operating under
n.rmal conditions and under stalled conditions. The filter characteristic finally
selected is shown in Figure 27 as a solid linc. The dashed line on the lett of
Figure 27 shows the low frequency portion of the filter curve used with a Brush
Recorder System for displaying the test results. (Portions of the filters for
the stall detection circuits were within the control system making it inconvenient
to include these portions ia the recorded data.)

As discussed in Section I1I, the stall contrel responds better to unstcady
pressure signals from some locations in the compressor than from other locations.

It was suggested in Section IIl that the gain in the detector input circuits he
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No.
No.
No.
No.
No.
No.
No.

adjusted selectively to take advantage of the signals which provide the best
control response. This was done, again with the use of the tape recorded signals,
and the results are listed in Table I. The gain selections are for the signals
after filtering (see Figure 27).

Control Transducer Location in J-85
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obtaincd with the engine operating with a clean inlet (no distortion sereen).
Nevertheless, the detector gains listed in Table | show a variation with circum-
ferential location. (The highest gains correspond to the best signal quality for
stall detection.) The reason for the circumferential variation in transducer

signal quality is unknown.

of the reference pressure signal, 4Pg,, ., shown in record 4 of Figure 2o, In
general, it is desired that the mognitude of the reference pressure after condi-
tioning vary with cngine speed and inlet air density in the same way as the
conditioned signals from the control pressure transducers under normal unstalled
operating conditions. The engine test cell at Calspan does not allow for control
of inlect air density. However, the variation with engine speed can be cheched.

This has been done and the results are shown in Figures 28 and 29.

TR NN SR,

TABLE 1
DETECTOR CHANNEL GAINS

Compressor Casing

Axial Circumferential bDetector Gain
Rotor Mid Chord Top Right 10
Rotor Mid Chord Left |
Stator Quarter Chord Top Right !
Stator Quarter Chord Left
Rotor Trailing Edge Top Right 10
Rotor Trailing Edge Left 5
Stator Trailing Edge Top Right 7.5
Stator Trailing Edge Left 10

The tape recorded signals used to select detector channel gains were

The final adjustments to the stall control system involve the conditioning
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Figure 28 shows the variation with cngine speed of the unconditioned
reference pressure, /\Peas , along with the inlet dynamic pressurc, Ay Both
of these quantities were obtained from records such as those shown in Figure 20,
with the engine operating on its normal schedule. The (O Peer curve in
Figure 28 requires adjusting (conditioning) to provide a proper reference level
for the signals from the control pressure transducers. The conditioned rcference
level, P, , must be large enocugh so that the control does not take action under
normal engine operating conditions. At the same time, F, must be small enough
that the occurrence of rotating stall will be detected and action by the control
will be initiated. As explained in Section 1II (see Figure 6), conditioning of

L Page is accomplished by selecting bias and gain levels for the detector

circuit in the rotating stall control. The results are shown in Figure 29.

The variation of the conditioned system reference pressure, Fp , with
engine speed is shown in Figure 29. Also shown in this figure is a curve labeled
the on-schedule detection level, P, , which represents the combined background
noise during normal engine operation from all eight control transducers signals
after thesc signals have been conditioned. As noted above, the rcference pres-
sure curve, F; , must be above the normal background level curve to avoid un-
warranted uction by the stall control system. The P, curve ras obtained by
determining the reference voltage level which first triggers the stall control
when tupe recorded signals from the eight pressure transducers during normal

engine operation are used as inputs to the stall control system.

As illustrated in Figure 29, the system reference pressure, Pz , has
been adjusted to lic above the detection level curve by an approximatcly constant
amount in the specd range between 50 and 75 percent of rated cngine speed.  This
is the engine speed range of intcrest for the current tests since the configuration
of the J-85 engine limits operation of the stall control to this range (sce
Section IV-A). The divergence of the FL and R curves at engine speeds ahove
75 percent is desirable since operation of the stall control in this range could

result in stall of the rear stages in the J-85 compressor.

After the Py curve in Figure 29 had been selected and it was demonstrated

that normal engine operation did not trigger the stall control, tape recorded
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signals obtained during stall at approximately 50 and 60U percent of rated

engine speed were used to ensure that control action was initiated for these
conditions. The results of these tests were satisfactory so final on-line tests
were performed with the stall control in full operation on the engine. Mo further
adjustments were made during the on-line tests of the control. Specifically, the
tests with and without inlet distortion used the same settings of the variables

in the rotating stall control systen.

C. STALL CONTROL TESTS - .

Stall control tests were performed on the J-85 engine with a clean
inlet and also with a 180 degree circumferential distortion screen in the inlet
(Figure 25). The J-85 was stalled in two ways; by closing the bleed doors at
constant engine speed, and by decelerating the enginc with the blced doors partially
closed at the beginning of the deceleration. A total of 41 compressor stalls were
recorded at corrected cngine speeds botween 48 and 72 percent of the rated speed.
During these tests, data were recorded directly on Brush Recorder charts and also
on a 14 channel Sangamo FM tape recorder. The tape recorder was operated at
00 ips (20 KHz bandwidth) to obtain records which could be expanded in time by
playback at slower speeds. The direct Brush reccords are presented first to
illustrate the overall performance of the stall control system. Some of the ex-
panded time records are presented later to illustrate the detailed signals from

the control pressure transducers.

Betore procecding into the presentation of the results, a few general
comments applicable to all of the data will be made. In the process of testing
the control op the J-85 engine, rvecords were taken of the performance under
normal unstalled conditions and also under conditions when the compressor was
tforced into rotating stall. The normal on-schedule tests were performed to
ensurc that the stall control system allowed the engine to follow the schedule
dictated by the fucl control system. The strip records of these tests are lengthy
and are not reproduced herein.  However, the data are summarized at the end ot this
section in graphical form. The data records which are presented are for cases
where the compressor was forced into rotating stall. For the sake of clarity and
concisceness only a portion of these records are presented.  However, the scelected

records drce representative of the performance attaincd.
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Figures 30 through 33 are multi-channel strip recorder charts which
illustrate the performance of the control system when the compressor is forced
into rotating stall. In each of these figures, ten recorded traces are shown
as a function of time. The time increases from left to right and the time scale
is held constant between figures. Tre chart length corresponding to one second
is indicated just below the second record from the top in each figure. Each
record is discussed below, starting with the top record as number one. (Some
of these records have been discussed carlier in reference to Figure 26.)

(1) Engine RPM (Uncorrected) - This is record of the engine speed in
percent of design speed. It is obtained from a magnetic pickup
which counts blade passage of the first stage rotor. The
record has not been corrected for compressor inlet temperature.

2) Bleed Door Tlosition - This is a record of the position of the
linear potentiometer on the variable geometry bellcrank. It is
representative of the bleed door position as well as the con-
figuration of the inlet guide vanes since both are connected
mwechanically.

(3) Stall Control Servo Position - This is a record of the position
of the servo which is operated by the stall control systenm.
Under normal engine operating conditions, it should follow cx-
actly the same curve as the bleed door position (see Figure 26).
However, when the control is responding to the occurrence of
rotating stall, this servo operates to generate an error signal
in the mechanical feedback cable to the fuel control system.
In this mode of operation, servo response is apparent only during
rapid transient motion of the blecd doors. Moreover the direction
of motion is opposite to that desired of the bleed door response

(record 2).

