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NATION& PS)VLSORY C O ! A " T X  FOR ~ O N A U T I C S  

By Lewis E. Wallner & Martin J. S a r i  

sT"p3Y 

A n  alt i tude  inmetigation of a turbine-propeller engine was 
conducted in t h e  NACA Lewis alt i tude wind tunnel. A study was made 
of the over-all eng€ne performance, the engine ccasponents, eLnd the 
windmillfng and starking  characterietics . 

Engine perfoma.qce data obtained a t   sea- leve l   s ta t ic  condi- 
tions could be uesd t o  predict   etatic performance at   a l t i tudes up 
t o  35,000 fee t  by me of t h e  standard generalized parametem. 

fectea by changes €n al t i tude &nd w e r e  functions only of corrected 
engine speed, corrected  fuel-air ratio, a d  corrected. turbine 
speed, respectively 

* Compressor, combustian-chamber, and turbine performances were mmf- 

d 

S-pecific fue l  conemnptfon baaed on shaft horsepower decreased 
BB t h e  turbine-inlet temperature was raised at a given.englne speed. 
The jet thrust was inappreciably affected by changes' in  turbfne- 
in le t  tpmyerature at a  constant engine speed but increeteed direct ly  
w-lth englne speed a t  a  conetant  turbfne-inlet  temperature. Maxi- 
mum w i n a m i l l k g  speeds were obtained a t  all alt i tudes f o r  R 
propeller-blade angle of about 12'. The mi- wimlmilling epeed 
at which a succeeaful start and acceleration  could be acccanplished 
increased fKlan 5000 rpan a t  an al t i tude of 25,000 feet to 10,000 r - p ~ ~  
at an alt i tude of 40, OOO feet .  
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performance at other altitudes f r o a n  data  obtained  et sea level  by 
w e  aP generalized parameters is qneetfonable unless the  effects 
of changes in altitude  on  the pe onnance of each  component and 
the  interaction of the component Y are knm. A derivation of per- 
formance paremeters for @-turbine engines and the  applicability 
of the parameters in generalizing  the  performsnce  with uhanges in 
altitude  of a turbojet englne are presented in reference 1. An 
investfgatlon of the  suitability af the parameters for generaliz- 
ing khe performance of a turbine-propeller  engine is, however, 
neceserary. 

An axial-f low-compressor  turbine-propeller  engine has been 
investiga-ked  in t he  NACA Lewis altitude  wind tunnel to study the 
over-all perPormance of the engine  under  altitude  condltians and 
to evaluate  irdividually the performance of the mpreseor,  the 
combusHon chambers, the  turbine, the induction system, and the 
exhaust  system  operating 88 integral parts af the e a n e .  Data 
were obtalned for a range of engine operating conditions  at  slti- 
tudee fram 5000 to 35,000 feet  an8 a ccapreesor-inlet ram pressure 
ratio of 1.00. 

Resulka presented herein aha# the altitude  performance of t he  
turbine-propeller engine and its  components and the  applicabtlity 
of t he  generalization method for predicting  engine and camponene 
peflormance at  altitudes  other than the  tea t  altitude. The divi- 
sion of energy between the turbine and the  j e t  and the performance 
of the  Induotion and exhaust systems Bre diacuesed.  Data from a 
brief investigation of wird.milling and altftude  starting  character- 
istics of the engine are ale0 presented. 

Engine. - The main engFne cmponents a r e  a 14-stage axial- 
flow compressor, nine cylindrical cambustion chambers, a single- 
etage turbine, 821 ezhaust  cone, and a planetary reduction gear 
(fig. 1). The maximum over-all diameter  is 37 inches;  the length 
including  the exhaust cone but  without the propeller is 116 inches. 
Dry weight af the engine plus accessories is approximately 
1980 p o w .  The engine ha8 a static  sea-level  militaqy  rating of 
1700 ahaft horeeparer.wfth 550 pound8 j e t  thrust st an engine epeed 
of 13,000 rpm and e turbine-outlet gae temperature of 12650 F. 

Air  entens  the  engine through a screened annular inlet s u r -  
rounding t h e  aft reduction-gear casing (station 2, fig. 1). The 
air travels  through the 14-stage  ccanpreasor w i t h  a resultant . 
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increme in pressure and temperature. Afr fe discharged frat the 

before entering the combwtfon chmbers (s ta t lo rn  3 a d  4, fig.  1). 
w ' compressor through two set8 of guide vanes and is turned 180° 

-I 

rl Most of t h e  air. flows directly h t o  t h e  o d u a t i o n  chambers 
9 and a small part fa directed throUep the hollow turbine-nozzle .l 

vanes before entering the combuetion zone. Fuel ia admitted t o  
each of the canbustion chambers by means of a duplex fuel nozz le .  
Spark plugs are installed in two of the combustion chambers, and 
cross-fire tube8 a m  provided to   igni te  the other chaanbers. 

Products of cambuation leaving the c&uation chambers paes 
through transition  sections to the annular turbine  nozzle where 
the gas fs accelerated. (See f ig .  1, s ta t ion  5. ) A laxge part of 
the energy of the high-velooity gases i8 absorbed by the turbine 
to drive the compres6or, khe ecessories, and the propeller shaft. 
thraugh the reductton gem. m e  gaaes are discharged fr- the 
turbine  into an annular exhaust cone and through a tail pipe and 
jet nozzle that converts the remainingweeeure energy into 
kinetic energy. 

