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RESEARCH MEMORANDUM

INVESTIGATION AT SUPERSONIC SPEEDS OF THE COMPRESSOR STALL AND INLET
BUZZ CHARACTERISTICS OF A J34 - SPIKE-INLET COMBINATION

By J. Cary Nettles and Robert C. Campbell

SUMMARY

The investigation of the interactions that occur when a supersonic
diffuser is operated with a turbojet engine was extended by installing
a variable-area exhaust nozzle on a J34 engine to permit the attainment
of limiting engine temperature or compressor pressure ratio at all engine
speeds. For a Mach number range from 1.6 to 2.0 and angles of attack
from 0° to 9° the results indicated that the occurrence of engine stall
was determined by inlet operating conditions because of the flow. profile
presented to the compressor. The occurrence of stall was related to a
pressure deficiency at the hub of the compressor and was not predicted
by the distortion parameter. The referred engine airflow tended to in-
crease as the radial distortion level increased.

Approaching the inlet buzz limit with an engine operating in or near
stall did not affect the minimum stable airflow of the diffuser, and con-
versely the presence of mild buzz did not affect the compressor stall
limit.

The stability limits of a double-cone inlet having 15° plus 10° half-
angles were essentially the same with the engine as with a choked plug.

INTRODUCTION

In order to realize the full performance potential of a combination
of supersonic diffuser and turbojet engine, it is necessary that the
characteristics of the two be compatible. Even when the stall and buzz
margin of each component appears satisfactory by itself, other operating
limits may exist for the combination because of interaction of one unit
upon the other. For instance, compressor stall and inlet buzz are simi-
lar phenomena, and therefore, when they are coupled together, the dynamic
system response might range from mutual excitation to mutual damping. In
addition, the stall limits of the engine can be influenced by the flow
profile that the inlet presents to the compressor face.
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- Investigations of the operating characteristics of an adjustable
supersonic inlet and a J34 engine are reported in references 1 and 2.
These investigations were made with an engine having a fixed-area nozzle
and operating conditions well removed from compressor stall. The scope
of the previous work was extended for the present investigation by utiliz-
ing a different model of the J34 and a variable-area nozzle so that the
engine could be made to stall.  The buzz and stall limits of the inlet-
engine combination were determined for various operating conditions. In
certain cases points were obtained during which buzz and stall were occur-
ring simultaneocusly.

The results reported herein were obtained in the Lewis 8- by 6-foot
supersonic wind tunnel during February, 1956. The investigations were
conducted for a Mach number range from 1.6 to 2.0 and angles of attack
from O° to 9°.

APPARATUS AND INSTRUMENTATION

The nacelle and inlet used for this investigation are essentially
the same as those reported in reference 1. The general layout is shown
in figure 1(a). A variable bypass and a translating spike allowed a
wide flexibility for matching inlet characteristics to the engine require-
ments. A varilable-area exhaust nozzle was installed on the engine to
allow additional control of turbine-inlet temperature. For most of the
test a turbine-flow-area restrictor was installed ahead of the first tur-
bine stator to provide higher compressor back pressure without exceeding
turbine temperature limits. The restrictor was a simple flat ring welded
around the inner radius of the stator and blocking an estimated 30 per-
cent of the geometric area. The nacelle mounting strut allowed the entire
unit to be rotated to a 9° angle of attack. Figure l(b) is a photograph
of the model installed in the tunnel.

The diffuser design allowed the 25° half-angle spike to be trans-
lated so that the conical shock could intersect the cowl lip for Mach
numbers from 2.4 to 1.58 without encountering internal contraction. The
flow-area variation of the subsonic diffuser is shown in figure 2 for
the limits of spike travel.

The 15° half-angle cone extension of reference 3 was installed dur-
ing part of the test program to determine the stability limits of the
two-oblique-shock diffuser with an engine.

Inlet flow conditions were surveyed at two stations in the inlet.
At a plane 28 inches aft of the cowl 1lip, ahead of the bypass slots, the
instrumentation consisted of four rakes of five total-pressure tubes
each, mounted between the four struts supporting the centerbody. The
tubes were spaced radially to provide an area-weighted average. Static
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pressures were measured near the base and tip of each rake. The condi-
tions associated with the diffuser discharge were evaluated at a plane

58 inches aft of the cowl lip, about 10 inches upstream of the engine
guide vanes. The diffuser-discharge instrumentation consisted of eight
rakes of eight tubes each. The rakes were located at 459 intervals start-
ing from the top, and the tubes were spaced radially according to equal
areas. Static pressures were measured on the outer wall near each rake.

