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AND TEMPERATURE ON PERFORMANGE

By Harold B. Finger, Harold J. Schum, -and Howard A, Buckner, Jr.

~ SUMMARY

An investigetion was made to determlne the effects of inlet-
alr pressure and temperature on the performence of the 10-stage
axial-flow compressor from the X24C-2 turbojet engine. The inves~
tigation was conducted for epeeds of 80, 89, and 100 percent of
equlvalent deslign speed with inlet-air pressures of 6 and 12 inches
of mercury absolute (424 and 849 lb/sq ft) and inlet-sir tempera-’
‘tures of approximately 538°, 459°, and 419° R (79°, 0°, and -40° F).
The results of the investiga.tion of the effect of inlet-air pres-
sure were compared wilth the results of the previous performance
investigation at & nominal inlet-air pressure of 21 inchea of mer~
cury ebsolute (1485 1b/sq £1) and an inlet-air temperature of
approximately 538° R to give a larger range of inlet-air pressures.

The peak values of adiebatic temperature-rise effilclency and
pressure ratio were found to decrease as the inlet-air pressure
was reduced st constant Inlet-alr temperature. The effect of
inlet-air pressure on eguivalent welght flow was small, the rela-
tive deviation reaching a maximwmm of gbout 1 percent. Varlations
in inlet-air temperature had only & slight effect on the seme per-
formance parameters. All data obtained at verlous inlet-alr pres-
sures and 1nlet-air temperatures corrslated on two curves when the
polytropic efficlency wee plotted as a function of the polytropic
loss factor, The only effect of inlet-air pressure was to increase
the minimum loss factor and to decrease the maximum polytroplc
efficiency as the inlet-alr pressure was reduced., The corre-
sponiing effect of temperature was negligible. Pesk adisbatic
temperature-rise efficiency and pressure ratlc lncreased wilth
increasing Reynclds number. The fact that the range of Reynolds
number covered in varying the inlet-air pressure was considerably
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larger than that obteined by varying the inlet-alr temperature,
showa that the largest effect of a change in altitude will be due
to the change iIn pressure. A study of the interstage static-
pressure data, obtalned during this investigation, was made to
determine the performence of each compressor component.

INTROTUCTION

The performance of the 1l0-stage axlal-flow compressgor from
the X24C-Z2 turbojet engine 1a belng investigated at the NACA
Cleveland laboratory at the request of the Bureau of Aeronautics,
Ravy Depertment. This compressor was designed to deliver
54.6 pounds of alr per second at a pressure ratio of 4, sea-level
inlet conditions, and a rotor speed of 12,000 rpm.

The results of an Investigation at an inlet-air pressure of
21 inches of mercury sbsolute (1485 1lb/eq ft) and an embient
inlet-air temperature of approximately 538° R are reported in
reference 1. One run of this investigatlion wes made at the design
speed when losses through the inlet piping reduced the maximum
inlet-alr pressure obtalnable to 19.5 inches of mercury absolute
(1374 1b/sq £t).

In order to determins the effect of inlet-alr pressure on the
performance of. the compressor, runs et 80, 89, and 100 percent of
equlvalent design speed were made at Inlet-alr pressures of 6 and
12 inches of mercury absolute (424 and 849 1b/sg ft, respectively)
at an inlet-alr temperature of approximately 538° R. Ambilent-air
temperature was used so that a comparlson could be made with the
results obtained in reference 1 at corresponding speeds. Runs at
inlet-air temperatures of 538°, 459°, and 419° R at an inlet-air
pressure of 6 inches of mercury sbsolute were maede to determine
the effect of inlet-air temperature on the performance of the
compressor. Because data In the high-flow or choking range of
operation were not obtailned in reference 1, a study of the inter-
stage wall static-pressure measurements was mads.

During investigations of effects of inlet-ailr conditiona on
the performence of other axial-flow compressors, (references 2
to 4), unmeasured smounts of alr leaked intc and out of the com-
pressor and an unknown degree of heat transfer waa present., For
the present investigation, the setup was therefore designed to
eliminate any source of appreciable alr leakage and provisions
were made to evaluate any leakage that might exist. Because
elimination of heat transfer was impractical, calculations were
made to determine the errors introduced by the heat-transfer
processes. .
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APPARATUS AND INSTRUMENTATION
Apparatus

The 1l0-stage axial-flow X24C-2 campressor was designed to
deliver 54.6 pounds of alr per second at a pressure ratioc of 4,
sea-level inlet conditions, and & rotor speed of 12,000 rpm. The
compressor and the setup used for this iInvestigation were the same
as those completely described in reference 1. A photograph of the
over-all experimental setup is shown in figure 1. The compressor
was driven by a 9000-horsepower variable-freguency Iinductlion motor
rated at 1793 rpm through & gear box with a step-up ratlo of
8.974:1. ’

Room air was used for the runs made to determine the effect
of inlet-air pressure on campressor performance; for the deter-
mination of the effect of inlet-air temperature, air was suppllied
to the compressor by the laboratory refrigerated-alr system. In
both cases, the air pessed through a submerged &djustable orifice
in the inlet piping and into a depression tank, which was approxi-
mately 10 feet in length and 6 feet In dlameter. A wooden bell~
mouth was fitted between the depresaion tank and the compressor-
inlet section to insure smooth alr entry into the compressor.
Discharge air passed through & soreen 1n the compressor-outlet
passage into a collector and was removed by two redlal outlet
pipes into a common outlet plpe connected to the laboratory
altitude~-exhaust systenm.

In the investigation reported in reference 1, the screen in
the outlet passage of the compressor limited the meximm air-
weight flow through the unit. In order to alleviate this situa-
tion, the original 47-percent opening screen was replaced with a
screen of 87-percent opening. This change was the only alteratlon
made to the compressor setup used for the investigatlion of
reference 1.

