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A PRELIMINARY STUDY OF THE USE OF INTERCOOLING AND REHEAT I N  

CONJUNCTION WITH REGENERATIO11 FOR AIRCRAFT TURB INE ENGINES 

by Joseph D. Eisenberg 

Lewis Research Center 

SUMMARY 

A study was made t o  evaluate  the e f f e c t  on a i r c r a f t  f u e l  consumption 
of the use of intercooled,  regenerat ive turbofans and intercooled,  re- 
generative turbofans with reheat .  

The f i gu re  of merit was f u e l  consumption, although gross weight 
calculat ions and some DOC comparisons were made. The l e v e l  of technology 
assumed was t h a t  projected fo r  1985. The engines were evaluated i n  an 
advanced, 200 passenger, Mach 0.8, four-engined a i r c r a f t  f l y ing  5556 km 
(3000 n. m i .  ) a t  a c ru ise  a l t i t u d e  of 11 582 m (38 000 f t )  . The a i r -  
c r a f t  was a l s o  assumed t o  have the  s t r u c t u r a l  and aerodynamic technological 
l eve l  projected fo r  a c r a f t  t o  be f l y ing  i n  1985. 

A range of ove ra l l  pressure r a t i o s ,  tu rb ine  i n l e t  temperatures and 
bypass r a t i o s  were examined with an assumed hea t  exchanger e f fec t iveness  
and with assumed pressure losses  i n  the  hea t  exchangers. An optimum 
cycle was determined. 

The e f f e c t s  of technological l eve l  of tu rb ine  cooling, hea t  exchanger 
effect iveness  var ia t ion ,  and va r i a t i on  i n  pressure losses  i n  t h e  heat  
exchangers were a l s o  examined. 

Although the  use of both of these cycles resu l ted  i n  f u e l  consumption 
lower than t h a t  oE current  engines ( a l so  evaluated on an advanced a i r c r a f t ) ,  
ne i ther  of these cycles  proved super ior  t o  an advanced conventional turbo- 
fan with s imi la r  1985 l e v e l  of technology assumptions. 

The optimum intercooled regenerative cycle ,  t ha t  with t he  lowest 
f u e l  consumption, with t h e  assumed 1985 l e v e l  of turbine cool ing,  had a 
40 overa l l  pressure r a t i o  and a turbine i n l e t  temperature of 1778 K 
(3200 OR). This cyclz with op t imi s t i c  pressure l o s se s  i n  the  hea t  ex- 
changers, op t imis t ic  e f fec t iveness  values of the  heat exchangers and 
opt imis t ic  engine volume and engine weight pena l t ies  reduced f u e l  consump- 
t ion  by 15% from current  engines. However, an advanced conventional 
turbofan with an ove ra l l  pressure r a t i o  of 45 and the  same 1778 K (3200 OR) 
t u r b ~ n e  i n l e t  temperature a l so  reduced f u e l  consumption by 15%. The 
cycle with reheat ,  intercool ing and regeneration saved l e s s  f u e l  than 
the s imi l a r  cycle without reheat due t o  addi t iona l  cooling requirements 
of the low pressure turbine.  
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INTRODUCTION 

The consumption of f u e l  by c i v i l  a i r c r a f t  i n  t h e  Un'.ted S t a t e s  
accounts f o r  about 4% of t h e  o i l  consumed by t h i s  count iy  ( r e f .  1 ) .  
Fur the r ,  t h e  FAA p r e d i c t s  t h a t  by 1984 t h e  i n c r e a s e  i n  revenue-passenger 
miles w i l l  i n c r e a s e  t h i s  f u e l  usage by an a d d i t i o n a l  50% ( r e f .  2). 
Because of t h i s  p r c j e c t e d  i n c r e a s e  of c i v i l  a i r c r a f t  a c t i v i t y  and 
because of t h e  world petroleum shor tage ,  t h e r e  is  considerable  e f f o r t  
being made t o  f ind  ways t o  reduce h e 1  consumption. I n  r e f .  3 and 4 
advanced technologies  and reoptimized c y c l e  parameters (higher  o v e r a l l  
p ressure  r a t i o s ,  bypass r a t i o s  and t u r b i n e  i n l e t  temperatures) r-ere 
appl ied t o  otherwise conventional turbofans .  It w a s  found t h a t  a i r c r a f t  
f u e l  consumption could be  reduced about 15X by such an approach. 

Less conventional approaches have a l s o  been considered. For example 
t h e  use of regenera t ion  was s tud ied  i n  re fe rences  5 ,  6 ,  and 7 ,  and 
a l s o  found t o  o f f e r  15 t o  20% reduc t ions  i n  f v ~ e l  consumption. This  
w a s  achieved wi thout  t h e  need f o r  a very high cyc le  p r e s s u r e  r a t i o  b u t  
wi th  t h e  complication of h e a t  exchangers. 