The turbine shaft drives the canpressor direct ly  and the pro- 
4 peller through the reduction-gear aSSt3mbly, which consiets of two 

planet- gear syetems in   ser ies ,   wi th  a speed-reduction r a t i o  of 
11.35 :l. The ring gear of the high-speed stage is the floating 

provide a meam of detelpzining the ahaft torque. 
* type and its notion is restmined by 8- W-liO piatom th&t 

Engine cqnpqents. - !Be canpressor is a 14-stage axial-flow 
t p  w i t h  a sea-level air-flaw rating of 21 pounds per second at 
an engine speed of 13,000 rpm. The hub- to t ip -d imeter   ra t io  of 
the rotor (fig. 2)  increases fram 0.73 at the first rotor  etage to 
0.88 at the fourteenth rotor stage. The diameter of the rot& 

measured from the  blade tipe la 1% inches, and the length is 
25 inches. 

1 

The engine has nine cgUndrlcal counterflow ocenbuetion cham- 
bers (fig. 3). A i r  enters an annular passage i n  the ccanbwticm 
chamber, a i c h  is formed by the  chamber caeing and an inner liner. 
The casing  (fig. 3(a) 1, which rneaaures 6 inches in diameter and 
1& inches in  length, containa a liner .(fig. 3(b) 1 that separates 

the ccanbuatfon zone from the passage f o r  the entering air flow. 

zone, where f t  is mixed with fuel sprqyed from an atomizing nozzle 
located I n  the  center of the ccadbuetion-chanzber d m .  

2 

I Openings in the liner w a l l  al1.o-w air to pass  into the aombustion 

< 
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The over-all diameter of the turbine wheel (fig.  4) is 
28 inahee . The turbine  blades, which welded t o  the wheel rim, 
are 1.6 inchers long and the  blade chord tapers from 1.0 a t  the m o t  
t o  0.75 inch at the t i p .  The turbine  nozzle h a  an actual flow 
area of approximately 25 square inches. and consists of 36 equally 
spaced hollar-steel  vmea welded to   inner  and outer shroud rings. 
A portion of t h e  ais that  enters the oolobuetlon  chambere f iret  
flm through the hollow vmea t o  provide cooling. A t  standard 
sea-level conditione,  the  alngle-stage  turbine can de l iver   appra i -  
mately 5000 horsepower t o  the oosspressor and the  propeller. 
A t t a c h e d  t o  the exhaust cone was a cyl indr ica l   t a i l  p i p e  8 f e e t   i n  
length and 14 inches in   d iamter .  

APPARNTE AMD IXSTAIILAZCIOIJ 

The al t i tude wind  tunnel in which the engine wae inveetigated 
is a closed-throat return-flow tunnel with a test section 20 feet 
i n  diameter and 40 feet long. Pressure al t i tudes as high ae 
50,000 f ee t  and temperatures &B low as -ao B can be obtsined. 

The engine was installed in  a streamlined nacelle-wing combi- 
nation  that  wae supported i n  the test eection by t h e  tunnel  bal- 
ance frame. (See fig6. 5 and 6 . )  The propeller w-ith which the 
engine w&9 equipped w8.a 12 f ee t  7 inches i n  diameter. A i r  waa EIUP- 
p l ied  t o   t h e  engine from the tunnel air stream through two  wing 
ducts w i t h  leading-edge inleta  in  the  propeller slipstream. (See 
figs . 5 and 6(b) .  ) The oentera of the   inlets  were l o c a t d  at 
approximately 80 percent of the propeller  radius. A i r  entering 
the wTng ducts wa8 turned 900 wit& the aid of guide vanea, 8s shown 
i n  figure 5. A emall portion of the inlet air WE~B diverted through 
bleedoff  tubes for engine-nacelle  cooliw. A t  the engine, t h e  
wing ducte ware joined to form an annulw around t h e  aft reduction- 
gear casing. " 

In order to evaluate t he  component performance, instrumenta- 
t ion  for measuring pressures and temperatures wae plaued at eight 
stations throughout the engine 88 shown i n  figure 1. The position 
of the inetruaentation at six msaeuring statione, used In the  cal-  
culation of the data, i8 e h m  in  figure 7. The temperatures were 
automatically  recorded  with mlf -balancing  potentiornetera, and 
preslsures were m e a s u r e d  with  liquid-filled mtiLtImanometer b& 
and were photographically  recorded. 

Shaft horaepuwer w a s  detemlned frcm a calibration of torque- 
meter pressure, and Jet thrust was calculated from preaaure and 

-1 
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temperature lasaauremnts at the jet-nozzle outlet .  Fuel flow t o  
the engine was measured by a rotameter, and air flaw w88 deter- 
mined from pressure ana temperature meaaureents at the compressor 
in le t .  

Data w 0 r e  obtained for a range of engine speeds f r o m  8000 to 
13,000 rpn at eLtitwiea from 5000 to 35,000 feet at a compressor- 
hlet ran pressure r a t io  of 1.00 .- Ram preseure ratio is def in& 
as the ratio of c~n-pressor-inlet total pressure t o  free-stream 
statzc  pressure. In order to maintain a conetmt ram pressure 
ratio at the ccaapressor inlet, vary- the  tunnel air velocftg wae 
necessary to compensate f o r  changes in duct Loeses and pressure 
rise  across the propeller blades. A t  each altitude and engine 
speed, data were obtained over a range of shat homepoxere by 
varying the propeller-blade angle. Ambient-alr temperatures i n  
the tunnel test section were maintained at approxfmatelg HACA 
standavd a l k f i x d e  tenpertitures . 

