
pnK RTn RRA7.fia-&bl.“L I”“. Y”AA---

SEP 2i 7947 UNCLASSIFIEL-m.i:
1

c
f
a

i1\

:aI!-’ t2I,

i :

‘I
R

d-a.-._ &.. _----
.p++~

iA
f

7 1i;;’

.ANDUM
ALTITUDE-WIND-TUNNEL INVESTIGATION OF A 3000-POUND-THRUST a

AXIAL-FLOW TURBOJET ENGINE

II - ANALYSIS OF COMPRESSOR PERFORMANCE
17
3~34 R8

‘her!  0. Die& Jr,, Joseph J. Berdysz, and Ephraim M. Roward

Flight  Pronulsion 1

yYJANsbg-3 Cf 1 . . _. . . ._. . . . . .y.---*-..  I..
NGT T3 z= l:~~‘:~x.TTZ?Tr;:~~, Cz Gi?~Z~~~ F3xizEt.2-;L -: ..-.

nTCT'EITTFCfl:N  Wi', .

-_ _ -_----~-..--_-~ ~ I

YWhII.dY *a-*.- -9 7 ‘gz- idThy ‘:- !.-al-2L 4a %. $J i-id-L&rfJ
z

g &~!TI~NAL  ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
August 23, 1948



E&CA RI4 Ho. lt8d26a
i

UN_CLASSIFED_(. . ~l~ln~ill~~~~~~l~l~lll~‘L I !i
3 11766i4i5’9965

EA!rION& JmvImRY colammEK1B~AuTIcs

AIEEEUDB-WIBDJRJHBSI ~IGM!IOWC@A3OOO-#1UlsD~Bl!

II -ABAI;psISOl? CQMPRES9oRFERFQWMOR

By Robert 0. M&z, JP., Joseph 5. Berdysz
andE#maAmM.Howard

An investigation wae oonduated in the XACA Cleveland altitude
wkdtunnetl to d&em&m the perfomnmae of sn orlgkal md a
modZledom~es8or opeplatingas anintegralpsrt Crp aturbojet
epgi-* CaEpre88or perf-e datawere obtained while the
turbojet emgibe was run over Its full operable r8nge CS en&m
speeds at various sImulatedaltitude snd flight Machnumbers.
The use of four merent ~mstaozzle-out~et sxe-a op1 the
engine~~dther~eaboam~s~rgperstion.

.

G

OperatingU.nesforboththe  orQimlandthemodTfiedoam-
peesora lay on the h%& air-flow side of the region of msxlmim
oompreesor &fvhIlcsy. Over most aP the normal operating range of
uomected engine speeds oompressor effiofmcy deoreased as (a) the
altitude was raised,- (bj the fl%&t Maoh number was ratsea, (0) the
exheruat-nozzle-outlet area was timeased. V8ri8tfons In the cm-
pressor perPommme chmsnterietics  vith fli@t o"o&itions were
attributed to the effe&s of ohanges in Reynolds number.

A more nearly unlfann radfsl distribution of th& axial veloc-
ity at the oanprea8or outlet and sli&&Ly higher stator-stage
static-pressure ratios were obtedned with the rao&ifled oaupressor
than wieh the original compressor. Higher mizimum effioienoies
were obtalnedwlththemdifiedthanwlththe  original uanpressor.

PerPormsme data for two ll-stsge arid-flow oppressors have
been obtained fram an investigation of a oanplete turbojet engine
havingathruatratingof3OOOpoundscmerarsngeof simulated
fligh% oo&Lticm fn the UCA Cleveland sltitude wind tunnel. The
use offourdifferentexhaust-nozz&-outlet ares8 extemktdthe
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rq of engine-oamponentoperatione  overwhichperfozmance  data
oould be obtained. An andysie of the turbine performanoe data
obtained in this investi@iOn 18 pr?eSe&ed in refer-e 1.