(3) Compressor Static Pressure Rise, /\Paqe -~ This is a record of the

pressure difference between static pressure taps located on the

outer casing upstrcam and downstream of the compressor. The control

system reference pressure, Pp, is derived from /) }iq as explained

in Section IV-B.
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(S) Compressor Inlet Dynamic Pressure, q, - 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.

(6) Off-Schedule Command - This command is an arbitrary signal
generated by the operating engineer. It is used to close the
bleed doors (and open the inlet guide vanes) in order to force
the compressor into rotating stall. In some of the tests (Figures 30
and 31) this command was used to stall the compressor by slowly
closing the bleed doors while engine speed was held constant.
In other tests (Figures 32 and 33), the off-schedule command was
used to preset the bleed door closure at the beginning of an engine
deceleration. The command was then held fixed and deceleration of

the engine forced the compressor into rotating stall.

(7),(8),(9), and (10) Detector Pressure Signals - These are records
of the signals from four of the eight control pressure trans-
ducers mounted in the compressor outer casing. These signals
along with signals from the other four transducers are used by the
control system to detcct the presence of rotating stall. If the
amplitude of the fluctuations in any one of these signals becomes
larger than the system reference pressure, Fp (Figure 29), the
control opens the bleed doors until the fluctuation amplitude

decreases below the refercnce level. After stall disappears for

a specified time (1 second in these tests), the bleed doors return

to their original position. The rate at which the bleed doors

———

return is specified by the decay rate of the integrator in the

control system. In these tests the time constant for the decay

ratc was 5.8 seconds. The recorded signals in records 7 through
10 have been filtered as indicated in Figure 27. Thus they
contain lower frequencies than the fully conditioned signals seen
by the control system. As noted previously, recording the signals
in this way was simply a matter of convenience. In addition to

frequency content, these signal amplitudes are less than those
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seen by the control. The signals were recorded prior to the
selective amplification used in the various detector channels

(see Table | in Section IV-B). The differences between the
recorded detector signals and the fully conditioned detector
signals used by the control are irrelevant to judging the per-
formance of the controi system. The relevunt question is,

"Does the control take proper and rapid actio to eliminace stail
when it does occur?" This question can be answered by inspection
of the results.,

The vertical scales for all of the records discussed above are presented
on the right side of cach record. 1n some of the lower records on the figures,
the recorder pen fuiled to write properly. In these cases the fault was in the

recording system, not in the control system.

The results of the control system tests are presented in three steps.
First, some records are presented to show the performance of the control when the
compressor is stalled by closing the bleed doors at various constant engine spueds.
Next i3 a discussion of the control performance when the engine is decelerated into
a stalled condition for various initiual values of bleed door closurc, Finally,
some records of the constant engine speed tests arce presented with a greatly eox-

panded time scale.

Figures 30 and 31 show the records obtained when the bleed doors were
closed slowly to induce rotating stall at constant engine speed. Figure 30 is for
the tests without inlet distortion and Figure 31 is for the tests with the 180 degree
circumferential distortion screen mounted just upstrcam of the compressor face.
Parts a and b of Figure 30 show results obtained at corrected engine speeds of
52,5 and 02.0 percent of design speed.  An attempt was made to stall the compressor
at a higher corrected engine speed (approximately 72 percent) but this test was
discontinued when a bleed door closure of 00 percent was preached without causing
stall in the compressor. This test series was the first performed with the control
system in full operation on the engine and it was felt that the most prudent course
of action was to limit the sceverity of the induced stalls by not closing the bledd

doors too far., In later tests with the distortion screen installed, Comproessor
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stall was induced at corrected engine speeds as high as 71.8 percent of design
speed. The results of these tests are shown in parts a through d of Figure 31

for progressively higher engine speeds and bleed door closures.

On the left side of each part of Figures 30 and 31, the bleed doors
are being closed slowly by increasing the magnitude of the off-schedule command.
In this region the amplitudes of the detector pressure signals are small until
rotating stall occurs. (Rotating stall inception is marked on these figures
by a vertical dashed line.) At this point there is a sudden increase in these
amplitudes and the control rapidly opens the bleed doors until the stall has dis-
appeared. At low engine speeds, Figures 30(a) and 31(a), the increased amplitude
in the pressure signals due to rotating stall is not very large. Nevertheless,
it is large enough to trigger control action on the bleed doors. As the engine
speeds for the tests are increased, the rotating stall which occurs becomes
progressively more severe and the required control action on the bleed doors to
eliminate stall becomes much larger. At the two highest engine speeds tested
(Figures 31(c) and (d)), the stall control drove the bleed doors wide open (against

the stops in the engine actuators).

The stall was particularly severe at the highest engine speed (Figure 31(d))
Its effect on the engine is apparent in the records of engine speed, compressor static
pressure rise and compressor inlet dynamic pressure. The static and dynamic pressures
dropped a significant amount almost immediately at inception while the engine speed
dropped after a short delay. However, the control action on the bleed doors caused
full recovery in all of these parameters. The severe stall shown in Figure 31(d)
is the only one where there is an effect on enginec speed. Howcver, all of the stalls
induced at engine speeds of 60 percent or higher produced an observatle decrease in

compressor static pressure rise and inlet dynamic pressure.

The rapid and effective action by the stall control systew in eliminating
rotating stall once it occurs is apparent in all of records shown in Figures 30 and
31. The prescence of inlet distortion (Figure 31) does not appear to affect the per-
formance of the control. After the rotating stall has been eliminated, the control
allows the bleced doors to return to their original setting at a rate dctermined by

the decay time constant in the integrator. For thesc tests the decay time censtant
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was 5.8 seconds. If the off-schedule command and the engine speed are “eld
constant after the initial stall, the control will allow the bleed doors to
close slowly until stall reoccurs. The time for the stall to reoccur varied
from 14 seconds to more than 45 seconds for engine speeds up to 03 percent of
design speed. Reoccurrence tests were not performed on the more severe stalls
(Figures 31 (c) and (d)). Instead the off-schec lule command was reduced before
this happened. The reduction in the off-schedule command is apparent on the

right side of the records in Figures 31 (c¢) and (d).

Following the series of stall control tests at constant engine speeds,
the performance of the control was tested during engine decelerations. The
results are shown in Figure 32 for the engine without inlet distortion and in
Figure 33 for the engine with inlet distortion. The procedure used in these
tests was to close the bleed doors a given amount with the engine speed held at
approximately 70 percent of design speed. Then with the off-schedule command
fixed at this preset bleed door closure, the engine was decelerated by moving
the throttle to its idle position (approximately 50 percent engine speed). In the
first tests (Figure 32), the throttle was decreased uniformly over a two to three
second time period. In the latter tests (Figure 33), the throttle was chopped to
idle position very rapidly. Jnitial bleed door settings of 10, 20, 30, 40 and
50 percent closed were used in these tests. Initial settings of 20 percent and
greater were sufficient to induce rotating stall in the compressor at some point
during the deccleration, with the larger initial closures inducing stall at the

highest engine speeds. Parts a and b of Figures 32 and 33 iliustrate the results

obtained for initial blecd door settings of 30 and 50 percent closed, respectively.

