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SUMMARY 

In an effort to learn why inlet temperature transients disturb the 
operation of turbojet engines, extensive wind-tunnel experiments were 
conducted on the effect of rapid temperature increases at the inlet of 
an engine . The study was made over a range of altitudes, temperature
rise rates, and engine speeds. The engine was instrumented with high
response instrumentation to evaluate the compressor performance during 
the temperature changes. 

At all the altitudes investigated, compressor stall was induced by 
rapid compressor-inlet temperature rises between 500 and 2500 R. The 
stall originated in the stage group having the smallest stall margin, in 
this case the 12th and 13th stages, and then propagated through the com
pressor . Stall is induced because the compressor is not able to adjust 
to the rapidly changing flow conditions resulting from the rapid temper
ature transients. Study of the flow mechanism within the compressor dur
ing these temperature transients of several thousand degrees per second 
indicated that, in general, high-pressure - ratio axial-flow compressors 
will be inherently as sensitive to inlet temperature transients as was 
the compressor of this engine. This was borne out by some tests run on 
another engine of a different manufacturer; this alternate engine was 
also stall ed by correspondingly small inlet temperature rises. 

Compres sor stall was induced by conSistently smaller temperature 
transients as altitude was increased. This altitude effect becomes 
particularly important, because at high altitudes combustion was ex
tinguished by pressure pulsations from the stalled compressor. For ex
ample, when the inlet pressure of this engine was only 190 pounds per 
square foot, combustion blowout occurred each time the compressor 
stalled . In contrast, at engine- inlet pressures higher than about 500 
pounds per square foot, combustion was sufficiently stable to withstand 
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the pressure surges; and the engine recovered from stall as soon as the 
inlet temperature transient was stopped. Inlet pressures below which 
blowout can be anticipated will be in this range) although they will 
vary t o some degree among engines depending upon the relative s tability 
of the combustor and the level of the compressor pressure ratio. 

Sudden fuel-flow reductions immediately prior to temperature tran
sients permitted somewhat larger temperature rises to be imposed before 
stall occurred. In fact) this was the only remedial action studied that 
afforded a measurable improvement. However) a fuel-flow reduction of 
40 percent prior to the inlet temperature transient permitted a tempera
ture rise of only 2200 R at a temperature-rise rate of 10)0000 R per 
second. 

INTRODUCTION 

With the advent of rocket and cannon armament on airplanes) gas 
ingestion into the inlet of turbojet engines has caused compressor surge 
and combustion blowout. Both of these increase in severity at high al
titudes) where the stall margin is normally reduced and the combustion 
process becomes marginal (see refs. 1 to 4). In seeking a solution for 
the trouble) there are three possible changes that can be made to the 
engine: (1) move the armament to a position where it will not interfere 
with the engine ; however) this is generally not practical in prototype 
or production aircraft; (2) modify the armament by methods such as using 
chemical additives in the rocket charges (ref. 5) or adding exhaust de
flectors (ref. 3); (3) modify the engine or its mode of operati on to 
make it less sensitive to the effects of armament firing. An operating 
technique that was found useful in one instance was the reduction in 
engine fuel flow prior t o armament firing (ref. 1)) thus lowering the 
compressor operating pressures and increasing the stall margin. Although 
each of these changes has improved particular aircraft operation) none 
appears t o be a general solution to the problem. 

The search for a way to eliminate surge and blowout has proceeded 
with much diligence but with little understanding of the basic phenomena 
involved during stall or blowout resulting from inlet temperature tran
sients. In reference 6 it is pointed out that the firing of armament 
has four general effects on the air entering the engine: (1) rapidly in
creases the engine-inlet temperature) (2) causes pressure pulsations at 
the inlet) (3) conta~inates the air supply) and (4) distorts the temper
ature and pressure profiles. It was believed that the inlet temperature 
transients associated with armament firing was one of the principal prob
lems. Therefore) the investigation reported herein was designed and con
ducted to furnish information on the flow phenomena within the compressor 
following rapid inlet temperature rises. This information should) it 
was felt) provide for a more sound and fundamental approach in future 
work directed toward eliminating the problem. 

... 
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The two requisites for proper definition of temperature transients 
are rate and magnitude of temperature change. The temperature rates 
covered in this study were between 20000 and 15)0000 R per second (here
inafter called degrees per second) in order to obtain inlet temperature 
rises from 500 to 2500 R. Although most of the work was carried out at 
an engine-inlet pressure of 242 pounds per square foot (corresponding to 
a Mach number of 0.8 at an altitude of 59)000 ft)) the effect of pres
sure changes from 190 pounds per square foot to 498 pounds per square 
foot on temperature transients was investigated. Some effort was ex
pended to learn the effectiveness of simple changes) such as reducing 
fuel flow or bleeding off compressor air, in alleviating the problems 
arising from inlet temperature transients. 

APPARATUS 

Engine 

The turbojet engine used in this investigation was in the 10,000-
pound-thrust class with a compressor pressure ratio of about 7.5 in 15 
stages. It had a cannular-type combustor, a two-stage turbine, and a 
fixed-area exhaust nozzle. The compressor was equipped with interstage 
air bleed valves and variable-position inlet guide vanes, both of which 
were actuated at about three-fourths of rated engine speed. The engine 
fuel control varied the fuel flow depending on engine-inlet total pres
sure, compressor-discharge total pressure) and mechanical speed. The 
engine installation in the altitude wind tunnel of the NACA Lewis labo
ratory is pictured in figure 1. 