This p resen t  s t * d y  is a l s o  an i n v e s t i g a t i o n  of a p o s s i b l e  method f o r  
the  reduc t ion  of f u e l  i n  an a i r c r a f t  engine. Here regenerat ion is com- 
bined e i t h e r  wi th  i n t e r c o o l i n g  a lone  o r  w i t h  both i n t e r c o o l i n g  and rehea t  
i n  a turbofan engine. The concept is n o t  a new one. I n  examining an  
i d e a l  Brayton cyc le  it  may be  shown t h a t  t h e o r e t i c a l l y  regenera t ion  
a lone  is of considerable  h e l p  i n  reducing f u e l  consumption, and t h a t  
when it is combined wi th  i n t e r c o o l i n g  o r  rehea t  o r  both,  t h e  f u e l  re- 
quired f o r  a given power l e v e l  i s  reduced even more. 

In  t h i s  s tudy  h e a t  i n  t h e  primary exhaust  stream is  used t o  pre- 
heat  t h e  a i r f low j u s t  p r i o r  t o  i ts  en t rance  i n t o  t h e  combustor. Since 
t h e  gas e n t e r i n g  t h e  combustor has  a h igher  temperature than i t  would 
have had wi thout  regenera t ion ,  l e s s  f u e l  is required t o  r a i s e  t h e  gas 
temperature t o  a given t u r b i n e  i n l e t  temperature.  Although t h e  s p e c i f i c  
t h r u s t  i s  s u b s t a n t i a l l y  reduced i n  t h e  core ,  the  reduc t ion  i n  t h e  f u e l  
requirement is  such t h a t  t h e  s p e c i f i c  f u e l  consumption is  s t i l l  improved. 
With a h igh bypass turbofan the  engine s p e c f f f c  t h r c s t  is rcdaccd only 
s l i g h t l y  s i n c e  a g r e a t  por t ion  of t h e  t h r u s t  is obta ined from t h e  f a n  
and is t h u s  unchanged. 

In te rcoo l ing  is  done by using t h e  fan  a i r f l o w  t o  cool  t h e  primary 
a i r f l o w  between two high p ressure  compressors. The compressors now a r e  
required t o  do l e s s  work on t h e  cooled,  dense a i r  than they did  on t h e  
uncooled, warmer a i r  of t h e  cyc le  without i n t e r c o o l i n g .  More energy is 
a v a i l a b l e  t o  run t h e  fan  which is allowed t o  do more work. So, t h e  
s p e c i f i c  work goes up. Since t h e  temperature out of t h e  compressors 
is low, regenerat ion takes  place  a t  a lower temperature than i n  t h e  un- 
cooled case.  This reduces t h e  core  t h r u s t  even more than i n  the  uncooled 
regenera t ive  case.  However, t h e  n e t  r e s u l t  f o r  a turbofan is a cyc le  
wi th  lower s p e c i f i c  f u e l  consumption than t h a t  of an uncooled regenera t ive  
cyc le .  



When rehea t  is used the  second combustor i s  loca ted  between t h e  high- 
p ressure  and low-pressure t u r b i n e s .  This g i v e s  t h e  exhaust  flow a 
higher  i n i t i a l  temperature.  Regeneration then r e s u l t s  i n  a h igher  a i r  
temperature i n t o  t h e  combustor. More energy is  a v a i l a b l e  t o  run t h e  
f a n  which is allowed t o  do more work. The e x t r a  t h r u s t  thus  produced 
tends t o  o f f s e t  t h e  e x t r a  f u e l  required wi th  t h e  o v e r a l l  r e s u l t  of 
h igher  s p e c i f i c  t h r u s t  and a lower SFC t h a n  i~ a non-reheated case.  
Reference 8 d i scusses  t h e s e  cyc les  i n  d e t a i l .  

For t h e  sake of s i m p l i c i t y  t h e  fol lowing genera l  approach was de- 
cided upon. For a spectrum of t u r b i n e  i n l e t  temperatures t h e  bypass 
r a t i o s  and o v e r a l l  p ressure  r a t i o s  r e s u l t i n g  i n  lowest  u n i n s t a l l e d  SFC's 
would be used. I n i t i a l l y  reasonable  but conservat ive  va lues  based upon 
the  l i t e r a t u r e  f o r  e f f e c t i v e n e s s  of and p ressure  l o s s  i n  t h e  h e a t  
exchangers would be used ( r e f s .  7 and 9) .  Fuel use of t h e s e  cyc les  
i n s t a l l e d  on an  a i r c r a f t  would be compared wi th  t h e  f u e l  use  r e s u l t i n g  
from u t i l i z a t i o n  of a comparable advanced, but convent ional ,  turbofan.  
If s i g n i f i c a n t  f u e l  savings  r e s u l t e d  a more re f ined  a n a l y s i s  would be 
made. 

Should t h e  improvement i n  f u e l  use us ing conservat ive  parameter 
va lues  not  be  s i g n i f i c a n t ,  more o p t i m i s t i c  va lues  of h e a t  exchanger 
e f f e c t i v e n e s s  and AP/P would be used. I n  t h e s e  cases  o p t i m i s t i c  va lues  
of increased weight and drag due t o  t h e  h e a t  exchangers would be added. 
Again i n  t h i p  c a s e  i f  s i g n i f i c a n t  f u e l  savings  occurred,  a more re f ined  
a n a l y s i s  w ~ u l d  be made. I f  t h e  g a i n s  were no t  s i g n i f i c a n t  t h e  s tudy  
would end, w t ~ c h  is  a c t u a l l y  what occurred.  