In many of the deceleration tests, the compressor stalled a number of
times during the deccleration with the control climinating the stall almost
immediately cach time (Figures 32(b), 33(a), anu 33 (b). The multiple compressor
stalls during enginc deccleration are causcd by two factors. First, while the
engine is decelerating, the control acts so tast to eliminate the initial stall
that there is still time for the engine to decelerate further into a new stall
which is also ciiminated quickly by the control. Second, after deccleration has
stopped (right side of Figures 32 and 33), the off-schedule command is still very

large and the control allows the bleed doors to approach the position called for

10

—-i
|

ORI S R AP,

L

G 1

e i i R PO N .




o o) -

by the off-schedule command. Rotating stall then keeps reoccurrirg and being
eliminated until the off-schedulc command is reduced. The latter type of stall,
due to large continuous off-scheduling of the coapressor, is an abnormal and
severe test of the stall control system. It is equivalent to prescheduling the
primiary fuel control system tor continuous engine operation beyond the ccmpressor
surge line and then requiring the stall control to override the primary control
on a continuous basis. No enginc would be designed to operate continuously in
this fashion. Nevertheless, the stall control appears to function very well
under such adversc conditions.

The final set of records (Figures 34, 35 and 36) are presented to illus-
trate the response speed of the stall control to inception of rotating stall. The
time scale in these figures has been expanded greatly. These records were obtained
by replaying at 1,88 ips the magnetic tape records of the tests which were recorded
at 60 ips. The data records presented in Figures 34, 35 and 36 arc for the same
tests as those presented previously in Figures 31 and 32. The difference in the
two sets of figures lies in the scale for the time buse and in the selection of
records for presentation. The top two records in Figures 34, 35 and 36 show the
bleed door position and the compressor static pressure rise, D Pgee . The
vertical scale for APgee has been magnified from that which was uscd previously.
Its value is indicated on the right side of the record. The detector pressure
signals generated by all of the control pressure transducers are shown in the ncxt

cight records. A description of these signals has been presented previously in the

discussion of Figures 30 through 33. The final record at the bottom of each figure

is from a monitor pressurc transducer located near the rear of the compressor

between the seventh stage stator blades (see Figure 18). This signal is not used

by thc stall control. It is included to illustrate the stability of the flow near the
rear of the compressor. The monitor sipgnal has been processed through the same filter
system as the detector signals (Figure 27).  The magnitude of the time scale in
Figures 34 through 30 is constant. Its value is indicated just below the second

revord.

Expanded time scale records of the tests without inlet distortion are

presented in Figure 34 while those for the tests with inlet distortior are presented

in Figure 35. Figure 36 is a repeat of Figure 35(d) with reduced vertical gain for
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the detector and monitor pressurc signals. The stall was severe enough in this

case to drive the recorder pens off-scale at the gain used in Figure 35.

A vertical dashed line labeled "Reference Time Zero' has been included
on each cf Figures 34 through 36 to indicate the approximate time at inception of
rotating stall. The position of this iinc corresponds to the first indication
of rotating stall in any of the detector pressure signals or in the monitor pres-
sure signal. Inspection of the records shows that the duration of the stull,
measured from time zcro until stall has disappearcd, variced hctﬁccn about 150 und
325 milliseconds. The longest durations of stall occurred with the mildest stuall
encountered . Figure 3d(a). and with the severest stall encountered, Figures 350d)
and 30. Inspection of the bleed door position records shows that therve is a delay
between reference time sero and the time at varich the bleed doors begin to open.
With the most scvere stall (Figures 35(d} and 30) the delay was approximately
30 milliscceonds. At the same time the compressor static pressure rise began to
drop after a delay of only 10 milliscconds. Thus, although the control opencd
the bleed doors fast cnough to allow full recovery without damage or flameout
there was a noticeable change in engine operating parameters. It would be desirable
to increase the speed at which the bleed doors open to minimize these variations in

engine operating parameters,

It is belicved that the stall contrul system is capable ot substantially
faster action than that achicved on the J-85 with the current installation. A sub-
stantial portion of the delay in initial opening of the bleed doors can be attrih-
uted to the mechanical/hydraulic link between the stall control servo and the engine
fucl control system. Moreover the rate at which the bleed doors open after they
begin to move is limited by the cagine fuel control system.  In the tests on the
J-85 engine, a rate limiting system was installed on the stall control servo to
prevent it from operating so tast that mechanical failure might occur within the
fuel control system. Analysis of the duta records has shown that the more scvere
stalls generated stall control servo motions which reached the prescet rate Lant.
This rate limit was more than twice as fast as that ultimately attained by the

bleed doors after processing through the engine fuel control system.  Thus s is

concluded that the Final responsce speed of the biced doors was limited by the engine
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fuel control system, not by the stall cobtroi syétem. It may be possiblo_id .
shorten the duration of severe stalls to periods on the order of 100 milliseconds
if the installation of the stall control system on the J-85 engine were modified
to eliminate the closed-loop circuit through the engine fuel control.

The preceding paragraphs present the performance of the rotating stall
control system in eliminating stall when the J-85 engine is forced into rotating
stall by off-scheduling the bleed doors. In addition to these tests, the engine
was also tested to ensure that the stall control system would allow *he engine to
follow the schedule dictated by the fuel control system when rotating stall did
not occur. The results of these tests are shown in Figures 37 and 38 along with
a summary of the bleed door positions observed at rotating stall inception in the
previous tests. Figure 37 prcsents data obtained with undistorted inlet flow and
Figure 38 presents data obtained with the 180 degree circumferential distortion
screen mounted in the J-85 inlet., In these figures, bleed door position is plotted
as a function of corrected cngine speed. The on-schedule performance is shown on

the right side of each figurc.

For the on-schedule tests with undistorted inlet flow (Figure 37) the
- detectors in the stall control system were first turned off and the engine speed
was varied over the range required to cxercise the normal bleced door schedule.
Next the stall detectors in the control were turncd on and the process was repeated
The off-schedule command was sct at zero for hoth of these tests so the bleed doors
should follow the original schedule dictated by the fuel control system. The data
presented in Figure 37 for on-schedule performance show no difterences between the
results with the stall detectors turned on and turned off. This indicates that

normal unstalled engine operation does not trigger the stall control system.

Approximate limits tor on-schedule operation of the bleed doors in the
original engine are shown by dashed lines in the Figure 37. These limits were
inferred tfrom Figure 9-26 ot T.0. 2J-185-50-1 where the tully open and fully closed
cnd points for the bleed door schedule are given as a tunction of engine speed and
compressor inlet temperature.  These scheduled end points have been joined by
straight lines in Figure 37. 1t can be scen that measured Lleed door positions fall

within the schedule Fimits at the tully open and fully closed positions.  There
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is a swall deviation from the inferred limits between the end points. However,

tests on the engine betore it was modified showed even larger deviations at
times.

On-schedule test results for the engine with inlet distortion are shown
on the right side of Figure 38. In this case, only data with the stall detectors
turned on were taken. At the time of this test, we were beginning to encounter
some high frequoncy noise in the output from the position feedback potentiometer
on the engine. Thus the test was not repeated with the stall detectors turned
off. The data which wus taken deviate a small amount more from the schedule
limits than did the data in Figure 37. However, the deviations are no larger
than those observed in the original engine. Thus it is concliuded that the on-
schedule performance of the engine with the rotating stall control system is
acceptable for the tests both with and without inlet distortion.

The data shown on the left sides of Figures 37 and 38 summarize the
bleed door positions at which rotating stull occurred in all of the off-schedule
tests., A distinction is made in the symbols for thesc data to indicate the differ-
ent conditions for which the stall occurred. A legend for these symbols is shown
at the top of cach figure. Reentry stall is the stall which sometimes reoccurred
after the initial stall had been climinated by the control. As discussed previously,
reentry stall occurs cither through deceleration of the engine into a new stall
regime or through maintaining the off-schedule command signal for long time periods
after the initial stall has been cleared. 1In addition to the stall inception
puints in Figure 37, the unsuccessful attempt to stall the engine at 72 percent
of rated speed is also shown. As explajned carlicer, this test was aborted after

the bleed doors had been closed ob percent.

