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EFFECT OF DESIGN COMPRFSSQR PRESSURE RATIO ON pERFc1RMAN(=E OF 

gY James F. Dug=, Jr. 

wothetical two-spool  nuclear-powered  turbojet  engines  with  sea- 
level  static  design cmpressor total-pressure  ratios of 20, 15, and 9 
and  total-pressure  losses  between  the  inner-spool  canpressor  exit  and 
turbine  inlet of 10 and 30 percent  are  considered.  Each  engine op- 
erates with the  outer-cmpressor  mechanical  speed fixed at  its  design 
value and the inner-turbine  inlet  temperature  fixed  at  its  design  value 
of 2160' R. Performance with chemical  afterburning  at 350O0 R and with 

to 0.9 at  sea  level and 0.9 to 2.32 in the  stratosphere. 
? the  afterburner  inoperative is calculated for flight  Mach  numbers  of 0 

L 

The following results  are  for  the engines with a canstant 10- 
percent  total-pressure loss between  the  inner-spool  compressor and 
turbine.  For  operation with the  afterburner  fnoperative,  the maximum 
equivalent  net  thrust  for  the 9:l pressure-ratio  engine is about 30 
percent  greater than that  for the 15:l pressure-ratio  engine,  and 51 
percent  greater than that for  the  20:lpreesure-ratio  engine. A t  each 
flight  Mach  number,  however,  the  higher-press.ure-ratio  engines  have  the 
lower  values of specific  power  (ratio of reactor  power  to  engine  net 
thrust)  and  require  the  smaller  ducts  downstream of the  compressor  exit. 

For operation  with  afterburning at Mach 2.32, thrust  for  the 9 : l  
pressure-ratio  engine  is  about 8 and 18 percent eater than  the  thrust 
for  the l5:1 and 2O:l pressure-ratio  engines,  respectively;  whereas  the 
specific  fuel  consumption  advantage of the 9:l  engine  is  about 8 and 16 
percent,  respectively.  Specific  parer, h o m e r ,  for  the 20:1 pressure- 
ra+io  engine  is  about 25 and 41 percent  less than the  specific  power 
for  the l5:l and 9:l pressure-ratio  engines,  respectively. 
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-0DUCTION 

The  selection of the  design cwressor total-pressure  ratio  for a 
turboJet  engine  depends on many factors - 6,uch as, the  allowable  tur- 
bine  inlet  temperature,  the  attainable  performance- of the  turbojet cm- 
ponents,  the  assigned made of -engine  crperatim,  the  anticipated  range 
of flight  conditions,  the  size  and  weight of the  engine  ccnnponegts,  and 
the  equilibrium  and  transient  performance of the engine over  the full 
range of operation.  The  purpo-se of this resort is  to  estimate  the ef- 
fect of design campressor  total-pressure  ratlo on the  eqwllibrium  per- 
formance of hypothetical  two-spool  turbojet  engines. 

Two series of two-spool  engines are cansidered:  The first seriee 
is  characterized  by a 30-percent  total-presswe l o s s  between  the inner- 
spool  compressor  and  turbine;  the  second  series,  by a 10-percent  total- 
pressure loss. For each series, the  sea-level  static design over-all 
compressor  totaJ-pressure  ratios  are 20, 15, and 9, and the design 
value of the  inner-turbine  inlet  temperature is 2160' R. These  values 
of pressure loss, compressor  pressure  ratio,  and  turbine  inlet tempers- 
ture  are  realistic  for a direct-air-cycle  type of nuclear-power afrcraft 
engine. 

The  canpressor  performance.maps  of  each  engine a-  obtained ana- 
lytically  by  the  procedures  discussed in reference l. Each of the tu& 
bines  is  characterized by constant  inlet  equivalent  weight  flow and 
constant  efficiency  for all engine operation.  The  pumping  characterie- 
tics of each engine are  obtained  by  matching  the  campressor and turbine 
components  for a specific  mode of operatia.in which  inner-turbine  in- 
let  temperature and outer-ccmrpressor  mechanical speed are  held  constant 
at  their design values  for all flight conditions.  The  advantages of 
this  mode of operation  are  discussed in rel%rence 2. The  performance- 
of each  engine  with  chemical  afterburning at 3500' R and with t h e  after- 
burner  inoperative is calculated for flight  Mach-numbers of 0 to 0.sat  
sea  level and 0.9 to 2.32 in  the  stratosphere. 

" 

The  equilibrium  operating lines corresponding to  the  assigned  mode 
of operation and.rmge of flight  conditions are glotted on the  campo- 
nent  campressor  maps to indicate the  variations in compressor  effici-=cy 
and the margins between  the  operating lines and the stall-limit lines. 
The  performance  of  the  gas  generators  (that part of the engine from the 
outer-campressor  inlet to the  outer-turbine  exit) is presented in order 
that  performance may be  calculated for engines having inlet and exhaust- 
nozzle  characteristics  different frm those of t h i s  report. The per- 
formances of three  engines,  each with a. deslgn cmpressor total-pressure 
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* ratio  of 20, are cmpared to  indicate  the  effects  of varying the  design- 
pressure-ratio  split and of  assigning fihe engine  design  point on the 
outer-compressor  performance  map  away frcan the  outer-compressor  peak 
polytropic  efficiency point, 

The performances. of engines  with  the  sane  percentage  total-pressure 
loss between the inner-spool  canpressor  and  turbine but different values 
of  design  campressor-total-pressure  ratio  are  compared to indicate  the 
effect of design compressor  tot&-pressure ratio on the variations of 
engine  net  thrust,  specific  power, and specific me1 consunption with 
flight  condition.  The  effect  of  percentage  total-pressure loss between 
the  inner-spool  ccnqpressor and turbine on engine  performance is found 
by coruparing  the  performances of engines having the same  value of de- 
sign  campressor  total-pressure  ratio but different  values of percentage 
total-pressure loss. 

EslgFne Desim Conditions 

The  two-spool  turbojet  engines comidered herein are characterized 
by the following sea-level  static  design  values: 

Over-all  compressor  total-pressure  ratio . . . . . . . . . 9, 15, or 20 

Ratio  of  inner-turbine M e t  total-pressure  to inner- 
campressor  outlet t o t a l  presaure . . . . . . . . . . . 0.7 or Q.9 

Inner-turbine  inlet  total  temperature; % . . , . . . . . . . . 2160 

.I 

L Outer-compressor.  equivalent  weight flow, Ib/sec . . . . . , . 100 

Eight  two-spool enghes are discussed in t h i s  report.  The  engine 
designations  and  the design values of outer-cqressor and inner- 
campressor  total-pressure  ratio  are  listed in the  following  table: 

desig- 
nation 
20.7a 
20.7% 
20.7~ 
15.7 
9.7 

15.9 
9.9 

- 
- 
2 5 3  - - 

Outer-compressor 
pressure  ratio  at 
engine  design  point 

4 
5 '  
4.185 
2.857 
2.857 
4 -185 
2.857 
2.857 

~ Inner-ccanpressor 
, pressure  ratio  at 
engine  design  point 

5 
4 
4.779 
5.250 
3 , 150 
4.779 
5.250 
3.150 
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The engine  designation  Fndicates the design compressor total-pressure 
r a t i o  and the  total-pressure  ratio between the inner-compressor exit li 

and the  inner-turbine inlet. For example, the engine  designation 20.7 
m e a n s  the  design campreseor total-pressure r a t i o  i s  20, and the t o t a l -  
pressure  ratio P4/P3 i s  0.7. (The  symbols used in this report are 
defined i n  the appendix.) The letters 6, 2, and c which follow 20.7 
are used to  distinguish  three  different  pressure-razio  divisions between 
the outer and the inner compressors. 

- 

For both  engines 20.7a and 20.7b, %he e"ne design  values of 
Cn 
0 

outer-canpressor and inner-ccm~ressor  pressure  ratio were assigned t o  z 
coincide with the outer- and inner-compressor reference  points. AB 
used i n  this report, the canpressor  reference  point of a campressor map 
is defined as that point at which maximum polytropic  efficiency i s  
achieved.  For  both engines 20.7a and 20.7b, outer-compressor  eurge was 
encountered  before the f u l l  range of operation was covered. 