These regenera t ive  type cyc les  a r e  evaluated assuming advanced 
component technology t h a t  might be a v a i l a b l e  a f t e r  1985. In  o rder  t o  
determine t h e  b e s t  cyc le  a l a r g e  spectrum of u n i n s t a l l e d  c y c l e s  is 
examined wi th  compressor p ressure  r a t i o s  varying from 4 t o  56, t u r b i n e  
i n l e t  temperatures varying from 1222 K (2200 O R )  t o  2222 K (4000 OK), and 
bypass r a t i o s  varying from 6 t o  20. The e f f e c t s  of v a r i a t i o n s  i n  
tu rb ine  cool ing requirements,  hea t  exchanger e f f e c t i v e n e s s  and p ressure  
l o s s e r  i n  t h e  h e a t  exchangers a r e  examined. 

The p o t e n t i a l  f u e l  savings  o f f e r e d  by these  regenera t ive  cyc les  is  
evaluated by assuming them t o  be  i n s t a l l e d  on an advanced subsonic 
t r anspor t .  For every cyc le  examined both  engine and a i r c r a f t  a r e  s i zed  
t o  maintain t h e  same range and payload. The a i r c r a f t  c a r r i e s  a 200 
passenger payload 5556 km (3000 n.  m i .  ) a t  Xach 0.8 a t  an a l t i t u d e  of 
11 582 m (38 000 f t ) .  The f u e l  use is compared wi th  t h a t  of advanced 
non-regenerative turbofan engines and w i t h  c u r r e n t  englnes a l s o  i n s t a l l e d  
on t h e  same type of a i r c r a f t .  
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SYMBOLS 

combustor (burner)  

bypass r a t i o  

compressor 

f i r s t  compressor 

second compressor 

s p e c i f i c  h e a t ,  J/kg-K ( ~ t u /  (lb-OR) ) 

compressor p r e s s u r e  r a t i o  

d i r e c t  o p e r a t i n g  c o s t ,  cen t s l sea t -kn ,  ( c e n t s / s e a t - s t a t u t e  mi le )  

h e a t  excnanger e f f e c t i v e n e s s  

f  an 

high p r e s s u r e  t u r b i n e  

h e a t  exchanger 

i n t e r c o o l e r  h e a t  exchanger 

low p r e s s u r e  t u r b i n e  

o v e r a l l  p r e s s u r e  r a t i o ,  c y c l e  p r e s s u r e  r a t i o  

h e a t  flow (hot  t o  co ld )  i n  h e a t  exchanger 

r e h e a t  combustor (burner)  

r egenera to r  h e a t  exchanger 

s p e c i f i c  f u e l  consumption kg/ (hr-N) (lbm/ (hr- lbf)  ) 

en t rance  temperature ,  K (OR) , h e a t  exchanger loop 

e x i t  temperature ,  K (OR), h e a t  exchanger loop 

t u r b i n e  I n l e t  temperature ,  K (OR) 

takeoff  g r o s s  weight kg, ( l b )  

weight of engine  per  u n i t  weight of a i r f l o w  



. 
w rate of mass flow, kg l sec ,  ( l b l s e c )  

%B weight of f u e l  burned, kg,  ( l b )  

A d i f f e r e n c e  

A P ~ / P ~  f r a c t i o n  of p ressure  l o s t  i n  a h e a t  exchanger loop 

Subscr ipt  : 

0 zero bypass r a t i o  

METHOD OF ANALYSIS 

Mission 

The mission p r o f i l e  i s  presented i n  f i g u r e  1. The c r u i s e  a l t i t u d e  
is 11 582 m (38 000 i t ) .  Normal c r u i s e  speed is Mach 0.8. The f l i g h t  
t o  an a l t e r n a t e  d e s t i n a t i o n  f o r  rese rve  computation is a t  Mach 0.65 a t  
an a l t i t u d e  of 6096 m (20 000 i t ) .  The payload is 200 passengers o r  
18 597 kg (41 000 l b )  . 

A i r c r a f t  

Figure  2 p r e s e n t s  a ske tch  of t h e  re fe rence  a i r c r a f t .  Some of t h e  
important geometry t h a t  is assumed is noted on t h e  f i g u r e .  Since  t h e  
a i r c r a f t  s i z e  v a r i e s  from case  t 9  c a s e  a b s o l u t e  dimensions a r e  n o t  
presented.  Table I summarizes these  and o t h e r  a i r c r a f t  assumptions t h a t  
remain constant  throughout t h e  study. 

Engines 

Ennine c o n f i g u r a t i o n . . -  Figure 3 p r e s e n t s  schematic l ayou ts  of t h e  
va r ious  engines.  I n  3(a) is seen a s tandard turbofan.  Figure  3(b) 
shows t h e  in tercooled-regenerat ive  tcrbofan.  The t o t a l  high-compression 
compressor system now c o n s i s t s  of two compressors wi th  t h e  i n t e r c o o l i n g  
done between them. I n  f i g u r e  .?(c) t h e  same cyc le  is shown wi th  t h e  
a d d i t i o n  of a second o r  rehea t  combustor between t h e  high and low t u r b i n e s .  