For the tests with undistorted inlet flow, Figure 37, the stall inception
points for the ditterent conditions all lie approximately on one curve. With the
distorted inlet tlow, Figure 38, the stalls observed during rvapid engine deceler-
ation deviate measurably from the remainder of the stall inception points, with
the largest deviation occurring for the greatest bleed door closure.  The engine
decelerations in the distorted tlow tests were faster than those used for the clean
inlet and the deceleration rate was highest at the inception points with the largest

initial bleed door closures.  Thus the inception data sugpest that there is a deiay
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in inception during rapid decelerations. The bleed door position line drawn
through the undistorted flow inception data in Figure 37 is reproduced in
Figure 38 for comparison purposes. The comparison clearly shows that inlet
distortion caused earlier inception (smaller bleed door closures) of rotating
stall on the J-85 engine. In all cases, the bleed door boundary for inception
of rotating stall is far removed from the on-schedule boundary programmed into
the engine fuel control system.

In the process of performing the overall test program on the J-85
engine, only one problem was encountered. This problem was caused by the way
that the stall control system is incorporated into the J-85 fuel control system.
At present, thc control is installed in the mechanical feedback loop between the
bleed doors and the cnginc fuel control. With this installation, it was found
that the position feedback potentiometer used to generate the proper on-schedule
operation of the engine sometimes generated high frequency noise which the bleed
doors followed. It is impossible to eliminate the effect of this noise by
filtering since the use of filters in the closed-loop circuit creates enough
phase lag to cause small oscillations in the feed-back loop. For the purpose of
completing the tests reported above, a fail-safr system was installed which would
allow the engine to be shut down safely in the :vent that this high frequency

noise became a potential hazard during the tests.

During the test program, high frequency noisc was obscrved in only one
instance (during the on-schedule tests with inlet distortion) and in this case
it was not severe enough to activate the fail-safe system. Thus the test program
was completed successfully. However, the basic system reliability is still a
problem in the closed-loop circuit. Therefore it is planned to revise the stall
control system installation on the J-85 engine to climinate the closed-loop cir-
cuit through the fuel control system. In addition to increasing rcliability, the
revised installation should allow more rapid response to inception of severe
stalls than the current installation which is limited by the engine fuel control

system,

In summary, the tests of the stall control system on the J-85 engine

were completely successful. It was shown that the control is capable of
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detecting and eliminating rotating stall in an operational jet engine. All of i
the rotating stalls which were induced on the engine were cleared rapidly by the
control system without damage or flameout in the engine. The tests did suggest
that the manner in which the stall control system is incorporated into the engine
control system could be improved. It is planned to make such improvemwents and
perform further stall control tests on the J-85 engine.
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SECTION V
SUMMARY AND CONCLUSIONS

A prototype rotating stall control system has been installed and tested
successfully on a low speed research compressor and on a J-85-5 turbojet engine.
The control system is an improved version of one tested on the research compressor
in a previous program (Peference 1).

On the low speed research compressor, the control was tested in the
presence of circumferential inlet distortion. These tests were performed to
demonstrate the ability of the improved control system to cperate satisfactorily
in the presence of inlet distortion and to aid in the selection of stall sensor
configurations for the subsequent engine tests. The tests showed that with the
proper types of sensors, the performance of the control is excellent. In many
tests, the control system did not allow rotating stall to occur at all and in
the remainder of the tests the stall was limited to a few intermittent stall cells
of small amplitude.

The tests of the rotating stall control system on the J-85-5 engine
were performed to demonstrate the performance of the control systeﬁ on an oper-
ational compressor. The tests were performed under sea level static conditions,
both with and without inlet distortion. On the engine, the stall control was in-
stalled to overridc the normal operating schedule of the compressor blccd doors
and inlet guidec vancs. The J-85 was stalled in two ways, first by closing the
bleed doors at constant enginc speed, and second by decelerating the engine with
the blced doors partially closed at the beginning of the deceleration. A total of
41 compressor stalls were recorded at corrected engince speeds between 48 and
72 percent of the rated speed. All of the rotating stalls which were induced on
the enginc were cleared rapidly by the control system without damage or flamcour
in the engine. The duration of the stalls which did occur were limited to 325 milli-
seconds or less. Thus it is concluded that the tests were successful in demonstrating
that the control is capablc of detecting and climinating rotating stall in an oper-
ational jet engine. The tests did suggest that the manner in which the stall control
system is incorporated into the engine control system could be improved. It is
planned to makc such improvements and perform further stall control tests on the

J-85 cnginc.
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COMPRESSOR STALLED BY CLOSING BLEED DOORS AT CONSTANT ENGINE SPEED

PEAFORMANCE OF ROTATING STALL CONTHOL ON J85 ENGINE
ENGIIVE TEST NO. 14: 180° CIRCUMFERENTIAL INLET DISTORTION
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Figure 32 {Cont.)
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COMPRESSOR STALLED BY DECELERATING ENGINF WITH BLEED DOORS PARTLY CLOSED

PERFORMARNCE OF ROTATING STALL CONTROL ON J-85 ENGINE
ENGINE TEST NO. 14: 180° CIRCUMFERENTIAL INLET DISTORTION
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ROTATING STALL DETECTOR SIGNALS (EXPANDED TIME SCALE)

ENGINE TEST NO. 13: NO INLET DISTORTION

COMPRESSOR STALLED BY CLOSING BLEED DOORS AT CONSTANT

ENGINE SPEED
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ROTATING STALL DETECTOR SIGNALS (EXPANDED TIME SCALE)

ENGINE TEST NO. 13: NO INLET DISTORTION

LT

COMPRESSOR STALLED BY CLOSING BLEED DOORS AT CONSTANT

ENGINE SPEED

A0 0 1

97




s T L

v

—p =Y YT TR

- T 4|i|.,|.l —n——y—y cToCw

Tt wo)
.Eoé;

#0L10Y Z 'ON - TYNOIS 2UNgsand x_o._.om_._.m_

== AADIY 01

..»v..nlo..H.P...

T S

Ay e — :sQ F?O_L

J.ﬁ“ g !l‘i‘l“

SR E W Xe

»HIH :lL.L.l_.I L il I._.tL _Itk_n_L.lLEI.T

EEE RN - ~||.|.|||1.O|JFEI.NIL|I:

*I_ . _L.Llr..rr PR -
-1 oerT 7, ETnr T Ty — e np s =Tt
34,&,.1%...8_ ! e Lo Ty T

...uw.- w_o._.d._.w— OZ Jﬁzw_w wm_.-mmwmn_ EO._.uw._.uO _.

w,JI._I.i. R . U

LT _e> 9 o llevH

:E 3 3
éo, E o

T ._._.._Q_x ..%0._. EO...« Jﬁ?mv_m wt:wmwzm SOPQwaO T-

e e =

FUCUP I
P

f s d—md 22 .Ia. b4 d—Aea .41 &t A A3 .-|.-..-||+I.-|-|||r PP P R Llrlplull_v L|'ILIL.|.||-.|[|L“LL|

tm._ GOLOM | ON - 4«203.5:@5& m_‘o.pu.w»uo

o waerl et T

Lol ” .. n:o::o.