The originalo~ssorandamodifiedocmpres8or  e-hoper-
at-88 an integral pax% of the enginewere inveetigatedandthe
reSIitt8 are Rre8ented herein. canpre8sor chlSxoteri8tfc8  were
Investigated to deteme the &Yeats of varistiona in altitude,
flight Mach number, and exhaust-nozzle-outlet area on oc~npreescr
pe#OrmancJ e and to detenzlne how effectively the ocx~pre8sora were
used In the engine. Call~essor performan 8 is presented as a
function of air flow cured engine speed, both of which are oorrected
to sea-level oondltione. PWfOX'm&nOe  Oh~aCteriStiOS  of the Orig-
lnal andm0dWiedo0mprees0r8  areoaqaredandthe effect&
Reynolds number on both ocanpre880ra is ahOwn.

The OrighSl andmOdified oanpt38SOrS  are ll-Stage axial-flow
tsPg8 andhandle &bout 58.5pOu.d~  0f airp0rS~ondat  the rated
engine speed Of 12,300 rp with standard sea-level 00nditiona at
the Inlet. At this condition the oampre8sor greesure ratio is
&bout 3.8.

F,ach o~mpreesor ha8 five prinoipal OcmIponents:  inlet se&ion,
split stator cesing, rotor, blading, and annular dzlffuser (fig. 1).
Both ccun~e880rs are alruilaa? vfth the exoeptioa of the eleventh-
rotor-stage blading. III the revised uonfiguration,  the campressor
wae modified by reduoing the lOad on the eleventh-et-e rotor
blades in order to obtain a mire nearly uniform veloolty distribu-
ti0n at the oompreslsor outlet. Thie reduction wae aco~pliohed
by twisting the blades in the dire&ion of reduced angle of attaok
3O at the midzpan and 6' at the tip.

The length of the ll-stage rotor (fig. 1) from the front face
Of the firzt-atage rotor disk to the rear face Of the eleventh-
et8ge rotor disk is 29.7 1nOhee and the blading has a oon&ant
outside diameter cxf 16.9 inchee. The hub diemeter inoremee from
9.4 tnches at the firat and second stages to 14.0 Inche8 at the
tenth and eleventh &ages.

Air enters the ompressor throu& a single ray Of inlet guide
vanes, which are fitted fn the inlet section. After being OCSB-
pressed, the sir 1S'disohar~ed  through tW0 FQWB Of Btraightening'
venes into the annular Uffu8er. The StatOr bung, the etraight-
ening vanes, and the annular dfffuser are parts of the split etator
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oaaing aflwermbly (fig. 2). The etator blades m 0~letel.y
Shrouded. Labyrfnth air aeau Mat prevent leakage 8round the
et&or blades axe fomned by the laser &rot&, vhiohfit into
grooves in the o~ssor rotor.

The 24Cturbojet engineha~ anll-etage axial-flduompreesor
(described in the psleoeding  ewtipn), a double-anaulus ocmbuetion
ohanber,  a two-stage reantionturbtie, atai!, pipe, and m exhaust
noz;Zlei The rated thrut c& amximately 3000 pounds ie obtaIned
under sea-level etatio cunditiozm  at b corrected engine epeed af
12,500 rpn. The fuel flow at this.ocmdition is appr0rimateI.y
3200 pounds per hour.

.

* '

The enginewas lndxlleb inaviagsectionthak  erkended
am066 the 20-foot-dismeter teat 8eotLon of the altitude wind
tuIme1 (fig. 3). Ckmpreasor-*etmeelrree  oorreapondingto
flight athighapeeda were obtaiuedbgintroduoingfromthe  tunnel
make-up air ey&epn~refrigeratedairthatwaa  throttledfm
approximately sea-level mesure to the desired preesure at the
engine inlet. A frictionlees slip joint In the maim-up air duet
(fig. 3) permitted the meaBuremsryt; of thrustwiththewind-tunnel
balauce soale syatean.

Y
Adifferentengine configurationwaa needwIth eaohof the

two oon~emmrs imtalled. The blockIng area of the aweens at
the canbustion-chamberinletwaa  r&wed inthe modified engine.
The ombuetionchmiber inthenmdifiedmgine differedfromthe
original ocmbuation chamber in that the ahape and lmation of the
sir-inlet holes In the liner uere ohanged to improve mfxing In the
SeOOnd~x17 ccmbusticm Zone. Thetotalareaof the air-inlet&lee
was the aame in both o&m&ion chmbers.. no change was made in
the eugine turbine installation. Ohangee in the modified engine
made possible an increase in the maximum allowable turbine-outlet
ga8 temperature and a decrease in the e&au&-nozzle-outlet  area
at which limiting turbine-outlet tmperatures weme obtained fran
183 to 17l square inoh&.