Component e f f i c i e n c i e s .  - The component e f f i c i e n c i e s  were assumed t o  
be those  t h a t  might be a v a i l a b l e  i n  1985. These component e f f i c i e n c i e s  
and o t h e r  p e r t i n e n t  engine d a t a  a r e  presented i n  t a b l e  11. 

Turbine cooling.  - Two methods of t u r b i n e  cool ing a r e  assumed. One 
is  t h e  convective type coo l ing  used on engines i n  c u r r e n t  t r a n s p x t  a i r -  
c r a f t .  The second is a f u l l  coverage f i l m  technique which should be 
a v a i l a b l e  by 1985. 



The chief  reasons  f o r  the  use  of two t u r b i n e  cool ing c r i t e r i a  i n  
i n v e s t i g a t i n g  t h e s e  regenera t ive  cyc les  were t o  f i n d  the  e f f e c t  on f u e l  
consumption of d i f f e r e n t  coo l ing  techniques  and a l s o  t o  f i n d  how d i f f e r e n t  
an optimum c y c l e  would r e s u l t  from changes i n  the  amount of cooll'.ng 
bleed.  The two cool ing c r i t e r i a  chosen represen t  t h e  extremes of t h e  
probable  techniques  t h a t  would be a v a i l a b l e  by 1985. 

Although t h e  i n i t i a l  p a r t s  of t h e  s tudy  use  both  coo l ing  techniques ,  
much of t h e  s tudy  is made us ing  only  t h e  advanced cool ing concept. 

Heat Exchangers 

No des ign of h e a t  exchangers was made. A given h e a t  exchanger could 
be any counter-flow dev ice  t h a t  t r a n s f e r s  h e a t  wi thout  mixing t h e  f low 
streams. A schematic diagram of a  turbofan engine  wi th  two h e a t  exchangers,  
an i n t e r c o o l e r  and a  r egenera to r ,  i s  shown i n  f i g u r e  4. A s  noted on t h e  
f i g u r e  a  hea t  exchanger loop is def ined i n  t h i s  s tudy  as t h e  path  taken 
by a  mass of gas  from t h e  engine  s t ream,  through t h e  h e a t  exchanger and 
back t o  the  engine stream. Any p r e s s u r e  l o s s e s  a t t r i b u t e d  t o  t h e  h e a t  
exchanger loops  i s  caused by t h e  gas  f lowing a long c h i s  path .  A t  no 
t i m e  is t h e  hea t  exchanger loop r e f e r r e d  t o  a s  a  duc t .  Only bypass fa? 
flow is  r e f e r r e d  t o  as duct  flow. 

Loop ABCDE is t h e  ho t  loop of t h e  i n t e r c o o l e r .  The a i r  out  of the  
f i r s t  compressor passes  through t h e  h e a t  exchanger and,  i n  a  cooled 
s t a t e ,  r e t u r n s  t o  t h e  core  flow. The l e t t e r s  GH r e f e r  t o  t h e  f low of 
cool f a n  a i r  through t h e  cold loop of t h e  hea t  exchanger. Loop JKLM is  
t h e  cold loop of t h e  regenera to r .  The a i r  out  of t h e  second compressor 
passes  through t h e  h e a t  exchanger where i t  is  heated and r e t u r n s  t o  t h e  
core  f low a t  the  combustor en t rance .  Loop NPQ i s  t h e  ho t  loop of t h e  
regenera to r .  Here t h e  hot  a i r  ou t  of  t h e  low-pressure t u r b i n e  passes  
through che hea t  exchanger and then flows on towards t h e  nozz le -  

Note t h a t  c o r e  a i r  f lows through t n r e e  loops,  the  ho t  s i d e  of t h e  
i n t e r c o o l e r  and both s i d e s  of t h e  regenera to r .  Fan duc t  a i r  only  f lows 
through t h e  cold s i d e  of  t h e  i n t e r c o o l e r .  Whenever t h e  a i r  passes  
through a  hea t  exchanger loop,  the  flow s u f f e r s  a p r e s s u r e  l o s s ,  

Although no heat  exchanger des ign is  made, a  p r e s s u r e  l o s s  f o r  each 
hea t  e x c h ~ n g e r  loop,  AP;/P,,, and a n  e f f e c t i v e n e s s ,  E, f o r  each hea t  
exchanger a r e  assumed f o r  the  i n i t i a l  cyc le  s tudy.  The e f f e c t i v e n e s s  
is  assumed t o  be 0 .8  i n  both  hea t  exchangers and t h e  p r e s s u r e  l o s s  is  
assumed t o  be . C 6 %  i n  each l o o p ?  The e f f e c t s  of va ry ing  SPL/P,  and E 

a r e  then  examined. 

The e f f e c t i v e n e s s ,  F, i s  def iced  by the  fo l lowing equa t ion :  
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where Tcold is t h e  e n t r y  temperature i n t o  t h e  cold loop, ThoE is t h e  
exi t  temperature from t h e  cold loop. The product ( t  cp), s made 
up of t h e  weight f low, t, and t h e  s p e c i f i c  h e a t ,  5 ,  of tRe co ld  loop. 
The product ( t  cp)rninimum is t h e  smaller product of and cp,  and 
thus  may be from e i t h e r  t h e  ho t  o r  t h e  cold loop. 