Transient Temperature Device 

Transient increases in engine-inlet temperature were introduced by 
means of a combustion gas heater and quick-acting valve combination that 
were placed upstream of the engine. A schematic diagram of this equip
ment is shown in figure 2. Large butterfly valves before and after the 
heater were used to control the pressure and velocity in the heater to 
permit ease of ignition and combustion. Eight can-type turbojet com
bustor chambers were used in the combustion gas heater. A quick-acting 
valve system) which controlled the supply of hot air to the engine, had 
eight rectangular butterfly valves placed around the pipe. These valves 
were divided into two sets with alternate valves operating 900 out of 
phase. Four of these valves led to stacks (shown in fig. 2) that per
mitted the hot gases to be diverted to the wind-tunnel airstream and 
thus bypass the engine during ignition of the heater and adjustment to 
the desired temperature level. When these valves were closed and the 
alternate four valves were simultaneously opened) the hot gases were 
directed to the cylindrical plenum chamber that evacuated to the inlet 
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of the engine. These valves, which were light in construction and con
trolled a relatively large flow area, were actuated by a servomotor. 
The operating time from closed t o open was 0.03 second. 

Transient Engine Fuel Valve 

During the study of engine fuel-flow reduction as a means of stall 
alleviation, a quick-acting, hydraulically controlled, pressure
regulating valve was used to make rapid and controlled changes in engine 
fuel flow. This valve was based on design considerations of reference 
8, and a detailed description of t he valve components is contained there
in. The frequency response of the valve was sufficiently high to permit 
fuel changes of as much as 90 percent in as little as 0.01 second. 

Instrumentation 

The pressure and temperature instrumentation installed in the 
engine is listed in table I. 

The resistance-type thermocouples used for transient temperature 
measurements were made of 0 .0005- inch-diameter tungsten filament and 
were designed similar to the anemometers of reference 9. They had a 
flat frequency response from 0 to 100 cycles per second at sea-level 
pressure and density conditions . Those used in the compressor inlet had 
a flat response from 0 to 40 cycles per second at the altitude conditions 
under investigation, while those used at the compressor outlet had a flat 
response from 0 to 75 cycles per second. The difference is accounted for 
by variation of the gas density . The lag of this type of thermocouple 
was estimated to be between 0.001 and 0.006 second. The thermocouples 
had a normal life of about 40 hours of operation. The carrier current 
of the filament was kept at low values so that the filament was near the 
gas temperature being measured . 

Reluctance-type pressure transducers with a flat response from 0 to 
40 cycles per second at the compressor inlet and 0 to 35 cycles per 
second at the compressor discharge were used for transient pressure 
measurements . Responses are for t he altitude conditions of this 
investigation. 

The transient test data were recorded on galvanometric oscillographs 
with galvanometer elements having natural frequencies of about 850 cycles 
per second . Recording was on photosensitive paper. The recorders had 
a flat response within ± 2 percent from 0 to 60 percent of 850 cycles per 
second . During operation, test conditions were monitored with a direct 
inking oscillograph with a flat frequency response of 40 to 60 cycles 
per second. 

~_J 
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PROCEDURE 

Before introducing the transient s , oper ation was stabilized at the 
engine speed and fl i ght conditi ons desi red. The transient temperature 
increase was then suppli ed t o the ~ngine by means of the quick-acting 
valve combination descri bed in the section APPARATUS. Before the valve 
was opened, flow conditions and temperatures in the heater were stabi
lized. The range of §as t emperatures i n the plenum chamber was varied 
between 2000 and 1000 F. Be cause of dilution, however, the tempera
tures at the engine inlet were l ess t han half those in the plenum cham
ber. The length of time the engine was exposed to the elevated temper
ature was varied from 0. 1 to l .5 seconds. The range of test conditions 
covered in the study are summarized in t able II. 

Although only a small number of t he t ransients actually appear in 
this paper, the l arge amount of data t aken contributed to the basic 
understanding of t he problem. In addition, a large number of the tran
sients were run to establish t he s t all and blowout limits of the engine 
by a trial-and-error process . 

RESULTS AND DI SCUSSION 

5 

In order t o s t udy the effects of inlet temperature transients on 
t urbo j et-engine operat ion, a large seri es of tests were made with com
prehens i ve compressor- inlet and - i nt erstage instrumentation. A typical 
temperat ure t ransient which resulted in compressor stall is shown in 
figure 3; i n fi gur e 3 (a) are shown time histories of temperatures at 
nine posit ions ar ound the inl et t ogether with the maximum, average, and 
minimum temperat ures . All the thermocouples at the inlet indicate about 
the same t r end, and generally the temperature extreme is less than 500 

different from the average temperatur e. Throughout this report, the 
inlet temperature r eferred t o is always the average gas temperature. 

In fi gur e 3 (b) , traces of engine fuel flow and speed are shown as 
well as the interst age pressures . During the entire temperature tran
sient , there is no not i ceable change in engine fuel flow or speed. This 
results because the temper ature change occurred in about 0.1 second, 
whi ch is much fas ter than the time needed for the engine control to take 
correct ive measures. The noteworthy thing indicated by the pressure 
t r aces i s that the wide fluctuations in pressure ariSing from compressor 
stall begin consider abl y before the maximum temperature change occurs 
( see f ig . 3(a)). 

During an armament fi r ing study at the Naval Ordnance Test Station7 

China Lake, Calif ornia, some compressor - inlet temperature measurements 
were made during ro cket f iring (fig . 4) . This armament was a cluster of 
nineteen 2.75-inch ro cket s f i red in sequence from a launcher mounted 

I 

[ 

I 

I 

I 

I 

I 
, 

I 

I 

j 

I 

j 

I 

I 



6 NACA RM E57C22 

about a foot below the wing root inlet of the engine air-induction 
system. The airplane was flying at an altitude of 45,000 feet and an 
indicated airspeed of 165 knots. The maximum temperature-rise rates 
during the flight tests varied from 45000 to 95000 per second; this is 
within the range of the tests reported herein. Although the engine used 
in the flight tests was an older design (pressure ratio, 4.2) than those 
used in the wind-tunnel study, and consequently had a less-sensitive 
compressor, combustion blowout generally resulted during the rocket 
firing. 