The exhamt-system preesuire losses associated with the tail- 
pipe insta1la;tion used in  this Wvestigation in  some oases were as 
high 88 11 percent of the turbine-outlet t o t a l  -pressure. (See 
fig. 8.1 If Larer exhauat-system preseure loseee had been  obtained, 
the maximum obtainable engine p e r  would-have been higher. 
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" Lnglne epegd, - The ef'fect of' variations in engine epeed on 
the performance paramstera at an altitude of 5000 f e e t  is sham i n  
figure 9. A i r  flow -t;hrot@ the englm increased vith an increase 
i n  engine a p e d ,  bu% was unaffected by changes i n  8ha.ft horsepower 
(fig. 9(a)). The relation between shaft h o m e p e r  and turbine- 
inlet  temperature at an al t i tude of 5000 feet IS s h m  in f 18- 
we 9(b) for  engine speeds from 8000 to 33,000 rpm. These data 
were used t o  superimpose temperature.conCoum OR the parametera 
sham'in figures 9(c) t o  9 ( f ) .  m e  fuel flow required t o  maintain 
a c o n s t a t  turbine-inlet temperature increased  with  engine speed 
(fig. 9(c))  although the fuel-air r a t io  decreased (fig.  S(d) ) .  
The reduction in fuel-sir ratio at a given turbine-inle't; tempera- 
t u r e  w 2 t h  increased engine speed r e su l t s  from the hi&er tempera-  
ture rfee across the compreeeror. The inoream in jet thrust with 
engine speed at a given turbine-inlet  temperature (fig. g(e)) is 
rapid, which is due not only to the incm3ased air flow but ab0 to 
the lsrger pelcentage of the available tot&. energv at the turbine 
inlet that  remains i n  the gas at the turbine outlet. The varia- 
t ion of specific fuel  consumption with ah&+ homepower ie sham 
In figure 9 ( f ) .  Althou& t he  data indicate Ghat for a given shaft  
homepower t h e  epecific f u e l  comumption was lower at reduced 
engine speed, the 30% thrmet is not accounted for  in  these curves.  
If the specVfc fuel consumption were based on the t o t a l  useful 
output of' the englne, which includes the shaft horsepower and the 
Jet thzt, the engine-speed effect shown in figure 9(f) would be 
mintmized because the  Jet thrust increases with engine speed at a 
given value of shaf t  Boree-parer. 

Altftude. - Engine perfoxntance data obtained at rated engine 
speed, 13,000 rpm, and altitudea from 5000 t o  35,000 feet a m  pre- 
sented  in figure 10. The engine air flow was fdependent of the 
shaft horsepower but decreased approximately in proportion to the 
reauction of inlet-alr  deneity as the altittbde webe increased 
(fig. lO(a)). The shaft honseposrer at a given altitude varied l in -  
early w i t h  the turbine-inlet temperature, ae shown i n  figure 10(b). 
The reductfan i n  shaft h o r s e p e r  w i t h  an increase in altitude at 
a given turbfne-inlet  temperature is prhexilg due t o  the reduced 
air flow. Contoure of conatant  turbine-inlet temperature obtained 
from the data in figure 10(b) axe superimposed on the other per- 
formance variables in figures IO(o) to lO(f ]. The fuel flow 
(fig. lO(c)) end the fuel-air r a t io  (fig. IO(d)) at a given alti- 
tude increased linearly with shaft horsepower i n  a m e r  similar 
to the turbine-inlet temperature. In order to obtain a given 
turblae-inlet temperature, a higher fuel-air r&io wae requtred as 
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the sltltude was raieed due t o  the reduced cnmpreeaor-inlet tem- 
perature. A t  each altitude the Jet thrust increased slightly with 
shaft homepower, as shown i n  fi- lO(e); the increaae i n  jet  
thrust was about 10 percent for an inoreme in  shaf t  horsepower of 
'100 pement. At each alt i tude,  the 1 0 ~ 0 8 t  value af specific fuel 
consmptim bmed on ahaft homepower wae obtained a t  the maximum 
temperature and power. (See fig. 10(f).) For a given turbine- 
i n l e t  temperature, the minimrun specifio fuel commption uaa 
hbtained at alt i tudes between 15,000 and 25,000 feet. - 

Performance data obtained at a compressor-fnlet ram pressure 
r a t i o  of 1.00 and at alt i tudes frcnn 5000 t o  35,000 feet are pre- 
sented in figures 11 and l2. Corrected values of fuel flow, horse- 
parer, and j e t  thrust ax0 cm~s-plotted at constant corrected 
turbine-inlet temperatures and are presented 88 a function of cor- 
rected engine speed in figures U(a) to Il(o). Irreapectfve of 
the alti.tude at which the data  were obtained, the corrected engine 
speed and turbine-i+et temperature def5.m a correct& fuel flow, 
h o r 6 e ~ r ,  %d Jet thrmt . The corrected fuel flow and fet tlvlust 
vary almost B e m l y  w i t h  corrected engine  ped at condxnt cor- 
rected turbine-inlet temperatnrea (figs. ll(a) and n ( ~ ) ) .  The 
corrected horsepower ale0 varted 88 a d?zect function of the engine 
speed in t h e  low range ; but at htgher engine speede , tihe horse- 
p e r  reached a maximum & then decreased xith further increaaes 
in engine sped, 
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the inlet of the compreesor would probably leesen the possibilffy 
of the data reducing t o  a aipgle curve. (See reference 2. ) Hence, 
the accuraoy of percformsnce extraplat ions fram figure 1 2  at very 
hlgh altitudes wonM be questionable. 