I n  t h e  i n i t i a l  c a l c u l a t i o n s  f o r  t h e  determinat ion of t h e  b e s t  i n t e r -  
cooled,  r egenera t ive  c y c l e ,  no i n c r e a s e  i n  engine volume D r  engine  s i z e  
is taken i n t o  account. Thus t h e  only  two hea t  exchanger parameters 
p e r t i n e n t  t o  t h e  i n i t i a l  c a l c u l a t i o n s  a r e  t h e  e f f e c t i v e n e s s  and t h e  
pressure  l o s s e s .  These parameters,  included i n  t a b l e  11, are f o r  t h e  
conservat ive  i n i t i a l  approach. I n  modifying t h e  computations f o r  
comparison wi th  a non-regenerative engine more o p t i m i s t i c  va lues  f o r  these  
parameters a r e  assumed and weight and volume p e n a l t i e s  are appl ied 
t o  t h e  regenera t ive  engines.  These p e n a l t i e s  a r e  merely e s t i m a t e s  
based on t h e  r e s u l t s  presented i n  re fe rence  7. 

Computations 

Computational methods. - A l l  engine computations a r e  made by us ing  
t h e  M'EP-Navy NASA engine computer program. NNEP al lows t h e  s imula t ion  
of a l l  of  t h e  engine c y c l e  concepts t h a t  a r e  considered i n  t h i s  s tudy.  
A discuss ion  of t h i s  program is  presented i n  re fe rence  10. 

The mission s t u d i e s  were accomplished us ing  AMAC, a non-documented, 
inhouse,  a i rcraf t -performance computer program. This program s imula tes  
t h e  required mission and determines t h e  s i z e  and weight of t h e  a i r c r a f t  
and engines ,  and it  computes t h e  amount of f u e l  required.  I t  then 
computes d i r e c t  opera t ing  c o s t ,  DOC. 

In  t h e  AMAC program base  engine weight is determined i n  accordance 
wi th  re fe rence  11. The method of DOC computation is t h a t  of t h e  1967 ATA 
method, r e fe rence  12 ,  updated t o  cur ren t  p r i c e s  and modified by r e p l a c i n g  
t h e  maintenance formul i  by those  i n  re fe rence  13. 

Engine aerodynamic draz.  - I n  t h i s  stlidy t h e  l eng th  t o  diameter r a t i o  
of the  engine has  been heid cons tan t  a t  1.5. A l l  s u r f a c e  a r e a s ,  in-  
c luding t h a t  of t h e  engine pylon a r e  assumed func t ions  of t h e  engine 
diameter.  For t h e  i n i t i a l  por t ion  of t h e  s tudy  i n  which t h e  b e s t  i n t e r -  
cooled-regenerative cyc les  a r e  detexrnined, no inc reases  i n  s i z e  of in -  
s t a l l e d  engines (and thus  drag)  due t o  t h e  volume of t h e  heat  exchangers 
a r e  c a l c u l a t e d .  

For t h e  f i n a l  por t ion  of t h i s  s tudy ,  t h e  comparison of t h e s e  regen- 
e r a t i v e  cyc les  wi th  non-regenerative c y c l e s ,  t h e  bes t  r egenera t ive  engines 
have t h e i r  volumes a d j u s t s d  t o  account f o r  t h e  h e a t  exchangers. In order  



t o  account f o r  t h e  e f f e c t s  of increased s i z e  and thus  increased drag of 
t h e  engines ,  t h e  assumption has  been made t h a t  a l l  volume changes r e s u l t  
i n  each dimension of t h e  engine being increased an equa l  percent .  That 
i s  t h e  a r e a ,  and thus  t h e  d rag ,  of t h e  engine v a r i e s  a s  t h e  213 power 
of t h e  volume. 

From t h e  information giver1 i n  re fe rence  7 t h e  volume of t h e  engine 
increased about 70% with  a r e s u l t i n g  50% i n c r e a s e  i n  s u r f a c e  area due t o  
the  add i t ion  of a r o t a r y  regenera to r .  This would y i e l d  an  exponent of 
314 which is  n o t  too f a r  from t h e  2 / 3  exponent assumed. 

RESULTS AND DISCUSSION 

I n t e r c o o l e r  Placement 

It was ind ica ted  i n  r e f e r e n c e  8 t h a t  f o r  an i d e a l  Brayton cyc le  wi th  
one-step i n t e r c o o l i n g  t h e  b e s t  c y c l e  e f f i c i e n c y  occurs  when t h e  i n t e r -  
coo le r  i s  s i t u a t e d  such t h a t  t h e  p ressure  r a t i o  upstream and t h a t  down- 
stream of t h e  i n t e r c o o l e r  are equa l .  Reference 4 shows t h a t  t h e  same is 
t r u e  f o r  a s i m i l a r  cycle  even wi th  r e a l i s t i c  e f f i c i e n c i e s  and p ressure  
l o s s e s  i n  t h e  engine. 

