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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM -

INVESTIGATION OF THE PERFORMANCE OF A TURBOJET ENGINE WITH
VARTABLE-POSITION COMPRESSOR INLET GUIDE VANES

By Ray E. Budinger and Harold R. Kaufman

SUMMARY

A 9000-pound-thrust turbojet engine with variable-position compres-
sor inlet guide vanes was investigated in order to determine the effects
of guide-vane angle changes on the compressor, compressor stage, and
over-all engine performance,

The results of the investigation showed that increasing the inlet-
guide-vane turning by closing the vanes decreased the compressor cor-
rected weight flow, and pressure ratio, and at high speeds, slightly de-
creased the efficiency of this compressor along a steady-state engine
operating line. Compressor surge also occurred at a lower value of
total-pressure ratio and corrected weight flow at a constant speed with
increased guide-vane turning. The changes in compressor performance at
high speeds with guide-vane adjustment could be attributed primarily to
the changes in performance of the first stage. Increasing the inlet-
guide-vane turning shifted the first-stage performance curves toward
lower values of flow coefficient, pressure coefficient, and temperature
coefficient. Stages downstream of the first stage were essentially un-
affected by guide-vane adjustment in the high-speed range of operation.

With the inlet guide vanes in the open position, the performance of"
the second-through-fourth-stage group indicated an abrupt stall in the
region of compressor operation where poor engine acceleration character-
istics were encountered. With the inlet guide vanes in the closed posi-
tion, the abrupt stall characteristic of this stage group was eliminated
and the engine acceleration characteristics were improved.

The over-all engine performance showed that increasing the compres-
sor inlet-guide-vane turning at a constant value of corrected engine speed
and exhaust-nozzle area decreased net thrust and exhaust-gas temperature,
while specific fuel consumption was increased in the high-speed range of
operation. The engine performance also showed that guide-vane adjustment
- could be used for thrust modulation at high engine speeds where quick
thrust response is desired without the time lag associated with engine
speed changes.
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INTRODUCTION

In the developuent of more efficient engines, compressor pressure
ratios have been consistently increased, With a fixed-geometry single-
spool compressor, high design pressure ratios aggravate the part-speed
operating problems and, thus, restrict the acceleration capabilities of
the engine. Several solutions to these problems, such as interstage or
discharge air bleed and inlet baffles have been suggested or used (refs.
1 to 3).- Variable-position inlet guide vanes have also been used to im-
prove the acceleration characteristics of high-pressure-ratio single-
spool engines., -

An investigation has been conducted in an altitude test chamber at
the NACA Lewis laboratory to determine the engine, cowmpressor, and
compressor-stage performance of a 9000-pound-thrust axial-flow turbojet
engine with variable-position compressor inlet guide vanes., This in-
vestigation was conducted at a simulated altitude of 35,000 feet and a
flight Mach number of 0.8. A range of corrected engine speeds from
approximately 65 to 100 percent of rated speed were investigated at
three exhaust-nozzle areas and four inlet-guide-vane positions. The
exhaust-nozzle area was varied from 97 to 119 percent of the rated ares
and the variable-position guide vanes were rotated through 30° from the
open to the closed position., Engine performance, over-all compressor

- -performance, and couwpressor-stage performance were determined at the
" various test conditions. In addition, a simplified flow analysis was

made to estimate the effect of guide-vane angle changes on the flow dis-
tributions entering the first rotor-blade row.

APPARATUS

" Engine. - The turbojet engine has a lZ2-stage axial-flow compressor,
a two-stage turbine, and is in the 9000-pound-thrust class. The normal
engine control was modified for this investigation to permit positioning
the inlet guide vanes independently of speed. A variable-area Jjet ex-
haust nozzle was also installed in ordér to obtain a range of compressor
pressure ratios at a constant value of corrected engine speed and guide-
vane setting.

Compressor. - The 12-stage compressor had a constant tip diameter of
32 inches, an inlet hub-tip diameter ratio of 0.45, and a-design tip
speed of 1100 feet per second. The adjustable inlet guide vanes for this
investigation were rotated through 30° from the open to the closed posi-
tion. The open position represents an angle between the engine center-
line and a tangent near the leading and trailing edge of the vanes
(obtained by laying a straight-edge across the pressure surface) of zero
at the root and 13° at the tip. The setting angle at the tip was used to

define:inlet?guidejvane position; hence 13° is open and 43° is closed.
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The open, or 13° guide-vane setting, is the standard position for design
speed operation of the engine.