Engine -Power Division 

A 'primary comicleration in the deeign of' et turbine-propeller 
engine is the division of power between the propgl18r shaft and the 
je t .  This division of 'parer is Important not only t o  t h e  maximum 
thrust or parer obtainable at m y  flight condition  but also t o  the 
operating economy of the &ne,. The divieion of power can be 
expressed ae the ra t io  of equivalent propeller-shaft enthalpy drop 
to   to ta l   ava i lab le  enthalpy drop 8nd as the ratio of jet enthalpy 
drop to total   available enthalpy drop. %e method of calculating 
these ratio8 is given in the a p p e d i x .  The ehaft a n d '  j e t  enthalpy 
drop ra t ios  axe sham 88 functiom of corrected turblne-inlet ten- 
perature in figure 13 for several corrected engine speed8 and alti- 
tllaes. A t  all corrected engine speds bhe shaft enthalpy drop 
r a t i o  inoreased, where- the Jet enthalpy  drop  decreased wttlz an 
increme in  correoted turbine-inlet tmparature. An increase in 
correoted epgine speed from 10,200 t o  13 250 rpan at a  conatant cor- 
rected  turbine-inlet  temperature of 1900 R reduced the shaft 
enthalpy drop r a t i o  from 0.31 t o  0.22 and increased the jet 
enthalpy drop r a t i o  from 0.09 t o  0.13 (fig. 13(a)). The reduction 
in shaft enthalpy droy ratio w i t h  increased engine a p e d  can be 
attributed to the increase In exhauat-eyatam pressure losses and 
to the increme i n  the percentage.of total turbine power absorbed 
by t he  compressor. Changes i n  altitude at constant correcited 
engine speed had no appreciable  effect on the enthalpy drop ratfos 
(fig. 13(b)). 

6 

W i t h  an engine having a fixed-area exhaust nozzle, euch aa 
the one investigsted, a single propeller shaft parer is obtained 
f o r  a particular engine speed and turbine-Wet temperature. O p e r -  
a t l on  at different power ratfos for cruise and high-speed flight may, however, be desirable 80 that a range of engine powers could 
be obtained at  a given engine speed and turbine-inlet temperature. 
A miable-area eihauet nozzle  would provide the necessary f lexi-  
b i l i t y  in the engine operating characteristics. 

Q 
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pressure ratio  with  corrected  air flow at  constant  corrected engine 
speeds.  Such  characteristics are generally  obtained by mlng 
the pressure ratio at each engine sped frm the lmest feasible 
value  to t h e  value limited by campressor e t a l l .  Because t h e  cam- 
press or uas investigated as an integral  part of an enene, the 
range of pressure ratios  obtainable was limfted  to thoee encountered 
in the normal operation of the engine. 

The  variation of corrected afr flow with  corrected  engine 
speed is shown in figure 14. Each cluster of da-k points waa 
obtained by increasing the ah& horsepower at a given engine 
a p e d  with 811 attendant  increase in ccmpresaor pressure ratio. 
Such  vmiatione  in t he  campressor pressure  ratio had no apparent 
effect on the  corrected air flow. For t he  range of conditions 
investigated, the relation between corrected  air flow and  correoted 
engine  speed was unaffected by changes in altitude. 

Data are presented  in  figure 15 to show the  variation of can- 
pressor pressure  ratio  with t h e  square root of the corrected 
turbine-inlet  temperature f o r  80Teral values of cmected air flow. 
A t  each value of corrected air flow, the relatfon between the  two 
variables  presented ia linear becawe -the velocity in t h e  turbfne 
nozzles is sonic.  When  the  velocity  through the turbine nozzles 
becaes sonic,  the  ccmpresaor pressure ratio is related to *e tur- 
bine  temperature  ratio  in  the  following manner, which  is derived 
i n  the  appendix: 

In  order to  determine t h e  effect of changes in altitude on 
the efficiency af the campressor, cmpreseor preesure and tempera- 
ture ratios were  plotted 88 & function of the  corrected turbine- 
inlet  temperature. Tbese curves (8Imila.r to fig. 15) were then 
cross-plotted  to  obtafn t he  variation of campresear preseure and 
temperature r a t i o s  with  corrected eqine speed (fig. 16). Because 
the  cross-plotted  data for t h e  altitude range investigated deter- 
mined a single curve for  each correct&  turbine-inlet  temperature, 
it x88 conclLded  that the cmpressor efficiency ~ a 8  unaffected. by 
changes In altitude. 

Over-all perfommce of t he  oompressor is represented  br the 
general ized characterietic curvm shown in figure 17. Constant- 
corrected-englne-sped  lines,  which  were obtdned by varying the 
turbine  parer  at each engine speed, are sham with  efficfency  con- 
t o m  obtained froan cross plots of the data. Several  operating 

9 
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l ines at constant  corrected  turbine-inlet  temperature &e superim- 
posed on the  characterist ic curves. These data  represent compres- 
00r operation frm corrected  engine speeds of' 8200 t o  14,200 rpn  
and corrected  turbine-inlet temperatures fraan 16000 t o  2400° R, 
which include  the  entire range of canpressor  operation in   the  
engine. Operation of the engine at a corrected speed of l3,OOO rp, 
which correspoads t o  rat& speed at sea level, occurred in the 
region of maximum compressor efficiency. The ompressor effi- 
cienciee obtafned be somewhat low because of the d i r t  and o i l  
deposits that accumlated on the rotor and stator  blading during 
the  investigation. Large change8 i n  compressor pressure r a t io  at 
rated engine speed,  induced by variations i n  turbine-inlet tempera- 
ture, resulted in only a small change in  cmpmesor  efficiency. 
Operation a t  rated engfne s p e d  as the al t i tude x88 increaeed fram 
approxFnaately 5000 t o  25,000 feet   resul ted in  a reduction of corn- 
prqesor  efficiency of about 2 percent becauee the correoteil engine 
speed increaeed from 13,250 to 34,200 rpn. The lowest efficiency 
contour  obtained  with the engine operating (69 percent) was 
extended by w e  of uhdmillfng ccanpreeeor data. 