In order t o  permit  operation  over the full range of flight condi- 
tions, a third engine with a design  ccmpressm.totd-pressure  ratio of 
20 was considered in which the outer-co~rrpressor  engine desi@ point 
differs from the ccrmpressor reference  point. I n  engine 20.7c, the  outer- 
compressor engine  design point i s  at a pressure  ratio of 4.185 and an 
equivalent weight flow of 100 pounds per second; w h i l e  the comgressor 
reference  potnt (mum polytropic  efficiency  point) is at  a pressure 
r a t i o  of 4.472 and an  equivalent weight flow of' 97 pounds per second. 
By shifting the outer-compressor  engine design point t o  13 higher weight 
flow than that fo r  the compressor reference  point,  the  outer  cmpressor 
operates i n  a stable portion of i t s  performance map over the ful l  range 
of flight conditions. This i s  done f o r  each of the remaining f ive  two- 
spool  engines; that ie ,  the engine design  equivalent weight flow i s  100 
pounds per second, while  the  outer-cmpressor Yeference-point  equivalent 
weight flow i s  97  pounds per second. 

Mode of Operation and Range of' FUght Conditions 

For a particular flight condition,  the  operation of a two-spool 
turbojet engine is  fixed by assigning two quantities, such as outer- 
compressor mechanical  speed  and inner-turbine inlet temperature. In 
this  report ,  outer-compressor  mechmical speed and inner-turbine inlet 
temperature are  asaigned t o  be constant a t  their design values fo r  the 
full- range -of flight conditions.  Flight Mach m b e r  is- varied frau 0 
t o  0.9 at sea level, and frcan 0.9 t o  2.32 in the stratosphere. 

Colqpressor and  Turbine Performance 

Each compressor map was obtained in   three  s teps:  ( 2 )  The backbone 
o r  l i ne  of maximm efficiency was found. (2)  The stall-limit l ine  YBB 
found. (3) The lines of constant  equivalent  speed were found. 

m!m!u+- 
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To carry  out  step (l), the  backbone  characteristic  curves of ref- - erence 1 were  employed. In reference I, relative  backbone  values  of 
equivalent  weight  flow,  total-pressure  ratio, and efficiency are plotted 
against  reference-point  pressure  ratio  with  equivalent  speed as a param- 
eter, To calculate  the  backbone  values  for a particular  compressor,  the 
values  read frm the  curves  for  the  reference-point  pressure  ratio  are 
multiplied  by  the  compressor  reference-point  values  of  equivalent  weight 

pout polytropic  efficiency  is  assigned  to  be 0.90 for each compressor 
map 

w flow,  total-pressure  ratio,  and  efficiency. The ccmgressor  reference- 
3 
(D 

To carry  out  step (21, the. stall-limit-line  characteristic  curves 
of reference 1 were  employed. In these  curves,  the  ratio  of  stall-lfmit 
pressure  ratio  to  reference-point  pressure  ratio  is  plotted  against 
reference-point  pressure  ratio  for  constant  values of the  ratio of 
stall-limit  equivalent  weight  flow to reference-point  equivalent  weight 
flow. The  stall-Umit  line of a particular cmpressor is calculated by 
dtiplylng the  values  read  fran  the  curve  for  the  reference-point  pres- 
sure  ratio  by  the  reference-point  values of pressure  ratio and equivalent 
weight flow. 

To carry out  step (3), the  constant-speed  characteristic  curves  of 
reference 1 were  employed. In these  curves,  relative  efficiency  and 
relative  temperature  rise  are  plotted  against a relative  flow  parameter. 

are  calculated  as  follows:  For  each speed, relative  values  of  flow 
parameter are assigned and relative  values of temperature  rise  and ef- 
ficiency  are  read  from  the  canstant-speed  curves.  Absolute d u e s  are 
calculated  from  these  relative  values  and  the  appropriate  backbone 
values.  Canpressor  pressure  ratio  is  calculated  from  the  values  of  tem- 
perature  rise  and  efficiency,  and cmpressor weight flow is  calculated 
from  values  of  temperature  ratio,  pressure  ratio,  and flow parameter. 
Each  compressor map is  assumed  to  be  valid  for all flight  conditims; 
therefore, any effects of flow  distortion  or low Reynolds  nwnber  are 
neglected. 

m The Unes of constant  speed  for a particular  compressor  performance  map 

- 

Each of  the  turbines  is  characterized  by  canstant  inlet  equivalent 
weight  flow d a constant  polytropic  efficiency of 0.90 for all opers- 
t ion.  The  results of reference 2 show that,  for an operating  mode 
characterized  by  constant  values of outer-canpressor  mechanical  speed 
and inner-turbine  inlet  temperature,  the  inner  turbine  operates  very 
close  to  its  design  point for the full range  of  flight  conditions; 
that  is,  inner-turbine  inlet  equivalent  weight f low remains constant  at 
its  design  value and inner-turbine  efficiency  varies  less  than 1 per- 

at its  design  value  of  inlet  equivalent  weight  flow and near its  design 
value of efficiency  for all flight  conditions  considered. On the  basis 
of these  results,  the  turbine  assumptions of .this report are believed 
to  be  good. 

A cent. The  outer  turbine of the two-spool  engine  of  reference 2 operates 

- 
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Gas-Generator  Performance . 
". .. . . - -. . -. . -. . . 

temperature  ratio TS/T1, engine  temperature  ratio T6/Tl, and engine - . .  - 

pressure  ratio P6/P1 with outer-cmgressor  equivalent  speed 
are obtained  for  the  specified  mode of qperatjon in which  the  inner- .. . 

turbine  inlet  temperature  and  the  outer-compressor  mechanical  speed are 
held  constant at their  design  values  for all flight conditions.  This 8 - .-: 

mode of operation  results  in a unique relation  between T4/T1 and m to 
N o / f i .  For each  speed Mo/ 6, the  inner-turbine  inlet to outer- 
compressor  inlet  temperature  ratio TJT~ is  calculated  fram 

- . " -. 

T4 
*I 
" - 

The  variations of wlfi /61,  w3 e/&, T3/T1, PS/Pl, and Ts/T1 with 
No/& are found by- first  matching  the inner cqessor: and inner 
turbine, asd then matchbg the  inner  spool  wLth  the  outer  campressor . .. 

and outer  turbine. . .. . - ." . .. . ." . .* . 

. . . . ." 

Inner-spool  matching. - The performance of the  inner.  spoal ie found 
as follows: 

(1) A value of W2 6 / 6 2  is assigned at a particular speed 
Nil&- .. . " 

(2) The values of P3/Pz and T3/T2 ~ t r e  read  from plots of these. .. 
. " 

vaxiables  against w2 @&,, with ITl/ 6 as parameter. 
(3) The  value of T4/T2 is calculated froln . .   - .  

-. . . -. 
. - .. 
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(4) The  value of T5/T4 is  calculated . .  
4 

7 

f r m  

4 
CN 
(D If the vdue of Ts/T4 frm step ( 4 )  does  not  equal  the  design  value, 

steps (1) to (4) are repeated.  The  value of T5/T4 for all operating 
conditions  must  be a canstant  equal to the  design  value  because  the 

for all  operating  conditions.  When T5/T4 frcmn step (4) equals  the 
design  value,  the  inner-ccanpressor  operating  point  is  cnmpatible dth 
the  specified  turbine assqtions. 

vaJ_ues of w4 <b*' ws & b 5 ,  and rl4-5 are  assigned  to be constant 

~nner-spool performance  is  presented as plots of wz &/6,, ~ 3 / ~ 2 ,  
p3/p2 9 ps/pz t T5/T2,  and T4/% against %/ 6- 

Inner-spool  matching  with  outer-spool  CanrpOnents. - The  inner-spool 
is matched  with  the  outer-spool  components  as follows:. 

a 

(1) A value of w2 4 / S 2  is  assigned a t  a particular  speed 
m No/&- 

(2) At  this  value  of w2&/S2, values  of N i / e ,  T3/T2, P3/P2, 
P5/Pzt Tg/Tz, and T4/T2 are read fram the  inner-spool perfonname 
curves. 