_
1

T
. o
|

' e Ecpe—,o

e e Ao .!.5..1!. Rnapa

spuoses G210

T [ 79 o1 FiO iR P 1A Fal Ml mibt ;a8 gt K to2 VERY) aop - N BViE i ”

INNSSIVL MNLVLS co@mgéoo_ I

1..!!1..1»..&!...¢|‘

R A e st S Pl S S

i umfd 25t

[ .1|.. ..||-|

P e il _ PP

”-T%Ji._._ﬁ o

.|_., _.. - .PL..L. doie

E.._H.n i

IR P O LT M IR QOO 41

. R IETEN
4 _; L.’
MG purie .
—d. .T.-;a:?ugo
J R R
4|“ " — _
...1|. ‘. .
. J. .+.l.1|....+ —ie

]

—e o i

ﬂggo- omao.... DRI SRR LAY

]

T — — & =




(LTS = (AraMI/N) 'C3348 INIONT @ILO2WHB0I ‘L "ON L8I1 1TIVIS (®

j Figure 35

ROTATING STALL DETECTOR SIGNALS (EXPANDED TIME SCALE)
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ENGINE TEST NO. 14: 180° CIRCUMFERENTIAL INLET

DISTORTION-COMPRESSOR STALLED BY CLOSING
BLEED DOORS AT CONSTANT ENGINE SPEED

A il R R Iy il
* t = —
: (8 gro) MOLON Z OM - 1VNSIS HNSS It HONIILIT - . LT
T - .Ew.. mo»ow_u 'ON - 1¥NDIS mz:mmuE xo»u e — R et s
. Eo..o_olém . [ T ot S

; . A o ,.r.w._._L‘.a_n o &-.-,.1 oy .r;.'_ AA % B G
: - . i Ty .
| : i
“ f

__.8 2‘9 »xu_m ao» 'WOL0H 2 ‘oN - 4<zo_m mx:mwumn_ zo»ow»uo m
4 Eo..o; Ie.m . .

|.|.—

e e —

—+— -——t e
Fu.l.._r et *l_l.h [ R D B A T A .LI

b ainabel e ..J B Rl T T K T ol S TS —— g 3 1:»\ul.»|».||»||u I M&I.. [ i SRl u.L.:.n.'IIu..r*.Iulu.,. A Ty R SR ESL_ A

LI
L s sl Lod b

Ay

T I S VR A

~—t e: g = ¢ e a4




LTS T

/

-

L 1 0 BT %EE ffEé_ggzgé;SgE::gEEEEEE%:7Eééﬁgggéééggéé e LT

g . f__,...__.

I f E
- _,S:é
Ee..So[.TH

AR IEHEE TN P

P ﬁ!-_._w.ﬁ

-— 4
|
+

T T 4 EO._.ﬂhw— OZ quu_w wz:mﬁmzm zO._.ow._.wo

[

...-1.|||
.<;i..,....,.....1 ' 1|. .-.....i.
“d ene . L TR

|

i SRR T R - o e R T ER A TR R TR S I
4t b

L 2T ANOIM ¢oL x_O.::.m— 02 -_Q?_gw ut:wwwxn_ zOhUw.—wo

T T RV

o POy ¥
e - - PR .j
A H (el @Y 0} -~ - g _.,-.,'-“.L, H.L, + .Em.. mo...oa.. ‘ON - TYNDIS I4NSSI¥I zo..,ouhmo -

rl... - ﬁS@’eFQ . [ U G N 7.1.. T TR

b g e e

ARV O O r'-.!.._l...l._. 0 S 1 A
rdpee—e MDY GOL HOLOM L "ON - TYRNDIS 3HNSSIUI @Qhum._.mn ﬁ-y

p b poe ks L L RS 0 0 R O O §
.ﬂﬂn. . ! .M. 1 . H ™1 1 : T
LT NS N S N AN DL NS S
T *J _H.»#,[._. 50 0 O 0 T SO 0 P Y PO 1 m.Hhm._H%“._.
Yy , SPUADDS BZL'D
Hﬁenuwﬁ&d%.: TS T T T e _.ufli_-.f .J.JI]J. O
ELAIVENSERTTEyy 5 0 AN . O L O 33849 ‘3319 3uNSSIVY J1Lvis 3883%8 ey T iur NN
0 H
e e o P P PO R P LT =
Eé“ij . rk. M . il pet E ._ e ; o ,,L&
[ 10d g7 = uwﬁ.d 3 —+
T T e bl

...,,T T

T @ = N300
e

> S e wt —r—— e ——= 5 o SR = ' T o |




(s At et L A0, Vg ook L AN iR 1 s

Eg Eé g s 5, P Al Ao a5 o 11 o] L it o
| %égé [ TP — — ———

SNPGRS U U s s

(%Z'EI = (2raN)/N) ‘05348 INIONI d31IIHUOD ‘Z 'ON 153L 1Tv4s(Q

e A e e p e b et el v|.|f|l.w.t.l,'l.||cl|4|o.T.l.. B T

O e R b e e @ﬁr
._.uw._ EO‘_.Q._.W h. 02 Jézw_m wm:w.wumm mO._..ZOS -

(o Q) T
Jirt 310 010 5

7 T Y n
o KW T [
.

i B I - .“Im.nu._.ut,

, Al

99

s R g i

TeorsT oY

-4 A L...‘Alu b.l._...|_|v_|..|.|.., L!. 1_lT...|..,.. .I.I._|_!.I .
U I W a3sn 10N Pty !

£D BY CLOSING

BLEED DOORS AT CONSTANT ENGINE SPEED

; |
b b b A RE Adiah Bl e SR
IR L ! 3.4 AR R I

b

,Qn_ui T _d_u T

- w. (54 £¥0) IF 1-

BOAOL'OD

SRR S Sl T R R o R A I A B N S
.Puwa tQ._.i.PWN ‘ON - TYNDIS w@:mmwxn_ EOhUwhmO

k r Rt e TP

e "
R e I b A a. -
PI@_E &O._. QO._.d._.ﬂ N OE .._GEQ_m uzammwsa EOthPwQ

O UV

ROTATING STALL DETECTOR SIGNALS (EXPANDED TIME SCALE)

ENGINE TEST NO. 14: 180° CIRCUMFERENTIAL INLET

DISTORTION-CGMPRESSOR STALL

Denotes.
.. S
1 - - - -
y —— ———
!

Zw._ "'¥OLOY 2 'ON - TVNDIS IBNSSIYI ¥04123130
. B # n.u_ﬁ_ A
i

A SO T _ voLT ol T "
.aa e . Ce :.EE gE. zo»o 4 Qz .Ezc_m mzawwuma «_o._.omhwn_ L e e
. P L SRR LR X IR T e g e e i
S ..Eo» e-oisﬁ , e e %s;; >UJ‘.I>..,.V:._~.{:-”L,.> T e S en i ,;.%
N T a - em P, o A4 Y s I TE NI

i —— Lo : _ LTI T T -

PR f ?._...l-f.H- I

%L_ _mei+ \“ M. _I.t'lﬂu : ds. L m.lm..u.IT.—

e it e S e R G e




LI L

=

Ll
SET (md £376)
Lo - SNDAQLD

ALAREAE IR A o OB SR ]

llamn

Bl i L il _H’

L ey ..,.”l. N m-.. T ruﬁlﬁl.rlnl
. L e - - ——e mr e e e —— -l
3- e e —-

lhuw.. EO._.ﬂ._.w- 02 ._d‘s_@_w wmzwmmsa EO._.OW._.un_ - I.,

-J-.;