The inlet piping, the depression tenk, the compressor, and
part of the outlet piping were lagged to minimize heat transfer
+0 or from the room. The compressor was lagged outside the pro-
tective gteel shield, which allowed & dead-alr space of approxi-
mately 35 ‘inches to act as an additional insulator. The sghield

was covered with approximately 4 inches of 85-percent magnesia
insulation, Co ' . . .
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Instmmen'batiori

The instrumentation required for the determination of compressor
performance was the same as that described in detail in reference 1;
the methods used were those recommended in reference 5. Compressor
alr flow was metered by the submerged adjustable orifice located in
the inlet plping. Compressor inlet-air measurements were made in
the depressgion tank, Because the cross-sectlional aree of the tenk
was lerge, the velocity pressure in the tank was negligible and
the static-pressure wall taps were used for measuring the Inlet-alr
total pressure. Inlet-alr temperature was measured in approximetely
the same plane as the pressure measurements, using two thermocouple
rekes, Fach rake consisted of three thermocouples, each thermo-
couple being located at the radius of gyration of equal anmular .
areas. The outlet-air conditions were determined by elght static-
pressure taps and six thermocouples located in the compressor-
outlet sectlion, which was made annular by inserts, as. recommended
in reference 5. Static pressures were also measured along the com-
pressor cesing between each rotor and sta:_bor row in order to obtain
the pressure gredient through the compressor at the casing.

Air pressures were indicated on mercury mancmeters with the
exception of the orifice pressure differential, which was indicated
on & waber manometer. Temperatures were measured with calibrated
iron-constantan thermocouples In conjunction with a highly sennl-
tive potentiometer., The cold Junctions of these thermocouples were
located in an ice bath. The speed of the compressor was measured
with an electrical chronometric tachcmeter. The alr used in the .
air-oil mist lubrication system was metered by a submerged orifice
plate and passed through sonlc nozzles to ma.intain a congtant alr
supply to the bearings.

Preoclsion
The precision of the measurements taken to determine the per-

formance of the X24C-2 10-stage axial-flow compressor 1is eastimated
to be within the following limits:

Temperatur®, R « o « v « « « ¢ « o « o« ¢ o s o o o o o s o o F,5
Pressure, In. HE . + ¢ ¢« « ¢« « o o « o o o o ¢ « o ¢ o « o « *0,05
Compressor speed, parcent . « « « « « o+ o + ¢ o o o s s o o o F.5
Air-weight flow, percent . . . ¢ ¢ o o ¢« ¢« ¢« 4 o s s o o o . F.O

The air-weight flow through the compressor, as measured by the
submerged adjustable orifice in the inlet piping, was checked by e
velocity head traverse in the outlet piping. Both methods of
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determining eir-weight flow were previously calibrated simultane-
ocusly using a flat-plate orifice ss a standard. The outlet. measur-
ing system was used solely as a check of the leakage. During the
-investigation, the two messurements of air-welght flow always agreed
to within +2 percent and the assumption was made that a negliglble
amount of elr leakage existed,

Although the temperature of the alr in the depression tank was
messured within +0,5° R, the temperature of the alr at the inlet to
the compressor proper was affected by heat conductlion along the
compressor casing end the rotor from the outlet of the compressor
to the Inlet section. Another source of heat transfer was the
heat introduced by the leakage alr used in the lubrication of the
compressor front bearing. Consequently, in addition to inherent
orrors inourred by the lInaccuracy of the measurements, a small
additional error was caused by heat trensfer. The meximum errors
caused by the comblned heat-trensfer effects on the peak pressure
ratio Pz/Pl (ratio of total pressure at compressor outlet to

total pressure at compressor :Lnle'l:)_a.nd. adlisbetic temperature-rise

efficiency np were estimated to be 0.5 and 0.25 percent, respec-

tlvely. The following teble gives the maximum percentage of devia-
tion in the peask pressure ratio and effliciency caused by the inher-
ent inaccuracy of measurements at each speed and inlet condition:

Inlet con~ Equivelent design speed
ditions (percent)
Pres- | Temper-j 80 _89 100
sure | ature [Peak |Peak Peak |Peak Pesk |[Peak
(in. (°R) |pres-|edisbatic |pres-jadiabatic |pres-jedlabatic
Hg sure |tempera- |sure |tempera- [sure |tempera-
abs., ) ratio|ture-rise |ratlojture-rise |ratlio}ture-rise
Pp /P, |efficiency| Py /P, |efficiency| Py /P, | efficiency
Ip ip ip
212 538 |£0.34{ 0,97 +0.32] =*0.50 +£0.19] *0.49
12 538 +,60] *1.24 £,57f *1.05 +,52] +1.03
6 538 |[£1.20f{ 2,54 1,16 +£1.54 +1.09{ #1.81
6 459 %,99]| #£2.47 £,95{ *2.13 £.89] £1.62
6 419 |[£1.02| =2.65 +£,95] *2.22 3,89 2,23

8Nanminal valua.
From this table it can be seen thet the maximum Geviation’ in

temperature-rise efficlenocy and pressure ratio incurred by the preci-
sion of measurements varies considerably with a decrease in inlet-alr
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pressure but varies only slightly with inlet-air temperature. From
the successlon of polnts obtalned at a given speed and inlet condi-
tion, it appears that the actual deviation incurred for each point
was relatively donstant, the deviation verying with speed end inlet
condition as noted from the preceding table.

SYMBOLS

The following symbols are used in the calculations:

cp - specific heat at conséant pressure, (Btu/(1b)(°F))
Cq specific heat et constant voluﬁe,.(Btu/(ibj(°F))
D inside diaﬁetey of ocompressor cesing, (ft)

My outlet Mach mumber

m polytropic exponent

n number of stages

P absolute total pressure, {(lb/sq £t)

(Pz/Pl)l/n root-mean-pressure retio per stage

Py : absolute static pressure st various polnts along com-
pressor casing, (1lb/sq £t)

R : Reynolds number at compressor inlet, oVD/p

R Reynolds number index at compressor inlet, W/Tlo'77

T | absolute total temperature, -°R

v ‘-axial inlet-air velocity, (ft/sec)

W welght flow, (1b/sec)

W A/6/3 equivalent welght flow corrected to NACA stenderd

sea-level conditions, (lb/sec)

W /8/6D% specific equivalent wbighf flow corrected to NACA
standard sed-level conditions, (1b/(sec}(sq ft))

¥ ' ratio of specific heats, cp/cv


http://www.abbottaerospace.com/technical-library

NACA RM No, E7H22 ol 7

<] . ratio of inlet-alr total pressure to NAGA stand.ard.
. sea-lgvel pressure

np polybropic efficiency, (1;3)/ Gl- )