(3) A value of T2/T1 is read  from  the  plot of T2/T1 against 
w2 */E2, with No/ 6 as  parameter. 

(4) A value of T4/T1 is calculated frm the values of T4/T2 and 
T2/T1. If this  value  does  not  equal  that  calculated f r m  eqimtion (11, 
steps (1) to (4) are  repeated.  When  the values of T4/T1 agree,  the 
outer-compressor and inner-compressor  operating  points  are  cnm-patible 
with  the  assigned rn- of operation. 

. ." 

* At  each  speed No/&, the vdue of wl &/El is  read  from a 
plot of wl 6 /E1 against w2 ,&/E, for  constant  values of NJ&. 
The  value of w3 &/E3 is  calculated frcm the  values of w2 &/S2, 
T3/T2, and  P3/P2.  The v d u e  of T3/illl is  calculated from the  values 
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The value of T ~ / T I  i s  calculated frm the values of Tz/Tl, Tg/Tz, 
and T6/fC5, where T6/T5 i s  calculated frm 

Compressor Operating Lines 

Equilibrium operating  Unes  are  located on the outer- and inner- 
compressor maps from gas-generator  plots of Pz/Pl, wl fi/tj1, P3/Pz, 

and wz e / S 2  a s i m t  N o / q .  The re lat ion between outer- 

compressor equivalent  speed and flight condition  for  the  assigned mode 
of operation i s  found as follows: Engine W e t  temperature is calcu- 
lated from 

TI = to (1 + M”0) 
where to is the ambient temperature at the  specified  alt i tude and & 
Fs the  specified flight Mach number. ( A t  sea  level, to is 518.7O R; 
i n  the stratosphere, 
corresponding to   t he  

390.0° R.) The outer-campressor  equfvalent  speed 
assigned flight condition is calculated frm 
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Thrus t ,  specific power, and specif ic   f ie1 consumption (for chemical 
afterburning a t  3500' R) are calculated  for each  engine over the range 
of flight conditions by the following  procedure: 

(I) For an assigned flight condition,  the  values of No/ fl is 
calculated fram equation (7), and the value of T4/Tl i s  calculated 
f r m  equation (1) . 

(2)  Values of wl*/El, P6/P1, and TdTl are read from the 

gas-generator  perforgame  curves  for  the known value of No/ 6. 
(3) Inlet  total-pressure r a t i o  Pr/Po i s  read from figure I, which 

i s  a calculated  plot of P1/Po against % f o r  a variable-geometry 

i n l e t  having two adjustable wedges and a by-pass duct. . 
(4) The value of Po/po i s  calculated f ran 

Y 

(5) Exhaust-nozzle pressure r a t i o  is calculated from 

'7 '0 '1 '6 '7 

'0 '0 '0 '1 '6 
A="" 

w h e r e  P7/P6 i s  assumed equal to 0.96 with  the  afterburner  inoperative, 
and 0.94 with  afterburning. 

(6) Jet velocity i s  calculated frcm 

c 

where T7 = T6 for nanafterburning  operation, T7 = 3500' R for  after- 
burning  operation, and (+ = 0.96 f o r  both  cases. 

- 

L 
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(7)  Net thru6t is calculated f r o m  " " - 

W 1 Fn = -[(1 Q + f ) V j  - Vo] 

where wl i s  calculated frm values of wl fi/tj1, T1, and P1, and the 
flight velocity i s  calculated from 

. " 

. .  

VO = 8 m 
K) 

The fuel-air ratio i s  zero when the  afterburner is inoperative. For 
afterburning  operation, the value of fue l -a i r   ra t io  f o r  the  afterburner 
i s  found by using  figure 2 of reference 3. Afterburner  efficiency is 
taken RS 0.90, and the   fuel  is assumed t a  have a lower heating value of . 
18,700 Btu per pound and a hydrogen-ccirbon ratio. of 0.175. 

" 

- ." 

(8) Values of specific power (which is the r a t i o  of the power added 
to  the  airstream' between the inner-compressor exit and the inner-turbine 
inlet to   the  engine net  t m t )  in-kilowatts  per pound thrust  axe calcu- 
la ted from ~ . "  1 "" - 

" - . 

where the  values of H3 and Hq are f m d  frw the  values of T3 and . - 
T4 and the tables- of reference 4.  

." 

.. 

" 

(9) For afterburning  operation,  specific  fuel consuznption i s  calcu- " . 

late& from . . . -. - .- .. 

3600 f 
sfc = 

RESUECS AND DISCUSSION 

Compressor Operating  Unes 

The variation of outer-compressor equivalent apee-d with flight eon- 
dition for  operation a t  constant outer-ccanpressor  mechanical speed is 
shown i n   f i g u r e  2.. A t  sea level, as flight Mach  number increase8 frm T 

0 t o  0.9, outer-compressor  equivalent speed decreases frm 100 t o  92.8 
percent design: In the stratosphere, as f l i g h t  Mach nnmber increases 
fram 0.9 t o  2.32, duter-campressor  equivalent  speed decJreases -from 107 
t o  80 percent design. 

" 

.. - 
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Cmpment compressor maps of the  eight two-spool engines are shown 
I in   f igures  3 t o  5, where total-pressure  ratio i s  plotted  against inlet 

equivalent weight flow with  equivalent  speed  and  adiabatic  efficiency as 
parameters. On each map i s  plotted  the  equilibrium  operating  line  cor- 
responding t o  the  assigned mode of engine operation. Four goints are 
noted on each operating  line:  Point A (the  sea-level  static  design 
point) is  f o r  Mach 0 at sea level o r  Mach 1,284 i n  the  stratosphere. 
Point B i s  fo r  Mach 0.9 at sea  level.  Point C i s  fo r  Mach 0.9 in   the  
stratosphere.  Polnt D i s  f o r  Wch 2.32 in the  stratosphere. If Mach 2.32 
is unattainable in a particular engine because of cnmplete  compressor 
stall, point D '  i s  used to  note  the  intersection of the  operating  line 
with the compressor stall-limit l ine .  

Engines  20.7aJ 20.7b, 2 0 . 7 ~ ~  and  20.9. - Canpressor maps of the 
engines with a design ccmrpressor total-pressure  ratio of 20 are shown 
in  f igure 3. The outer-campressor  perfomance.maps of engines 20.7a 
and  20.7b are  shown in  f igures  3(a) and (b),  respectively. For both en- 
gines,  the  engine  design  point A coincides d t h  the  cmpressor  reference 
point ( p e e  polytropic  efficiency  point 1 . The variation of outer- 
cmpressor  efficiency and the  location of the  operating  Une  with re- 
spect  to  the stall-limit line are similar f o r  the two engines. For the 
particular  canpressor maps used, the  equilibrium  operating  line  inter- 
sects  the  outer-compessor stall-limit l i ne  at an equivalent  speed 
No/* between 80 and 90 percent  design. The Fntersectian  corresponds 

to a f l i gh t  Mach  number  of 1.925 f o r  engine 20.7a, and 1.972 f o r  engine 
20.n.  

" * _  

* .. . .. ." 