Four engine exhamt-nozele configuration8  were wed with each
caupressor. With one oonfiguration,  exhaut gases were discharged
franthe etraighttallpipe,  whiuhhad anarea& 330 inches.
With the other three configuratione,  erha& nozzles 20 inches in
lengthwem installed. These nozzles tapered unifomly from an
area of 330 square inohee to outlet areaa of 232, 169, and
171 inchee for the engine with the tiified mrapresmr snd to 280,
232, anil 183 square inches for the engfne with the origInal
oompreseor. w* G,. ., *,?- ---ii
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Iustrumxrtationfcrrthemsasuremmtof preseures  end tempera-
tures wss installed at several statious through the engine (fig. 4).
Aorces section tithe plane of'sumey at the compressor inlet
(station 2) shattiag the location of the compressor-inlet instru-
mentation is shown in figure 5. Capressor stator-stage static
pressures were measured by wall orifices located between the stator
bladesol?eachstage. Severalof thsaewallorifices  srs shorn in
figure 2. Location of the instrumsntationinthe plane of survey
at the compressor outlet (station 4) is shown in figure 6. All
instrumentation wss installed in a fixed position aud could not be
rotated to measure whirl velocity ccmponeuts.

Caupressor parfomance data were obtained for su@ne opsra-
tion at simulated altitudes of W,OOO, 25,000, 35,000, aud
45,OOOfeetsndaflightMachnumber of 0.53. At asimulated
altitude cf 25,000 feet, the engine was operated at flight Mach
numbers of 0.53, 0.86, snd 1.08. At e&h simulated flight condi-
tion, the engine was run over the full operable range of speeds.
This procedure wss employed with asch of four exhaust-nozzle con-
figurations  for both cm~essoxs.

The ccmnprsssor  perfmmance data presented represent a wide
rein@ ae compressor operation. Data obtained with the orfginal
andmodifiedcompressors opsrating as integral parts at theturbo-
Jet engine at various eimlatedflightconditions  audwithfour
exhaust-nozzle configurations were plotted in the form of cm-
pressor opmatlng lines; that 36, compressor pressure ratio was
plottedas afunctionof correctedairflowaudcormcted  eugine
speed. Typical examples of these curves are given in figure 7.
These data me also plotted to determine the relation betweeu
oamprsseor sfficieucy  (equation (1) of the appendix) aud cor-
rected air flaw (fig. 8). Curves contsidng  the data for all
opsratingconditiom  were usedtomake compcsite  plots of ccm-
pressor perponnanc e characteristics, au example of which is
shown in figure 9.

Withbothoriginal sndmdifiedccm~88ors,  achauge in
altitude caused the sfficiency contour8 and lines cf ccmstsnt
corrected engine spssdtoshiftwithrespecttothe basic parsm-
eters of the c~gU?~6Or-Oh8r~teristic curve (fig. 9). A similar
shiftofthe efficiency contours aud linee of corrsotedenglne

.

*I?? Y’2.2  ..,.,  : pr=.



RACARMNo. ESA25a -' p 5

speed was caused by a vsriation in flight Mach number (fig. 10).
Scatter of the points taken from cross plots of the data for the
modified. commaor precludes sepsraticm of the constant corrected-
engine-speed lfnes (fig. 10(b)), For olsrity, some Intermediate
efficiency contours snd the contour of mEuimum efficiency sre
omItted in figures 9 snd 10.

Anticrsase Inaltitude causedachangeinthecomWessor
chsraoteristic  curves that was qualitstively similar to the change
produced by a decrease in fli&t Mach number. Roth chapzges cause
decreases in the Reynolds number cf the air flowing through the
compressor. The change inReynolds puzdber for the range of alti-
tudes presented is more than twice that for the range of flight
Mach numbers. Figures 9 and10showthst the chaugeinthe char-
acteristic curves is commensurate with the change in Reynolds
number. The effects of changes In altitude sndflight Machnumber
on kh8 compressor-performance characterIstica  msy be attributed to
the changes in the aeroQnsmic'characteristics of the ccmpressor
'b&ding that accompsny chsnges in Reynolds number.