INSTALLATION AND INSTRUMENTATION

Altitude test chamber. - A sketch of the altitude test chamber and
some of its associated ducting is shown in figure 1. The test bed on
which the engine was mounted is connected by a linkage to a balance
disphragm for thrust measurement. A screen and honeycomb are installed
upstream of the test chamber to insure straight inlet air flow. A bell-
mouth cowl was installed on the front bulkhead to obtain a uniform veloc-
ity profile at the inlet of the compressor,

Instrumentation. - The location of the engine and compressor instru-
mentation stations together with schematic sketches of the instrumenta-
tion at the engine inlet and exhaust nozzle inlet are shown in figure 2.
A table is also inlcuded in figure 2 giving the number and types of meas-
urements obtained at all instrument stations. The compressor interstage
instrumentation located at stations 2a through 24 after the first, fourth,
seventh, and tenth stage stator rows respectively (fig. 2) consisted of
fixed radlal rakes for measuring total pressure and total temperature,
Each rake had five measuring tips which were located at area centers of
equal annular areas. All pressures were measured with alkyazene or mer-
cury manometers and photographically recorded. Teuperatures were meas-
ured with iron-constantan and chromel-alumel thermocouples and were re-
corded by self-balancing potentiometers. Engine speed was measured by
a chronometric tachometer and fuel flow with a calibrated rotometer.

PROCEDURE

The inlet-air total temperature and pressure and the static pressure
in the test section surrounding the exhaust nozzle were maintained at
values corresponding to an altitude of 35,000 feet and a flight Mach
number of 0,8, The data were obtained along a steady—state operating
line at a fixed value of exhaust-nozzle area. The engine was operated
over a range of corrected speeds from approx1mately 65 to 100 percent
of rated speed at three exhaust-nozzle areas for each of four inlet-
guide-vane settings. The exhaust-nozzle areas were 97-, 108-, and 119-
percent of the rated area and the guide vane settings at the tip were
139, 209, 30°, and 43°. A few preliminary data points were also obtained
at a 5° guide-vane.setting. However, the data indicated that compressor
-and engine performance decreased at this setting and, consequently, no
further data were obtained.

The symbols and the methods of experimental data reductlon are given
in appendixes A and B, respectively.
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OVER-ALL COMPRESSOR PERFORMANCE CHARACTERISTICS

The compressor performance maps are shown in figure 3 as pressure
ratio plotted against percent of rated corrected weight flow with ef-
ficiency contours superimposed., These wmaps were determined by interpo-
lation of the data obtained along steady-state engine operating lines
for each combination of exhaust-nozzle area and guide-vane setting
investigated.

Compressor performance characteristics at open (13°) guide-vane

position. - At rated corrected weight flow and with the guide vanes in
the design speed or open (13°) position, the compressor produced a total-

pressure ratio of about 6.8 at an efficiency of 0.8l (fig. 3(a)). With
the guide vanes in the open position, engine acceleration was possible
but difficult (ref. 4). Consequently, engine acceleration time was
excessive with the guide vanes in the open position. The poor couwpres-
sor performance in the low and intermediate speed range at the open

(13°) guide-vane position is not shown in figure 3(a) because of the
limited amount of data obtained at low speeds during this investigation.
However, a detailed compressor performance map at the open guide-vane
position is presented for-another engine of the same model in reference 5,
The compressor performance in the low and intermediate speed region, as
shown in reference 5, is affected by changes in compressor stall charac-
teristics. At low speeds, the hot-wire-anemometer data presented in
reference 5 indicated a complete ring stall of the compressor which was
confined to the tip region. As speed was increased, the complete ring-
type tip stall abruptly changed to a single rotating stall which was also
confined to the outer one-half of the annulus. The single rotating stall
decreased in circumferential extent while maintaining an approximately
constant radial depth with further increases in speed. When the engine
was accelerated to a corrected speed of approximately 85 percent of rated
speed, all stall disappeared from the compressor. In the regions of en-
gine operation where the coumpressor stall characteristics changed, double-
valued performance was obtained. The poor engine acceleration character-
istics with the guide vanes in the open position could probably be attri-
buted to the poor and unstable nature of the compressor performance due
to cHanges in compressor stall characteristics in the low and intermedi-~
ate speed range. '

Effect of guide-vane adjustment on coupressor performance character-
istics. - In the high-speed range of engine operation, increasing the
guide-vane turning by successively closing theivanes’from the 13° to the
439 setting resulted in a decrease in corrected weight flow, pressure
ratio, and a slight decrease in. efficlency at constant values of corrected
engine speed and exhaust-nozzle area as shown in figure 3. The largest
decréase in compreséor performance occurs at design speed with progressive-
ly smaller'decreases in performance being obtained as the engine speed is
reduced. - At design speed and closed exhaust-nozzle position, which is
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97 percent of the rated nozzle area, the compressor corrected weight flow
decreased to approximately 80 percent of rated weight flow, the pressure
ratio decreased from 7.0 to 5.2, and the efficiency was decreased about
five points in closing the guide vanes from the 13° to the 43° setting.