I n  t h i s  s tudy s e v e r a l  in te rcoo led  regenera t ive  turbofans  were examined 
as shown i n  f i g u r e  5. It is seen t h a t  f o r  t h e  turbofan,  even though some 
compression is  supp l ied  by t h e  f a n ,  t h e  placement of t h e  i n t e r c o o l e r  i s  
s i m i l a r  t o  t h a t  of an engine wi th  only one compressor. The i n t e r c o o l e r  
l o c a t i o n  f o r  mininum s p e c i f i c  f u e l  consumption is such t h a t  t h e  high- 
p ressurecompressor  p ressure  r a t i o s  upstream and downstream of t h e  i n t e r -  
coo le r  a r e  equal.  The i n t e r c o o l e r  was s i t u a t e d  at  t h i s  po in t  f o r  a l l  
cases  examined. 

In te rcoo led  Regenerative Cycles 

Uninsta l led  cycle  SFC minimization - f i g u r e  6 b a s i c a l l y  p r e s e n t s  
percent  change i n  SFC a t  c r u i s e  a s  a func t ion  of TIT. The datvlm SFC 
is 0.051 kg/ (hr-N), (0.500 lbm/ (hr-lbf ) ) .  The SFC is presented f o r  both 
cur ren t  and 1985 cool ing technology. These r e s u l t s  a r e  wi th  t h e  b a s i c  
conservat ive  values  of t h e  parameters f o r  the  h e a t  exchangers. 

Since each po in t  on both SFC curves represen t s  a minimum SFC po in t  
f o r  the  given temperature,  t h e r e  is  assoc ia ted  wi th  each po in t  a s i n g l e  
value f o r  BPR, OPR and (with a f i x e d  FPR) CPR. Each point  a l s o  has  
assoc ia ted  with i t  a value  of tu rb ine  cool ing b leed .  The percent  cool ing 
bleed and t h e  BPR's a r e  presented by curves .  

Other c a l c u l a t i o n s ,  not  presented h e r e ,  ind ica ted  t h a t  4 o r  any t u r b i n e  
i n l e t  temperature the  minimum SFC occurred a t  e s s e n t i a l l y  the  same 
compressor pressure  r a t i o .  Therefore ,  t h e  CPR is added merely a s  an 



a d d i t i o n a l  s c a l e  i n  t h e  absc i s sa .  There is some leeway here .  For 
example a CPR varying from 1 4  t o  16 r e s u l t s  i n  t h e  same SFC value .  

Note t h a t  at t h e  low b leed  end of t h e  f i g u r e  (near  1440 K (2600 OR) 
t h e  SFC's a r e  j u s t  about t h e  same. Although it is minimum f u e l  use  
r a t h e r  than minimum SFC t h a t  i s  t h e  c r i t e r i o n  f o r  an optimum cyc le ,  
i t  is i n t e r e s t i n g  t o  n o t e  t h a t  wi th  e i t h e r  technology t h e  minimum SFC 
is achieved wi th  t h e  same cyc.le, a 35 CPR combined wi th  a 2000 K (3600 OR) 
tu rb ine  i n l e t  temperature.  The a c t u a l  SFC v a l u e s ,  t h e  percerit b leed ,  
and t h e  bypass r a t i o s  a r e  a l l  d i f f e r e n t  , however. The c u r r e n t  l e v e l  of 
cooling technology r e s u l t s  i n  about 21% cool ing bleed a t  a bypass r a t i o  
uf about 14. The advanced l e v e l  of coo l ing  technology r e s u l t s  i n  about 
13% coo l ing  b leed ,  a BPR of 16,  and a 4% lower SFC than c u r r e n t  technology 
cool ing . 

Mission s t u d i e s  were performed us ing  t h e  c y c l e s  represented by t h i s  
curve t o  determine t h e  c y c l e  burning t h e  l e a s t  amount of f u e l  r a t h e r  
than t h e  minimum SFC cyc le  as shown here .  A l l  of t h e  computations were 
made us ing t h e  assumption o f  0.8 e f f e c t i v e n e s s  i n  both  h e a t  exchangers 
and a 6% pressure  l o s s  i n  each loop of each h e a t  exchanger. 

A i r c r a f t  Performance wi th  In te rcoo led  Regenerative Cycles 

Several  engines f r c n  f i g u r e  6 were " i n s t a l l e d "  on a 200 passenger t r ans -  
p o r t  and "flown" a long t h e  f l i g h t  path p rev ious ly  noted.  Each engine was t h e  
lowest SFC engine f o r  t h e  p a r t i c u l a r  t u r b i n e  i n l e t  temperature. Since no 
engines was penal ized f o r  t h e  weight and s i z e  of the  h e a t  exchangers,  and s i n c e  
no a d d i t i o n a l  c o s t  was added i n  computing t h e  DOC, t h e  r e s u l t s  a s  presented i n  
f i g u r e s  7 and 8 can only be used t o  compare regenera t ive  in te rcoo led  cyc les .  
These va lues  i n  f i g u r e s  7 and 8 cannot be used t o  compare these  regenera t ive  
cyc les  wi th  a convent ional ,  nonregenerat ive  cycle .  

