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INVESTIGATION AT SUFERSONIC 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 1nvestigation of the interactions that occur when & supersonic
diffuser is operated with a turbojet engine wag extended by installing
g variable-area exhaust nozzle on a J34 engine to permit the attainment
of limiting englne temperature or compressor pressure ratlio at all engine
speeds. For a Mach number range from 1.6 to 2.0 and angles of attack
from O° 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 alirflow 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 minimm stable airflow of the diffuser, and con-
versely the presence of mild buzz did not affect the compressor stall
limit.

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

INTRODUCTION

In order to reelize the full performance potential of & combination
of supersonic diffuser and turbojet englne, it is necessary that the
characteristics of the two be compatible. Even when the stall and buzz
mergin 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 englne are reported in references 1 and 2.
These investigations were made with an engine having a fixed-ares nozzle
and aperating 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 s0 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
certaln cases polnts were obtained during which buzz andi stall were occur-
ring similtaneously.

The results reported herein were obtained in the Lewis 8~ by 6-foot
supersonic wind tunnel during February, 1956. The investigations were
conducted for s Mach number range from 1.6 to 2.0 and angles of attack
from 0° to 9°.

APPARATUS AND INSTRUMENTATION

The nacelle and inlet used for this investigation are essentlally
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 varisble-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 estlmated 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 1(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 conicel shock could intersect the cowl lip for Mach
pumbers 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 Plow conditions were surveyed at two stations in the inlet.
At a plane 28 inches aft of the cowl lip, ahead of the bypass slots, the
instrumentetion consisted of four rskes of five total-pressure tubes
each, mounted between the four struts supporting the centerbody. The
tubes were spaced radislly to provide an area-welghted average. Static

- 99¢%
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pressures were measured near the base and tip of each rake. The condi-
tions assoclated with the diffuser discharge were evaluated at a plene

58 inches aft of the cowl lip, about 10 inches upstream of the engine
guide vanes. The diffuser-discharge instrumentation consisted of elight
rakes of eight tubes each. The rakes were located at 45° intervals start-
ing from the top, and the tubes were spaced radielly 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-dlscharge 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 aebsolute accuracy because of the
difficulty of defining the true flow area. Relstive values of referred
airflow are generally consistent and reliable.

Static-pressure transducers were installed at various stations slong
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 1lip 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 simultaneous 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 cpe cutoff frequency.

RESULTS AND DISCUSSION
Engine Stall Limits

A calibration of the engine compressor was made at & tunnel Mach
number of 1.7 and with & spike position Mg of 1.6. (Symbols are de-
fined in the appendix.) The inlet was known from previous work to be
Pree of buzz for the conditions selected. The datae for this compressor
calibration are presented in figure 3. Two points teken at & 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 significence other than
to indicate order of magnitude and that the nozzle rosition 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 glven engine speed ratio the compressor pressure ratio
increases and the referred asirflow decreases as the nozzle area is re-
duced.

The compressor calibration was repeated with a epike position My
of 1.8. The results are presented in figure 4. With thils spike position
it wes found that engine stall was encountered for engine speed ratios
less than 0.8 ard compressor pressure ratios well below the maximum val-
ues 1ndicated 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 limit 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 tempersture 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 lnspection of the oscillograph traces indicastes that a
Jump in cowl 1ip 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
rressure oscillates with a low-freguency underdemped response. Finally
the high frequency dies down and the cowl-lip pressure Jumpe back to its
initial 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 phenomensa 1s recurring at a regular rate. The indicated low
frequency of these traces 1s 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 investigation
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 inliet conditions by means of the bypass
or splke position hed 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.

I 9ge® '
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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 wes encountered and for a typical case from the data of figure
3 where mexlmm turbine temperature was obtgined 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 Ffigures 3 and 4 into a single com-
pressor performence map was not successful because the radial flow dis-
tortion csused 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 flgure. For referred speeds below 0.80 the compressor flow
is greater with distorted flow than without. For speeds above 0.90 the
flow appears to be reduced, but this fact 1s 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 then 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 staell.

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 Mg of 1.7. However, the stall limit at a speed ratio of 0.745 1is
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 osclllogram 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 S(a).

A series of runs was made at meximum compressor pressure ratios; a
Mach number of 2.0, and a nominal referred speed of 0.80 for = range of
spike positions. The results are presented in figures 12 and 13. The
stall 1limit 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 wes
not reached at the limiting turbine-inlet temperature. An Inspection of
the profiles presented in figure 13 indicates that, even though the dis-
tortion perameter was about the same, & marked change in the flow occur-
red between spilke 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 AP/Pz 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 date indicste that superimposing a cir-
cumferential distortion on the radial distortion did not alter the stall
pressure ratioc. A simllar 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 avold the inlet buzz limit at angle of attack.