Pressure-Ratio Histories 

The effect of inlet temperature t ransients on compressor pressure 
ratio is shown in figure 5, where pressure ratio is plotted as a function 
of corrected engine speed for temperature-rise rates of 25000

, 35000 , 

and 65000 per second. Timing ticks were put on the histories to indicate 
the elapsed time. At the lowest temperature-rise rate, the rise in tem
perature lowers the corrected speed t o a point where the 12-14 stage 
group stalls at a time between 0.02 and 0.03 second (signified by the 
solid point); this stage group then recovers without surging the com
pressor. Further increase in temperature simply reduces the corrected 
speed and compressor pressure ratio, closely paralleling the steady
state operating line. The displacement of the transient history to the 
left of the operating line arises from the fact that the temperature did 
not increase simultaneously throughout the compressor; that is, the inlet 
temperature rise used t o compute corrected rotating speed at any given 
instant was higher than the transient temperature rise at any downstream 
stage. Therefore, during temperature transients the speed correction 
using inlet temperature is higher than should be applied to the over-all 
compressor. 

At an inlet temperature-rise rate of 35000 per second, the curve 
up t o the point where the 12-14 stage group stalled is similar to the 
curve of the lower-temperature rate. However, after 0.03 second the 
compressor pressure ratio starts to drop rapidly; at 0.07 second after 
the introduction of the transient, the pressure ratio has dropped from 
8.1 to 3.4. In this instance, stalling of stages 12 to 14 is followed 
by successive stalling of all the stage groups, thus completing a surge 
cycle. At 0 . 07 second, the near-vertical rise in pressure ratio repre
sents the end of the temperature rise, the recovery from surge, and the 
return to near-normal operation at the higher inlet temperature, and 
hence lower corrected engine speed. 

At a temperature-rise rate of 65000 per second, the corrected engine 
speed decreases to about 7170 rpm before stall is obtained in the 12-14 
stage group. After stall inception in this critical stage group, the 
drop in pressure ratio is rapid to about 3.64 at 0.06 second. Com
bustion blowout then occurs. 
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Superimposed on figure 5 is the quasi-static compressor stall line, 
which was obtained by ramp increases in fuel flow sufficiently large to 
stall the compressor. It is noteworthy that this line did not represent 
the singular compressor operating limit for the three temperature tran
sients shown; that is, the 12-14 stage group stalled on both sides of 
the quasi-static compressor stall line. The corrected engine speed 
(based on inlet temperature) at which this stage group stalls, then, de
pends on the rate of inlet temperature change. 

Some inSight into the stall-inception process is shown by the data 
in figure 6, which is a time history of the compressor stage-group pres
sure ratios together with inlet and discharge temperatures for a tran
sient which resulted in compressor surge. Although the inlet temperature 
starts to rise at zero time, it is some time later before any of the 
compressor stages show any appreciable change in pressure ratio. At 
0.025 second, the pressure ratio of the 12-14 stage group starts to drop. 
This drop indicates stalling of this stage group. Thus, this is the 
critical stage group that is the first to stall, which generally signals 
the inception of compressor surge in the high-speed region. After the 
pressure ratio in the 12-14 stage group drops, the upstream stage group 
(stages 8 to 11) loads up, until at 0.035 second this stage group also 
stalls, and so through to the inlet stage group. This stalling action 
progressing through the compressor constitutes a part-surge cycle and 
is similar to the process observed previously in other altitude-wind
tunnel engine studies (unpublished data). The over-all pressure ratio 
starts decreasing slowly at 0.01 second, which does not represent stall 
initially, but rather reflects the slight drop in pressure ratio of 
several of the stage groups resulting from the decrease in corrected 
stage speeds. At 0.045 second, however, the over-all pressure ratio 
decreases at an accelerated rate, resulting from the steady unloading 
of several stalled compressor stages. The compressor-discharge tempera
ture does not change appreciably untii about 0.015 second after the inlet 
temperature rise. This is a measure of the transport time for the hot 
air to move from the front to the rear of the compressor. 

A more precise measure of transport time from front to rear of the 
compressor is shown by the data presented in figure 7, where compressor
inlet and -discharge temperatures are plotted as functions of time. The 
inlet temperature oscillation is about 550

, and the frequency is 6 cycles 
per second. Although the data scatter is considerable, it appears that 
the discharge temperature lags behind that at the inlet by an average of 
0.015 second. This is the time required for the air to travel from the 
inlet measuring station to the discharge of the compressor. It i s evi
dent that a rapid increase in temperature at the compressor inlet would 
require some time before it is felt back in the compressor, depending 
upon which stage (hence transport time) is of interest. 
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The effect that transport time has on the stage speed match is 
shown by the curves in figure 8) illustrating the corrected stage speeds 
during steady-state operation and during an inlet temperature rise of 
50000 per second. Whereas the difference in corrected stage speed be
tween the inlet and the 12th stage is 23 percent for steady-state oper
ation) it drops to 17 percent 0.02 second after the temperature tran
sient is introduced. From these data it is quite evident that the 
steady-state stage match is upset considerably during a rapid inlet tem
perature transient . This helps t o explain the variation in compressor
inlet corrected speed and compressor pressure ratio at which the 12-14 
stage-group stall occurs with various temperature-rise rates) as in
dicated in figure 5. 

Required Temperature Rise for Stall 

An insight into the mechanism of temperature-induced stall can be 
obtained by a study of transient temperature rise at stall inception. 
The variation of measured inlet temperature rise with temperature-rise 
rate is shown in figure 9 for several temperature transients at three 
engine speeds. The higher the temperature-rise rate) the higher the 
measured inlet temperature rise t o stall. At an engine speed of 7700 
rpm) an inlet temperature rise of about 670 R is required for stall at 
a temperature-rise rate of 35000 per second; whereas at a temperature
rise rate of 65000 per second) a temperature rise of 980 R is required. 
As indicated in figure 9) temperature-induced stall does not occur t o the 
left of the cross-hatched regions (below 25000 to 35000 per sec) because 
the compressor is able t o readjust itself t o the stage mismatch. 

The inlet temperature rises at which stall occurs are very low in 
comparison with the reported engine-inlet temperature rises during rocket 
firing (ref. 4 and other unpublished data). It might be expected that a 
temperature change at the inlet would result in a larger temperature in
crease at the discharge because of the compression process. However) a 
given temperature rise at the compressor inlet produces about the same 
temperature rise at the discharge) that is) the heat lost to the com
pressor casing and blades approximates the temperature rise from the 
compression process. 