A c~Rarison of the performance characteristics of the orig-
inal snd modified c~ssors at an altitude of 25,000 feet and a
flight Machnumber of 0.55 is preeented infigure Il. CauTJresaor
operating lines with the minimum-sreaexhaustnozzleforeachcas-
pressor are superimposed on these chsrscteristfc  curves. The
operating line for the modified compressor is slightly to the'left
of the opsratinglinefor the original c~pressor. The change in
the compressor characteristics is such that the- sfficiency
obtainedwith themodified ccuqressorwas  about lpercenthigher
than that obtained with the origInal cungu-essor.

Typical examples of the radial distribution of the axial
velocity at the ccunpressor  outlet for both the original snd modi-
fied c~pressors show that the attempt to reduce the nonuniformIty
of the sxial velocity at the ccsqwessor outlet was successful
(fig. l2).

The ratio of the static pressure at any stage to the static
pressure at the cmpressor inlet (station 2)'is slightly higher
for the modified.c~ssor than for the original comprsssor -
(fig. 13). For the first stage, the static ~essure was less
than the static pressure at the inlet because of the drop in
static pressure due to increased air velocity through the inlet
guide vanes.

The prev& discussion has applied to compressor chsracter-
istics in general. RPfects of vtiations in altitude, fli&t
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Maoh number, snd erhsust-nozzle-outlet  area on the operation of the
modifiedoanpressor  inths engine axe shown Infigures 14tol8.
The relative chsuges in the positicn of the operating lines and the
efficfency contours uezw such that, at a given co-ted engine
speed, adecrease in efficiwywas experiencedasthe altitude
was raisedthroughantthefullrange  of corrected engine speed
(figs. 14 and 15).

The relative positions of the efficiency contours snd the
operating lines infigures 16 and17 showthatthe camssor
efficiencydecxwxsedas the flight Machnmiberwas incressedfor
corrected engine speeds below 11,200 rpu.  Inmeaslng the exhaust-
nozele-otltlet srea reeulted in a decresse in casllpressor efficiency
(figs. I.8 aud 8).

Caapressor effloiencise  at engine speeds greater thsn 0.8
rated speed, (10,000 rpm) varied from 0.80 tc 0.86. Maximum effi-
oiencies occurredbetween  corrected airflows of 51.0 and
55.5 pounds psrseccmd,correspo&Ingto corrected engine speeds
af 11,100 and 12,000 qsl, respectively.

Thle lnveatigation indicated that the c~ssor operating
lines fell. on the hi& air-flow side of the region cf maximum
effiolency (figs. 14, 16, aud l-8). The operating line for the
cvssor in the engine with the minimum dust-nozzle-outlet
area fell closest to the region of ma&uam efficiency (fig. 18).

From sn investigation of a ccnaplete turbojet engins having a
thrust rating of 3000 pounds in the NACAClevelsnd altitudewind
tunnelunder simulated conditions of altitude sndflight Msch
number, the following results of ccmpressor performance were
obtained:

1. The compressor operating lines fell a the high air-flow
side of the region of maximum efficiency. !Che operating ldne for
the caaprs0sor  in the engine tith the minimum erhaust-noszle-
outlet area fell closest to the region of maximum sfficiency.

2. Over most af' the normal operating rBl?ge of corrected
engine epseds,'compre8sor efficiency decressed ss (a) the alti-
tude was raised, (b) the fliefit.Mxch number was raiseti, (c) the
exhaust-nozzle-outlet srea was increased. m
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3. Variations in the crpp#pessor  performsnce charaoterlstics
with altitude or flight Mkch nuuiber were attributed to chsnges in
aemc characteristfcs  Crp the caupressor blading that accam-
pany changes in Reynolds number.

4. Modification of the eleventh-stage canpressor rotor b-g
resulted in a more nearly uniform radial distribution a9 the sxial
velocity at the c~ssor outlet and slightly Increased the stator-
stage static-peasure  ratio. Higher maximum efficien&es were
obtained with the modified canpressor than with the original cau-
pressor.