Combustion  chamber. - The lose in total pressure across the 
combuetion chamber af a turbine-propeller engine is a t t r ibu ted   to  
two sources: the  friction  pmssure lose resulting from the gaa 
passing through the combustion chamber, and t h e  mcenentum pressure 
L o s s  r e s u l t i w  f m  the addition of heat t o  the gas. (4 more detailed 
discussion IS presented i n  reference 4. ) The E U ~  of theee two 
pressure losees ier the waaured lose in  t o t a l  pressure across the 
cambuation chamber, which is expreseed as the  total-pressure-loes 
r a t i o  (PS - PS)/P~. m e  vaziation of total-pressure-loss  ratio 
with  corrected combmtion-chamber temperature rise for   a l t i tudes  
from 5000 t o  35,000 feet is shown i n  figure 18(a). These data 
fmlude operation at corrected engine ape& between 8200 and 
14,200 rpm. the total-pressure-lose r a t i o  is indepernient of a l t i -  
tude changes, but decreaeed s l igh t ly  as the  corrected  temperature 
rise wae increaeed. 'phe total-pressure-loes  ratio is plotted as a 
function of the  corrected horsepower af t h e  engine for  various  cor- 
rected engine speeds at an a l t i tude  of 5000 feet i n  figure 18(b). 
A t  a conatant power output, increasing the engine speed r e a u l t a  i n  
a higher  total-pressure-loss  ratio because of the lover cmbtmtion- 
chamber temperature rise required at the higher engine speed. The 
decrease in the total-preseure-lose  ratio w i t h  increased  temperature 
rise (fig.  18(a)) is a result of the  reduction  in Mach number entering 
the combustion chamber. This reduction in   the Mach nwaber decreases the 
f r ic t ion  pressure losses glod thus the  total-preesure-loss  ratio. 

The tempratme rise Bcrces the combustion chamber f o r  a given fuel- 
air r a t io  is a measure of the efficiency of' the combustion process in 8n 
engine. In order to determine the effect  of al t i tude OR the performance 

8. 

UJ 

5 

. 



NACA RM EWE30 11 

of the combustion chamber, the corrected combuetion-chamber tempera- 
ture   r ise  waa plotted &B a function of the  corrected engine fuel-air  
ratio in   f igure 19 for   a l t i tudes frm 5000 t o  35,000 fee t .  These data, 
which include engine operation a t  corrected ape& b e w e n  8200 and 
14,200 rpn, indicate  that  the combustion process was unaffected by 
changes in a l t i t d e  up to 35,000 fee t .  

Turbine. - Because the turbine was investigated as an integral 
part of the engfne, the over-all engine characteriatics limited 
the range of turbine.  operation that could be obtafned. Three 
graphical  representationa a m  sufficient t o  show t h e  performance 
of the turbine #hen operating aa part of the' engine. The turbine 
operating  lines can  be represented by the variation of turbine 
pressure ratio  uith  corrected turbine a p e d  for values of constant 
corrected  turbine-inlet temperature, the vasiation of turbine  effi-  
cfencg  with  corrected turbine speed, &nd the variation of turbfne 
pressure r a t i o  with  corrected gas flow. 

The relation between corrected turbine speed a d  turbFne prea- 
sure r a t i o  f o r  eeveral fixed values of corrected  turbine-inlet tem- 
perature shown i n  figure 20 waa obtained fram .a plot of corrected 
turbine speed 8s a function of turbine pressure r a t i o  and cor- 
rected  turblne-inlet  temperature for several  constant  corrected 
engine speeds. A t  a given corrected  turbine-inlet  temperature, 
the turbine pressure r a t i o  w&8 approximately proportional to the 
corrected  turbine 'speed. The corrected  turbine-speed range 
obtained during  the  investigation was between 4400 and 7800 rp 
and most data were obtained at turbine pressure ratios higher 
than t he   c r i t i ca l  value for choking of flow, approximately 1.85. 

The variation of turbine  efficiency with col;rected turbine 
speed is presented i n  figure 2 1  for   the   en t i re  range of alt i tudes 
and turbine-fnlet  temperatures  investl.gated. A single efficiency 
curve was faired through a= the data obtained. The turbine effi- 
ciency  varied frarn approximately 0.75 at a corrected  turbine speed 
of 4400 rpn t o  0.815 at a corrected  turbine a g e d  of 7500 rpm. A 
constant turbine efficiency of appr0xima;tely 0.815 would be 
obtained for operation at rated engine speed from sea level  to an 
al t i tude of 35,000 feet ,  which would correspod t o  corrected tur- 
bine speeds between approxfmately 6200 and 7500 rpn. Although con- 
siderable data sca t te r  ia inaicated  in  f igure 21, no specific alti- 
tude or turbine-inlet-temperature trends could be found. 

In the  preeentation of turbine performance, t h e  usual practice 
fs t o  show the m a t i o n  of turbine pressure ratio with corrected 

turbine g a ~  flov aa presented in   f igure  22. After 
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the  velocity in the turbine nozzleer beccane~l sonic,  the value of 
corrected gas flow remains constant  except for a poeeible slight 
effect  due t o  changes in the r a t i o  of apc i f ic   hea ts ;  the derivs- 
t ion  of' this expression I s  e h m  in the appendix. For turbine 
pressure ra t ios  above 1.85, the oorrected gaEl flow was constant; 
below this value, however, where the veloci ty   in  the turbine noz- 
zles was subaonlc, the gas flav decreased. 

Induction system. - Induction-eystam pressure loesee i n  t e r n  
of the tunnel  velocity pressure qo are shown aa a function of 
the duct-inlet  velouity ratio in figure 23 f o r  altitudes frm 
5000 t o  35,000 feet . The total-pressure-recovery fmtor (P2 - p g ) / ~ o  
(which includes the total-pressure rise acr~ss  the propeller) is 
independent of' changes in altitude  but varies w i t h  changes in duct- 
inlet   veloci ty   ra t io .  At the deeign duct-inlet  velocity r a t i o  of 
0.4, which vaa obtained only at law engine speed6 and high free:. 
stream velocities, preaeure recmeriee aa high aa 0.90 were 
obtained. A t  the higher duct-inlet  velooity  ratios, however, cor- 
mponding t o  high engine speeds and low tunnel  velocities, low 
preasure  recoveries were obtained. 