N adisbatic temperature-rise efficiency
e ratio of inlet-air total temperature to NACA standard
sea-level temperature _
Yoy W
olytropic loss factor, -— (1- = £ (1 -
M polytrop _ g () T (L - mp)
p density of eir at compressor inlet, (lb/cu ft)
B absolute viscosity of air at compressor inlet,
(v / (£t) (sec))
Vo meen pressure cosfficient per stage
llfm/nT work input factor based on adisbatic temperature-
) rise efficiency
1IJP } polytroplc pressure coefflcient per stage
Subscripts : .
1 inlet
2 " outlet
METEODS

In order to determine the effect of Inlet-eir preassure on the
performance of the X24C-Z compressor, runa were mads at inlet
pressures of 6 and 12 inches of mercury absoliunte and ambient-air
temperature (approximately 538° R or 79° F) so that a comparison
could be made with the results of reference 1, which were obtalned
at a corresponding inlet-alr tempereature and a nominel inlet pres-
sure of 21 inches of mercury absolute.

At the beginning of the investigation at reduced Inlet-alr
temperatures, fallure of one of the setup parts damaged the two
rows of outlet-guide vanes and also caused the rotor blade tlps
to rub and wear slightly. These blade tips were designed with
grooves extending to a radial depth of 7/64 inch in order to
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minimize damege in the event of blade~cesing interference. The
burrs at the rotor blade tips and in the compressor casing were
removed and the two rows of outlet-gulde vanes were replaced.

A run wes then mede at an inlet-air pressure of 6 inches of
mercury abgolute and ambient-air temperature to determine the
change In performance resulting from these modifications; the dif-
ference was found to be within the accuracy of meessurement. Addi-
tional runs were then made at an inlet-alr pressure of 6 Inches of
mercury absolute and inlet-alr temperatures of 459° and 419° R
(0° and -40° F) to determine the effect of  inlet-air temperature
on campressor performance., It wag necessery to make these runs ab
an inlet-air pressure of 6§ inches of mercury absolute because of
the limited quantity of refrigersted air available. At each inlet
condition, the speeds investigated were confined to 80, 89, and
100 percent of the equlvalent depign speed., Lower speeds were
congidered unessential for these investigations because they are
not within the normal operating renge of the compressor.

All the runs reported were made in the seme manner as the
rung of reference 1 and in accordance with the recommendations of
reference 5. At each speed Investligated, the inlet-alr tempera-
ture and pressure were maintained constant and the air flow was
varled from the maximum obtainable with the lsboratory alr system
to the point Just preceding incipient surge. Surging was detected
audibly end by observing fluctuations on the manometers.

The methods of calculating the performance parameters are
discussed in references 1 and 5 except for the inlet Reynolds
number index, which 1s introduced herein.

Inlet Reynolds number is defined as

cvD
m

R =

For the determination of the Reynolds number at a glven blade
element of the compressor, the velocity term should be taken as
the velocity of the alr relative to the blade element being con-
gldered end the length should be that which 18 characterisgtic of .
the particular blade element. Consequently, the numerical value
of the Reynolds number will vary from hub to tip in a given blade
row and fram one row of blades to another. When dynamic similar-
ity 1s obtained, the Reynolda number at any blade element is pro--
portional to the ‘Inlet Reynolds number; and, except for the '
possible effects of viscoslity and heat tra.nsfer, dynamic similar-
ity 1s determined by equivalent epeed and eguivalent weight flow.

ol
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Thus, whén the equivalent speed and the equivalent weight flow are
held constant, the trus variations of Reynolds number throughout
the compresacr will be approximately proportional to the variation
of inlet Reynolds numbher I1f the accumulated effects of Reynolds
number are actually smell.

From the equation of continulty

4W
n'Dz

The viscosity u 1is proportionsl to the inlet-air temperature
raised to the 0.77 power for the range of tempsratures encountered
in thils investigation. Substitution in the ariglinal squation for
inlet Reynolds number ylelds

4W W
R -~ —_—~ — = Rl’
50,0-77 1,077

"For facility in discuseion, the Reynolds number index R' 1is
used as an exact indlcation of inlet Reynolds number.

RESULTS AND DISCUSSION

All performence parameters presented in the discussion have
been corrected to NACA standard sea-level conditlons of 29.92 inches
~ of mercury absolute and 518.4° R, as prescribed in reference 5.

The results of the linvestigation are divided into filve parts:
(1) genersl performance, (2) effect of inlet-air pressure,
(3) effect of inlet-sir tempersture, (4) effect of Reynolds number,
and (5) interstage messurements.

General Performance

The variation of over-all pressure ratio Ps/P; eand root-
mean-pressure ratio per stage (Py/P1)L/D with equivalent weight

flow W./8/5 and specific equivelent welght flow W+/6/8DF is
shown in figure 2 for compressor speeds of 80, 89,.and 100 percent
of the design speed (12,000 rpm) with an am'bient inlet-air tempera-
ture of  approximately 538° R end inlet-air pressures of 12 and

6 inches of mercury absolute. Adiabatic temperature-rise effi-
ciency contours and the surge limlt are also shown. The general:
performance for the three speeds investigated with an inlet pressure

. (N

-
)
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of 6 inches of mercury absolute and inlet-air tbemperatures of \
approximately 538°, 459°, and 419° R is presented in figure 3. The
results of figure 3 were cobtalned after the compressor blade tips
had rubbed and the damage had been repaired. Table I presents all
compressor parameters determined in sccordance with reference 5.

Effect of Inlet-Alr Pressure on Performance

The effect of varying inlet-air préssure on compressor per-
formance was found to be difficult to evaluate in yeferences 2 to 4
because of unmeasured emounts of air leakage into and out of the
compressors. The setup for the present investigation was therefore
designed to reduce leakage as much es possible; and If any leskage
did occur, precautions were made for measuring the air-weight flow
both upstream and downstream of the ¢umpressor. Because these two
welght~flow measurements agreed within 42 percent, the assumption
was made that the amount of alr leskage was negligible. The only
known source of leakage was the air sprey used in conjunction with
the oll-air-mist lubrication system for the compressor front bear-
ing. This alr leakage was constant at 0,024 pound per second for
all operating conditions and resulted in a maximum error of 0.3 per=-
cent in the actual air flow through the compressor. This error was
well within the precision of measurement and was legs than the dif-
ference between the inlet and outlet flow messurements.