I n  f i g u r e  7 ,  percent  d i f f e r e n c e  i n  takeoff  g ross  weight and f u e l  
consumed a r e  p l o t t e d  a g a i n s t  t u r b i n e  i n l e t  temperature a t  c r u i s e .  The 
dashed curves represen t  cyc les  wi th  c u r r e n t  cool ing technology. The s o l i d  
curves represen t  c y c l e s  wi th  advanced coo l ing  technology. Note t h a t  
f o r  e i t h e r  cool ing c r i t e r i ~ n  t h e  minimum f o r  both TOGW and consumed f u e l  
occur wi th  t h e  same cyc le .  The cyc le  temperature f o r  minimum f u e l  consumed 
v a r i e s  wi th  t h e  coo l ing  c r i t e r i o n ,  however. The higher  coo l ing  bleed case  
c a l l s  f o r  a cyc le  t u r b i n e  i n l e t  Eemperature of 1667 K (3000 OR). The 
lower cool ing bleed c a s e  c a l l s  f o r  a c y c l e  t u r b i n e  i n l e t  temperature of 
1778 K (3200 'R). Thus, these  cyc les  represen t  about a 200 t o  250 K 
(360' t o  450 OR) inc rease  above cur ren t  c y c l e s  (P&W JT9D, GE CF6 f o r  example). 
The 1667 K (3000 OR) c y c l e  had an  OPR of 35 a t  a CPR of 22, and t h e  
1778 K (3200 OR) cyc le  had an OPR of 40 a t  a CPR of 25. These vary some- 
what from t h e  values  i n  f i g u r e  6 ,  however no s i g n i f i c a n t  d i f f e r e n c e  i n  
SFC could be determined. 

In  f i g u r e  8 r e l a t i v e  d i f f e r e n c e  i n  DOC is p l o t t e d  a g a i n s t  tu rb ine  
i n l e t  temperature f o r  both t h e  high bleed and low bleed cases .  The cyc les  
t h a t  r e s u l t e d  i n  the  lowest f u e l  conscmption va lues  i n  f i g u r e  7 a r e  t h e  



same ones t h a t  r e s u l t  i n  minimum DOC. Thus t h e r e  seems t o  be no economic 
c o n f l i c t  i n  choosing t h e  b e s t  cyc le  f o r  f u e l  consumption. 

The two minimum f u e l  cyc les  a r e  chosen f o r  comparison wi th  c u r r e n t  
and advanced turbofan cycles .  However, more emphasis is  placed on t h e  
engines us ing advanced f u l l - f i l m  coverage t u r b i n e  cool ing,  t h e  o p t i m i s t i c  
assumption being made t h a t  t h i s  advanced cool ing w i l l  be used i n  a l l  
engines by 1985. 

S e n s i t i v i t y  of Incercooled Regenerative Cycle 

Most of t h e  comparisons w i t h  cur ren t  and advanced non-regenerative 
engines a r e  nade us ing t h e  in te rcoo led ,  r egenera t ive  cyc les  wi th  t h e  ad- 
vanced f u l l - f  i l m  coverage t u r b i n e  caol ing technology. Theref o r e ,  the  sens i -  
t i v i t y  r e s u l t s  f o r  t h a t  cyc le  a r e  discussed and presented.  The cyc le  has  
a 25 compressor p ressure  r a t i o ,  a 40 o v e r a l l  p ressure  r a t i o  and a 1778 K 
(3200 OR) t u r b i n e  i n l e t  temperature a t  c r u i s e .  

Ef fec t  of a change i n  APR/PR. - Figure  9 p r e s e n t s  two r e l a t i o n s h i p s .  

One i s  t h e  percent  d i f f e r e n c e  i n  SFC a s  a func t ion  of t h e  sum of t h e  
p ressure  l o s s e s ,  APR/PR, r e s u l t i n g  from t h e  c o r e  flow pass ing through 
t h r e e  h e a t  exchanger loops (see  f i g .  4), and t h e  percent  d i f f e r e n c e  i n  
SFC a s  a func t ion  of t h e  APe/PQ i n  t h e  cold loop of the  i n t e r c o o l e r  
through which fan  duct  o r  bypass flow passes .  

Note t h a t  t h e  curve f o r  t h e  bypass f low i s  much s t e e p e r  than t h e  
curve f o r  t h e  core  flow, an i n d i c a t i o n  t h a t  p r e s s u r e  l o s s e s  i n  t h e  fan  
duct flow have a much g r e a t e r  e f f e c t  on SFC than  p ressure  l o s s e s  i n  t h e  
core  flow. This i s  a r e s u l t  of two f a c t o r s .  F i r s t ,  t h e  fan  p ressure  
r a t i o  is  much lower than t h a t  of t h e  core  and consequently f a n  duc t  l o s s e s  
impact SFC much more s t r o n g l y  than core  l o s s e s .  Second, wi th  a h igher  
BPR t h e  g r e a t e r  p a r t  of t h e  t h r u s t  is  suppl ied by t h e  fan  flow. Here t h e  
percent  change i n  SFC f o r  a given APg/Pg is 2 . 3  times g r e a t e r  i n  t h e  
duct  flow than i n  the  core  flow. It is c l e a r ,  then ,  t h a t  i t  is very 
d e s i r a b l e  t o  reduce t h e  APR/Pg i n  t h e  fan  duct loop. 