The outer-canpressor map of engines 20 .7~ and 20.9 i s  shown in 
f i g u e   3 ( c ) .  The compressor maps and operating  lines f o r  the  engines 
with 10-percent  total-pressure l o s s  between the  inner-spool ccaqpressor 
and turbihe are the same as those f o r  the correspondlng engines with 
30-percent total-pressure loss. For  engines 2 0 . 7 ~  and 20.9, the engine 
desi@p point A was assigned a t  a higher equivalent weight flow than the 
peak polytropic  efficiency  poht ( cmgressor  reference  point) so as to 
permit stable  operation over the ful l  nmge of flLght  conditions. The 
degree t o  which this compromise should be made will  depend on the par- 
t icu la r  engine  being consider_ed. For  engines 20 .7~  and 20.9, the engine 
design  weight flow was assigned t o  be 100 pounds per second, w h i l e  the 
comgressor reference weight flow was assigned to be 97 pounds per second. 
For the particular cmpressor maps used, this resul ted  in  an equilibrium 
operat- l i ne  that intersects  the stall-limit l i ne  at  an  outer- 
campressor equivalent speed of 80 percent  design  (point D in  f ig .  3(c)) .  
If a greater margin between engine  design weight flow and  compressor ref- 

l ine  and the stall-limit l i n e  would increase at  all equivalent  speeds, 
(2)  the  equivalent weight flow at equivalent  speeds No/* below de- 
si@;n would increase, and 3) the compressor efficiency at  the lower 
equivalent  speeds No/ .$ 61 would increase and that at  the higher equiv- 
alent speeds would decrease. The outer-compressor efficiency of engines 

- 

a erence weight f l o w  were assigned, (I) the margin between the  operating 

- - 
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20.7~ and - 20.9 is  practically  constant  for  sea-level  operation  (between 
points A and B). For  flight  in  the  stratosphere,  outer-compressor ef- . 
ficienc  increases.from 0.85 to 0.87 between  Mach 0.9 and 1.28 (points 
C and AS , and decreases  from  0.87  to 0.83 between  Mach-1.28  and 2.32. 
(points A and D) . 

. " 

Figures 3(a), (b) , and (c) show that the  pressure-ratio  split has 
little  effect on the  position  of  the  operating  line  with  respect  to  the 
outer-compressor  stall-limit  line. A more  effective way to separate 
the  two  lines  is  to  design  the  engine so that the outer-compressor de- a 
sign  equivalent  weight  flow  is  higher  than  the  outer-crmrpressor ~ " . . .:..#- 

reference-point  equivalent  weight flow. 

The inner-cmpressw map-.of engines 20.7~ and 20.9  is shown in 
figure 3(d).  The  operating line tends  to parallel the  stall-lfmit  line, 
with  the  result  that  considerable margin between  the two lines  exists 
for  the f u l l  range of flight  condi%ions.  Inner-compressor  efficiency 
is practically  constant  at  0.87  for  the f u l l  range  of  flight  conditions. 
Inner-compressor maps for engines  20.7a and 20.7b are not shown because 
the full range  of  flight Mach number was unattainable. " 

." 

-. 

Engines  15.7  and 15.9. -'The outer- and inner-cclmpressor  &ps of 
. ." " 

engines  15.7 and 15.9 are  shown in figure 4 .  As with  englnes 20.7~ and 
20.9, the  engine  design  weight f low {fig.  4(a)) was assigned to be 3 
pounds per  second  greater  than  that  at  the  outer-compressor  reference 
point.  The margin between  the  equilibrium  operating  line  and  the 
stall-limit  line  decreases  as  flight  Mach  number  increases  until,  at 
Mach  2.32,  the equivalent weight flow difference  between  the  operating 
point and the stall-lMt point is only 2.5  pound^ per  second.  The 
outer-compressor  efffciency  is  constant  at 0.88 for all. sea-level oper- 
ation.  For flight i n  the  stratosphere,  efficiency  increases frm 0.86 
to 0.88 between Mach 0.9 and 1.28 (points C and A), and  decrease8 frm 
0.88 to 0.86 between  Mach  1.28 and 2.32 (points A and D). 

- 
L 

The  inner-canpressor  map of engines 15.7 and 15.9 is shown in  fig- 
ure 4(b). There is considerable  margin  between  the  equilibrium  operat- 
ing line and the  irmer-compressor.  stall-limit  line.  For  the full range 
of flight  conditions,  efficiency  is  almost  constant  at 0.87. 

- 

Ehgines 9.7 and 9.9. - The outer- and inner-ccanpressdr  maps of en- 
gines  9.7  and 9.9 are shown in figure 5. As with  engines  20.7c,  20.9, - 15.7,  and 15.9, the  outer-campressor  design  weight  flow  {fig. 5(anas 
assigned  to  be 3 pounds per  second  greater than the outer-compressor 
reference-point  weight  flow.  The  margin  between  the equilibrium operat- 
ing line and the s t a l l  line  decreases  as flight Mach number  increases, 
but  even at Mach  2.32  the  equivalent  weight flow difference  between  the 
operating  point and the  stall-limit  point ie 8.2 pounds per second. 

- - 
- - - 

.i 

" 
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Therefore,  stable  operation  over the full range  of  flight  conditions 

outer-compressor  reference  point  were  made to coincide.  At  each  equiv- 
alent speed lTo/&, the  outer cmpressor operates  close to maximum 
efficiency.  Over  the full range of flight  conditions  considered,  outer- 
ccanpressor  efficiency  varies less than 2 percent. 

- would have  resulted wen if the  outer-compressor  design  point  and  the 

The  inner-compressor  rap of engines 9.7 and= i s  shown  in  figure 
% 5(b). There i s  considerable margin between  the  equilibrium  operating 
% line  and  the  inner-canpressor  stall-limit  line.  For  sea-level  opera- 

tion,  inner-compressor  efficiency  is  constant at 0.88. For  flight Fn 
the  stratosphere,  inner-compressor  efficiency  Fncreases  from 0.87 to 
0.88 between Mach 0.9 and 1.28 (points C and A) ,  and  decreases f r m  
0.88 to 0.85 between Mach 1.28 and 2.32  (points A and D). 

Effect of desim pressure  ratio. - l7kom figures 3(c), 4(a>, and 
5(a), it  is  seen  that  the maran between  the  outer-compressor  equilib- 
rium  operating  line  and  its  stall-limit  line is smallest  at  the  highest 
flight  Mach nmber and  that  the margin at  the higher flight Mach numbers 
decreases  as  designcompressor  total-pressure  ratio  increases.  The 
likelihood of surging the  outer  canpressor  is  therefore  greater at the 
higher  flight Mach numbers,  and  this  tendency  beccanes  more  pronounced 
as  design  canpressor  total-pressure  ratio  is  increased.  For  the  range 

r of  flight  conditions  considered,  outer-compressor  efficiency  varies 
4 pacent for  engines  20.7~ and- 20.9, and about -2 percent for engfnes 
15.7, 15.9, 9.7, and 9.9. 

- 
"- - 

Figures 3(d),  4(b), and 5(b) show  that  the maran between  the  inner- 
cmpressor equilibrium  operating  line  and  its stall-lfmit line is  ap- 
preciable  for  the  range  of flight condltions  considered;  the  effect  of 
design cmpressor total-pressure  ratio on this margin appears to  be 
slight. The inner-compressor  efficiency  is  practically  constant  for 
e w e s  20.7~2,  20.9, 15.7, and 15.9, and  varies only 3 percent  for en- 
gines  9.7 and 9.9. Thus, this  analysis  indicates no serious  problems 
with  respect  to  the  inner  cmpressor. 

- 
- - 

Gas-Generator  Performance 

The  gas-generator  performance  of  engines A, 20 7c - 20.9, - 15.7, 2, 15 9 
9.7, and 9.9 i6 shown  in fi . The  variations  of  compressor-inlet 
equivalent  weight flow w l R / 6 :  (fig. 6 ( a > ) ,  campressor-exit  equiva- 
lent  weight  flow w3&/tj3 (fig.  6(b)), cmpressor temperature  ratio 
T3/T1 (fig. 6( c) } , and  engine  temperature  ratio Ts/T1 (fig.  6(d) ) with 
outer-campressor  equivalent  speed ITo/ 6 for  engines having a 30- 
percent  total-pressure  loss  between  the  inner  compressor  and  inner  tur- 
bine  are  the  same as those for the  corresponding  engines having a 

- - 
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10-percent  total-pressure loss. only the miation of engine  pressure 
ratio P6/P1 (figs.  6(e) and (f)) is different for the two  series of 
engines. . . .. . . . . . - . 