Compressor-discharge pressure was measured by four rakes of four
tubes each, which were mounted through existing access holes in the com-
pressor case. The ends of the compressor-discharge measuring tubes were
unavoidably close to a row of mixing blades that are a part of the com-
pressor assembly. It was felt that in spite of this a representative
average discharge pressure was obtained.

Referred airflow was computed from average total and static pressure
and an assigned flow area. The diffuser-discharge instrumentation was
used in all cases to determine the engine referred airflow. For cases
where the bypass was open, the diffuser capture airflow was computed from
the instrumentation at the 28-inch position. This method of determining
the referred airflow suffers in terms of absolute accuracy because of the
difficulty of defining the true flow area. Relative values of referred
airflow are generally consistent and reliable. '

Static-pressure transducers were installed at various stations along
the diffuser and engine in order to get a time history of pressure dis-
turbances throughout the system. The transducer stations were located:
1/2 inch inside the cowl lip, about midway between the cowl lip and the
compressor face, at the diffuser-discharge station, at the third-stage
rotor, at the fifth-stage rotor, at the compressor discharge, and in the
cylindrical section of the tailpipe. A simltaneous record of the pres-
sure fluctuations throughout the system was obtained by recording the out-
puts of the transducers on a multichannel optical oscillograph having gal-
vanometers with a 100 cps cutoff frequency.

RESULTS AND DISCUSSION
Engine Stall Limits

A calibration of the engine compressor was made at a tunnel Mach
number of 1.7 and with a spike position Mg of 1.6. (Symbols are de-
fined in the appendix.) The inlet was known from previous work to be
free of buzz for the conditions selected. The data for this compressor
calibration are presented in figure 3. Two points taken at a Mach number
of 0.55 are included to increase the range of the data. The variable-
area nozzle used to vary back pressure on the engine did not permit an
accurate determination of the flow area. As a result, the nominal nozzle
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areas on figure 3 and following figures have no significance other than
to indicate order of magnitude and that the nozzle position was constant.
For all engine speed ratios up to the maximum mechanical speed of the
engine, it was possible, by closing the exhaust nozzle, to obtain the
maximim allowable turbine-inlet temperature without encountering engine
stall. (The connotation of the words engine stall is taken in this re-
port to be any disturbance to the flow believed to originate within the
engine.) For any given engine speed ratio the compressor pressure ratio
increases and the referred airflow decreases as the nozzle area is re- .
duced.

The compressor calibration was repeated with a spike position My
of 1.8. The results are presented in figure 4. With this spike position
it was found that engine stall was encountered for engine speed ratios.
less than 0.8 and compressor pressure ratios well below the maximum val-
ues indicated on figure 3. A check of the engine stall limit was deter-
mined with an inlet spike position of 2.4, and it was found that essen-
tially the same stall 1limit existed for this spike position as for
My = 1.8. The data in figure 4 indicate that the stall limit developed
in such a way that reducing the referred engine speed with the nozzle
area that gives rated turbine-inlet temperature would drive the compres-
sor into stall.

Oscillograph traces of the engine stall pressure disturbance are
shown in figure 5. Figure 5(a), which is a trace taken for point A of
figure 4, is of particular interest because for this condition the stall
disturbance was apparent from visual observation as an intermittent jump-
ing of the inlet terminal shock between what appeared to be two stable
positions. An inspection of the oscillograph traces indicates that a
Jump in cowl lip pressure corresponds to the buildup of a high-frequency
disturbance of the compressor third-stage static pressure. This high
frequency corresponds to one-half engine speed and could originate from
rotating stall. During the high-frequency disturbance the cowl-1lip static
pressure oscillates with a low-frequency underdamped response. Finally
the high frequency dies down and the cowl-lip pressure jumps back to its
initlal value.

This same sequence of events can be envisioned for the traces shown
in figures 5(b) and (c) (points B and C of fig. 4); however, for these
cases the phenomena is recurring at a regular rate. The indicated low
frequency of these traces is in fact of the same order as the inlet buzz
frequency. This raises the immediate question of how stall or buzz can
be identified from the oscillograph trace. During this invéstigation
identification of the disturbance taking place had to be based on the
corrective action required to eliminate the disturbance. In the cases
called engine stall, changing the inlet conditions by means of the bypass
or spike position had no effect on the disturbance, except for a radial
profile effect discussed later, whereas increasing the exhaust-nozzle
size even a small amount eliminated- the disturbance.
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Radial profiles of total-pressure recovery representative of the flow
approaching the entire engine face are shown in figure 6 for conditions
where stall was encountered and for a typical case from the data of figure
3 where maximum turbine temperature was obtained without stall. These pro-
files indicate that stall was encountered when there was a radial distor-
tion of the flow. In particular, the stall appears to have been related
to the presence of a pressure deficiency in the flow near the hub.