Windmilliq. - Engine winhilling speeder obtained at a flight 
Mach rimer of 0.285 altitudes from 15,000 to 35,000 fee t  are 
sham in figure 24 88 a function of propeller-blade angle. At a 
oonetant  popeller-blade angle and flight Mach number, the cor- 
rected engine epeed was essentially independent of the altitude. 
M a x i m u m  engine speeds were obtained at a blade-angle se t t ing  of 
about 12O. Data such as that presented fn figure 24 were cmsa - 
plotted t o  determine the maximum afr velocity at which the engine 
Gould be windmilled without exoeeding the epeed limit of 13,000 rpm. 
(See f ig .  25.) The need for  feathering the propeller at high air- 
speed ia  evident, inammuch 88 the engine overspeed limit can be 
exceeded at aimpeala above 275 miles per hour. 

Average t o t a l  and s t a t i c  pressures throughout the engine are 
shown in figure 26 f o r  several windmilling speede at an altitude 
of 35,000 feet and a propeller-blade angle & 12O. For a l l  the 
winhilling speeds, a static-pressure rim ocourred i n  the f i re t  
stages of the ccurrpreasor and a static-pressure drop in  the last 
few etagee. Because there is no burming in the engfne cambuation 
chamber, the compressor-outlet peasure is lowered and the last 
few stages act aa a turbine.  The increase in preseme between sta- 

. t ions 6 and 7 is a t t r ibu ted   to  misalimment of the air flow ard 
inetrumentatian at the turbine outlet. 

a3 
tc 
rl 
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Starting  ch&racteristics. - The problem of e tar t ing a turbine- 
propeller engine under s t a t i c   cad i t i one  is more d i f f i cu l t  . t h a n  
tha t  of a eimple turbojet engine because of the additional power 
required t o  overco111(9 the inertia of the propeller and the  reduction 
gear ing  and because the self-sustaining speed of t h e  engine is 
relatively  high. A t  low altitudes the  englne is sccelerated w i t h  
the starter motor t o  about 2000 rpn, at which speed the f u e l  and 
the  ignition a m  turned on. The et&er motor then aaeis ts  in 
accelerating the e@ne to 5000 r;pn, at which speed the engine 
becmes  self-sustaining and the stmter m o t o r  is disengaged. 

Because of the  'decrease in air pressure and deneity at high 
altitudes,  ignieion is more df f f icu l t  and less paver is amilable 
t o  accelerate the engine. As a result, the minirmmz engine sped 
at which starting &nd acceleration cazl be acccnaplished increases 
with  altitude. The vaziation of the mfnlmum windmilling speed at 
which the engine can be star tea  accelerated  with  altitude is 
8 h m  in figure 27. Data for  al tf tudes below 25,000 feet &re not 
e h m  inasmuch as the minimum windmilling speed fo r   e t a r t i ng  was 
within the speed range of the s t h e r  motor. The minfmum wind- 
milling starbing e y e d  increased fram 5000 rpm at  an altitude of 
25,000 f ee t  t o  10,000 rpt at 40,000 feet. Although fgnition was 
obtained at lower englne speeds .than those indicated in  figure 27, 
acceleration cauld not 'be acccrmplilshed. (A detafled  dimmaion of 
the s ta r t ing  problem is presented in reference 5. ) 

A turbine-pro-peller  engine waa investigated in %he NACA Lewi8 
altitude wind tunnel t o  detexmine the   a l t i tude performance of the 
engine and its ccanponent park, and t h e  windmilling Etnd etar t ing 
characteristics. Engine performance data  obtained a% sea-level 
s t a t i c  conditions for  the engine fnvestiejated  could be used t o  pre- 
d i c t   s t a t i c  perf'omrFulcs at altitudes up t o  35,000 f e e t  by the 
application of the stand- a.ir presewre and tenzperature correction 
factors .  The engine perfomname data generalized because t h e  gen- 
eralized performances o f -  a e  compreseor, the cosibustion chambers, 
and t h e  turbine were unaffected by changes in al t i tude and were 
functions only aP corrected engine speed, corrected f u e l  air ratio,  
and corrected  turbine speed, respectfvelg. 

Specific fuel consmption based on ehaft horsepower decreased 
as the  turbine-inlet  temperature ma increaeed at a conatant 
engine speed. The alr flow through the engine was unaffected by 
changes in the turbine-Met  temperature but varfed dfrect ly  w i t h  
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the rotating speed of the engine. Jet th rus t  vtxried directly with 
engine speed at constant  turbine-inlet  temperature  but xae negli- 
gibly  affected by changes in  turbine-inlet  temperatme at a given 
engine speed. Inoreasing the engine speed a t  a given al t i tude 
lowered the  portion of the  total   available parer absorbed by the 
propeller shaft at a gfven ttzrblne-inlet  temperature. Operation 
of the @ne at a corrected epeed of 13,000 rpn, which come- 
sponde to rated speed at ae& level, occurred i n  the  region of maxi- 
mum compressor efficiency. M a x f m u m  turbine  efficiency w a s  obtained 
a t  rated engine sped f o r  all altitudes  investigated. 

For the windmilling condition,  highest rotating. speeds of the 
engine were obtained at a propeller-blade angle of about l2O. A t  
altitudes above 25,000 feet ,  the minimum xirdmilling speed at which 
the  engine could be s tmted  asd accelerated  increased fram 5000 
at an alt i tude of 25,000 f ee t  to 10,000 rp at an al t i tude of 
40,000 feet . 