._ w.f_. (4 2y0)
CIool Eo»opoil.éﬂ

1.
_i
I
l

. . = e
LT PEQ_E AO._. mo.rﬁhww 02 4<Eg_m m:u:w.mwsa xOhow...wQ

ARSI iL_. r SL}\{)\MEE?? _
REREEER S ﬁﬁrf?%d

—

"y - N - L e e .—.
T e
—e _l.. [ T - K s . —r.._
P e f e e e o ae ot saas e sa aae e e s
T S S (N p—

.sa erol

._.um._ mou.om.r oz ._«zw_m wx:wmusa mo._.omhuorf__ﬁi —et
Ee-o-olri w v + T

1
1o Li!u;.-T, ﬁ : Lo 1 o
T T jL R DRI O YRR Pi_l_.,lr T T TN T
oY37 3L IONIYI4IY—0

1
[ T BN et e IR TR A RL R b ol s It ket e Sk S sl i B -1

R e e e B e

R ..,_f_..aga.e.-,,,+ wJ.Hl..u_mu.. 1HDI% 401 HOLOH 1 "ON - TVNDIS 3UNS33ud 40193130 S S 0 L IO 04
R S, 2 mml A P Ll:lll?.; ; et ' 4 ' ieve g oo - i H :

i A o B e e & BAFen o L _iigéﬁ_ﬂ.ﬂ.-i-_ — .
Iq.ir‘!.?ﬂd e S T,TLI_..T T - T S b a0 (pe LA e ¢ g

H 1
T “ _ +— I.|* = |l||#ﬁ1 — e -
pommt s 1ee b RSP G O 1 1= 4 17 T i ,

T+
L
L . 1 DR R | 4 ; d - -
0 i N O D A FJlAr-.,_ L 1L LT _._I*Lul%.d 0 O RO O M P 0 P L.LL_.[.er _Lla 1z Ll._nr_ A ._L[_E__.LL_,LL_lfk I
Lllrn % N _ e b

~ spucsot 6Z1°0 v

LT T T T T IR e R A i A

e .r

. RS SR SE s SR I Lulm ceee e

N T s At Sein S SRR L Ll

LD T 43l e e T TR T ST LT T TR R (OB i N T ,
R A e N\ L mz:wmm_mau:ﬁmgowwm_z%of e Rt HE— i
T A .- : A - 1 SRR L e + —+—
Sl i A e s b Pt rrr..-...ﬁ?,ﬂ.._ll_wﬂ e
I oty ot ﬂ;— 1 { 1t T W e A T o -
? N T A i | A P o tt el M
T ] _ N - -
T e T W FRA L et . T S P WO G

L334
— 1ed G2 a0 f5-

1.II._|WT+| Nl i

ZCiTy 0= K3dO!

~ N N L . 3 ;
. e TM =111 0 4

40 105 L 85 i
T 1 d i W " I ) ? L

—— i:ea Rty ity Mol #
T %0t = QSO g bl il v0) 11504 ¥O00 03318
e f _

== < T \j




(%929 = {§P «NI/N) 'G334S INIDNI G3LDIHYOD ‘T "OM 4831 1IVLS

. Ea_ £50)
T T .a=°>°P°~

e e gyo) Ao
MDA Ege_.oq_wil

s e L I ,.:......s_.J. _,
Roesn e

—_— ...IT1;I I D 1

[PUNN 1 C e - ..,_..n..

e . L
O e T 1 Tt ] AT e e i e o I

T

....I..l.w.!.r NN DU
e .aaeée o
\ N Eo..o..ai

4 .xll.f. hxo_ﬁ mOP .EOPé._.w N .02 .—dZU_w 3UNSSIWA HOADILIO . .. . u. -

[P TP

—

T

— .

ST {segyo) .-;L... }
LI e TR L
TLUTRAN LT

;, C (sd o)

T e ._.SG_E &O.r EOhO&N OZ ._QZO_W 34NSS3Hd EO.—.kawD ) z
...... - RUPABL'D -l.leﬂ

H . RS
1
f

14 J‘éffdljvwrﬁ.r\i(xﬁﬁ.i

,~L

4 -

1

_.;;mwmeﬁwﬁ

. o v o o o

JI.:. g —

i il Lo

Lmﬁﬁh,.._u.._m 3

e i e A @fkrﬁebhaé+

- A_4 2 v s e o -———— PR

CTOR SIGNALS (EXPANDED TIME SCALE)

ROTATING STALL DETE

ENGINE TEST NO. 14: 180° CIRCUMFERENTIAL INLET

DISTORTION—-COMPRESSOR STALLED BY CLOSING
BLEED DOORS AT CONSTANT ENGINE SPEED

100



e
(sd {y'0) C T AMOIY 401 'YOLOY Z 'ON - TUNDIS JHNSSIVY ¥0103130 : } 3
swerob0 L A ay A pon A A
- [ K ¥ - R4 bl \
T e LR SO A A A AN Lyuaf % X
MOAOLD .. . _x A,
. 1t ,} A ‘b
: L . AL N B A
0OH3IZ WL 3DN3IYIIIY ||.ﬁ_
(8d 9y 0) ... LHDIY dOL HOLVIS L 'ON- ._<2o_m um:mwwE moSmGo b riy } ; S
104 01'0 ——oT . R . Jh ?:.\ Wi 1 ST
.wn.; :__wi &..H 4 T\ .: .\_.. gt PRNRY I Inepilian
ﬁ & -M 4 _* . v — -
' _ | q v & f N
(50 mesléw R P xo.—ox_ ‘ON - TwNOIS 39NSSIW6 HOLOILIA oA
©OA 010 L A T

..... :aamg...leﬂ A
S .:o:o_.o L.

mum.__d #.E wx:wm.uém g:S.w mommmg%co # T

- i
——+ T yonta amaod

5.1 hyl

D ——

S0P LG AL AR R ARAMAL S




Eggg_ég e _Egggg ks égg Zgg :iézéséiE_%%E%g%gggégéégzéészéziggEgééégzgg_ggg

LI

Uit b e s il B e

Nt K o N et e

(%@L = (87aN}/N)'Q33dS 30419NI GILOFHBOO "0 'ON 4531 T1IvLS (P

Figure 35 (Cont.)

_
LA

LTI 4430 mo._.d.rwm "ON - ._ézmu_w 3YNSs3yd EOhuwth DU G
..... »anso. s e — e — NS R L RS .T S -
— s Eo:..rolé.% = xw o

DA Ry

o P }..H Lu M
\, \E\ﬁﬂhﬁﬁﬁii b‘_: t~ .w

w
-
g
3
ndialbansinmb e [buwA_ EOP(.—MN 02 J<20_w wEDmeEn_ EOP-EOEZ sl St w
i LY : it L b~ =
v I . N SRS
h ez
(98 EE0) " pgeerr — ) _ S =z
- l@vH T A — 2 72} —
- —— QOADLG et o I (S IR 1 NN B R I e b s A O 2 qd =
WO L b ”..,H.ﬂ.ﬁl..mw.u.n-ﬁn__ﬁ.N.__m.... IR el el Wt St e =a0 -

; . ) i x (8]

! | i | w > w
....H...w..uuﬂ..ﬁ......ﬁ...., T .'|.4|.Hu,..[+|;ﬁ 1:“..%“,41 .f.ln.l.1 I ¢+.|,.x_.l_1_,l..m.Hux LN o T .n;._.an ol ,..H..”..“”. ST LA ,thlﬂn..,...,..uﬂ ...“,.I.J*..- ,.T” N ..,.miw w «©
I Ommﬁ ._.Qz . .,.”..n.. ..J H..H‘d.u.......wll..l!. T .rltl eI oIl m.,.u.ﬂ.:.... Tl LN |_v < m
i a = .- . im s T S N c- 2 -

: 5 = s i
- - - em . e — - - Y - - - - - — —— . e - = 4 - . &

- .w....-.[_w....__“_w“ P it onmPt et PSP o B e EhH

i by v = e S et S - .w._

. <L ”.I i + 0 R
. o

X 5 m

7]

[+ 4

[-K

=

o

o

ENGINE TEST NO. 14: 180° CIRCUMFERENTIAL INLET

DISTORTION
BLEED DOORS AT CONSTANT ENGINE SP

RO%ATING STALL DEfE

- - LHDIY 0L .mo._ne.p: ‘ON - TYNDIS mm:SuSn 40193130 » n
Wi

S22 ey e Ty, oY -ﬁb\

By V1)

i

gT- l_..,ﬂl. .