The  differences  in  compressor-inlet  equivalent  weight  flow  (fig. 
6(a)) among the engwes are  less  than 1 percent at equivalent  speeds -- 

above  design.  At  equivalent  speeds les6 than design,  engines 9.7 and 
9.9 pass  more  equivalent  weight  flow than engines W.7, 15.9, 20.7c, 
and - 20.9. At  80-percent  outer-compressor  equivalent spe~correspond- 
ing  to a flight  Mach  number  of  2.32 i n  the  stratosphere),  compressor- 
inlet  equivalent  weight  flow  for  engines 9.7 and 9.9 is 8.5 percent 
larger than that  for  engines 15.7 and 15.9, and 13.8 percent  larger 
than  that  for  engines 20.7~ and.20.9. 

- 
- 

For  a specified  limiting  Mach  number  in  the duct downstream of the 
compressor  exit,  the flow area  required is directly  proportional to the 
compressor-exit  equivalent  weight flow. For  each  engine,  comgressor- 
exit  equivalent  weight flow (fig. 6(b)) increases a13 outer-ccanpressor 
equivalent  speed  decreases.  At  80-percent  speed,  compressor-exit  equiv- 
alent  weight  flow  (and,  therefore,  flow area) f o r  engines 20.7~ and 20.9 
is  about 22 percent  less  than  that  for  engines 15.7 and 15.9, and 50 
gercent  less than that  for  engines - 9.7 and 9.9. 

- 

The  campressor  temperature r a t i o  T3/T1 (fig.  6(c) } of each engine 
increases  with  outer-cmpressor  equivalent  speedL- .At each  equivalent .- 
speed,  compressor  temperature  ratio  increases  with  design  ccrmpressor 
pressure  ratio. The .engine temperatwe ratio !@!l (fig.  6(d) ) of 
each  engine  increases  with  outer-compressor  equivalent  speed,  but  it de- 
creases  with  design  compressor  pressure  ratio  at each e q - v a l e n t  speed. . .  

The  engine  pressure  ratio Pg/Pl (figs. 6( e) and (f) 1 of  each  en- 
gine  increases  with  outer-compressor  equivalent  speed. At 80-percent 
speed  (fig.  6(e) >, the  highest  engine  pressure  ratio  is  achieved  by  en- 
gine s; whereas at U O  percent  speed,  the  highest value. i s  achieved " 

by  engine 15.7. The  engine-pressure-ratio  variations  for.  engines 20.9, 
15.9, and 9.9 (fig. 6(f)) are  similar  to  those for engines  20.7, 15.7, 
and - 9.7  (fig.  6(e)). A t  each  speed,  the  engine-pressure-ratio  value 
from  figure 6(f) is 9/7 of  the  carresponding  value  from  figure 6(e) . 

- - - 

Ehgine  Performance 

Canparison of engines  20.7a,  20.7b,  and 20.7~. - The performances 
of  engines  20.7a, 20.7b, and 20.7~ with  the  afterburner  inoperative are" 
shown in  figure 7. Equivalent  net  thrust is plotted agaLnst flight  Mach 
number in figure 7(a). At  sea  level,  flight  Mach number is v a r l e d  from 

. 

. 
. . - 



NACA RM E55KW 
c 

- 15 

0 t o  0.9. In the  stratosphere,  flight Mach  number is  varied from 0.9 t o  
2.32 f o r  engine 20.7~. Because the  operating line on the  outer- 
canrpressor map intersects the st&ll-limit line,   the maxirmxm f l i gh t  Mach 
numbers for  engines 2 0 . 7 ~ ~  - a d  Z0.n are 1.925 and 1.972, respectively. 
The thrust values  for  engines 20.7a and 20.7b are  withfn 2 percent of 
one another. The var ia t ion  in   thrust  among the  three  engines i s  2 per- 
cent  or  less f o r  f l i gh t  Mach numbers less than 0.7 at sea  level and for  
Mach numbers less than 1.5 in  the  stratosphere.  A t  Mach 0.9 sea level, 

L 

w 
0 
a the   thrust   for  engine 2 0 . 7 ~  i s  about 5 percent  higher  than that for  en- 
co gine 20.7a; and a t  h c h  1 . 9 2 . h  the  -stratosphere,  the thrust of engine 

20.7~ is about 6 percent  higher than that f o r  engine 20.7a. 

Specific power f o r  the three  engines i s  plotted against flight Mach 
number i n  figure 7(b) . The maxFmum difference in specific power between 
engines 20.7a and 2 U . n  is less than 1 percent. Over par t  of the  f l ight  
range, the  specific-power  values f o r  engine 20.7~  a re  lower than  those 
f o r  engines 20.7a and 20.7b. The msxFmum variation  occurs at  Mach 1.92 
i n  the  stratosphere, where the  specific power fo r  engine 2 0 . 7 ~  i s  about 
2 percent lower than that f o r  engine 20.7b. 

Comparison of engines 20.7c, 15.7, and 9.7. - The performances of 
engines 20.7c, .15.7, and 9.7 with  .the  afterburner  inoperative  are shown 
in   f igure  8. A t  any fllght Mach number (fig. 8(a) 1, thrust  increases 
as design ccglrpressor pressure r a t i o  decreases . At Mach 0.9 at se& 
level,  the thrust f o r  engine 9.7 i s  about 10 percent greater than that 
for engine 15.7, and about 18 *cent greater  than that fo r  engine 
20.7~. In the  stratosphere, each  engine attains its naaximum equivalent 
net thrust at  a different flight &ch number: For  engine 9.1, it is  
Mach 2.32; fo r  engine 15.7, 1.95; and f o r  engine 20.7c, 1.65. The max- 
imum equivalent  net thrust f o r  engine 9.7 i s  about 29 percent  greater 
than that f o r  engine 15.7, and 47 percent greater than that fo r  engine 
20.7~. 

- 
- 

- 
- 

- 
- 

Over the flight range wg t o  Mach  2.0, specific power (fig. 8(b)) 
decreases as design  cmpressor  pressure r a t i o  increases. A t  Mach 0.9 
at  sea  level,  the  specific power f o r  engine 20 .7~  i s  about 6 percent 
less  than that f o r  engine 15.7, and 18 percent less than that f o r  en- 
g a e  9.7. A t  Mach 2-.32 in the stratosphere,  the  specific-power  values 
for  engines 9.7 and 20 .7~ are the same, but that fo r  engine 15.7 i s  
about 4 percent less. 

- - 
The performances of engines 20 7c 15.7, and 9.7 with  chemical 

afterburning at 35W0 R are shown i n  figure 9. At sea level, the equiv- 

same. Thrust fo r  these  engines i s  1 -to 5 percent greater than that f o r  
engine 9.7. In the  stratosphere up t o  Mach 1.6, the  thrust  values of 

gine 9.7 by 5 p e r c e t  o r  less. Above  Mach 1.6, thrust increases  as 

A, - - 
c alent  net thrust values (fig. 9(a)> of engines 2 0 . 7 ~  and 15.7 axe the 

- engines  20.7~ and 15.7 are the same, and are greater than those f o r  en- 

- 
- 
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design c q r e s s o r  pressure r a t i o  decreases, A t  Mach 2.32, the  thrust  
fo r  engine 9.9 i s  about 8 percent  greater than that   for  engine 15.9, afld 
18 percent greater than that for engine 20.9. 

- - 
Specific power for  operation  with  afterburning at 3500' P ( f ig .  

9(b))  decreases as design compressor pressure  ratio  increases. In the 
stratosphere,  specific power decreases as f l i g h t  Mach number increases. 
The reverse i s  t rue  when the  afterburner i s  inoperative  (fig. 8(b) ) .  
A t  Mach 0.9 at sea level,  specific power f o r  engine 20.7~  (fig.   9(b)) 
is about 13 percent less than that fo r  engine 15.7, and 30 percent  less 
than that for  engine 9.7. A t  Mach 2.32 in the stratosphere,  specific 
power f o r  engine 20 .7~  i s  about  22gercent  less  than that f o r  engine 
15.7, and 40 percait  less  than that f o r  engine 9.7. 

- - 
- - 

" 

" 

Specific  fuel consumption for  operation  xith afterburning a t  3500° . .  