In examining the data of figure 9) it is of interest t o estimate 
the temperature rise required at the critical stage of the compressor to 
induce stall. As demonstrated by the results in figure 6) the 12-14 
stage group is the first to stall during these temperature transients. 
By knowing the transport time through the compressor and the inlet 
temperature-rise rate) it is possible to make a first-order approximation 
of the transient temperature rise at the 12th stage at the time of stall 
inception. At an engine speed of 7700 rpm) the measured inlet tempera
ture rise for stall is about 820 R at a temperature-rise rate of 50000 
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per second . With an estimated t r ansport time of 0.01 second from the 
inlet t o the 12th s t age ) the t r ansient temperature rise 6T at the 12th 
s t age for stall would be 

(6T)12th stage = 820 R - 0.01 sec (50000 per sec) = °320 R 

Simi larly ) t he t ransient temperature rise at the 12th stage was 
comput ed for the three engine speeds and is shown by the dashed line in 
f igure 9. I t was found that the estimated transient temperature rise 
a t the 12t h s t age for s t all inception is independent of temperature
rise rate . 

The reason a given s t age group gener ally s tarts the temperature
induced s t all process can be seen f rom the dat a in figure 10) where 
s t age pressure ratio i s plotted as a f unction of corrected stage speed . 
In addi t ion t o the s t eady-st a t e pressure ratio s for the stage groups) 
stall lines (which were obtained f r om pressur e - ratio histories obtained 
during surge) are present ed for each s tage group. 

The dat a of figure 6 indicate little or no stage pressure-ratio 
changes from s t eady s t at e t o stall. By assuming a constant stage pres
sure ratio during a t emperature t ransient) the temperature rise required 
for a correct ed speed change from the steady- state line to the stall 
line was comput ed for each s t age group . The temperature rise requir ed 
t o stall t he 1- 4 s t age group is 3800 R; whereas only 750 R is required 
to s t all the 12-13 s t age group (fig . 10). (Because additional inter
stage data were available for this study) it was possible to narrow the 
critical stage group t o i nclude only the 12th and 13th stages. In some 
of t he previous f igs.) t hi s group i ncluded stages 12 t o 14 . ) Obviously) 
then) for these condi t ions) the 12- 13 s tage group would stall before the 
inlet group during a temperat ure t ransient. If ) however) a sufficiently 
high inlet temperat ure-r i s e rat e wer e put into the engine) so that a 
t emperat ure r i se of 3800 R occurred a t the inlet stages before any change 
occurred a t the 12th s t age) the inlet s tages would) of course) stall 
first and thus start the surge cycle. 

The esti mated t ransient temperat ure rise r equir ed at the 12th stage 
for s t all is about 750 R (uncorrected engine speed) 7500 rpm) in figure 
10; whereas the data in figure 9 indi cate the temperature rise to be 
about 400 R for stall a t t his engine speed. I t should be pointed out 
that the temperatures present ed i n figure 9 wer e measured on hot- wir e 
anemometers and had no lag correction applied t o them. Although this 
correction was not det ermined) i t was estimated to be between 0.001 and 
0.006 second . Assuming a lag correction of 0 . 005 second and an inlet 
temperature-rise rate of 50000 per second) a temperature correction of 
250 R should be added to the measured r ise . This would bring the meas 
ured temperatures in figure 9 t oward agreement with the estimate of r e 
quired transient temperat ures f or stall shown i n figure 10. 
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It is apparent that the engine of this investigation stalls with 

relatively small inlet temperature increases at rise rates above about 

20000 per second. In order to check this significant finding, tests 

were run on an engine of different manufacture. This engine was also 

in the 10,000-pound-thrust class but had a 16-stage axial-flow compressor 

(rated pressure ratio, 7.9) and a three-stage turbine. Results of inlet 

temperature transients with this engine revealed that it too stalled 

with temperature rises of only 1000 to 2000 R for rise rates up to 50000 

per second. Thus it appears that, with current moderate- or high-pressure

ratio axial-flow turbojet engines, compressor stall will accompany rapid 

inlet temperature transients for temperature rises in the range between 

500 and 2500 R. 

From the foregoing data, it is evident that the steady-state and 

stall characteristics of the compressor stage groups are of prime im

portance in determining how large. an inlet temperature change an engine 

can withstand. If this compressor information is known, it is possible 

to estimate what temperature rise will result in stall. The analytical 

procedure for such a solution, which was checked with experimental data, 

is given in reference 10. 

Effect of Partial Admission of Hot Gases to Compressor Inlet 

For some of the inlet temperature transients a splitter plate was 

placed in front of the compressor, which effectively restricted the hot 

gases to only half of the compressor face; the other half of the com

pressor inlet remained exposed to the cool tunnel air during the rapid 

temperature increase. The purpose was t o determine the effect of tem

perature gradients on the allowable temperature rise for stall. The 

results of these tests are summarized by the data in figure 11, where 

temperature rise for stall is plotted as a function of temperature- rise 

rate at the compressor half exposed to the hot gas . For comparison, the 

curve for full admission at an engine speed of 7700 rpm was reproduced 

from figure 9 . Increased inlet temperature-rise rate has the same effect 

on allowable temperature rise to stall for both partial and full ad

mission of the hot gases to the compressor inlet . However, when only 

half of the compressor face is exposed to the increasing gas temperature, 

a higher temperature rise is obtained before stall is encountered. 