In order to show the effect of inlet-alr pressure on compressor-
performance characteristics, results obtalned at inlet-air pressures
of 6 and 12 inches of mercury absclute are compared with correspond-
ing results at the higher inlet-air pressures (reference 1) for 80,
89, and 100 percent of design speed. Adiabatic temperature-rise
efficlency Tip and pressure ratio Pz/?l as functions of equiva-

lent welght flow are presented In figures 4 and 5, respectively,
for the inlet-alr pressures investigated. The effect of inlet-air
pressure on the varigtion of polytropic efficiency with polytropic
loes factor 1s shown in figure 6.

Adlisbatic temperature-rise efficlency. - The effect of inlet-
alr pressure on the adiabatic temperature-rise efficlency at an
inlet~alr temperature of S38° R 1s presented 1n figure 4. At each
of the three speeds investigated, the peak efficlency decreased
with decreasing inlet-air pressure. The difference between peak
efficlencies decreased from 0.07 at 80 percent of design speed to =
0.05 at design speed. These results are in general agreement with
those of references 2 and 3. The trend of decreasing efficiency
with decreasing inlet-alr pressure is in the direction that would
be expected from a Reynolds number effect; that 1s, lower inlet

N
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Reynolds numbers result in lower efficiencies. An indication of
the range of Reynolds number covered by varying inlet-air pressure
may be obtained from the fect that the inlet Reynolds number at
the highest inlet-air pressure was approximately 3% times that for

:Edr the lowest inlet pressure,

.~ Maximum efficiency at an inlet-air pressure of 21 inches of
mercury absolute was cobserved at 89 percent of the design speed;
at an inlet-air pressure of 12 inches of mercury absolute, maxl-
mum efficiency was observed at 80 percent of design speed; with

an inlet-air pressure of 6 inches of mercury &bsolute, hawever,
meximm efficiency was observed at design speed., The maximum 4if-
ference between the peak efficiencles for a glven inlet-air pres-
sure was epproximately 0.02., For the inlet-sir pressure of 6 inches
of mercury absolute, the entire variation of peak efficiency with
speed is within experimentel error; for inlet-air pressures of 21
and 12 inches of mercury sbsolute, however, only one-half of the
variation of peak efficiency with speed may be attributed to exper-
mentel error. From these results, inlet-air pressure apparently
changed the speed at which meximum efficiency occurred.

Pressure ratio and equivalent welight flow. - The effect of
inlet-air pressure on pressure ratio and equivalent weight flow
is presented in figure 5. At all the speeds investigated, the
peak pressure ratio obtained with the maximum inlet-air pressuxre
was greater than that obtailned with an inlet-alr pressure of
6 inches of mercury absolute., The difference Iln peak pressure
ratio obtained at the highest and lowest inlel-alr pressures
reached a maximum of 0.17 (approximetely 6 percent) at 89 percent
of design speed. Peak pressure raetlo at an inlet-air pressure of
12 inches of mercury ebsolute was, In all cases, less than or
equal to the peak pressure ratio at an inlet-air pressure of -
21 inches of mercury absolute and greater than or equal to that
obtained at 6 inches of mercury a&bsolute. The difference in peak
pressure ratio obtained at the two low lnlet-eir pressures
decreased from 0.06 to pmptica.}.l'y 0 es the speed was- increased
from 80 to 100 percent of design speed. In general, a decrease
in inlet-air pressure with constant inlet-alr temperature there-
fore decreases the peak pressure ratio. The differences in peak
pressure ratlo at each speed were approximately équivalent to the
differences in peak adisbatic temperature-rise efficlency.

_. The effect of inlet-air pressure on equivalent welght flow
can be determined by examining the high-flow range of operation
for each speed in figure 5. The maximum equivalent welght flow
was the sams for the two higher inlet-air pressures at all speeds,
At design speed, the curves for all three inlet-alr pressures are
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coincident in the high-flow range. At 80 and 89 percent of deaign
speed, the weight flows for en Inlet-alr pressure of 6 inches of
mercury absolute-are slightly less than those for inlet-air pres-
sures of 12 and 21 inches of mercury absolute. The maximum devia-
tion at high flows was only 2 percent, at least ohe~half of which
can be attributed to experimental error. Inlet-alr pressure appar-
ently has a maximm effect of about 1 percent on eguivalent welght
flow, The discrepancy between the effect of inlet-eir pressure on
equivalent weight flow a8 shown in references 2 to 4 and that shown
herein may be chiefly attributed to leakage effects in the refer-
ence investigations.

The results presented 1n figure 4 lndlcate that the surge-free
renge of operation was increased as Qhe.inletéair pressure was
reduced. At 80 and 89 percent of design speed, the surge limit of
operetion consistently occurred at lower values of welght flow as
Inlet-air pressure decressed. At the low inlet-air pressures,
detection of surging was difficult because the pulsations were
much milder than at the high inlet-air pressures. ' The milder pul-
sations at the low Ilnlet-alr pressures msey have been due either to
the decreased air density or to changes in the reslstance-volume
characteristicas of the inlet and outlet ducts resulting from dif-
ferent inlet and outlet throttle settings. Inasmuch as the swrglng
characteristics encountered in this investigation would very prob-
ably be dlfferent from those encountered during the operation of a
Jet engine, the observed extension of the surge-free range of oper-
ation accompanying & decrease in inlet-alr pressure was regarded
only as a possible trend. '

Polytroplic loss factor., - The use of a polytropic loss factor
proved satisfactory ln obtaining en accurate correlation of the
effect of inlet-air pressure upon compressor performance independ-
ent of speed. The polytroplc loss factor Ap,- which 1s a function

of all the losses of compression such as heat t?énsfer, blede drag,
tip clearance, and wall frioction,.ls defined as the difference
between the work input factor 1hp/np and. the presisure coeffi-

clent WP’ which are measures of the actual and useful work,

respectively, performed on a gas during the compresslion process.