An attempt to combine the data of figures 3 and 4 into a single com-
pressor performance map was not successful because the radial flow dis-
tortion caused a shift of compressor flow at any given referred speed and
pressure ratio. The indicated shift in compressor flow is shown in fig-
ure 7, where referred flow is used as the common abscissa for the two sets
of data. Parts of figure 7 were constructed from data and extrapolations
which are not shown in figures 3 and 4. These are indicated by the broken
lines in the figure. For referred speeds below 0.90 the compressor flow
is greater with distorted flow than without. For speeds above 0.90 the
flow appears to be reduced, but this fact is not well established by the
data.

In figure 8 data are presented for selected conditions of constant
compressor pressure ratio and referred engine speed ratio. These data
indicate that in general the compressor airflow increases with distortion
level. It should be noted, however, that the variable distortion level
was achieved by varying the inlet spike position, and, therefore, all the
profiles are similar, that is, have a pressure deficiency at the hub. The
trend observed in the data is not illogical, because for a given average
condition, such as constant pressure ratio and referred speed ratio, a
pressure decrement in the flow tends to increase the blade-life coeffi-
cient more than the same amount of pressure increment would decrease the
1ift coefficient; therefore, the total work input of the stage can in-
crease with distortion level. This is, of course, the same mechanism that
causes the engine to stall.

Independent checks made from fuel flow and from turbine pressure ratio
indicated that the changes in airflow were real and were not just a result
of the method used to compute airflow.

Figure 9 presents the engine stall limits that were determined at a
tunnel Mach number of 1.8 with a spike setting My of 2.3. The stall
limit near a speed ratio of 0.8 is essentially the same as determined at
an My of 1.7. However, the stall limit at a speed ratio of 0.745 is
lower than for the previous data. The radial profiles for these stall
points are presented in figure 10. Comparison of the profiles of figure
10 with the profiles of figure 6 indicates that the distortion levels are
slightly higher; but the form of the distortion for the speed condition
near 0.75 is considerably different. The 1.8 data point has more low-
pressure area in the vicinity of the hub, and this could account for the
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lower stall pressure ratio. A typical oscillogram of an engine stall
disturbance at an My of 1.8 is shown in figure 11. The indicated se-

quence of events is the same as described for figure 5(a).

A series of runs was made at maximum compressor pressure ratios, a
Mach number of 2.0, and a nominal referred speed of 0.80 for a range of
spike positions. The results are presented in figures 12 and 13. The
stall 1imit appears to be independent of -spike position above a spike
setting of 1.9. At a spike setting of 1.8, however, the stall limit was
not reached at the limiting turbine-inlet temperature. An inspection of
the profiles presented in figure 13 indicates that, even though the dis-
tortion parameter was about the same, a marked change in the flow occur-
red between spike settings of 1.9 and 1.8; in fact, the form of the dis-
tortion had reversed at 1.8 so that the high pressure appeared at the
hub. Throughout these data there is no apparent correlation between the
distortion parameter AE/P3 and the occurrence of stall.

The effect of angle of attack on the stall pressure ratio is pre-
sented in figure 14 for a spike position of 2.4. The resulting radial
profiles indicated by rakes in an upper and lower quadrant are shown in
figure 15. The angle-of-attack data indicate that superimposing a cir-
cumferential distortion on the radial distortion did not alter the stall
pressure ratio. A similar test could not be run with a distortion pro-
file that did not stall at zero angle of attack because it was not pos-
sible to avoid the inlet buzz limit at angle of attack.

Inlet Stability Limits

The stability limits of the diffuser were checked for the most part
with the unmodified engine. These data are presented in figure 16. At
each particular spike position the stability limit was determined with
the engine operating with the minimum compressor pressure ratio (nozzle
open) and with the maximum pressure ratio (nozzle closed). Within the
limits of the data, there was no indicated effect of engine operating
condition on the stability limits. With the modified engine it was pos-
sible to run a few points for which the stability limit and the stall
limit were coincident. These data are also presented in figure 16 and
indicate that the presence of a stall disturbance which in itself was
causing transient shock movements did not affect the stability limit of
the diffuser. An oscillogram of the simultaneous stall and buzz disturb-
ance occurring at the point designated A in figure 16 is presented in
figure 17. A check of the engine stall pressure ratios at the minimum
stable points indicated that they were consistent with the previous data.