R i s  plotted  against   f l ight Mach  number i n  figure 9(c).  For each en- 
gine,  specific  fuel  conswtion  increases wfth flight Mach number. A t  
any f l i gh t  Mach number, specific fuel consunrption increases  with  design 
ccrmpressor pressure  ratio. A t  Mach 0.9 a t  sea level,   specific  fuel con- 
sumption f o r  engfne 9.7 i s  about 4 percent  lese  than that for engine 
15.7, and 10 percent l e s s  than that fo r  engine 20.7~. A t  Mach 2.32 i n  
the  stratosphere,  the advantage for engine 9.7 over  engines  15.7 and 
20.7~ i s  about 8 and 16 percent,  respectively. 

- 
". " 

- - - - - - 
Comparison  of e m n e s  20.9,-15.9, and 9.9. - The trends exhibited L - 

by the engines having a 10-percent  pressure  drop between the inner 
compressor and inner  turbine are similar t o  those of the  englnes having - 
a 30-percent pressure drop. The performance of engines 20.9, 15.9, and 
9.9 with  the  afterburner  inoperative i s  sh-oiir-in figure 10. A t  any 
f l i gh t  Mach m b e r   ( f i g .  l O ( a ) ) ,  thrust increases BB design ccrmpressor 
pressure  ratio  decreases. A t  Mach 0.9 at s e a  level,  thruet  for engine - 9.9 i s  about 9 percent  greater than that for  engine 15.9, and 18 ger- 
cent  greater than that fo r  engine 20.9. In the stratosphere, each en- 
gine  attains i t s  maximum equivalent  net thrust a t  a different flight 
Mach  number: For  engine 9.9, it i s  Mach 2-32; for  engine 15.9, 2.1; and 
f o r  engine 20.9, 1.7. The maximum equivalent  net thrust f o r  engine 9.9 
i s  about 30 percent greater than that  for engine 15.9, and 51 percent 
greater than tha t   for  engine 20.9. 

" 

- 

- 

- - 
- . .. - 

A t  any f l i g h t  Mach number, specific power (fig.  lO(b) ) decreases 
as design compressor pressure r a t i o  increases. A t  Mach 0.9 at  sea 
level,  the  specific power f o r  engine 20.9 l e  about 7 percent less than 
that for  engine - 15.9, and 18 percent les$- tlzan-tlZT?or"engine 9.7. At-  " 
Mach  2.32 in  the  stratosphere,   the advantage in specific power f o r  en- , 

gine 20.9 over  engines 15.9 and 9,9 i s  0.4 and 7 percent,  respectively. 

. "- 

- 
. .~ - 

- - - 
The performances of engines 20.9, 15.9, and 9.9 with  afterburning - 

" 

at  3500° R are  shown In figure ll. A t  sea  level,  the  equivalent  net 
- 
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thrust  (fig.  ll(a) 1 of  engines 15.9 and 20.9 is  approxhately  the  same, 
and  higher than that  for  engine 9.9 by 7 percent  or  less. In the  strat- 
osphere up to Mach 1.6, the  thrust  values  of  engines 20.9 and 15.7 are 
about  the  same,  and  they  are  greater  than  those  of  engine 9.9 by 4 per- 
cent or less.  Above  Mach  1.6;thrust  increases  as  design  campressor 
pressure  ratio  decreases.  At Mach 2.32, the thrust for engine 9.9 is' 
about 8 percent  greater than that for engine 15.9, and 18 percent  great- 
er than that for .engine 20.9. 

.L 
- - 
- - - 

- 
- - - 

Specific power for operation  with  afterburning at 3500' R (fig. 
ll(b)) decreases  as  design  compressor  pressure  ratio  increases.  At  Mach 
0.9 at  sea  level,  speclfic  power  for  engine  is  about 20 percent 
less  than  that for engine 15.9, and 31 percent  less than that fo r  -ne 

is  about 25 percat less than that for engine 15.9, and 41 percent  less 
than that fo r  engine 9;9. 
- 9.9. At Mach 2.32 in the  stratosphere,  specific  power  for  engine 20.9 - 

Specific fuel consumption  for  operation  with  afterburnfng  at 3500° R 
is plotted  against  flight  Mach  number in figure U( c> . For each  en- 
gine,  specific  fuel  consmugtion  increases with flight Mach nmiber.  At 
any flight Mach number,  specific  fuel  consumption  increases  with  design 
compressor'pressure  ratio.  At  Mach 0.9 at sea level,  specific m e 1  con- 
sumption  for  engine - 9.9 is about l l  percent  less  than  that  for  engine 

the  stratosphere;  -the  advantage  for  engine 3.9 over  engines L5.9 and * - 15.9, and  16  percent  less  than  that for engine 20.9. At  Mach 2.32 in - 
- 20.9 is about 8 and 16 percent,  respectively. - 

Effect  of  total-pressure loss between  inner cmqressor and turbine. - 
The  effect  of  total-pressure lose between  the inner-spool compressor  and 
turbine on engine  performance is presented  as  ratios of performance 
values of the  engines with 10-percent  pressure loss t o  those of engines 
with  30-percent loss. 

The effect of total-pressure loss on the performance  of  engines 
wfth a design  compressor  pressure  ratio  of 20 is shown in  the following 
table : 

Altitude 

Sea level 
Seal  level 
Stratosphere 
Stratosphere 

Ratio  of  value  for  engine 20.9 to 
value  for  engine 2 0 . 7 ~  

With  afterburner 
inoperative 

power 

3 11.136 1.0::: 
-.9 1.174 
.9 1.100 .910 
2.32  1.207 

With  afterburning  at 
350O0 R 

ThrLlst Specific Specific 
power fuel  con- 

sumption 
1.143 

.927  .926 1.080 

.920  .920 1.087 

.873  .872 1.128 
0,875 0.874 
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With the  af'terburner  inoperative,  decreasing the total-pressure loss 
fram 30 to 10 percent  increases  the thrust 10 to 21 percent and de- s 
creases  the  specific power 9 t o  17 p-ercent. For-operation with after- 
burning, thrust increases 8 t o  14 percent,  specific poyer decreases 7 
t o  13 percent, and specific fuel consumption decreases.7 to 13 percent. 

The effect  of total-pressure loss  on the performance of engines . 

with a design campressor pressure  ratio of 15 is.ahown.in the following -. 

table : 