In addition, presenting this polytropic lose factor as a function
of polytropilc eff'iciency, which serves as an indication of mean
stage efficiency, gave a satisfactory correlation. This polytroplo
efficiency 18 equal to the ratlo of the polytroplic toc the actuel
work of compression. The derivatione of polytroplc efficiency and
polytropic lose factor are presented in rpﬂgrsnce 1. 3

The varlation of polytropile efficiencyuwith the - polytropic
loss factor for the various speeds and inlet-alr pressures

*.
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E—
investigated 1s shown in filgure 6. The compressor performence for
all speeds and inlet conditions can be presented by two converging
curves as found in reference 1. Poilnts for low flows at each speed
Pall on the upper curve of figure 6 and those for high flows fall
on the lower curve. All the data correlate on the same two curves
within about 2 percent regardless of inlet-air pressure and speed.
The data for each Inlet-alr pressure are shown on a separate plot
only for the seke of simpliclity. The chief effects of inlet-air
pressure were to Increase the minlmum loss factor and decreasse the
maximum polytropic efficiency as the inlet-air pressure was reduced.
In going from the maximum inlet-alr pressure of 21 inches of mer-
cury ebsolute to 6 inches of mercury absoluts, the polytropic loss
factor increased from 0.056 to 0,082 and the polytropic efficlency
decreased fram 0,87 to 0.81. It must be remembered, however, that
efficlency ls & function of the ratio of losses to input and that

& decrease in losses elone does not necessltate an increase In
efficiency. From the data of figure 6 it appears that inlet-alr
pressure has 1little effect on the correlation exoept in the region
of the minimum loss factor.

Effect of Inlet—Air Temperature on Performence

Eeat transfer. - Because other Investlgators.have found it
difficult to evaluste the effect of inlet-alr ‘temperature on com-
pressor performance due to. hest-trensfer effects (references 2
and 3), calculations were made ta estimate the extent of these
effects for the present mvestigation. The following processes
were consldsered: ' '

(a) Heat transferred by conduction from the -.outlet air to the
inlet air through the cesing and the rotor, which would cause &
difference between the observed and the dctual inlet-air temperatures

(v) Heat transferred by convection from the front bearing air-
oil lubrication spray entering the air stream at the compressor
inlet to the inlet air, which would ceuse a difference between the
observed end the a.ctua.l inlet-a.ir temperatures

(c) Heat transfer 'bet,ween the working fluid and the ambient
air, which would not only cause & deviation between the observed
and the actual temperature rises through the compressor but would
also change the relatlve veloclty dlagram of the individual stages

(4) Heat trensfer from the working fluid through the turbine

shaft to the balance piston (see fig. 5, reference 1), which would
cause an error in the measured ocutlet-air temperature
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(e) Heat transferred between the'compressor end 1te supports

These calculations indicated that the maximum error in effi-
clency due to these heat-transfer effects was 0.25 percent for the
condition that seemed to be aeffected most. The magnitude of the
calculated effect 18 less than the accuracy of the messurements
for an inlet-air pressure of 6 inches of mercury absolute, (on-
Bequently, the effect of heat transfer was neglected in evaluating
the results of this investigation.

Adisbatic temperature-rise efficiency. - The effect of inlet-
air temperature on adiabatic temperature-rise efficlency is pre-
sented in figure 7 for 80, 89, and 100 percent of design speed at
an Inlet-air pressure of 6 inches of mercury ebsoclute, Inlet-air
temperatures of 538°, 455°, and 419° R were investigated, The dif-
ferences in the peak efficiencles obtained with the various inlet-
alr temperatures are very small, reaching a maximum of about 0.03
at 80 percent of design speed. In the low-flow range of the curves
at 80 percent of. design speed, the efficilency with an inlet-air
temperature of 419° R 1s considerably lower than the efficlencies
with elther of the.two other inlet-alr temperatures. This veria-
tlon is pertly attributed to the light-surge condition over most
of the low-flow region. For all speeds, the peak adisbatic
temperature~rise efficiency at an inlet-air temperature of 459° R
was greater than or equal to that for 538° R, Conversely, the
peak value of edisbatic temperature-rise efficiency at an inlet-
air temperature of 419° R was neyer grester than that cbtained at
the inlet-sir temperature of 538~ R. The peak efficiency for all
speeds investigated was less for an inlet-air temperature of 419° R
than for 459° R. Although the total variation of peak efficliency
with the three inlet-alr temperatures is within the absolute pre-
cigsion of measurements, most of the data indicate that the adla-
batic temperature-rise efficlency does very with inlet-air tempera-
ture., Between the temperatures of 538° and 459° R, the changs in
efficlency with tempereture follows a trend which suggests that
the effect of inlet-air temperature on adisbatic temperature-rige
efficiency was nothing more then the effect of Reynolds number.
Boetween the temperatures of 458° and 419° R, however, the apparent
trend is Just the opposite, Although the evidence is still incon-
clusive, the effect of inlet-alr temperature on adisbatic
temperature-rise efficlency apparently can not be completely
explained by the effect of inlet-alr temperature on Reynolds
number.

The results of reference 2 indicate an effect of temperature

comparable In magnitude to these results. The effect of tempera-
ture a8 presented in reference 3 was conslderably greater than
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the effect obtained in the current investigation but the results of
reference 3 were effected by alr leakage of unknown magnitude. In
this investigation, the varilation of peak aediabatic temperature-
rise efficiency with inlet-alr temperature over the range of tem-
perature that is of interest appears to be extremely small for the
inlet-alr pressure investigated (6 in. Hg absolute}.