The constant corrected-speed lines shown in figure 3 are also af-
fected by guide-vane adjustment. These lines tend to become vertical
at lower values of corrected speed with increased guide-vane turning.
The fact that only one value of mass flow can be obtained along the
vertical constant corrected-speed lines indicates that the first rotor
is choked. Consequently, it is apparent that increasing guide vane turn-
ing is reducing the compressor weight flow and speed at which flow sepa-
ration and resultant local sonic Mach numbers are obtained in the first
rotor. ‘

Effect of guide-vane adjustment on compressor surge characteristics. -
The results of an acceleration investigation of this engine (ref. 4)
showed that closing the compressor inlet guide vanes improved the engine
acceleration time. The data obtained for the present investigation did
not extend into a low enough speed range to evaluate the source of im-
provement, The effect of inlet-guide-vane adjustment on the compressor
surge line at high speeds as determined from transient data is shown in
figure 4 as.compressor pressure ratio at surge plotted against percent
of rated corrected speed. Changing the inlet-guide-vane setting from -
13° to 20° had no noticeable effect on the compressor surge pressure ratio
in the range of speeds presented. Closing the guide vanes further to the
30° and 43° settings caused compressor surge to occur at a lower pressure
ratio at a constant value of corrected speed. Since the maximum flow for
8 given characteristic curve in the high-speed range decreased with in-
creased guide-vane turning, compressor surge must also occur at a lower
value of corrected weight flow (fig. 3). An extrapolation of the charac-
teristic curves of figure 3 to the surge pressure ratios given in fig-
ure 4 indicates that the compressor surge line in the high-speed range
does not change appreciably. with guide-vane adjustment when plotted against
corrected weight flow. No surge data were available in the intermediate
speed range, but, because of the improvement in engine acceleration char-
acteristics (ref. 4), it is very probable that the shape of the surge line
and, hence, pressure-ratio margin available for acceleration in this speed
range were improved by guide-vane adjustment.

COMPRESSOR GUIDE;VANE-ADJUSTMENT ANATYSTIS

A two-dimensional or mean line analysis of the effect of inlet-guide-
vane adjustment shows that closing the guide vanes will reduce the mean
value of angle of attack entering the first rotor. Consequently, on the
basis of this type of analysis, sufficient guide-vane adjustment would
appear to increase the stall-free range of the inlet stages and the
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attendant deterioration of compressor performance associated with stall
in the low and intermediate speed range. Because this type of analysis
neglects the effects of changes in the radial distribution of flow, a
three-dimensional analysis was made assuming simple radial equilibrium
after the guide vanes. The method for determining the velocity dis-
tribution downstream of the guide vanes is outlined in reference 6. This
method requires a knowledge of the guide-vane turning angle and the weight
flow. Since the guide-vane leaving angle was not measured, it was as-
sumed that the design values of guide-vane turning angle existed at the
design guide-vane setting. The turning angles at the four guide-vane
settings from 13° to 43° were then determined by adjusting the design

values of guide-vane turning angle by 0.9 of the change in setting angle.
This 0.9 value was assumed to represent the slope of the cascade curve

of turning angle against angle of attack. The radial distribution of
guide-vane turning angles used for the simple radial equilibrium analy-
sis are presented in figure 5. These turning-angle distributions will
give a qualitative picture of the trends which might be expected with
guide-vane adjustwment., However, the 300 range of angle of attack on the

inlet guide vanes considered in this analysis will affect the magnitude
of the guide-vane losses as well as the turning angles and thus will af—
fect the magnitudes of the velocities obtained in the analysis.