r Altitude 

Sea level  
Sea level  
Stratosphere 
Stratosphere 

Mo 

- 
0 

.9 

.9 
2.32 

T Ratio of value  for engine 15.9 t o  
value  for engine 15.7 

With afterburner 
inoperative 

~~~ 

1.190 
1.096 
1.163 

S0Oo R 

1.143 0.875 
1.150 .870 
1.085 .920 
1.079 .922 

.. " 

Specific 
fuel con- 
sumption 

0.875 

. 920 

.930 - . ." - - - 

With the  afterburner  inoperative,  decreasing the  total-pressure l o s s  
from 30 t o  10 percent  increases  the  thrust 10 t o  19  percent and de- ,  
creases  the  specific power 9 t o  17 percent,.  For  operation with after- 
burning, thrust  increases 8 t o  15 percent,  specific power decreases 8 
t o  13 percent, and specific fuel  consrunption decreases 8 t o  13 percent. 

I 

- 

. .  .. 

The effect  of total-pressure loss on the performapce of engines 
with a design compressor pressure  ratio of 9 i s  shown i n   t h e  following 
table : 

Ratio of value f o r  engine 9.9 t o  
value far engine 9.7 

~ 

inoperative 

Thrms t 
power 

1.185 
1.100 

.93% 

Specific 
f u e l  con- 
sump ti on 

0.863 

. 915 

.933 

. 
- .  . "- - 
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With  the  afterburner  inoperative,  decreasing  the  total-pressure loss 

creases  the  specific power to 16 percent. For operation  with  after- 
burning,  thrust  increases 8 to 16 percent,  specific power decreases 6 
to 14 percent, and specific  fuel  consumption  decreases 7 to 14 percent. 

. from 30 to 10 percent  increases  the thrust 10. to 19 percent  and  de- 

Summary Remarks 

In this  section,  same  observations are made  concerning  the  engine 
surge  problem  at high flight  Mach  nuuibers and the  trends  in  engine  per- 
formance  as  design  ccmrpressor  pressure  ratio  increases. In addition, 
cmparisons are  made amoll~ engines  sized  to  produce a particular  thrust 
at a specified  flight cmdition. 

For engine operation  at  constant  values of outer-compressor  mechan- 
ical  speed and inner-turbine  inlet  temperature,  the  outer-compressor 
operating  point  moves t o m d  its  stall-limit  line as flight B c h  number 
increases. In two of the  engines  with a design cqressor t o t a l -  
pressure  ratio  of 20, the  equilibrium  operating  line  intersected  the 
outer-compressor stall-limit line so that an e a n e  surge  problem 
existed. V a r y i n g  the  pressure-ratio  splFt  between  the  outer and inner 
compressors  offered no solution.  The  problem was solved, however, by 
assignbg the  outer-canpressor  equivalent  weight flow for  the  engine 
design  point to be higher  than that for  outer-compressor  peak  efficiency. 

- From  the  engine  perf'ormance  curves (figs. 8 to l l >  and  the  gas- 
generator  curve of compressor-exit  equivalent  weight flow (fig.  6(b)), 
sane  general  trends  concerning  the  effect of desigu  ccmgressor  pressure 
ratio  are  noted.  With  the  afterburner  inoperative, as design  campressor 
pressure ra t io  increases,  both  thrust  and  specific-power  decrease. (An 
exception  is  the  variation of specific  power at flight Wch numbers 
abwe 2 for  engines having a 30-percent  pressure loss between  the  inner 
compressor  and  turbine.) For operation  with chemical afterburning  at 
3500° R, as  design  canpressor-  pressure  ratio  increases,  thrust  decreases 
for flight Mach numbers  greater  than 1.6, specific  power  decreases,  and 
specific  fuel  cansumption  increases.  For  either  type  operation, as de- 
sign cwressor pressure  ratio  increases,  compressor-exit eqzivalent 
weight  flow  decreases.  Hence,  the  size  of  the  ducts damstream of the 
cmpressor exit would  decrease  as  would a lso  the  reactor  size in the 
direct-air-cycle  type  of  engine. 

The  magnitude of the  cortjrcdses  involved by selecting a design 
c campressor  pressure  ratio is illustrated i n  the following two  examples 

for  engines having a 30-percent  total-pressure loss between  the  inner 
compressor and turbine.  Suppose  that a specific  value of thrust is  re- 

- quired  with  the  afterburner  inoperative  at a flight  bkch  number of 1.5. 
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Because the thrust per  unit  design w e i g h t  flow  decreases as design can- 
preseor  pressure  ratio  incregses, t he  design  compessor weight  flow L 

would  have t o  be about 9 percent greater fo r  engine X-.7 and 17 percent 
greater f o r  engine 20 .7~ than for  en-e 9.7. Thus, the weight of the 
compressors and turbines  increases with design compressor pressure 
r a t i o   f o r  two reasons: (I) the  number of cat~pressor and turbine  stages 
increases and (2) the f ronta l  area of the ccrmpressor increases. The 
reactor power required a t  Mach 1.5 i s  10 percent less for engine l5..7 
and 15 percent less for engine Z q . 7 ~  than f o r  engine 9.7. Although the 
design  compressor-Inlet  equivalent w e i g h t  flow increases with design 
compressor pressure ratio,  the compressor-exit  equivalent weight flow 
per  unit  design ccoqpressor weight flow decreases; the latter effect  
predominates so  that smaller  ducts downstream of the ccmrpressor are  re- 
quired for the  higher-pressure-ratio  engines. The duct flow area i s  
about 30 percent  less f o r  engine  15.7 and 41 percent less f o r  engine 
20.7~  than for engine 9.7. Thus, the size of the  reactor  decreases as 
design compressor pressure r a t i o  increases  for two reasons: (1) the 
reactor power decreases,  and (2)  the  duct  size  decreases. 

- 

- 

. "-8 
% 

- 

- 

As another example, suppose a speclfic  value of thrust  i s  required 
for  operation with afterburning a t  a flight Mach  number of 2.0 i n   t he  
stratosphere. For such conditions, the design compressor weight f low - 

would have t o  be about 5 percent greater far engine 15.7 and 11 perc-t 
greater   for  engine 20.7~  than for engine 9.7. The reactor power would 
be 2 1  percent lesa for engine 15,7 and 34 percent l ess   for  engine 20.7 
than for engine - 9.7. The duct flow area downstream of the compressor 
would be  about 33 percent less f o r  engine 15.7 and 45 percent Less far c 

engine 20.7~  than for engine 9.7. 

- 

L 

- 
. " 

The following result8 were ob-tained from an analytical  investiga- 
t i o n   t o  campare the performance of hypothetical two-spool turbojets 
having design compressor total-pressure  ratios of 20, 15, and 9 and 
total-pressure  losses between the inner c q r e s s o r  and inner  turbine of 
10 and 30 percent. Each engine  operates with the .&ter-c.m@ressor mech- ... __ 
anical speed fixed a t  i ts  design  value and the inner-turbine inlet tem- 
perature  fixed a t  2160' R. Performance with chemical- afterburning at 
3500° R and with the afterburner inoperative w m  calculated f o r  fl$ght 
Mach numbers of 0 to 0.9 at sea level  and 0.9 t o  2.32 i n  the stratoephere. 
An engine i s  referred  to  by its design  value of compressor total-pressure 
ratio.  

1. For engines having a 10-percent  pressure l O S 6  and operating  with - 
the  afterburner  inoperative,  the maximum equivalent  net thrust f o r  engine 
9 is  about 30 percent  greater than that far engine l.5, and 51 percent 
greater. than that f o r  engine 20. A t  each f l i g h t  Mach number, specific 
power decreases .as design compressor pressure  ratio  increases. 

. .  - - 
- -. 

E 
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2. A t  hkch 2.32, the  engines having a 10-percerrt pressure loss and 

operating  with  afterburning perform as follows: Thrust f o r  engine 9 i s  
about 8 percent  greater than that for  engine 15, and 18 percent  grexter 
than that fo r  engine 20. Specific power f o r  F a n e  20 i s  about 25 per- 
cent less thm that f’dF engine l.5, and 41 percent le= than that for  
engine 9.  Specific  fuel consumption f o r  engine 9 i s  about 8 percent 
less  than that fo r  engine IS, and 16 percent  less than  that for  engine 
20. 

0 4  
CD 

- 
2 .3. For engines having a 30-percent  pressure loss and operating with 

the  afterburner  inoperative,  the maxirmun equivalent  net  thrust  for en- 
&ne 9 i s  about 29 percent greater than that f o r  engine IS, and 47 per- 
cent z e a t e r  than that f or engine 20. Below Mach 2 .O , specific power 
decreases as design compressor  pre=ure Mtio  increases. A t  Mach 2.32, 
the  specific-power  values  for  engines 9 and are the sane, whereas 
that for  engine - 15 i s  about 4 percent  less. 

4. Engines with a =-percent  pressure loss and operating  with ’ 

afterburning have the f o l h w L n g  performance at Mach 2.32: Thrust f o r  