However, the temperature rise f or stall at 50-percent admission is 

considerably less than twice the inlet temperature rise for full ad

mission. For example, at rated speed and an inlet temperature-rise rate 

of 70000 R per second, full admission of the hot gases at the compressor 

face results in stall at a temperature rise of 103
0 

R; with 50-percent 

admisSion, stall is not obtained until the temperature in the heated 

portion of the inlet has risen 1450 R. This would be expected because 

of the hot gas diffusion in passing through the compressor and the higher 
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heat transfer to the blading resulting from the intermittent passing 
through the hot and cold regions. Thus, except for very localized inlet 
temperature transients, the sensitivity of the compressor to stall with 
inlet temperature gradients would not be greatly different from the uni
form inlet temperature transients presented herein. Nevertheless, the 
temperature rise for stall ' with uniform inlet profiles is somewhat con
servative where temperature gradients exist. 

Effect of Altitude on Stall and Blowout 

The marked effect of altitude on combustion blowout induced by in
let temperature transients is shown in figure 12, where the inlet 
temperature-rise rate is plotted as a function of altitude. Any transient 
temperature-induced compressor stalls in the area above the curve plot
ted in this figure resulted in combustor blowout; that is, although it 
was possible to obtain compressor stall at all altitudes investigated, 
stall at the temperature-rise rates in the lower area shown on the fig
ure resulted usually in one or two surge cycles without combustor blow
out. At an altitude of 44,000 feet and a flight Mach number of 0.8, 
rapid temperature transients caused surge, but the combustion process 
was sufficiently stable so that a normal recovery always took place with
out combustion blowout. At an altitude of 64,000 feet and a flight Mach 
number of 0.8 (inlet pressure, 190 lb/sq ft), inlet temperature tran
sients about 18000 per second caused stall and resulted ultimately in 
blowout. Thus, inlet temperature changes that posed little difficulty 
with this engine at an inlet pressure of 498 pounds per square foot gave 
rise to a severe problem at an inlet pressure of 190 pounds per square 
foot. 

Although the pressures at which blowout was obtained should be rep
resentative of present-day engine designs, some variations might be ex
pected, depending on the relative stability of the combustor and the 
level of the compressor pressure ratio. 

Effect of Remedial Measures 

A means of alleViating compressor stall resulting from rapid inlet 
temperature transients is to reduce the engine fuel flow prior to the 
temperature change, thereby shifting the engine operating point so as to 
lower the compressor pressure ratio and thus increase the stall margin. 
This process is illustrated by the two inlet temperature transients 
shown in figure 13. For the inlet temperature rise where no change was 
made in engine fuel flow, the compressor stalled 0.02 second after the 
introduction of the temperature transient. A 31-percent reduction in 
engine fuel flow prior to the temperature change reduced the compressor 
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pressure ratio about 10 percent; then a similar temperature input to the 
engine did nothing more than reduce the corrected speed and thus change 
the steady-state operating pOint . 

Results of a series of tests made to determine the effectiveness of 
engine fuel-flow reduction as a means of preventing stall are summarized 
in figure 14. Fuel flow was reduced as much as 40 percent prior to im
posing inlet temperature transients from about 30000 to 12)0000 per sec
ond. The lead time of the fuel-flow reduction over the inlet tempera
ture change was varied from 0.3 to 1.1 seconds but was found to have no 
effect on the results. Although there is considerable data scatter) 
lines representing fuel-flow reductions of 10) 20) and 40 percent were 
faired through the experimental points. As would be expected) the 
greater reduction of fuel flow permits higher inlet temperature rises be
fore reaching compressor stall limit. A 20-percent fuel-flow reduction at 
an inlet temperature-rise rate of 80000 per second increased the allowable 
temperature rise before stall from 1100 to 1600 R. The noteworthy thing 
about these data is that a 40-percent reduction in engine fuel flow 
would still only permit an inlet temperature rise of 2200 R at a 
temperature-rise rate of 10)0000 per second. This is a relatively small 
allowable inlet temperature rise in comparison with that obtained during 
rocket firing (ref. 4) . 

The engine with which these tests were conducted was equipped with 
variable-position inlet guide vanes and compressor- interstage bleed. 
Both these modifications are used t o improve off-design speed perform
ance or stall margin. I t was found that where the stall margin was im
proved the engine could withstand somewhat higher temperature transients; 
likewise) where use of either the bleed valves or guide vanes reduced 
the stall margin (at high speeds)) the allowable inlet temperature rise 
was decreased. These modifications might thus be useful at low corrected 
engine speeds) such as would be obtained at a flight Mach number of 2.0) 
for example. 

CONCLUDING REMARKS 

An extensive study was made to determine why rapid temperature in
creases at the inlet of turbojet .engines cause compressor stall and com
bustor blowout . With the help of high- response instrumentation) it was 
found that present- day turbojet engines could be expected to s.tall with 
surprisingly small inlet temperature rises. For example) with one engine 
investigated) it was found that compressor stall would be encountered 
before the inlet temperature had risen 1000 R when the rate of tempera
ture increase was 50000 R per second . Compressor stall in this engine 
was initiated by stalling of the 12-13 stage group) where the stall mar
gin was least at high rotative speeds. 
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At high altitudes where the combustion process is always less 
stable, compressor stalls induced by inlet temperature transients were 
particularly critical because they generally resulted in combustion 
blowout. 

It was found that internal flow changes within the axial-flow com
pressor lagged considerably behind the rapid inlet temperature transients. 
Thus it was possible to stall the rear compressor stages by decreasing 
the corrected speed with temperature transients before the pressure ratio 
changed appreciably. As a result, the maximum allowable transient tem
perature rise of a compressor can be estimated by knowing the stage stall 
and steady-state operating lines. 

The stage mismatch that resulted from the rapid inlet temperature 
transients meant that the over-all compressor would no longer stall on 
the usual quasi-static stall-limit line. Depending on the rate of tem
perature increase, a compressor can be made to stall on either side of 
the conventional stall line. 

From some work on partial admission of the hot gases to the com
pressor inlet, it was found that the engine could withstand larger inlet 
temperature rises before stall if the high temperatures were somewhat 
localized. For example, at rated speed and an inlet temperature-rise 
rate of 70000 R per second, full admission of the hot gases at the com
pressor face resulted in stall at a temperature rise of 1030 Rj with 50-
percent admission, stall was not obtained until the temperature in the 
heated portion of the inlet had risen 1450 R. 