Lewfs Flight Propulsion Laboratory, 

Cleveland, Ohio. 
National Advisory Cammittee for AeromutPca, 

4 
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symbols 
The follow2ng spbols  are used in t h i ~  report: 

cross  -sectional area, e q  ft 

speed eoum~ tn air, f t / sec  

specific  heat af gas at constant pressure, Btu/(lb) (%) 

Jet thrust, lb 

net thrust, Ib 

f uel-air rat i o  

acceleration due to gravity, ft/sec 

horsepower loge in high-speed reduction gear 

enthalpy, Btu/lb 

horn epower 

mechanical e&i-valent of heat, ft-lb/Btu 

constants . 

2 
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indicated  temperature, OR 
isentropic  ampressor-outlet  total  temperature, OR 

isentropic  turbine-outlet  total  temperature, % 

static  temperature, OR 

velocity, f t /eec 

air flow, lb/eec 

fuel flow, lb/hr 

gaa flow, lb/eec 

propeller-blade angle, deg 

ratio of' apecffic  heater for gaaes 

ratio of cmpreeeor-inlet t o t a l  preesure to  static preasure 
of NACA standad atmosphere at sea level 

ratio of turbine-inlet  total  preasure to static pressure of 
NACA standard atmsphere at 888 level 

cnmgresaor efficiency 

turbine efficiency 

ratio of compressor-inlet  absolute  total temperature to 
absolute  static  temperature of NACA etandard atmosphere 
at sea  level 

Subscript8 : 

J J et 

n turbine nozzle (mlnimum area) 
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t turbine 

0 tunnel-test-section air stream 

1 wing-duct  inlet 

2 campressor W e t  

3 campressor. outlet 

5 timb ine inlet 

6 turbine out le t  

8 jet-nozzle  outlet 

The data are generalized to NACA standard sea-level conditione 
by the fol l&ng parametera : 

P J b  corrected Jet t-t, Ib 

comected fuel-air ratio 

17 
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Calculations 

NACA RM E50H30 

Temperatures. - Total temperatures were obtained from themto- 
couple readings, 8 themcouple  recovery f ac to r  (0.85), and the 
follcvwing equation: 

T =  

Turbine-inlet temperatures were oalculated from the enthalpy 
drop through t h e  turbine and the total  enthalpy at the Jet-nozzle 
outlet .  The onthalpy drop through the turbine included the p e r  
required to drive the compressor, t he  ahaft power measured at the 
torquemeter, and the power loss in %he high-speed reduction gear: 

=5 
CPt 5 

T5 = - 
The gear homepower, used i n  oalculatfn@; H5, represents the 

power loss In the high-speed d u c t i o n  gear ebnd was estimated to 
vary frm 50 horsepower at an engine speed of 13,000 rp.u to 
25 homeparer at 8000 .-. 

.- .. _. 

Air flow. - The engine air flow wed i n  t h e  performanoe cal -  
culations wa8 aetemined from measurements a% the ccanpressor inlet. 
From the continuity equation, 

w€i = p2AZvzg 

PZAZ = - vz 
Rt2 
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The gas flow through t he  turbine nozzles waa assumed equal to 
the compressor-inlet air flow plus the fuel flaw, 

wf wg = wa f - 
3 600 

Compressor  efffciency. - The cmpressor efffciency is defined 
89 

Compressor preaeum ratio. - The relation between compressor 
pressure ratio arrd. corrected  turbine-inlet temperature, which WBB 
referred to i n  the discussion of t h e  compressor, may be derived in 
the following manner: 

When the static temperatures are converted to t o t a l  values, 

or 
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Equatfon ( A 9 1  rewrit ten  for conditions at the turbine nozzles where 
c h o k i q  O C C I E B  (4 = I), 

For corrected conditione at the inlet of the campressor, 

sz 
(I + f) (1 + 

7s 2 - '> 
Equation (All&) may be written as, 

Y 5 + l  
( Allb ) 

When the combustion-chamber total-pressure ratio, the VarLation i n  
specific-heat  function, and the fuel-air r a t io  a r e  assumed as 
second-order variables, equation (Allb) can be written as, 

Theref ore, at a 
may be aesmed: 

given corrected air flaw, the following relation 
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Turbine efficiencr. - The ieentropic  efficiency or0 the turbine 
may be &pressed 88, 

Corrected turbine gas flou. - Rewriting equation (A9) gives  

When equation ( u 4 )  is corrected to atandard sea-level con- 
ditions at station 5 (turbine fnlet), 

F7hen the pressure ratio acme8 the turbine nozzles ace- the 
c r i t i c a l  value, the Mach ntlmber &t the minfmmrr -8 is unity. lzle 
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variation in t h e  speclf'lc-heat  function far the' maximum turbine- 
i n l e t  temperature change 18 leas than 0.4 percent. If the  parameter 
on the l e f t  aide of equation (Al5) remains coneta&, choking is 
theref ore indica-bed in the turbine nozzles. 

Thrust. - J e t  thruet is equal t o  the product of the mass flow 
and the velocity at the  jet-nozzle  outlet  plus  the  incremental pres- 
~ u r e  t h e e  the jet-nozzle area. 

Yg-1 

The net thrust fs equal to the jet thmt m f n u s  the momentum 
of the air at the engine in l e t ,  

Tple enthalpy ratios e rhm 
'following manner: 

in figure 13 were calculated  in  the 

43 
I- 
3 
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J e t  enthalpy drop (=6 - 'j 1 
Total enthalpr drop (H5 - H j  ) 

e 

where HJ represents the enthalpy of the J e t  based on the s t a t i c  
tem-rature of the exhaust &as when p~ = pg. All other enthalpies 
are based on total temperatures. 