Pressure ratio and eguivalent weight flow, - The varlatlon of
pressure ratio with equivalent weight flow is shown in figure 8
for the three speeds and inlet-air temperatures investigated. At
all speeds, the maximum difference in peak pressure ratlioc obtained
with the va.rious inlet-alr temperatures waes less than 0.10.
Because the differences in peak pressure ratlo at 89 and 100 per-
cent of design speed are only approximetely 0.3 and 0.8 percent
greeter, reéspectively, then the inaccuracy introduced by the pre-
cision of measurements, the effect of inlet-alr temperature on
pressure ratio apparently is equivalent to the effect of inlet-air
temperature on efficiency. In all cases investigated, the peak
presaure ratio obtained with en inlet-alr temperature of 459° R
was _greater then with elther the inlet-air temperatures of 538° or
419° R with the exception of the 80 percent design speed where the
peek pressure ratlo was approximately the same at the Inlet-alr
temperatures of 538° and 459° R. The pesk pressure ratio obtained
with the inlet-air at 419° R increesed from 2.18 at 80 percent of
design speed to 3.28 at design speed and was less than that
obtained with smbient inlet-air temperature at all speeds inves-
tigated. The effect of Inlet-alr temperature on equivalent weight
flow is relatively small when the precision of measurement is con-
sidered, but most of the data indicate that a decrease in inlet-
air tempera.ture fram 538° to 459° R tends to increase the maximum
air capacity of the compreesor' vherees & decreasse in inlet-air
temperature from 459° to 419° R tends to diminish the air capacity.
The meaximum air capaclty of the compressor is apparently a complex
function of the inlet-alr temperature, and is not ccmpletely
expla.ined by Reynolds number,

Polytropic loss factor. - The variation of polytropic effi-
ciency with polytropic loss factor 1s presented in flgure 9 for
inlet-air pressure of 6 inches of mercury absolute and inlet-alr
temperatures of 538°, 459°, and 419° R. Camparison of the curves
indicates that inlet-a.ir 'bemperature has no appreciable effect on
the location of the two curves on which the data fall. The only
effect of temperature coccurred at the point of minimum loss factor
but this effect. was practically negliglble.
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szfect of Reynolds Number on Performance

The results of this investigation have indicated a notlcesble
effect of inlet-air pressure on performance but only a slight effect
of inlet-alr temperature. Both adiabatic temperature-rise efflciency
and pressure ratio increased appreciably as the inlet-air pressure
was increased from 8 to 21 inches of mercury absolute. This trend
is 1in agreement with the results of previous iInvestigations (refer-
ences 2 to 4) and indicates a Reynolds number effect. As an indica-
tion of the effect of Reynolds number, figure 10 presents peak
edigbatic temperature-rise efficiency and peak pressure ratlo as
functions of the Reynolds number Iindex, based upon the actual air
flow and the inlet-air temperature. The results are shown for all
inlet conditions investigated at speeds of 80, 89, and 100 percent
of design speed. From the rather meager data presented in figure 10
and considering the experimental accuracy, the efficiency appears
to increase uniformly with increasing Reynolds number index and
the varlation of peak pressure ratio with Reynolds number 1s simi-
lar to that for peak adlasbatic temperature-rise efficiency. The
range of Reynolds number covered in verylng the inlet-alr pressure
from 6 te 21 inches of mercury absclute was approximately seven
times as gyeat as the range covered in varying the inlet-alr tem-
perature from 538° to 419° R. As far as the Reynolds number effect
is concerned the effect of inlet-air temperature is therefore small

and the greatest effect of a change in altitude will be due to the
change in pressure. _

Interstage Measurements

The interstage static pressures measured at the compressor
casing are presented in figure 11 as the ratlo of the static pres-
sure at each station to the total pressure as measured in the
depression tank. The results ere presented for the design speed
runs at inlet-alr pressures of 6 and 12 inches of mercury absolute
and ambient iInlet-alr temperature of 538° R for the complete flow
rengs. For both inlet-air pressures, the data show that a choking
condition existed in the first row of outlet-gulde vanes in the
region of maximum flow. This phenomenon 1s indicated by the con-
tinual decreese in downstream pressure without a corresponding
decrease in upstream pressure. The maximum flow obtained wes
approximately 89 percent of the total flow required to give sonic
velocity at the outlet of the inlet-gulde vanes and the inlet-
gulde vanes were approaching a choked conditionm. The static-
pressure drop incurred in the inlet-gulde vemes 1s recovered in
the first two stages of compression. The existence of separation
in the second row of outlet-guide venes 1s indloated by the drop
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in pressure through this row of blades at the peak adlabatic
temperature~rise efficlency and surge points. Also, the tenth
rotor row appears to be approaching a turbining condition in the
high flow region, similar to the condition found in reference 1.

The- effect of speed on interstage static pressures is pre-
sented in figure 12 for the points of maximum weight flow, peak
adiabatic temperature-rise efficiency, and surge for inlet condi-
tiong of 12 inches of mercury absolute and amblent inlet-air tem-
pereture. As would be expected, because of the reduced weight flow,
the drop In pressure through the inlet-gulde vanes 1ls reduced as
the speed is reduced. Evidence of stalling conditions in the
second row of outlet-guide vanes can agein be noted for the peak
ediabatic temperature-rise efficiency and surge points at design
speed. In addition, a similar stalling condltion occurs at the
surge polnt at 89 percent of deslgn speed. It also appears that
the first stator row is stalling at 80 percent of deslign speed at
all flow conditlons presented. '

SUMMARY COF RESULTS

An investigation of the performance of the 10-gstage
X24C-2 axial-flow compressor at various inlet-air pressures and
temperatures produced the following resulits:

1. With a decrease in inlet-alr pressure at constant inlet-
air temperature, & corresponding decrease ln peak values of adia-
batic temperature-rise efficiency and pressure ratio was cbtalned.
The varietion in inlet-alr pressure, however, had little effect
(a meximum of about 1 percent) on the egquivalent weight flow at
any particular speed investigated.

2. Although the total verletion of peak adiabatlc tempsrature-
rise efflciency at sach speed for all three inlet-alr temperatures
was within the preclsion of the experiment for the low inlet-alr
pressure of 6 inches of mercury absolute, the trend of the curves
at each speed investigated demonstrated that the peak adiasbatic .
temperature-rise efficiency veried with a chaenge 1n the inlet-air
temperature. The effect of Inlet-ailr temperature on equivalent
weight flow and peak pressure ratio was smell.

3. All data obtained at various inlet-pir pressures and inlet-
air temperatures correlated within 2 percent on two curves vwhen
the polytropic efficiency was plotied as a function of the poly-
tropic loss factor. The only effect of inlet-alr pressure was to
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increase the minimum loss factor and to decrease the maximum poly-
tropic efficiency as-the inlet-air pressure was reduced. The effect
of inlet-alr temperature was negligible. :

4, Peak adiaba.tic tempersture~rise efficiency and pressure
ratlo increased with increesing Reynolds number. Because the range
of Reynolds number covered in varying the Inlet-air pressure from
6 to 21 inches of mercury ebsolute wag approximately seven times as
great asg the range covered in verying the inlet-~alr temperature from
538° to 419° R, the greateat effect of a change in altitude will be
due to the change in pressurs, .