<s;<ﬁ:‘a

ind o) : ....,.l L LHOIY 4OL ‘DOLOM Z ‘ON - TYNDIS 3¥NSS3Ed ¥0193130

VY PN T )

s




B —————

(ssd £1°5)
80k gz'g —1

o . . ) - - B e LRIl

, sdgrn) I R T e mo%«»m, ‘ON - TVNDIS 38NSSIHd 20193130 -
. SHOA GZ'0 . , N .

5 %ﬁw-@

Cm e o . .

‘
“
i : O¥3Z IWIL muzmmw..mmlle._
+

:ﬁ. AW H LS .1,.5._0_& mO._. EOh(.—o « OZ JGZL_w wmawwma_ mo._,uw._.u.u .. " T wv| N

:_o.muolﬁm T T T A T _.\.r\# . Tl

e NS PSSR SN [
i

(d gz 1) M g __.,.,._-._.-_--i--wi{Em‘. YOLOY | "ON- TVNDIS 3NSSIue moSquw-: -

P i e e

Breagz0 L o e T by g s e e

————— - e e e = e = ——— m e . ‘|.|..|_||I||..|,.u. e pmme =

h...w_m mOk ‘4010Y L ‘ON- TYNS 5iS umawwwma mOhowh.mo I.-..l i e - !

S A S N J
|

oA Sz 0 s T H!.i.;u.,.. ..._.w._u_ : -n.me.MH:-. fr. ARy \b\w Sl b m:
N .._.._,._.ﬁ.._,._l....l.ql._.”_., YR .;% uﬂlﬁ 4\ Y- m,,.wﬁwwlﬁ_ﬁlc-i--, LaL ST W,W

- S _ P S U S RtV ! —_ IR g et e g e
Tl # S T T e T T T T I I L T ,
d " i
—— e e B P A | + — Jl;l._ - + g el . —— e et ..I....I.|_.M.|.i e e e eaem
= ﬂ: DRI NV S ) B N "I_,.l,_ i m i _.. g S 0 O SO A B A BT O PR S L.
-~ oy —~

—poeer i , P LAY
ol v o A R 0 FRLI i e i s S S
o140 L_\aa .T l. uuxmd 3514 JUNSSIU JI1VLS mowmuE.__

et e e e 3 e e
- _1, ,___,_]q[_n_tr_.d: H R

o = -

B R

b o s

m ) <

~ foi L
- .-.L. T 0m zmao‘
_

_‘+ i

i ; h A, .,_. F i K : L A h
e zo_.:moA ¥0Ca 3378 (' AU jSrn aaa,
i ! Akl el OO R TN T MR T o i

e o Y [} e I EEEE




VTR T g Ml i ol )

all gt g e A R el L 120 e o € I TP s ST B gl

Figure 36

DETECTOR SIGNALS (EXPANDED TIME SCALE -

o..‘.«....wv.l;..f........q;..u.‘.+4v,~|tl..‘.........n...o.,.. .«
|\|||||f|+l||

AT L 43 mob.d._.wh 02 Jézgmwx:mwwmm xOh_ZOS___E

I _”._ ..__.._ i _W._ .,,.A, .. i T__~ _ ”.,.,: :_ , ,.”.‘ X . : ‘: .tﬁw # _

i ie bl
cida
ol

R B

; I Nave” el
(1d 2¢°2) b % T

SHOAQZ'0 = i

. f b o
[PRRARPROIVATTORN Mt 13 M G (i 4

-

T NO. 14, STALL TEST

180° CIRCUMFERENTIAL INLET DISTORTION
COMPRESSOR STALLED BY CLOSING BLEED DOORS AT CONSTANT

10

G A o e 1 LA )
[ T :.._u s 11 _._.i g , Tl I ' .
~1 a3sn LoN TR H |
I

........................................................

o e s A A s S A S A IS R I
- .Pum._ ‘d0OLVIS 2 ON- 4<z.u_w mm:mmmmm mo._.uw_._.mo
— - e

1

fret

Ve

._a 8t :
81104 9Z'0

I+ \[@ ) =718%)

P

J_.t___.,___._____.._
Jﬁzw_w ww..dwmw&u IO._.UW.PWO B

v R IR RE IR =

mazey ol

SHOA 920 i i

|
-

+

[

REDUCED VERTICAL GAIN) — ENGINE TES

NO. 10:

ENGINE SPEED ("

ROTATING STALL

._aamms

- IVNDIS um:mwmmm mEquo
Blorezo .E .

[ O A
1 t
bt

(158 £1°1)
BioA 62°0 1&

REE
Al
o per




MOTS L3N GILHOLSIONN HLiIM INIONS S8
. NO NOILdIONI 17V1S ONILYLOY LV NOILISOd HO0Q Q3318 (£ 8By

(%) ‘004 ¥ { 8 faN/N) "GI24S INIONI 03LIILHOD

ool 05 08 ot 09 05 ov
v T T _ ‘ 0
: : : .. A \\ : _ J0€C = FIYNLVYIJWIL UIV LITNI 'EL 'ON 1S3L INIONI
bt e : e o e ; ; S
Iy
/L
.- R, P + \1%.\ e PR P, P . e e .. — oz
: . . : . ®
M : _ w / .\\ : : : _ 1IVLS ON <T—+ =% 11V1S m
s e U .w.\ ..... 5 SRR R o R SR R . . ] 5
| SRS AN R A g
A m : _ : | : : S
peee s beeereaaan P ‘M.ﬁ. . . P . S B X d oy W
1 ¢
] i/ . M -
oo, e TR sE S e e e e b ; : . . g
AN : : ._ : : / <
A : _ VIS NO 2
e L .3718W1231300N . ... ...... $¥012313Q | ONINID SHO0A Q3318 A | o &
o , ] : : : W hr _ ” 7Ivis | 9NISOTI SHO00 Q3NE A 2
. (926 34NDY3 335} : : _ 440 . =
| . / 18599712 O'L WOHd ! : _ S¥oL10313q | ONINIJO S¥O0A a3318 v o
%\ ..... $L19017 37NQ3HIS HOOG ouj- ........ G eeses TUO0UYS | ONISO1ISHO0AG GINE ¥ - 9
. . . . ) m
\ / m : _ ; .” ” : 10111804 IINGINISNO o
P \. eemeamnaa . . e PR e P e e G e o e P - o8
| i/ "
: / \
| SRy o
” 1/ ATNMOTS ONIAMYA NOILISOd ¥O0A 03318 ANV Wdd INIONT 1TVLS AHLNIIY O
, % AINYLSNOD SHOOQ 03379 'NOILYHEI103Q INIONI TIVES IVILING 4« e ~ oot