1. Sanders, N e w e l 1  D. : Performance Parametere for Jet-Propulsion 
Engines. mACA TN '1106, 1946. 

2. Walker, Lewis E. , snd Flemhg, William A. : Reynolde Rru&er 
E f e c t  on Axial-Flm Cnmpressor Performance. NACA RM E9G11, 
1949. 

3. Sanders, Hewell D . , and Behun, Michael: Generalization of 
Twbo jet-Bn@ne Performance in Terms of Pumping Charaotgris- 
tics. NACA Tm 1927, 1949. 

I 4. Pinkel, I. Irping, aril  shame^, H a r o l d :  Analgeie of Je%- 
Propulsion-Engine Cambustion-ber Pressure Losees. NACA 
Rep. 880, 1947. (Formerly HMA TI? 1180 .) - 

5. Howard, Alan, ad. Walker, G. J. : Pn A3raraSt Gas -bin8 f o r  
Propeller Drive. Mech. En&, vol. 69, no. 10, Oot. 1947, 
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External cooling-air 
bleedoff  tubes 

Figure 5. - Sketch o f  turbine-propeller-engine  installation  showing location of wing 
ducts and inlets. 
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0 T o t a l  pressure 
U Static preseure 
x Temperature 

Station 2, compressor inlet  

Station 3, compreseor outlet 

/ 8 %  
O X  
0 

0 

0 
X 

a I 

\ 0 

StstLon 6, turbine outlet Station 8,  jet-nozzle outlet 

Figure 7 .  - Lvcaticn of inatrumantation far altitude-wind-tunnel Fnvestiatian of 
turbine-propeller engine. 



38 NACA R14 E50H30 

0 .1 .2 .3 .4  .5 - 6  

Exhaust-cone inlet Mch number 

Figure 8.  - Variation of exhauet-eyetem pressure-108s ratio uith exhaust-cone i n l e t  
%ch number. Exhaust-gae terqparature, approximtely 1500’ R. 
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Shaft horeepowor 

(a) A i r  flow. 
Figure 9. - Effect of e M t  horsepawer on engine-perfarmance p e e t e r e  a t  V~I~IOU~ 

engine apeede. Altitude, SO00 feet; compreesor-inlet r a m  preeeure ratio, 1.00. 



Shaft horsepower 
(b) Turbine-inlet temperature. 

Figure 9. - Continued. Effect of shaft horsepower on engine-performame 
* parameters at  various engine speeds. Altitude, 5000 feet; compressor- 

i n l e t  ram preeeure ratio, 1.00. 
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(c) Fuel flow. 

Figure 9. - Continued. Effect  of shaft horsepower on engine-perfomnce 
parameters at various engine speeds. Altitude, 5000 f e e t ;  aompresrror- 
i n l e t  ram preseure ratio, 1.00. 
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Shaft horsepower 
(d) Fuel-air ratio. 

Figure 9. - Continued. Effect of shaft horsepower on engine-performance 
parameters at various engine speeda. Altitude, 5000 feet; compressor- 
inlet ram pressure r a t i o ,  1.00, 
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Figure 9. - Continued. Effec t  of shaft horsepower on engine-performance 
parameters a t  various engine apeeds. Altitude, 5000 f ee t ;  cornpressor- 
i n l e t  ram pressure r a t i o ,  1.00. 
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Figure 9. - Concluded. Effec t  of &aft horsepower on engine-performance 
parameters at various engine speeds. Altitude, 5000 feet; compresaor- 
inlet ram pressure ratio,  1.00. 



44 MACA HM E50WO 

. 

Shaft horaepower 
(a) A i r  flow. 

Ffgure 10. - Effect of shaft horaepower on engine-performance param- 
eters at various altitudes. mine 8peed, 13,000 rpm; cmpressor- 
inlet ram presaure ratio, 1.00. 
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Shaft horsepower 
(b ) Turbine-inlet tenLp8ratuFe 

* Figure 10. - Continued. Effect of shaft horeepowsr on engine-performance 
parameters a t  various altitudes. Engine speed, 13,000 rpm;  compreasor- 
inlet ram pressure  ratio, 1-00. 

- 
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Fi . w e  10. - Continued. Effect of shaft horsepower on engine-performance 
parameters at various altitudes. Engine speed, 13,000 rp-m; compressor- 
i n l e t  pressure r a t i o ,  1.00. 
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Shaft horsepower 
(d) Fuel-alr ratio. 

47 

- 
Figure 10. - Continued. Effect of shaf? horsepower on  engine-performance 

parameters a t  various altitudes. Engine speed, 13,000 rpm; compressor- 
i n l e t  ram pressure r a t l o ,  1.00. - 
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Shaft horsepower 
( e )  Jet  thrust.  

Figure 10. - Continued. E f f e a t  of shaft horsepower on engLne-performance 
parameters at   various  alt i tudes.  Engine speed, 13,000 rpm; oomgressor- 
i n l e t  ram pressure  ratio,  1.00. 
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Figure 10. - Concluded. Effect of shaft horsepower on engine-performance 
parameters at various altitudes. Engine speed, 13,000 rpm; compressor- 
inlet  ram pressure ratio, 1.00. 
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(a) Effect qf engine epeed at constant altitude. 
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E v e  15. - Variation of ccmpreasar preeeure ratio  with corrected turbine-inlet 

temperature.  Campressor-Fnlet ram preeeure ratio, 1.00. 
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Compreaem-inlet ram pressure ra t io ,  1.00. 
- 
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0 8 16 24 32 
Propeller-blade angle, 13, deg 

Rigure 24. - Variation of correoted e n g b  w i n d m i l l i n g  epeed with propeller-blade angle. Flight Mach number, 0.285. 
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