The radial distribusion of flow entering the first rotor was com-
puted, satisfying the simple radial equilibrium condition at the correct-
ed weight flow at design speed given in figure 3. The computed values
of axial velocity, angle of attack, and relative inlet Mach number dis-
tributions at the four guide-vane settings are shown in figure 6. In-
creasing the guide~vane turning reduces the mean value of angle of attack
and the inlet Mach number relative -to the rotor, indicating unloading of
the first rotor and, hence, a decrease in first-stage pressure ratio at
design speed. The change in axial-velocity distribution in combination
with the change in corrected weight flow at design speed resulted in
higher angles of attack in the tip region of the first rotor with in-
creased guide-vane turning (fig. 8). Since the tip region is normally
quite critical as to stall, a similar analysis was conducted for the
range of speeds investigated in order to obtain an indication of the
effect of guide-vane setting angle on the tip angle of attack at speeds
lower than design. The resulting tip angles of attack are presented in
figure 7 as a function of corrected engine speed for the four guide-vane
settings investigated. At all speeds investigated, the tip angle of
attack entering the first rotor increased with increased guide-vane turn-
ing., Thus, it might appear that the tip blade sections are made more
critical as the guide-vane turning angle is increased.

In addition to the angle of attack, the performance as determined

by the loss and the angle-of-attack range at low loss of a blade section
is a function of the blade loading. Therefore, in order to determine the
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effect of guide-vane adjustment on the first rotor loading, a simple
radial equilibrium analysis was made downstream of the rotor. Carter's
rule (ref. 7) for circular-arc mean-camber-line blading was used to de-
termine the rotor-outlet relative flow angles. With these angles known
and with simple radial equilibrium and continuity satisfied after the
first rotor, the rotor-outlet flow distribution was determined by the
method given in reference 6. The first rotor loading as defined by the
rotor diffusion factor, a blade-loading parameter presented in reference
8, is shown in figure 8. This parameter indicates that the first rotor
loading decreases across the entire blade span with increased guide-vane
turning. The lower loading and also the lower values of relative inlet
Mach number obtained with increased guide-vane turning will tend to in-
crease the stall-free or efficient operating range of the first rotor..
However, the higher tip angles of attack may use up all available range
s0 that no net gain would be obtained in the tip region.

The axial velocity distribution at the outlet of the first rotor is
also shown in figure 8 at design speed. The analysis shows that the
magnitude and radial distribution of axial velocity at the outlet of the
first rotor remain essentially unchanged with guide-vane adjustment ex-
cept for a slight decrease in the magnitude of velocity at the 43° guide-

vane setting. Since the magnitude and distribution of axial velocity

are unchanged with guide-vane adjustment, the outlet flow coefficient
from the first rotor will remain the same. Therefore, this analysis -
indicates that the performance of all blade rows downstream of the first
rotor should not be affected to any great extent in the 300 range of
guide-vane adjustment considered herein. However, the analysis must be
qualified in that it wmerely represents trends because the effect of
changes in guide-vane and rotor stall characteristics and attendant losses
in addition to possible stage interaction effects associated with guide-
vane adjustment are not considered.

In summary, the analysis showed that the change in axial-velocity
distribution required to satisfy simple radial equilibrium after the guide
vanes resulted in a decrease in angle of attack across all but the tip
region of the first rotor with increased guide-vane turning. The de-
creased mean value of angle of attack and lower relative inlet Mach num-
bers obtained across the entire blade span resulted in decreased loading
and, hence, decreased pressure ratio across the first rotor at design
speed. The decrease in rotor pressure ratio compensated for the decrease
in compressor corrected air flow with increased guide-vane turning so
that the rotor-outlet axial velocity remained about the same both in mag-
nitude and radial distribution. Therefore, the analysis indicated that
at design speed the performance of blade rows downstream of the first
rotor would not be appreciably changed by the range of guide-vane adjust-
ment considered. The trends shown by the analysis are considered indica-
tive of the effects of guide-vane adjustment; however, the magnitudes
will be affected by changes in guide-vane and rotor losses and possible
interaction effects, which could not be considered in the analysis.
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COMPRESSOR-STAGE GROUP PERFORMANCE CHARACTERISTICS

The compressor interstage instrumentation made it possible to de-
termine the performance of the following stage groups: first stage,
second through fourth stages, fifth through seventh stages, eighth
through tenth stages, and the eleventh and twelfth stages. The perform-

’ance characteristics of these stage groups are presented in terms of

dimensionless pressure coefficient, temperature coefficient, and adi-
abatic efficiency plotted against flow coefficient in figures 9 to 14
for the four inlet-guide-vane settings investigated. The dimen51onless
stage-performance parameters are defined in appendix B.

Performance characteristics of first stage. - The first-stage per-
formance (fig. 9) shows that closing the inlet guide vanes shifts the
stage curves toward lower values of pressure coefficient, temperature
coefficient, and flow coefficient. This trend is the same as that ex-

‘hibited by the first stage of the cowmpressor reported in reference 9.