5. Compressor efficiencies at engine speeds greater thsn
0.8 rated speed (10,000 rpm) varied fKm 0.80 to 0.86. Maximum
efficiencies occurred between corrected air flows of 51.0 and
56.5 pounds par second, cozTespondingto  corrected engine speeds
of 11,100 and 12,000 qm, respectively.

Flight Propulsion Research Laboratory,
National Advisory Ccmmitiee for Aeronautics,

Clevelsnd, Ohio.

t
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Ths symbolsusedlnthis aualysis are:

epecific heat at constant ~essure, Btu/(lb)(41)
.

acceleration due to gravity, 32.2 ft/sec2

mechsnical'equivalent c# heat, 778 ft-lb/&u

flight Bch number

engine m-4 rpm

total pessure, lb/sq ft absolute

static pressure, lb/sq ft absolute

total tempsr%ture, OR

axial velocity, ft/sec

air flow, lb/set

ratio of specifYc heat at constant ~essure to specific heat
ataonstantvolume

ratio of conpsssor-inlet total Pressure to NACA standard
eea-level pressure

compressor df ic iency

ratio of ccrmpressor-inlet absolute total tentpererture to
HACA stsndmd sea-level absolute temperature

Subscripts:

2 cmmpressor inlet

3 mnpressor ststor stages

4 canpressor outlet

0 canpressor
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The stations to which the mnnerloal subscripts re#er are shown
in figure 4.

ThefollowWgparameters  areused ingmeralizingthe  results
to NACA stendard atmOepheric  condithns at 888 level:

wafl
8 corrected airflov, lb/sea.

5 correctedengine  apeed,-

calcul%tionE

Static temperature was calculated frcm indlcatedtsmperature
by assmAng a the~couple Impact re~overyfaator of 0.85. Total
temperatures at the compreffsor  inlet andatthe cc0zpres8oroutlet
were assumed to be equal to the cox~eqondhg indiaated tempera-
tares because the average velooitiss  were relatively low at these
st%tions. This assumption intmduced su emor & less thau 2OF.

Airflowwas cmputedfromthe~sures  ~athe~032m3.98
measured at ths cowl inlet (station 1) by'meaas of the continuity
equation.

Ccm~essor efficiency. - The following equation was used to
calculate the adiabatic temperature-rice ccmpreasor &ficiency:

(1)

*em rc ie the ratio of specific heats corresponding to the
average total tmperature & the air flowing  through the canp-essor.

Canpressor-outlet a.xkl velocity. - The axial velocities at
the repressor outlet were calculated frcxn the relation
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VI J-Jq (D) .-- -=
where

p4 total pressure obtah3d by aver@ng peeeure reading8 crP
i.netrmentation  located at each integral distance from
Inner wall tie c~eesor-outlet armlllue

T4 average & allln&Lcatedtemperaturea  meanred atetatlon4

F4 average of all static pmeeuree mea~~ured at station 4

Average value8 & the indicated temperature  and the static ms-
mre were ueed because the tmiqerature  and etatlc-preaaure  dle-
trlbutlons were relatively uniform.

1. Conrad, Earl U., Die%, Robert O., Jr., and Golladay, Richard I,.:
Altitude-Wind-Tunnel Eweetigatlon czf a 3000-Pound-!Fhruat
Axial-Plow Turbojet -tie. I - Anedy~ls of Turbine Perfarm-
ance. SiIACA RM No. E8A23, 1948.
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- .-.-.-

Total-presmre tube
Static-presmrs t&e
Thermocouple

Figure 5. - Instrumentation at comprelrsor inlet, station 2,
3 inch behind rear flange of oil cooler.
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0 TOtal-p~88ure tube
0 Statio-pressure tube
8 Themmocouple

Figure 6. - Instrumentation  at compressor outlet, station 4,
1; incher bebin& trailing edge of oompressor-outlet
straightening vaneb.

-.
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(a) Relation between comp~~;~fl~~amwe ratio and corrected

Figure 7. - Effect of exhaust-noaz&outlst area on oo
“g

reaaor
operating line for modified compre~aor. Altitude,  25, 00
feet; flight Ma& number, 0.53.
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2.6

1.8

4
Cokcted e&e apee: N/c, Y$

14x

(b) Relation between compressor pressure ratio and corrected
engine .epeed.