It was found that the only remedial action that afforded any measure 
of relief from the temperature-induced stalls was a sudden reduction in 
engine fuel flow just prior to the temperature increase. A 20-percent 
fuel-flow reduction at an inlet temperature-rise rate of 80000 R per 
second increased the allowable temperature rise before stall from 1100 

to 1600 R. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, OhiO, March 28, 1957 
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TABLE I. - INSTRUMENTATION 

Station Steady state Transient 

Total- Wall static- Stream Temperature Temperature Total- Total- Temperature 
pr essure pressure static- probes probes pressure pressure probes 

probes probes pr essure probes probes (a) 
pr obes ( a) 

Upstream of - - - - 10 -
compressor 

Compressor 45 4 14 12 0 0 
inlet 

1st Stator 14 4 0 2 0 2 1 1 

2nd Stator 11 4 0 2 0 0 0 1 

4 th .stator 5 2 0 1 0 1 

7th Stator 5 1 0 1 0 b1 

lith Stator 5 1 0 1 0 bl 

13th Stator 10 1 0 1 0 b
1 

14th Stator 10 1 0 1 0 1 

Compressor 20 :3 0 19 1 2 1 0 
outlet 

Turbine 12 0 0 28 0 0 
inlet 

Turbine 18 0 0 15 0 0 
outlet 

Tailpipe 16 0 0 26 2 1 1 2 
-~ 

~irect-inking oscillograph recordings with moderate transient response used for monitoring purposes only. 
bNot in for all runs. 

-------- ------- ----

Static-
pressure 

probes 
(a) 

0 

0 

0 

:3 

I 

I 
I 

~ 
&; 

~ 
lxj 

~ 
(".) 
t\) 
t\) 

t-' 
()l 
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TABLE II. - TEST CONDITIONS 

Type of test Inlet-pressure, Number of Transients 
Ib/sq ft abs 

Temperature increase 498 248 
392 24 
308 48 
242 448 
190 24 

Temperature increase 242 174 
~partial admission 
of hot gases at com-
pressor inlet} 

Cyclic temperature 498 64 
change 242 40 

Engine fuel 242 192 
reduction 

Compressor bleed 242 72 
actuation 

Inlet-guide-vane 242 96 
actuation 

Combined inlet- guide- 242 136 
vane and fuel 
reduction 

Establishment of 1194 40 
stall lines 498 232 

242 88 
190 152 

I 
~ I 

I 
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Figure 1. - Turbojet engine and inlet-air heater installed in altitude wind tunnel. 
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Figure 3 . - Typical inlet temperature transient. 
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Figur e 3 . - Concluded . Typical inlet temperature t r ansient . 



NACA RM E57C22 

g:. 
"' Q) 

H 
:;j 

1il 
H 
Q) 

~ 
Q) 
.p 

.p 
Q) 

rl 
s:l 

.,-l 
I 
H 
0 
til 
til 
Q) 

H 

~ 
0 

0 

900 
Circumferential position 

~ at compressor inlet, 
~ 

deg 

0 0 j~ 
0 90 

~ ~ <> 180 
6 270 

'r' 

800 

~ g 
700 -

P 

600 

500 

400 

300 
o .1 

11~ 

I 
IA 

;/ 
I p '< ) 
j~ 

IVJ 
2 j) 

~ ~ 

Average temperature-rise 
rate, 7000 Op./sec _ 

.2 
Time, sec 

.3 .4 

Figure 4. - Measured compressor-inlet temperatures 
during rocket firing from airplane flying at 
altitude of 45,000 feet at indicated airspeed of 
165 knots. Data from Naval Ordnance Test Sta
tion, China Lake .. California. 

21 



22 

0 .... 
+> 

'" " ., 
" " " " ., 
" Po 

" 0 
" " ., 
" Po 
E 0 
OJ 

NACA RM E57C22 

8 . 6 

8 . 2 

7 . 8 

TiL Jte) teJpera
l- ./ 

/ .,.( 
ture starts to rise, 

h" ;,..0 T sec 

o.okv( ~ ~ >0) K / I).. ,m 
~ f-- t7 .03 ~ V / 

\I Initial 
InA pOints 

. 03 (/ 
./ 

V ~;.03 / 
7 . 4 

7 . 0 

6 . 6 

6 . 2 

1// n'< ~ / 
V, .04:y 

. O~ . 04 / 

V ~ .07 ~: / 
V I 0 ',/ I\- Steady- state 

I opera ting line 
V / ~ /~ ---Quasi - static stall 

line (fuel-flow ramps) ___ ;/ Ij. . 04 
I 

// I I 

/ ,I 1/ I 
I 

5 . 8 
/ '<> ~ 

, , 
II 1/ / 

I 
t;l I 

I 

5.4 
/ [ , 

I , 
/ "-. 05 

5 . 0 

4 . 6 

4 . 2 

// 
, , 

/, Temperature-rise rate, 

/< ¢ 
oR/sec -

. 05 ~ 0 2500 I---

/ 
I 

8 3500 I I 
I I 6500 

I I 
I---, Solid symbols indicate L I I 

S tall inception in I--

V : I ;) stages 12 to 14 
I 

3 . 8 P 9 ' 
o~ 

I I 

. 06 I I 
I 

I 

3.4 
/' 1: 

~. <: kr- ~. / K- COmbU~t10n blowout , . 07 

3 . 0 
5800 6000 

'(J 

6200 6400 6600 6800 7000 7200 7400 7600 7800 BOO. 
Correc ted engine speed , rpm 

I 

Figure 5 . - Variation of c ompressor pressure ratio with corrected engine speed f or several inlet tempera
t ure t ransients covering a range of temperature -rise ra tes . Inlet t otal pr e ssure, 242 pounds per 
square f oot. 