The stability limits of the two-oblique-shock inlet of reference 3
as determined with the engine are presented in figure 18. Comparison of
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the present data with the previous cold-pipe data with allowance made
for the apparent difference in critical referred airflow indicates that
the presence of the engine had no significant effect on the stability
limits. The data at the 9° angle of attack are beyond the range of the
data of reference 3 but are included to show the stability character-
istics of this inlet at the higher angle.

CONCLUSIONS

The test results of an inlet-engine combination consisting of a
translating-spike inlet with a bypass diffuser, a J34 engine, and a
variable-area nozzle operated at Mach numbers from 1.6 to 2.0 indicate
the following:

1. Because the radial profile of total pressure delivered to the
compressor face varied with spike position, operating conditions for the
inlet-engine combination ranged from complete freedom from engine stall
to stall within the normal operating range with fixed nozzle area.

2. No correlation between the distortionAparameter and the occur-
rence of stall was found. The occurrence of stall was related to the
presence of a pressure deficiency at the hub of the compressor.

3. The referred engine airflow tended to increase at a given refer-
red engine speed as the radial distortion level increased.

4. Superimposing a circumferential distortion on a radial distortion
by changing the inlet angle of attack did not affect the stall-limited
compressor pressure ratio.

5. Approaching the buzz limit of the inlet with an engine in or near
stall did not affect the minimum stable airflow of the diffuser.

6. The stability limits of a 15° plus 10° double-cone inlet were
essentially the same with the engine as with a choked plug.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, November 20, 1957
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APPENDIX - SYMBOLS
A area, normal to flow
Ac inlet capture area
Dh  hydraulic diamEter"wetted4§érimeter
M Mach number
My Mach number at which conical shock intersects cowl 1lip
N engine rotational speed, percent of rated
P total pressure
AP flow-distortion parameter, Fuax - Fmin
P Pov
w airflow
tS) ratio of total pressure to NACA standard sea-level pressure of
2116 1b/sq ft
0 ratio of total temperature to NACA standard sea-level temperature
of 518.7° R
Subscripts:
X axial station
0] free stream
‘l cowl lip
2 diffuser discharge
3 compressor discharge
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Figure 3. - Compressor performance with suberitical buzz-free inlet con-

dition. Mach number at which conical shock intersects cowl 1ip, 1.6;
free-stream Mach number, 1.7.
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Figure 4. - Conipressor performance with radial distortion at
compressor face. Free-stream Mach number, 1.7.
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(a) Mach number at which conical shock intersects cowl lip, 2.4; referred
engine speed ratio, 0.806; compressor pressure ratio, 2.68; compressor-
face total-pressure distortion, 0.07; stall.
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(b) Mach number at which conical shock intersects cowl lip, 1.8; referred
engine speed ratio, 0.792; compressor pressure ratio, 2.45; compressor-
face total-pressure distortion, 0.09; stall.
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(¢} Mach number at which conical shock intersects cowl lip, 1.8; referred
engine speed ratio, 0.748; compressor pressure ratio, 2.45; compressor-
face total-pressure distortion, 0.06; stall.
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(d) Mach number at which conical shock intersects cowl lip, 1.6; referred
engine speed ratio, 0.794; compressor pressure ratio, 2.6l; compressor-
face total-pressure distortion, 0.04; no stall.

Figure 6. - Typical compressor-face total-pressure profiles. Free-stream
Mach number, 1.7. '
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Figure 7. - Combined compressor performance. Free-stream Mach
number, 1.7.
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Figure 9. - Compressor performance with radial distortion at compressor

face. Mach number at which conical shock intersects cowl lip, 2.3; free-
stream Mach number, 1.8.
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Compressor-face total-pressure ratio, PZ/PO

R T chﬁIbmf Teed el NACA RM E5TK19b
Hub
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Z o—d—om
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/7, U o
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(a) Referred engine speed ratio, 0.794; compressor
pressure ratio, 2.49; compressor-face total-
pressure distortion, 0.08; stall.

1.0

—O—

o Y

¢

E Tk

(v) Referred engine speed ratio, 0.786; compressor
pressure ratio, 2.48; compressor-face total-
pressure distortion, 0.08; stall.