engine 9 i s  greater than that f o r  engines 2 and by about 8 and 18 
percent,  respectively.  Specific power f o r  engine 20 i s  less  than that 
for  engines 15 and 9 by about 22 and 41percent,  respectively.  Specific 
f u e l   c o n s q G o n  for -e 9 is  less than that f o r  engines 15 and= by 

z about 8 and 16 percent,  respectively. 

5. A t  Mach 2.32, the flow area downstream of the compressor exit - f o r  engine 20 i s  less  than that f o r  engines - 15 and - 9 by about 21 and 50 
percent,  respectively. 

6 .  The possibil i ty of surging  the  outer ccanpressor I s  greater at 
the lower equivalent  speeds than at the  higher speeds. This tendency 
becomes more pronounced as design conpressor  pressure  ratio is . 
increased. 

7. The design pressure-ratio  spli t  between the  outer and the  inner 
compressor has l i t t l e  effect  on engine performance or on the  outer- 
campressor surge problem. Margin between the operating  line and the 
outer-compressor stall-limit l ine  cas be attained by assigning  the  outer- 
compressor design-point  equivalent weight flow t o  be higher than that 
f o r  outer-compressor  peak efficiency. 

8. For operation with the  afterburner  inoperative,  decreasing the 
total-pressure loss from 30 t o  10 percent  increases  the  thrust 10 to 21 
percent and decreases  the  specific pow& 9 t o  17 percent. For operation 
with  chemical afterburning a t  3500° R, thrust increases 8 t o  16 percent, 
specific  parer  decreases 6 to 14 percent, and specific  fuel consumption 

r 

- decreases 7 t o  14 percent. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, November-8, 1955 - 
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APPENDIX - SYMBOLS 
velocity  coefficient 

specdfic  heat  at  constant  pressure, Btu/(lb)(%) 

thrust, lb 

fuel-air  ratio 

standard gravitational  acceleration, 32.174 ft/sec2 

total  enthalpy,  Btu/lb 

Mach number 

rotational  speed, r p m  

total  pressure, Ib/sq ft 

static  pressure, lb/sq ft 

gas  constant, 35.345 ft-lb/(lb) (41) 
specific  fuel  consum-gtion,  Ib  fueJ/(hr)(lb  thrust) 

specific power,:.kw/lb thrust 

total  temperature, OR 

static  temperature, OR 

velocity,  ft/sec 

weight flaw, lb/sec 

ratio of specific  heat  at  constant-.pressure to specific  heat at . - 

" 

" - 

. " . . . . . . . - " .. . 

constant  volume 

ratio  of  total pressure to NACA standard  sea-level pressure, 
P/2ll6 .. 

. .. . . . . . - .. . 

adiabatic  efficiency 

ratio of total  temperature  to NACA standard  sea-level tempera- - -  

ture, T / m .  7 

" 
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Subscripts : 

23 

d 

C compressor 

d design 

i inner  spool 

n net 

outer  spool 

ambient  conditions 

outer-compressor  inlet 

inner-cmpressor  inlet 

3 inner-cmiressor exit 

4 inner-turbine  inlet 

5 outer-turbine  inlet 

6 

7 

outer-  turbine  exit 

exhaust-nozzle  inlet 
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Geometry.  NACA RM E54F24a, 1954. 
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3.  Turner, L. Richard, and Bogart, Donald: ConstaxL-Pressure  Combustion 
Charts  Including  Effects  of  Diluent  Addition. NACA Rep. 937, 1949. 
(Supersedes NACA TNr s 1086 and 1655.) 

4. Keenan, Joseph E., and &ye,  Joseph: Gas Tables.  John  Wiley &Sons, 
Inc., 1948. 
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Flight Mach runnber, I$, 

FLgure 1. - PerFormance of iulet vith  two  adjustable wedges. 

Mgure 2. - Variation of outer-comgreesor equi-nt speed with fl i& 
condition for operation with outer-compressor  mechanical speed main- 
tslinad constant at i ts  design YELLUS. 
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(a) Outer-compreesor map of engine X).7a. 

Figure 3. - Compressor maps of engiues 20.7a, m, 20.7c, and 20.9. 
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- 
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Equivalent weight flow, wl*(sT/S,, lb/8ec 

(b) Outer-compressor map of engine 20.7b. 
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(c) Outer-compressor map of engines 20.7~ and 20.9. 

Figure 3. - Continued. Compressor maps of engLnes 20.7a, 20.7b, 20.7c, 
and 20.9. 
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Id 

16 x) 24 28 32 36 
Eqdvalent weight flow, wz&/S2, lb/aec 

(a) Inner-compressor map of engines 2 0 . 7 ~  and - 20.9. 

Figure 3. - Concluded. Compressor maps of engines 20 7a 
x).7b, 20.7c, and 20.9. 

-9 

" - 
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(a) Outer compressor. 

Figure 4. - Compressor m ~ p s  of engines 15.7 and 15.9. 
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(b) Compreseor-exLt equivalent weigkt 
flW. 
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3.0 

(c) Compressor temperature ratio. (a) EagLm temperature  ratio. 

Figure 6. - Continued.  Gas-generator p e r f m e .  
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4.2 I 

snsine 

(e) Engine pressure ratio, wlth 30- (f) P S S U r e  ratlo, with u)- 
percent inner-spool total-pressure .parcent inner-spool total-pressure 
lose. loss. 

figme 6 .  - Concluded. Gss-generator performance. 
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Flfght Mach number, % 
(a) Equivalent net thrust. 

Figure 7. - Performance of engines 20.7a, 20.7b, and 20.7~ 
Kith’ afterburner inoperative. 
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(b)  Specific power. . 

Figure 7. - Concluded. Performance of engines 20.7a, 20.76, 
and 20.7~ with  afterburner  inoperative. 
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17.000 

15,000 

Engine Deslgn campressor 
presaure ratio 

Flight Mach number, % 
(a) Equivalent net thrust. 
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Figure 8 .  - Performance of engines x).7c, 15.7, and 9.7 
with afterburner lnoperatlve. - 
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Flight  Mach number, 

(b) Spec3fic power. 
Figure 8. - Concluded. Performance of engines 20.7c, 15.7, 
and 9.7 with afterburner inoperative. - 
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Figure 9 .  - Performance of engines 20.7c, 15.7, and= 
with afterbraping at 35000 R. 
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. 

pressure  ratio / 

Flight Mach  number, % 

(b) Specific power. 
Figure 9. - Continued. Performance of engines 20.7c, 15.7, 

and 9.7 with afterburning at 3500° R. - 
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m i n e  Design compressor 

pressure r a t i o  -I 

Flight a c h  number, % 
(c) Specific fue l  consumption. 

Figure 9. - Concluded. Performance of engines 20 7c 15 7 
and 9.7 with afterburning at 35000 R. 
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Flight hhch mufber, % 
(a) Equivalent net thrust. 

Figure 10. - Perfmmmce of enginea 20.9, 15.9, and 9 .9  with 
afterburner inoperative. 
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-0 -5 1.0 1.5 
Flight Mach nmiber, % 

(b ) Specific mer. 

2.0 

Figure 10. - Concluded. Performance of engines 20.9, 15 9 
and 9.9 w i t h  afterburner inoperative. 
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12,000 

. 
+ L @ Sea l e v e l  

8 J W 0  . s  1.0 I 1.5 2.0 2.5 

Plight Mach number, % 
(a) mpuivalent net thrust. 

Figure ll. - Parformance of engine8 20.9,  15.9, and 9.8 with 
afterburn- a t  3508 R. 
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Flight Mach 

(b ) Specific power. 

Figure 11. - Continued. Performance of engines 20.9, 15.9, 
and - 9.9 with  afterburning at 35000 R. 
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1.9 Engine Design comgkessor 
pressure ra t io  

Flight Mach nmiber, % 
(c)  Specifio fuel consumpticm. 

Figure 11. - Concluded. Perf orrnafice-.Gf ""ines ZO. 9,  15.9, 
and - 9.9 wfth aFterburning at 35000 R. 
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Engines,  Turbojet 3.1.3 

R Conpressors - Axial Flow 3.6.1.1 

Compressors - Matching 3.6.3 

Turbines - Axis Flow 3.7 -1.1 

Turbines - mtching 3.7.4 

D w ,  James F., Jr. 

EFFECT OF DESIGN COMPKESSOR F€U?,SSW RATIO ON -C!E OF 

Abstract 

For operation  with the afterburner inoperative, the maxirmnn equiva- 
lent net thrust for  the 9:l pressure-ratio  engine is about 30 percent 
greater than that for the 15 :I pressure-ratio  engine, and 51 percent 
greater than that for the 2O:l pressure-ratio engine. A t  each f l i gh t  
Mach nmfber,  however, the higher-pressure-ratio enginas have the louer 
v d u e s  of specific power (ratio of reactor power to eng- net thrust) 
and require the smaller ducts downstream of the ccrmpressor exit. 
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