The shift in the first-stage curves results from the fact that, in order
to obtain the same mean value of angle of attack with increased guide-
vane turning, the inlet flow coefficient must decrease. At any given
speed, the reduction in the mean axial velocity required to obtain the
same mean value of angle of attack will decrease the stage energy addi-
tion and, hence, will decrease the stage pressure and temperature
coeffi01ents.

The efficiency of the first stage (fig. 9) is sbnormally low; having
a peak value of approximately 0.67 at all guide-vane settings. The low
efficiency of this stage may be attributed partly to the fact that the
inlet-guide-vane losses were included in the performance evaluation of
the first stage. With the guide vanes in the open position (130), the
previous analysis at design speed indicated a high rotor tip loading,
which is indicative of a low tip effilciency as shown in reference 8.
With the guide vanes in the closed position (430), this loading parame-
ter decreased in the tip region (fig. 8). However, the high guide-vane
angle of attack at this setting probably causes flow separation and in~
creased guide-vane losses, which will keep the first-stage efficlency.
low.

The vertical constant corrected speed lines exhibited by the com-
pressor with the guide vanes in the closed position (430), shown in
figure 3(d), can be explained by the performance of the first stage
(fig. 9). At the 43° guide-vane setting, all data points except those
obtained at the lowest speeds lie on the vertical portion of the first-
stage performance curve (fig. 9), thus indicating that the first stage
is choked, Consequently,'the first stage is operating at a constant
value of flow coefficient and, therefore, only one value of compressor
corrected air flow can be obtained at each speed. The negative pressure

CONFIDENTIAL



NACA RM E54L23a CONFIDENTIAL . 9

coefficients obtained across the first stage with the guide vanes in the
closed (43°) position shown in figure 9 can probably be attributed to
increased guide-vane and rotor losses. The increased losses are caused
by high positive angles of attack entering the guide vanes and low nega-
tive angles of attack, particularly in the hub region entering the first
rotor as indicated by the results of the analysis shown in figure 6.

Performance characteristics of stages two through four. - The per-
formance of the second-through-fourth-stage group shown in figure 10
shows only a slight reduction in maximum flow coefficient due to closing
the inlet guide vanes. The analysis of guide-vane adjustment at design
speed which corresponds to the maximum flow portion of the inlet-stage
curves indicated this effect. The analysis showed that the decrease
in compressor corrected weight flow was compensated for by decreased
loading or pressure ratio across the first rotor with increased guide-
vane turning. Therefore, the flow coefficient at the inlet to the sec-
ond stage is primarily a function of speed and not guide-vane position.
The performance curves of the second-through-fourth-stage group (fig. lO)
in the high flow-coefficilent range (above approximately 0.4) indicates
that closing the inlet guide vanes slightly decreases the pressure coef-
ficient and temperature coefficient in addition to the decrease in maxi-
num flow coefficient. However, the magnitude of the decreases in per-
formance of this stage group in the designated flow range is slight in
comparison with the changes in performance of the first stage.