5. The results of the interstage static-pressure measurements
indlcated a stalled condition in the second row of outlet-gulde
vanes in the reglon of peek adiabatlc temperature-rise efficlency
et deasign speed and in the firat stator row of blades at 80 percent
of deslgn speed. The first row of outlet-gulde vanes were ehown to
be choking in the reglon of maximum flow.
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TABLE | ~ PERFORMANCE OF X24C-2 10-STAGE AXIAL-FLOW COMPRESSOR
(a) 1Inlet pressure, 12 inches percury ebsolute (849 Ib/sq ft); inlet-air temperature, 538° R.
Parcentage E1ulva|anl Over-all |Over-al{ Adiabatic Polytropic | Wean Adiabatic | Palytropic | Polytropic | Qutlet
o? ﬁesign alr-weight | pressure lenferatura temperature- | afficiency| prassure work-input| pressure loss factor]| Mach
speod flow ratio ratio rg_?_g . . n coefficient | factor coefficient M number
¥VEs | Pa/Py ol elticiency i Yo va/ns Yo ¥
i
80 43, fe 1.231 0.3 0.424 0.131 0.329 Q0,140 0.190 0.452
42.3’9 I.ﬁg 1,243 .6% 674 .SEG .348 235 14 352
42.83 §.785 1.27) g0 .687 .256 .380 247 184 328
42.35 1,803 1,285 L7188 191 .o88 .3% 300 080 3
41.75 2.032 |.202 191 813 320 -4 328 076 W27
41,08 2.137 I.208 807 .829 345 428 . 355 073 L2681
40,79 2,194 1.307 B13 835 .358 . 440 .28 072 253
39.99 2.243 1.320 .807 .830 369 487 379 .078 .%343
30.08 2,25 1.327 193 HI7 .32 459 304 ,088 237
38,37 2,285 1,334 .184 810 .372 474 305 ,080 .
m.gg 3'2“ I.gﬁ 745 .178 .89 458 384 .II% . 2%
35, 202 | 13 745 364 LAl 360 .13 .
3.713 %.I&? 1,366 668 702 .350 525 369 1857 .218
32.23 105 1,313 630 668 ki) 537 -390 178 24
31.72 2.113 |.388 813 653 L34 857 +23 .193 .208
30.19 2.081 1,400 .. bl .328 577 453 224 204
89 49.6 | .604 |.288 0.486 0.529 0.1686 0,33% 0.177 0.157 0.458
48.5& [ 382 |.288 548 33'3 . 184 336 . 198 140 A27
49,39 2.088 1,309 741 168 .208 358 .275 .083 .35
493,30 ?.MQ 1.0 .57 .7684 +2B 371 281 .0 322
49.28 .5oa i.297 871 701 231 345 242 N e Y
Bn 38 | B 18 81 28 110 ot R
o 2.437 1,33 9 847 33 A2 44 07 bih
47,97 2.490 1,370 .797 825 .343 430 355 075 270
47.10 2.586 1.394 .1B4 814 359 .48 &ﬂg .&ﬁ .%%
R I B B R S S N N
48.18 2.857 1,412 74 \805 1 47 B 58 g
100 % ] 2“. 1. 0.8]3 O.S;g D.g O.gg? 0.%2 O.Ig » 0.417
. . l. 543 . . 330 224 N | 3
‘%232 g%’?g : .mg 07 740 £ :;E? .Egg 8&? ?:Z
L] L] L] [ ] I l7 l » 1] - L] a
56.17 2.553 I.EZE .752 .739 279 »368 .201 .078 317
85,78 2.858 1.445 07 Bl 37 .408 o33 v 077 .83
35.68 3,082 1.472 .189 .22 , 340 AP .386 077 268
55,46 3.176 1.480 .?gg 825 .385 450 71 .ggg .
64.7) 3,232 1.503 . 820 361 481 .3718 . 247
53.83 3,299 1.1 J72 .810 370 .478 388 081 239
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TABLE 1 - CONTINUED.

Inlet pressure, 6 inches marcury absolute (424 Ib/sq ft); infet-air temperature, 5380 R,