NACA RM E57C 22 

2 .6 
Solid symbols denote stage I 

0 J.... V 0 0 CM :AW, ~o> 
rI 2 .2 

0 ~O 
1.8 

H 1 H 0 ~1~r·ol 0 L 1 I I 
i i~ "I f--+--Q 1 +-----+--� Q I +-----+--11 Q ~I Q Ef~io ~l~Q L 1f---f----111 
rJ) '" 1. 2 L--L--L--L--L--L--L--'--J'--J'--J---J----"'--'---J---' 

rrll ~ III ~I~ttel~rll l 
. 9 

9 

ttl ..... 
0 .., 
..... 
<II 

'" bO 

'" .., 
'" 

5 

600 

~ '" ~ 1000 o bO::> "' ... .., 
~ 11 ~ff ,,<J '" 
0."'0. s ..... S 
0"0 " () .., 900 

n n n 

~ () 
~ 

v 

I Compressor pressure 
r.h. ratio starts to drop 

~ I'--'-l'..{ !Q:Q ftn· h" i 
dJ 

0 

b 0 0 ) 0 

0 
D

V 

0 p 
L--Inlet temperature 

s, tarts, to ~ise I 

1'1. 
o~OIO I UfO 

r--Discharge temperature 
starts to rise I 

- .06 -. 04 -. 02 o .02 . 04 .06 . 08 
Time, sec 

Figure 6. - Time history of compressor pressure ratios and temperatures 
during a typical inlet temperature transient. Inlet total pressure. 
242 pounds per square foot . 

23 



24 

p::; 
0 

~ 

Q) 

H 
:j 

"ltl 
H 
Q) 

~ 
Q) 

+' 
Q) 

bO 

~ 
,.q 
u 
UJ 
·rl 
'CJ 

I 
H 
0 
UJ 
UJ 
Q) 

H 

~ 
0 
0 

p::; 
0 

~ 

Q) 

H 
:j 

"ltl 
H 
Q) 

~ 
Q) 

+' 
+' 
Q) 
r-I 
P 
·rl 

I 
H 
0 
UJ 
UJ 
Q) 

H 

~ 
0 

0 

1000 

980 

960 I Jt\c p 

IJ \ 

940 

~ j f 
~ ~ ~ 
~ ~ 

920 

640 _APplJ trJort 
time from compressor -inlet to compressor - 0-0.02 

discharge, 

620 

s ec 

I I -0.025 9 
-=-- 10.~ 

I o ~ 

6 c 
> 

600 

I ~ I 
580 ~ " ~ ~ 

0 I O,d 

\ of o....J 
0 

560 
-. 1 o . 1 . 2 

Time , sec 

NACA RM E57C 22 

o C 

6\ 
\j 

D 

\0 0 
\ lJ 

I 

-0.010 

\ 
--p -0. 010 

\ 

o~ 

\ \ 0 
c, 
_\0 ? 
OJ \ ~ 

0 

.3 . 4 

Figur e 7. - Compressor temperature measurements during inlet 
temperature cycling . 

. I 

~ I 

. I 



NACA RM E57C 22 

s p.. 
H 

"' 'Cl 
QJ 
QJ 
p.. 
til 

'Cl 
QJ 

.p 
U 
QJ 

H 
H 
0 
u 
QJ 
bO 
CIl 
.p 
CI) 

7600 

7200 

6800 

6400 

6000 

5600 
o 

o Steady state (engine speed, 6992 
rpm; inlet temperature, 4560 R) 

o 0.02 Sec after temperature rise 

'\ of 50000 R/sec (transport time, 

\ 
0.010 sec from 1st to 12th 
stage) 

1\ I 

\ 
\ 

\ (\ 

\ \ 
\, \ 
~ 

i'.. ~ 
~ "-

~ f ~ 
"'" ~~ 

4 8 12 
Stage 

Figure 8. - Effect of inlet temperature 
transient on compressor stage speed 
match. 

25 

I 

J 



26 

'" o 

t: 
o 
.,.; ., 
"., 
o 
t: 
.,.; 

rl 
rl 

'" ., 
" ., 
'" ., 
'" .,.; 

" ., 
" ;l ., 
'" " ., 
~ 

160 

120 

80 

0 

0 

160 

12 0 

8 0 

4 O 

0 

NACA RM E57C 22 

0 Measured 
---- Calculated at 12th stage 

-
~ 

( transport time, 0.01 sec) 
Lowest temperature-rise rate 

" at which stall was obtained 

< 

~ 

t;--: ~ I----i D 

,.:t> k:;-~p ~ 0 

~ p 

.... f---..., -- -- -- t-- t-- t-- - r-- -

.... ..., 

(a) Engine speed , 7700 rpm . 

<D I 
p 

~ r--
,..0-~ 

~ 
~ 

--~ 
.... 

~f- 1---1--- j--- - t-- t--- t-- j--- - t-

.,..., 
.... 

:: 
(b) Engine speed, 7300 rpm . 

~ 200 

160 

120 

80 

40 

o 
2000 

0 

= ~ ...,., :r-~ ...,., 

------~ ...,., 
...,., 
.,..., 

~ - - e-- - - 1---
...,., 
...,., 
.,..., 

3000 4000 5000 6000 
Temperature - r1se rate, oR/sec 

(c) Engine speed, 6900 rpm . 

__ f-

kr f--"" 

I--- I--- r- -

I 
7000 

Figure 9 . - Measured compressor temperature rise as fun ction of 
temperature - rise rate. Inlet total pressure, 242 pounds per 
square foot . 



NACA RM E57C22 27 

0 ..... ..., 
'" >< 
Q) 

1'-1 
;:l 
Ul 
rn 
Q) 

>< 
0. 

0. 
;:l 
0 
>< 
bO 
I 

Q) 

bO 

'" ..., 
en 

Stages Transient temp. rise 
for stalla , 

oR 

1 to 4 380 

2 . 6 
5 to 7 340 
8 to 11 220 

12 and 13 75 
15 435 h 

0 Steady state 
0 Stall 

Solid symbols indicate operation 0 
~ ~ ~ at initial speed of 7500 rpm 

0 -- n [ ..., 
aEstimated transient temperature p-

O rise at stage - group entrance to 

2.4 

move from steady state to stall 
2 . 2 line at uncorrected speed of 

7500 rpm and constant pressure 
~ v ratio ::0-

2 . 0 
I I I I I I I ~ 

~ 

(a) Stages 1 to 4. 