1.0

(}”—CP—JD__

Q
0]
€

NANNNARNNN

.2 .4 .6 .8 1.0
Duct radius, percent tip radius

(¢) Referred engine speed ratio, 0.745; compressor
pressure ratio, 2.09; compressor-face total-
pressure distortion, 0.08; stall.

Figure 10. - Typical compressor-face total-pressure
profiles. Mach number at which conical shock
intersects cowl lip, 2.3; free-stream Mach number,
1.8.
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(a) Mach number at which conical shock intersects
cowl lip, 1.8; compressor pressure ratio, 2.70;
compressor-face total-pressure distortion, 0.08;
no stall.

1.0

_ Ve ) o
o ;)

(b) Mach number at which conical shock intersects
cowl lip, 1.9; compressor pressure ratio, 2.57;
compressor-face total-pressure distortion, 0.09;
stall. :

SANNRNRNN

.8

1.0

e O—O—0.
- ;o= =0 o = ﬁ

NNIRRNNN

.8

(c) Mach number at which conical shock intersects
cowl 1lip, 2.0; compressor pressure ratio, 2.58;
compressor-face total-pressure distortion, 0.08;

Compressor-face total-pressure ratio, Pz/PO

stall.
1.0 9
é S =G—0=0..
7 o ;%\:3
8 %
.2 4 .6 .8 1.0

Duct radius, percent tip radius

(d) Mach number at which conical shock intersects
cowl 1lip, 2.1; compressor pressure ratio, 2.58;
compressor-face total-pressure distortion, 0.08;
stall.

Figure 13. - Effect of inlet spike position on
compressor-face total-pressure profile. Free-

stream Mach number, 2.0.
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Compressor-face total-pressure ratio, Pz/Po
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(a) Angle of attack, 90; compressor-face total-
pressure distortion, 0.20.
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(v) Angle of atfack, 69; compressor-face total-
pressure distortion, 0.14.

-l DN N
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T O] o)

NN

(c) Angle of attack, 3°; compressor-face total-
pressure distortion, 0.09.
~

NANRNANNNN

2 .4 'S .8 1.0
Duct radius, percent tip radius

(4) Angle of attack, 0°; compressor-face total-
pressure dlstortlon, 0.07.

Figure 15. - Effect of angle of attack on.compressor-
face total-pressure profile. Mach number at which
conical shock intersects cowl lip, 2.4; free-stream
Mach number, 2.0. ’
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Original engine
o] Nozzle open
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Modified-turbine
engine
. g Nozzle open
0] -l ; s Surge present
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(a) Angle of attack, 9°.
—1 , Critical
T — Min. stable] Fef- 4
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(b) Angle of attack, S°.
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"
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- S 5 Yi
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Mach number at which conical shock intersects cowl 1lip, Mg

(c) Angle of attack, 0°.

Figure 16. - Effect of engine operation at or near stall on buzz limits
of 25° cone inlet. Free-stream Mach number, 2.0.

CONFIDENTIAL



(o))
a

‘1S°2 ‘oryea
aanssaxd xossaxdwod fg0g Q0 ‘OTred paads aUTFUD palIagax {0 'z ‘Iaqumu UoBN wesI}s-93ay fgg T ‘dIT TMOO S309SI93UT YOOUS
Te2TUOd Yo ym 3B Jaqumu YoBW °2zZnq JYSTT pue dBans z0sss1dwod Juranp SITQBRTIBA SUTBUS-35TUT JO weIFOTTIO0S) - LT 9aIndt1d

238 T0°'0 ~JUTL

e

\lohdmmmgg o013e3s adidyrej-autqany,

VAWM

~—sanssaad o13®B}S 3TXd-I0ssa.sdwo)

aanssaad o13e3s 9989S-Y3J1J JL0ssoxduo)

- 2O\

WA Ay Vv e oo

\\\\l@psmmo;a 019838 28IBYLSP-I2snIJ Td

9¢ UOT3B}S JIISNIJIP 3B aanssaxd 513183G

////Ion:mmwpm 19838 diT-ThO)

///nwu:mmcam 519815 98R3S-pPITy3 10ss~Hadwo)

NACA RM E57K19b

CONFIDENTIAL



30

Referred airflow parameter,
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Mach number at which first conical shock intersects
cowl lip, My
(c) Angle of attack, O°.
Figure 18. - Effect of engine on buzz limits of 15° plus 10°

double-cone inlet. Free-stream Mach number, 2.0.
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