PERFORMANCE OF X24C~-2 10-STAGE AX)AL-FLOW COMPRESSOR

P}rcentage Equivalent | Qvar-al| | Over-all Mean Adiabatic | Polytropic |Polytropic |Qutlet
of design | air-weight | prassure | temperature | temperature- pressure work~input | pressure logss factor |Mach
s peed flow fs;}g ratio coefficient | factor coefficient Ap number
¥ VB/b I T/T A /Ny ¥ 2
a0 42.41 1,610 i. 0. 0.348 0.216 0.13 0.364
41 .89 i .879 | g:g 347 .235 .l Ié 342
41,77 1.795 1,243 347 .2686 .(82 316
40.20 2,083 1.310 444 .345 .009 .263
39.29 2.162 1,328 .AB9 .383 107 249
38.53 2.197 1.338 AB4 373 .41 .240
38.20 2.202 1.342 .488 .373 115 238
37.06 2,195 1.348 +498 373 128 233
35.91 2.178 1.351 .504 371 .133 226
34.51 2.168 1.365 D24 370 154 220
33.95 2.218 1.376 541 .383 .158 213
31.04 2.102 1.404 579 .361 .218 207
29.22 2,058 1.419 .800 352 .248 199
25,90 1,975 |.443 536 .336 .300 .188
89 T4 2.008 1.325 0.270 0.376 0,282 0.09% 10.327
49 2.255 1.345 .300 .398 3 . .30
47.61 2.432 1.37% 332 435 .34H . 205
45.83 2.623 |.416 .481 .380 .101 247
45.82 2,618 l.416 481 .379 o 247
45.45 2.624 1.417 481 379 N 245
44.76 2.611 |.427 493 379 Jd14 243
.04 . . 0.23 0.3 0.245 0.101 0.374
LT A R R RE:
54 024 .41 . . . .
58,20 2.412 |.398 .363 273 .090 .337
8,12 2.265 | .383 .35 2% . 000 .356
.g 2.136 1,373 341 2 100 384
gg. 2.73 1.437 401 .316 .085 2%
28.67 3.é§§ |45 451 368 e8| 2
55.56 . .467 . . . .
~ 54,10 %.EBI ‘324 .28? .38 .%5 241
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TABLE | = CONTINUED. PERFORMANCE OF X24C-2 10-STAGE AXIAL-FLOW COMPRESSOR
{d) Inlet pressure, 6 inches mercury absolute (424 Ib/sg fi}; inlet-air temperaturs, 459° R.
Percentage | Equivalant | Over-all | Over-all Adiabatic Polytropic | Nean Adlabatic |Polytropic [Polytroplc |Outlet
of design |air-weight | pressure | temparature | temperature- |efficiency | pressute work~lnput | pressure foss factor |Mach
spoed . |flow ratio ratio r#a np cosfficient |factor coafficient Ap number
wviie | Polf T2 efficlency s Yo/t " (%
80 4 l. . 0 0.305 0.128 0.348 0,137 0. 0.448
e WIS B R B R I
4] .99 l. 1.243 A8 . N .39 168 . 408
41,76 1.701 1.281 628 685 233 371 243 NF:] 336
41 .74 1.350 1.278 59 127 274 .365 287 .i08 308
41.28 .88 }.268 730 704 »300 406 310 .06 285
40.91 %.OIB l.%& + 750 775 313 418 323 085 276
40.81 082 be .;68 783 332 AJ2 43 .008 203
39.81 ~2.198 1.321 184 808 .35; 452 368 087 «248
39.80 2.180 }.a318 130 A12 35 452 357 .08b 247
Shas | 3h | 134 T 08 34 g 208 doe | 28
37.44 2.264 1.347 Iﬁg +784 1o 1454 367 oy | 228
6. 2.230 1 .357 . JB2 .65 . 380 128 224
32. 2.148 1.367 630 .568 345 . 368 N L07
89 49.6 1.811 .31 0.477 0,508 0,163 0.35! 0.17 0.174 0.453
484& 2. ) %38 086 ol .258 376 .20? .108 .343
49.47 | .685 i.309 521 .5B6 . 188 +304 1897 158 .?ﬁg
48-95 I -864 ' .3'9 quT -Gﬂ -223 vm 1233 a '29 &
48.53 2,232 |.343 &1 778 .87 .385 07 083 w304
48.11 2.382 |.358 185 Al2 .325 A4 338 018 | .282
47.66 2.502 1.373 805 828 S43 426 353 073 205
47.08 2.886 1.408 .796 Be3 B8 463 381 .082 248
48.11 2.727 1.423 187 813 302 - 488 355 01 239
100 . 188 I. 0. 0.6874 0.22 0.363 0.237 Q.16 0.381
§.% ;.ggg : ﬁ 'gBO glg .54 .85 .g?l 7 .Ilgg .ﬁ
glg gl I 24% 4 : 2 I?ﬁ 588 08 | a2
. . | .4 i . . 4 345 087 276
55.89 2.741 1.438 . 760 . . 308 318 082 L04
Sﬁ.g 3.075 | 486 7 Q12 43 Y 358 .083 .262
BE Igm oM B W) = ®| =) =)W
54.04 3.563 e 98 84 .378 -435 304 2090 | 1234
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TABLE | - CONCLUDED, PERFORMANGE OF X24C-2 10-STAGE AX{AL-FLOW COMPRESSOR
1
(e} Inlet pressure, 6 inches mercury absolute (424 |b/sq ft); inlet-air temparature, 4199 f.
f
Percentage | Equivalent | Qver-all | Over-ali| Miabatic Polytropic |Mean Adiabatic |Polyteropic |Polytropic |Qutlet
of design |air-weight | pressure | temperature | temperature~ |efficiancy |pressure work-input |pressure loss factor |Mach
spaed flom ratlo ratio r'l.'ig ) " coefficient | factor coafficient Ap numbar
W yo/e Po/P) Tp/Ty e '::"c’ . L !./n.‘- Yo L
80 4| .49 i.458 l.%ﬁ 0.460 0,480 0.160 0.348 0.171 0.i78 o.
41,19 i.682 1.281 812 042 .228 .388 237 132 «30
40.88 2.122 .313 763 791 «J34 . 350 .@3 263
40.% 1,908 ).281 718 145 .288 % .29! 102 201
"l 1-456 |-239 1475 umﬂ -'al [ ||7 |l67 om
40.00 2,150 I.320 .783 .88 347 . 458 . 350 .Con 254
38.63 2.167 1,338 -731 760 «351 .480 « 85 5 A
37.12 2,176 ). 357 .698 729 . 507 .370 .138 234
32.7’8 2.I29 I.lﬁg .620 705 «3 520 367 .Iﬁa .232
28 R | L 58 . ; .55 387 A
89 . ] .633 |.308 a, 0.530 0.172 " 0.347 C.184 0.]83 a.
:g.gg en 1.333 .g‘g J75 2 . .2% .&B .Iﬁ
48,83 |,884 1.313 . .68 . «30 24 12! '
-48.19 2.398 1,358 791 817 .325 Al ; 078 +280
48.% 2.304 1.348 776 - B00 .310 399 318 .8?8 2Bl
48. 2,333 1,352 .780 »804 315 403 w324 . '
47.50 2.464 1.369 .78 821 337 424 .348 078 268
47.309 2.451 | . 368 .762 .819 335 .424 = 077 270
47.38 2.457 i.369 783 818 «336 424 347 071 288
g2 i@ | x| 0m oW | owm | @ & o
e | i e .766 .789 .389 482 386 -097 .238
| . l, .37 0.5 0. 0.174 Q.38 0.1 0.4 0,460
R A R E R AR R R
ga g m | ow | s | m | )
55.25 | 2.77 1,432 .784 B3 ' 302 2319 .073 285
54.82 3, ;.4 222 3% %g .: gz g-‘ % :
23:49 h i Rei ] X -464 . 087 VoA,
53.85 3.279 1.535 753 793 365 485 385 01 241
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Figure |. - Setup for investigating performance of X24C-~2 ax!al-flow compressor.
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