In the low flow-coefficient range (below approximately 0.4), the pres-
sure coefficient and adiabatic efficiency characteristics of the second-
through-fourth-stage group (fig. lQ) improve as the inlet guide vanes
are closed. With the guide vanes in the open position (13°) there is
an abrupt drop in pressure coefficient as indicated by the broken line
in figure 10 which is indicative of an abrupt type of stall in this stage
group. The data obtained in the low-speed range for the other three
guide-vane positions do not indicate a similar stall characteristic. The
change from the abrupt type of stall characteristic at the 13° guide-
vane setting to a more gradual decrease in performance with increased
guide-vane turning, as shown in figure 10, may be due to changes in
stage interaction effects or to a change in radial distribution of angle
of attack entering the first rotor as indicated in the analysis. The
change in radial distribution of angle of attack shown in figure 6 indi-
cates that the tip blade sections may be more critical as to stall with
increased guide-vane turning thus causing stall to be concentrated in
the tip region. The effect of a confined tip stall on the performance
of the inlet stages with the guide vanes in the closed position would be
less severe than the half-span stall which exists at the open guide-
vane position (ref. 5).
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Performance characteristics of stages one through four along a
steady-state engine operating line. - The speed and flow range where
stall is encountered in the second-through-fourth-stage group at the
open (130) guide-vane position corresponds to the region of operation
where the compressor performance and engine acceleration characteristics
are poor. In order to determine the effects of stall in the inlet stages
at the open (130) guide-vane position, the variation of stage performance
along a steady-state operating line is presented in figure 11. The in-
terstage data with measurements after the first stage were very limited
in quantity in the low and intermediate speed range. Therefore, avail-
able data obtained on the same engine with weasurements after the fourth
stage were used to calculate the performance of stages one through four.
The performance of ‘the first four stages 1s plotted against percent of
rated corrected engine speed at rated exhaust-nozzle area in figure 11
‘with the guide vanes in the open (13°) and closed (43°) positions. It
is evident from figure 11 that the performance of the first four stages
changes abruptly in the corrected speed range between approximately 65-
and 85-percent of design at the 13° guide-vane setting. A hysteresis
loop is indicated in figure 1l; the steady-state data on the right side
of the loop were obtained on an acceleration, and the data, on the left
side of the loop on a deceleration of the engine. This hysteresis loop in
the performance of stages one through four is probably the cause of the
double-valued over-all compressor performance obtained in the intermediate
speed range and discussed in reference 5. In this speed range, over one-
third of the compressor work input is accomplished in the first four stages.
Therefore, the compressor performance at the 139 guide-vane setting is
penalized severely by the abrupt stall of the second-through-fourth-
stage group. With the guide vanes in the closed position (43°), the per-
formance of the first four stages varies uniforuly along the steady-state
operating line and no acceleration problems are encountered. The pressure
coefficient at the closed guide-vane position does not attain a peak value
in the range of speeds 1nvest1gated for either the first stage or second-
through-fourth-stage group as shown in figures 9 and 10, Therefore, stall
in the inlet stages will occur at lower than approximately 65 percent of
rated corrected speed with the guide vanes in the closed (43°) position.
At the 20° and 30° guide-vane settings, the flattening out of the pres-
sure coefficient curves in the low flow-coefficient range shown in fig-
ures 9 and 10 indicates that stall will be encountered on acceleration
of the engine at these guide-vane positions. Because of changes in stage
interaction effects and the fact that stall would occur at a lower speed
and, hence, lower pressure ratio level, the effects of stall on compres-
sor and engine performance at the 20° and 30° guide-vane settings would
probably be less severe than at the 13° guide-vane setting.

Performance characteristics of stages five through twelve. - The
performance of the remaining stage groups shown in figures 12 to 14 indi-
cate that guide-vane adjustment has no effect on the performance of stages
five through twelve. The flow coefficient range of the various stage
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groups decreased to a minimum value entering the eighth-through-tenth-
stage group. This stage group operated essentially at a single point at
all speeds, flows, and guide-vane positions investigated as shown in
figure 13, The performance of the eleventh-_and-twelfth—stage'group (fig.
14) is typical of the performance of exit stages in multistage axial-
flow compressors. The design passage taper in combination with the low
pressure ratios of the inlet and middle stage at part speed causes high
axial velocities and very low values of angle of attack in the exit
stages thus producing negative values of pressure coefficient as shown
in figure 14. Increasing the speed, rapidly decreases the axial velocity
in the exit stages thus increasing the angle of attack and, hence, in-
creasing the pressure coefficient of the last-stage group.

Summarization of effects of guide-vane adjustment on stage perform-
ance. - The performance characteristics of the individual stage groups
showed that guide-vane adjustment primarily affects the performance of
the first stage of the compressor. Closing the inlet guide vanes shifted
the first-stage performance curves toward lower values of flow coeffi-
cient, pressure coefficient, and temperature coefficient. With the guide
vanes in the open (13°) position, the performance of the second-through-
fourth-stage group indicated an abrupt stall in the region of compressor
operation where poor engine acceleration characteristics were encountered.
Closing the inlet guide vanes to the 43° setting eliminated the abrupt
stall characteristic of this stage group in the speed range investigated
and improved the acceleration characteristics of the engine. The perform-
ance characteristics of stages five through twelve are unaffected by guide-
vane adjustment.

OVER-ALL ENGINE PERFORMANCE CHARACTERISTICS

Over-all engine performance maps are presented in figure 15 for the
four inlet-guide-vane Positions investigated. The performance at the
rated nozzle area presented in figure 16 was cross-plotted from figure 15.
The experimental pressures and temperatures deviated slightly from the
35,000-foot altitude values, The data were corrected for these deviations.

An increase in inlet-guide-vane turning at constant engine speed and
exhaust-nozzle area (fig. 15) decreased net thrust and exhaust- -gas tem-
perature, while specific fuel consumption increased. The exception to
this trend was the speed range below which the inlet stages of the com-
pressor were stalled with the guide vanes in the open (130) position.