Figure 7. - Concluded. Effect of exhaustqozzle-outlet  area on
oompreasor operating 1-e for modified compressor. Altitude,
25,000 feet; flight Maah number, 0.53.
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30 . 40 SO al

Corrected air flow, (Q-)/S, lb/see
'lgura 8. - Relatfon between aompresaor efficiency and aorrectmd .
air flow of modffied compressor for various sxbmmt-nax~let-
outlet areaa. Altitude, 26,000 feet; flight H8ch number, 0.53.
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nnwmarr+na P3?- Plnr. (Wm-\/l5- Ih/nea

(a) Original compressor.
Figure 9, - Effect of altitude on compressor performance

characteristics. Flight Mach number, 0.55.
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Figure 9. - Uonoluded. FXrect of altitude on oompressor
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O20 30 40 60 60 70
Corrected air Plow, (Wan)/& lb/set

(a) Original compressor.
Figure 10. - Hrsbt of flight Mach number on compressor

performance characteristics. Altitude, 25,000 feet.
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Corrected afr flpr, lb/em
(b) Modified uompremor.

Figure 10. - Conoluded. Effect of flight Mach number on
aompressor perfomance  uharacteristics. Altitude, 25,000
feet.
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Compressor

------ Operating line

8

F.
4F
0c10 20 30

Corrected air flow,
50 60 70
, lb/set

Figure 11. - Comparison of performance characteristic uurvea
for original and modified compressors with operating lines
for minimum exhaustnozzle-outlet area superimposed.
Simulated altitude, 25,000 feet; flight Mach number, 0.53.



Compnessor

- ------ OrIginal
Modified

500

P
2 400

g
c

g s00
8
2

.-
P

2 200

5
s
i ,"

:: I
t

=1
100 I /

: c

r
k /

Gz I 5
I ii*

I I
1' / v

Oo , 1 I z 3 0 1 z 3
Dlatanoe from Inner wall, in.

(a) Altitude, 15,000 feet. (b) Altitude, 45,000 fast.'

'Figure 12. - Radh3. distribution of carmated axial velooity at outlet of original
and modified aampreasora.  Corrsoted engine speed, 32,000 rpm; flight Maah
number, 0.53.
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Compressor

- - - -- - Orfginal
Modified

4

5E .6
(a) Simulated altitude, 15,000 feet.

0

."1 2 3 4 5 5 7 8 9 10 11
Stator atage

(b) Simulated altitude, 45,000 feet.

Figure 13. - Stator-stage static-pressure  ratio r0r original
and modified compremor8. Correoted engine speed, 12,000
rpm; flight Maoh number, 0.53; minimum exhaust-noxxle-
outlet area.
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Figure 14. - Performance characteristic curve8 and operating
lines for modffied compressor at various &ltitUdeS. Flight
Mach number, 0.53; exhaust-nozzle-outlet area, 171 square
inches.
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F i g u r e  15. - Relation between compressor efficiency and
corrected air flow for motifled compressor at various
altitudes. Flight Haah number, 0.53; exhaust-noesle-
outlet *Fe*, 171 square inches.
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Figure 16. - PerfoFmtnce +araoteristio ourvea and Oper&tiIIg
lines for modified oompresaor at various flight Maah
nWIIber8. Simulated altitude, 25,000 feet; exhauat-noz~la-
outlet are&,  171 square inOhe8.
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Correotsd air flow, @a-)/8, lb/sea
Figure 17. - Relation between oompressor effioienoy and

corrected air flow for modified oompreaso~ at various
flight Maoh numbers. Simulated altitude, 25,000 feet;
exlmust-nomle-outlet area, 171 square in&es.



34 4v NACA RM No.  E8A26a

3.8

2-21 I I I 1 II , I I I I --c_ I

1.

1.

,8
---- - -
---

I I I - - - -  3 3 0

4

I I

-
I

loolo
I

ww 20
I I I I I I I I

30 40 50 60 7
Cormotsd air flow, &@)/a, lb/see

Figure 18. - Performance charaeteriatici  curve for modified
oompressor with operating lines for various exhauetnozzle-
outlet areaa. Simulated altitude, 25,000 feet; flight Mach
number, 0.53.
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