Inlet Stability Limits

The stabllity limite of the diffuser were checked for the most part
with the ummodified engine. These data are presented in figure 16. At
each particular spike position the stebility limit was determined with
the engine operating with the minimuim compressor pressure ratio (nozzle
open) and with the maximum pressure ratio (nozzle closed). Within the
limits of the data, there was no lndicated effect of englne operating
condition on the stability limits. Wilth the modified engine it was pos-
gible to run a few points for which the stabllity limit and the stall
1imit 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 effect the stebllity 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
a8 determined with the engine are presented in figure 18. Comparison of

[alalas NN
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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 significent 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 &
translating-spike inlet with a bypass diffuser, a J34 engine, and a
variable-area nozzle operated at Mach numbers from 1.8 to 2.0 indicate
the following:

1l. 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 normsl operating range with fixed nozzle area.

2. No correlation between the distortion'parameter and the occur-
rence of stall was found. The occurrence of stall was related to the
presence of a pressure deficlency 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 & 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 1imit 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 & 15° plus 10° double-cone inlet were
essentially the same with the engine as with a choked plug.

Lewis Flight Propulsion Lsboratory
National Advisory Committee for Aeronsutics
Cleveland, Chio, November 20, 1957
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APPENDIX - SYMBOLS

A area, normal to flow

Ac inlet capture area

Dh hydraulic dlameter, wettedéﬁérimeter

M Mach mumber

My Mach pumber at which conical shock intersects cowl lip

N engine rotational speed, percent of rated

P total pressure

AP fiow-distortion parameter, f@ﬁﬁ_:_féiﬁ

P Pov

W airflow

& ratio of total pressure to NACA standard sea-level pressure of
2116 1b/sq £t

e ratio of total temperature to NACA standard sea-level temperature
of 518.7° R

Subscripts:

b 4 exial station

0] free stream

1 cowl lip

a diffuser diascharge

3 coupressor discharge

of
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(b) Photograph of macelle installed in 8- by 6-foot tumel,

11

Flgure 1. - Comeludsd. HNacelle configrations.
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 which oblique shock intersects cowl lip; arrow indicates compressor face.
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Figure 3. - Compressor performance with subcritical buzz-free inlet con-
dition. Mach number et which conical shock intersects cowl lip, 1.63
free-stream Mach number, 1.7.
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Figure 4. - Compressor performence With radial distortion ai
compressor fece.

Free-stream Mach numwber, 1.7.
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(a) Mach mumber at which conical shock intersects eowl 1lp, 2.4; referred engine speed ratlo, 0.808; compressor
pressure ratio, 2.68.

Flgure 5. - Oscillogram of inlet-engine variables during compressor stall. Free-stream Mach number, 1.7.
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(b) Mach number at which conlesl shock intersects cowl lip, 1.8; referred englne spesd ratio, 0.792; compressor pres-
sure ratio, 2.45.

Figure 5, ~ Contimued. Osclllogram of inlet-engine varisbles durlng compressor stall. Free—stream Mach mumber, 1.7.
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(¢) Mach nurber at which conical shock intersects cowl 1lip, 1.8; referred engine speed ratio, 0.748; compressor pres-
sure ratlo, 2.45.

Filgure 5. - Concludad. Oscillogram of inlet-engine varlebles during compressor stall, 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.

1.0

0/0—0\0\0\

AN
D

.8

(b} Mach number at which conicsl shock intersects cowl 1lip, 1.8; referred
engine speed ratio, 0.792; compressor.pressure ratio, 2.45; compressor-
face total-pressure distortion, 0.09; "stall.

1.0

—4)"'c>‘~13

SANNNANRN

.8

(c) Mach number at which coniecal shock intersects cowl 1lip, 1.8; referred
englne speed retlo, 0.748; compressor pressure ratlo, 2.45; compressor-
face total-pressure distortion, 0.08; stell.

O—4—O0—-0—

A\NNNNRRW
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.2 4 .6

8 '~ 1.0

Duect radius, percent tip radius

(d) Mach number at which conical shock intersects cowl 1lip, 1.6; referred
engine speed ratio, 0.794; compressor pressure ratio, 2.61; compressor-

face totel-pressure distortio

n, 0.04; no stall.

Figure 6. - Typical compressor-face totg}-pressure profiles. Free-stream

Mach number, 1.7.
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number, 1.7.
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Figure 10. - Typlcal 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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Figure 13. - Effect of inlet spike position on
compressor-face total-pressure profile. Free-
stream Mach number, 2.0.
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Figure 15. - Effect .of angle of sttack 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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Figure 16. - Effect of engine operation at or near stall on buzz limits

of 25° cone inlet. Free-stream Mach number, 2.0.
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