The fact that acceleration was possible at the 20° and 30° inlet-
guide-vane settings might seem to indicate that closing the inlet guide
vanes to 430 is excessive for avoiding stall in the compressor. Data

from reference 4, an acceleration investigation on the same engine, how-
ever, show that stall of the inlet stages has merely been shifted to
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lower speeds and not eliminated by closing the inlet guide vanes. The use
of increased guide-vane turning also reduces the engine acceleration time,
as shown in reference 4. The data of the subject report did not extend
into a low enough speed range to trace the stall characteristics of the
inlet stages of the cowpressor as the inlet guide vanes were closed.

At high engine speeds, the best engine performance was oObtained
with the guide vanes in the open (130) position. In order to determine
if any performance benefits could be obtained by opening the guide vanes
further, a few preliminary data points were obtained at a 59 guide-vane
setting. The engine performance decreased when the guide vanes were
opened from 13° to 5°, indicating that the 13° setting was about optimum

for the high engine speeds.

As shown in figure 16, minimum specific fuel consumption at high
thrust levels i1s obtained with the inlet guide vanes in the open (130)
position. At lower thrust levels, the minimum specific fuel consumption

is obtained at the 20° inlet-guide-vane setting. Although steady-state
operation at low speeds would probably be limited to "holding" or

"loitering", lower specific fuel consumption could be obtained by opera-
tion at a 20° guide-vane setting instead of operating the engine with
the guide vanes in the closed (43°) or acceleration position.

Variable-position inlet guide vanes could also be used for thrust
modulation in a manner similar to a variable-area exhaust nozzle. Clos-
ing the inlet guide vanes at rated speed reduced the thrust 46 percent.
. A similar thrust reduction at the open (13°) guide-vane position would
require a 1S5-percent decrease in engine speed. Although the magnitude
of thrust modulation would be different at other flight conditions,
there are situations such as landing where a quick thrust response is
desirable without the time lag associated with engine speed changes.

SUMMARY OF RESULTS

The results of an investigation to determine the effect of variable-
Position compressor inlet guide vanes on the compreéssor, compressor stage,
and engine performance may be summarized as follows:

1. Increasing the compressor inlet-guide-vane turning decreased the
compressor corrected weight flow, and pressure ratio, and at high speeds
slightly decreased the efficiency of this coumpressor along a steady-state
engine operating line. ‘

2. Compressor surge occurred at a lower value of pressure ratio and

corrected weight flow with increased guide-vane turning at a constant
value of corrected engine speed.

CONFIDENTIAL
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3. Guide-vane adjustment primarily affected the performance of the
first stage for the range of setting angles studied in this investigation.
Increasing the inlet-guide-vane turning shifted the first-stage performance
curves toward lower values of flow coefficient, pressure coefficient, and
temperature coefficient. '

4, With the inlet guide vanes in the open (130) position, the per-
formance of the second-through-fourth-stage group indicated an abrupt
stall in the region of compressor operation where poor engine accelera-
tion characteristics were encountered. Closing the inlet-guide vanes
to the acceleration position (43°) eliminated the abrupt stall charac-

teristic of this stagé group and improved the acceleration characteris-
tics of the engine,

5. Increasing the compressor inlet-guide-vane turning at constant
corrected engine speed and exhaust-nozzle area decreased net thrust
and’ exhaust-gas teuperature while specific fuel consumption was increased
in the high speed range of operation. N

6. A thrust reduction of 46 percent was accomplished at rated en-
gine speed by closing the guide vanes from the 13° to the 43° setting.
This same thrust reduction would require a 15 percent decrease in engine
speed with the guide vanes in the open (13°0) position. '

Lewis Flight Propulsion ILaboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, December 15, 1954.
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SYMBOLS
The following symbols are used in this report:

annulus area, sq ft

-specific heat at constant pressure, Btu/(1b)(°F)

rotor diffusion factor

tip diameter, 'in.

thrust, 1b

acceleration due to gravity, 32.17 ft/secz
mechanical equivalent of heat, 778.26 ft-1b/Btu
relative Mach number |
engine speed, rpm

number of stages

total pressure, 1b/sq ft

static pressure, lb/sq f£.

gas constant, 53.35 ft-1b/(1b)(CR)

total temperature, °R

mean wheel speed, ft/sec

velocity, Tt/sec

air weight'floﬁ, lb/sec

fuel weight flow, lb/hr

gas weight flow, lb/sec

pressure-ratio function

CONF IDENTTIAL
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radius ratio, ratio of any radius to tip radius

z

a angle of attack, deg

Y ratio of specific heats

LB turning angle, deg

o) ratio of inlet total pressure to NACA standard static sea-level
pressure of 2116 lb/sq ft