]

ATMOTS OMISOTD SHOCA 03318 “ANYASKHOD WdY INIONI 1TVLS TVILINI O

Y O e e T T L D T




I gl Aot

D A

Db - - ol

NOILHCLASIO 13N IVIINIHIIWNOLID 33430 081 HLIM INIDNI
GBI NO NO1143INI 1TV1S DNILVLIOH 1V NOILISOd H00d 33319 8¢ @inbiy

(%) ‘001 X { §)«N/N) ‘033d8 INIONI AIL1IIHUOD

174 c9
1

-8
2
48
-
.
~
——
{

~

.........

eqeeseanceay
HE \
-~

: N
. ' : : ' H
T CRRCETETIYSDRSTPPITIITRILY LR REREEY : QLT eet beveenmans A

et tigescescncetennnsnasn
.
.
.
.
.
.
.
’
.
.
.
.
v
.
.
.
.
.
.
.
.
.
[
.
.
.
N
]
.

e L L T T L TR

m : : ;! _ m : ” : xﬂ/ MOT3 L3N Q3LH0LSINA
PO PO P PR {7 TERR Geeiaenns PR Geeeannns eaeeaaas e Syl e~ HLIM ABVONNOS NCILdIONI ----—1 OF
S S S - 2
m : /7 7 ; ] ”
e e Y SURY Y SURUR Do U SR B Y SR e SR e b oo
Y A m w
: : o/ : ! : w m
Frevesaens R \ ..... /: uDB. T B e e [
“ L A\ (626 3UND14 335) . ; : w
g idly | VOSSEITT 0’1 ViOHd m “ : :
trecensee ) \& S11W11 31N03HIS 4000 aum._n b g ' A S tereaneeagreeneen
! \W : . :
PO ..\.\{... ......... derianeas P Jeenianns dusmamenan donenaaaas deoenenens RSTERTETE e s PR anenacsns Peomieras .. ......... beerenee - 08
| VA : m : ' ONINIJO SHOO0O 3318 A : : ”
/ : : : ” ONIS01D 38000 G338 & : :
Y B SO N e e e SR el e S
: : : : " 'NO 340103130 1V1S zo_tmog TINAIN0S' NG m "_

/4 : ! “ :
p ! \ m " . : m m
R \k“ .......... ; >.-§O..w 02_>¢<> NOI1180d 580 Quw.-m AQNY WdYd wZ_GZu TIVASAMANGEY B ... R oL

ANVLSNOD SHO0Q G331 ‘NOILVH 31330 INION3 “1TVLS IVILING
AIMOTS ONISO1D SH00GQ Q3318 'ANVLSNOD Wdd INIDNI 1 TViS TVilINI ©

G3S070 1N30Y3d ‘NOILISOd WG0a a2318

104

i




REFERENCES

il ol L i g

1. Ludwig, G.R., Nenni, .J.P. and Arendt, R.H., Investigation of Rotating
Stall in Axial Flow Compressors and the DeVelopment of a Prototype
Rotating Stall Controi System, AFAPL-TR-73-45, May 1973.

T —

2. Ludwig, G.R., Nenni, J.P. and Rice, R.S., Jr., An Investigution of
Rotating Stall Phenomena in Turbine Engxnc Compressors, ]
AFAPL-TR-70-26, May 1970. E
3. Calogeras, J.E., Mehalic, C.M., and Burstadt, P.L.. Eipurmeital E
Investigation of the Effect of Screen-Induced lotal Fivasure ;
Distortion on Turbojet Stall Margin, NASA Technical Mcuorundum
TMX-2239, March 1971.
% |
%
B 3
% s
‘ 3
i
:
:
3
i

B

105

!
i
\
|
I



(RCLASSIF TED

SECURITY CLASSIFICATION OF THIS PAGE (When Deote Bntered)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

[V, REPORY NURBER 2. GOVT ACCESSION NOJ 3. RECIPIENT  TALOG NUMBER
AFAPLR-76-48 -Volume III

4. TITLE (and Subtitie) 8. TYPE OF REPORT & PEMOD COVERED
Investigation of Rotating Stall Phencmena in
Axial Flow Campressors Final, May 73 - May 76
Vol. III -~ Develogment Of a Rotating Stall §. PERFORMING GRG. REFORT HUMBER
, )} XE-5315-A-12

7. AUTHOR(S) & CONTRACY OR GRANT NUMBER(S)
Gary R. Ludwig
Rudy H. Arendt F33615-73-C-2046

9. PERFORMING ORTGANIZATION NAMT AND ADDNESS 10. PROGRAN ELKMENT, PROJECT, TASK

AREZA & WORK UNIT NUMRAERS

Calspan Corporation
P. O. Box 235
Buffalo, New York 14221 30660334

1. COMTYWMOLLING OFFICE NAME AND ADORESS 12. AEPORY DATE
U.S. Air Force Aero-Propulsion Laboratory June 1976
Alr Force m Oosmand Y. NUMBER CF PAAFS
Wright-Patterson AFB, OH 45433 L5t
. MONITORING AGENCY NANME & ADDRESS(I! dilferent lrom Controlling Oflice) 18. SECYRIVY CLASS. (of this report)

Unclassified
18e. DECLARSIFICATION DOWNGRADING
SCHEQULE
9. DISTRIGUTION STATEMENY (of this Report)
*7. OISTRIBUTION STATEMENTY (¢! the abatiect entered in Block 20, i dilieront lvam Report)

Approved for public releass; distributicn unlimited.

18. SUPPLEUENTARY NOTES

19. KEY WORDS (Cantinue on revarse aids if necsssary and identily by block numbar)

Rotating Stall Fluid Mechanics
Compressor Jet Engines
Cascade Acoustics
Control Systemns Noise

20. AGSTRACT (Contivm an reverse elde If necessary end identily by Block numder)

This report presents the results of a research program that had two major
cbjactives. The first obiective was the development of a prototype rotating
stall contxol system which was tested both on a low speed rig and a J-85-5
engine. The second objective was to perform fundamental studies of the flow
mechanisms that produce rotating stall, surge and noise in axial flow corpressors
and thereby cbtain an understanding of these phenciena that would aid attaining
the first dbjective. The work is reported in three separate wlumes. Volume I

8D |:2:“.',, 1473 20iTi0n OP 1 NDV ¥ 15 ORSOLETE  * INCLASSIFIED

SECURMTY CLASSIFICATION OF Tui§s PAGE (When Nate Frieredi




==
=

R e
3

“rEw

e -

(RCLASSIF1ED

SECURITY CLASSIFICATION OF THIS PAGE(Whaen Data Bnrered)

20. (Cant'd)

covers the fundamental theoretical and experimental studies of rotating stall;
Volume II covers the theoretical and experimental studies of discrete-tone
aerodynamic noise generation mechanisms in axial flow campressors: and. Volume
111 covers the development and testing of a prototype rotating stall odntrol
system on both the low spead test rig and the J-85-5 engine.

MIERIS ¢
ne walte Secttad

Bt wett Sectis O
PHANSOUYCED o
P ST

" e
SRTRISITICN, AVARLAIMATY e
g T AN, e SO
L

\

¥

e ___ UNCLASSIFIED

SECURMTY CLASSITICAYION OF THIS PAG(:‘Iﬂ-;.n_I—'-.u F::l:r.odl