1.8 

1.6 
~ ~ 

:...-o-::::J 
n --rJ 

b.o-' ~ ij -uP I I"\. ..r f'-V 

1.4 

f-QP" ru--
rr-' ~ 

(b ) Stages 5 to 7. 

1.7 

0 ---~ 
tp 

.., 

1.5 

R I-CJ ~ ~ ~ 
IJV 

0-
~ 

l--6>-~ 
~ 

rr-
L 

1.3 

(c) Stages 8 to 11 . 

U~ IIIIIIIIIIIII 
1.1 

(d) Stages 12 and 13. 

:J±Ff~1 I I I I I I I I I I I I I i 
52 56 60 64 68 72 76 80 84 88 

Corrected stage speed, rpm 

(e) Stage 15 . 

Figure 10 . - Steady-state and stall lines for compressor stage groups obtained from temper
ature transient (fuel-flow steps) . Inlet total pressure, 242 pounds per square foot . 

J 



--- - -

g:< 
... 
~ 
0 

-rl 
+> 
~ 
u 
p 
-rl 

r-I 
r-I 
0:1 

+> 
(I) 

+> ro 
Q) 
(I) 

-rl 
H 

Q) 

8 
"til 
H 
Q) 

~ 
Q) 

E-i 

240 

200 

160 

120 

80 

40 
2000 

0 Half of compressor face ./cl) exposed to hot gases 
__ Full admission of hot V gases (fig. 8) 

/ 

/' '" 
./ 0 

V 
/ 

./ 

V ~ 
./ (r 

/ 

/ 
", / 

/' 
",/ ...., 

---- -- ___ ---------.J_ ------ -_._-

4000 6000 8000 10,000 12 ,000 14,000 16,000 
Temperature-rise rate, OR/sec 

Figure 11. - Effect of partial admission of hot gas at compressor inlet during rapid 
inlet temperature rise. Initial engine speed, 7700 rpm_ 

lttt 

M 
co. 

~ 
~ 
§1 

~ 
--.J 
o 
M 
M 



4D 

NACA RM E57C 22 

t) 
(J) 
[J) -...... 
~ 
0 

"' (J) 

tl 
1-< 

<lJ 
[J) 

·rl 
1-< 
I 

<lJ 
1-< 
;:::$ 
+' 
cd 
1-< 
(J) 

~ 
<lJ 
+' 

+' 
(J) 
r-l 
s:: 
H 

12,000 

I I I I 
~No blowout at inl et pres -
~sure of 498 l b / sq ft abs 

10 , 000 \ 

\ 
8000 \ 

\ 

6000 1\ 
\ 

4000 

~tallS above curve vere 
f ollowed by combustion blowout 

~ ~ 

2000 

........... 

For stalls below curve , ~ 
"-no blowout was encountered 

~p 

0 
44,000 49,000 54 , 000 59 , 000 64,000 

Alti t ude , f t 
I 

498 392 308 242 190 
Inlet pressure , lb/ s q ft 

. 
Figure 12 . - Effect of altit ude on minimum allowable 

temperature - rise rate result i ng in combustor blow
out. Flight Mach number , 0 .8 . 

29 



0 
or< 

iii 
H 

Q) 

~ 
'" '" Q) 
H 
P. 

H 
0 

'" '" Q) 

H 
i§' 
0 
u 

L 

I 
9 

8 

7 

6 

5 

4 V 

3 
6300 

/ 
j . 65 

J / ...... 

6500 

/ 

......... ~ ~ 
V'-' V 

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

~ 
V 

J 

V 
6700 6900 

I I I Ti me after temperat ure I 

starts to rise, 
Stall incept ion- sec ~ 

~ I . I--n. 0 .01 ...r .J'Y' 
~ . 02 v ......... .1 ........ 

~ 
/ .,.....-V I 

~ ~ ...{J\.... F~el cut I 

./ p-

/ 
/. 03 

l....rt:C 
............... ~ . 6~ 

~ /"" . 62 'l' 
h .-----1: ~ .61 Temperature I 

~ ~- . 63 ............... starts t o rise 
.04 

~ 
V 

V 

~ 
. 05 

Fuel r eduction, 
per cent 

0 None 
0 31 (No stall) 

7100 7300 7500 7700 7900 8100 8300 
Corr ected engine speed, rpm 

Figure 13. - Effect of engine fue l r eduction prior to i nl et t emperature change . Inlet tot a l pr essure, 242 pounds per 
square f oot . 

(J'l 

o 

~ 
&; 

~ 
t?:l 
CJl 
-..J 
(") 

N 
N 

------------------~--------.~~-----------------------------------------



NACA RM E57C 22 31 

Fuel reduction, 
percent 

I )44 
4~ 

260 

0 Fuel reduced prior to /40 
temperature transient ./ 

g:. 
"' 220 

I'l 
0 

0 No fuel reduction 

~ ~ .A 43 

V 
oM 
+> g. 
() 

I'l 
oM 

M 180 M 
al 
+> 
to 

"liS 
C1l 
CD 

oM 
I-t 140 
C1l 

8 
"liS 
I-t 
C1l 

~ 
+> 100 
+> 

C1l 
M 
P 
H 

~20 

V 0
42 

20 

~ 
/ 

31 
2 ~ 

/ q 6 

~ 0 

1/ vlO 
0 

8 ~5 V ~ V 
12 ..d 0 / 

14 ~;3~ V ;~ 

60 
V 

V 
8( 

n / 

'" 
./El: 

2'"' 

20 
2000 4000 6000 8000 10,000 12,000 14,000 

Inlet temperature-rise rate, OR/sec 

Figure 14. - Effect of engine fuel reduction on allowable inlet temperature 
rise. Inlet total pr essure, 242 pounds per square foot. 

NACA - Langley Field. Va. 

~-----