1 adiasbatic efficiency

S ratio of inlet total temperature to NACA sténdard sea-level
tewperature of 518.7°CR

P density, (lb)(secz)/ft4

® flow coefficient

¥p pressure coefficient

Wt temperature coefficient

Subscripts:

c compressor

e exit

h hub

i inlet

ii inlet of preceding stage

J Jet

n net

r rated

5 standard

X axial

0 flight condition of free stream

CONFIDENTIAL
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APPENDIX B

METHOD OF EXPERIMENTAL DATA REDUCTION

Compressor performance. - The over-all compressor performance was
determined from the arithme* "cally averaged values of measured total
pressure and total temperat e obtained from measurements at stations 1
and 3 as follows:

Air weight flow:

- 2rg P Pl) |
Mo = P1Ay zﬁrm—l(@ <p_l = o

Adiabatic temperature-rise efficiency:

¢

r-1

P T
3
T <——> -1
1\Py

n, =— (B2)
(¢] T3 - Tl

Stage performance. - The performance of the individual stage groups
was determined in terms of dimensionless flow coefficient ¢, pressure
coefficient Wp: temperature coefficient Vi, and adlabatic efficiency 7.
These parameters were calculated from arithmetic radial averages of the
total pressures and temperatures obtained from interstage rakes in the
form of pressure and temperature ratios across each stage group. To
facilitate the calculation procedure, the dimensionless stage performance
parameters were defined in terms of corrected weight flow and corrected
speed in addition to the pressure and temperature ratios as follows:

Flow coefficient:

WaA/578 1

= . (B3)

Um/Nag (ps 8)A

-
[
é:lgq

Since the annulus area A and mean wheel speed U, can be defined
in terms of the compressor physical dimensions and rotative speed, the
equation reduced to

@ = 1.098x106[ L Taﬁ/ ° (B4)

(1+28)(1 - z ) ai| ¥/A/®
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Pressure coefficient (per stage):

r-1
AW |
glep Tg P; - 1.0
n(Um/\/ﬁ)
. T-1
which upon substituting for Uy and letting Y = (Pg/Py) ' - 1.0
reduces to
¥, = 6.545x101" = — z 5 (B6)
(1 + zh) din (N/A/6)
Adiabatic efficiency:
Y
n=g (B7)
= .1.0
T3
Temperature coefficient:
¥
Ve = -;]I—’ © (B8)

The bracketed terms in the definitions of the flow and pressure co-
efficients (egs. (B4) and (B6), respectively) are constants at the en-
trance to a stage for a given compressor and, consequently, it is only
necessary to know the values of corrected weight flow and corrected speed
at the inlet to the stage or outlet of the preceding stage in order to
caleulate the desired parameters. These corrected values can be calcu-
lated from the measured total-pressure and -temperature ratios as follows:

By

Na/6 NA/6

and

@—5)2 ) (/\%)1 (Ti}- Te> B (BlOS
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Engine performance. - The engine performance data were calculated
as follows:

Gas weight flow:

We
Wg = Wa + '5—,%—6 (Bll)
Net thrust:
Wa
Fpo=Fj - = Vo (B12)
where
T-1
, ==
VA = Ei%ﬁfi 1 - 89 (313)
(Ol T-1 2
1
and
, WaVi
Fj =B + + Al (pl po) + D (B14)

where B 1is the thrust scale reading and D 1is the external drag of the
installation. The subscript notation 1' is used to designate a meas-
uring station just upstream of the compressor bullet-nose shown on fig-
ure 2. ‘

8pecific fuel consumptién:

sfc = (B15)

W
Fp
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engine speed %ii'
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Percent of rated corrected weight flow,
. (waq/e/s)r

(a) Inlet-guide-vane setting, 13° (open).

Figure 3. -~ Compressor performance mep.
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Compressor pressure ratio, Ps/Pl
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Figure 3. - Concluded. Compressor performance map.
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(a) Inlet-gulde-vane setting, 13° (open).

Mach number of 0.8.

Figure 15. - Englne performance maps at altitude of 35,000 feet and flight
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(d) Inlet-guide-vane setting, 43° (closed).

Figure 15. - Concluded. Engine performance maps at altitude
of 35,000 feet and flight Mach number of O.8.
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Figure 16: - Engine performence map at rated exhaust-nozzle
area, altitude of 35,000 feet, and flight Mach number of
O'Bl
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