E f f e c t  of a change i n  SFC on f u e l  use.  - Figure  10 p r e s e n t s  a p l o t  
of percent  change i n  f u e l  used as a func t ion  of percent  change i n  SFC. 
The percent changes a r e  e x a c t l y  t h e  same f o r  usable  and consumed f u e l ,  
This f i g u r e  can be used i n  conjunct ion wi th  f i g u r e  9 t o  a s c e r t a i n  the  
e f f e c t s  on f u e l  use r e s u l t i n g  from an improvement i n  exchanger p ressure  
losses .  

E f f e c t s  of changes i n  propuls ion system weight and hea t  exchanger 
e f f e c t i v e n e s s  on f u e l  use.  - In  the  i n i t i a l  cs:culations t o  determine t h e  
b e s t  i n t e r  cooled,  r egenera t ive  cyc le  no weight penal ty  was included f o r  
t h e  hea t  exchangers. These h e a t  exchangers a c t u a l l y  can add a considerable  
amount t o  t h e  b a s i c  engine weight ,  which i n  t u r n  can i n c r e a s e  t h e  f u e l  
consumption. 



The v a l u e  f o r  h e a t  exchanger e f f e c t i v e n e s s  i n  t h e  b a s i c  s t u d y  was 
s imply  a r easonab le ,  c o n s e r v a t i v e  chosen va lue .  The re fo re ,  i t  is 
u s e f u l  t o  de termine  t h e  e f f e c t  on f u e l  u s e  o f  a change i n  e f f e c t i v e n e s s .  

S e n s i t i v i t y  s t u d i e s  were made f o r  both  changes i n  t h e  weight  of t h e  
p ropu l s ion  system and changes i n  kics'i- exchanger e f f e c t i v e n e s s .  The 
r e s u l t s  of bo th  s t u d i e s  a r e  combined i n  f i g u r e  11. This  f i g u r e  i s  used 
l a t e r  i n  modifying t h e  b a s e  i n t e r c o o l e d - r e g e n e r a t i v e - t u r b o f a n  r e s u l t s  
t o  t h e  more o p t i m i s t i c  h e a t  exchanger c a s e  w i t h  eng ine  weight  and d r a g  
p e n a l t i e s  added t h a t  is  used t o  compare w i t h  a n  advanced, conven t iona l  
t u rbo f  an. 

E f f e c t  of  changes i n  eng ine  d i a g  on f u e l  u s e .  - The e f f e c t  on f u e l  
weight  due  t o  t h e  d r a g  a s s o c i a t e -  w i t h  changes i n  eng ine  volume i s  
p re sen ted  i n  f i g u r e  1 2 .  The f i g u r e  r e p r e s e n t s  t h e  r e s u l t s  of a  s e n s i t i v i t y  
s t u d y  w i t h  i n c r e a s e d  eng ine  d r a g s  assumed and t h e  assumption of  eng ine  
s u r f a c e  a r e a  va ry ing  a s  t h e  2 1 3  power of t h e  volume ( a s  p r e v i o u s l y  
d i s c u s s e d ) .  Th i s  f i g u r e  i s  a l s o  used  t o  modify t h e  b a s e ,  i n t e r c c o l e d ,  
r e g e n e r a t i v e  t u r b o f a n  t h a t  i s  used f o r  comparison w i t h  a conven t iona l ,  
advanced tu rbo fan .  

I n t e r c o o l e d  Regene ra t ive  Cycle w i t h  Reheat 

F igure  13 p r e s e n t s  t h e  p e r c e n t  d i f f e r e n c e  i n  SFC a, t h e  c r u i s e  
des ign  p o i n t  a s  a  f u n c t i o n  o f  t h e  compressor p r e s s u r e  r a t i o  f o r  t h e  
i n t e r c o o l e d ,  r e g e n e r a t i v e  c y c l e  w i t h  r e h e a t .  The SFC of t h e  b a s e  c a s e  
of t h e  minimum-fuel-use c y c l e  f o r  t h e  i n t e r c o o l e d ,  r e g e n e r a t i v e  c y c l e  i s  
a l s o  noted .  

The r ehea t  t empera tu re  is  t h e  same a s  t h e  main tempera ture  fo r  t h e s e  
c a s e s .  A l l  c y c l e  parameter  assumpt ions  a r e  t h e  same f o r  t h i s  r ehea ted  
c y c l e  a s  f o r  t h e  non-reheared c y c l e .  

The most impor tant  p o i n t  t o  be made from t h i s  f i g u r e  is t h e  f a c t  t h a t  
t h e  minimum SFC f s r  ,.le r ehea ted  c y c l e  i s  about  3.5 p e r c e n t  h ighe r  t han  
t h a t  f o r  t h e  non-reheated base  case .  En te r ing  f i g u r e  10 w i t h  t h e s e  
v a l u e s  ob ta ined  from f i g u r e  1 3 ,  an  i n c r e a s e  i n  f u e l  burned of about  4 per-  
c e n t  r e s u l t s .  I f  t h e  compressor  p r e s s u r e  r a t i n  is  l i m i t e d  t o  2 8 ,  which 
i s  probably  a s  h igh  a s  can  be  achieved i n  t h e  1985-1930 p e r i o d ,  t h e  
d i f f e r e n c e  i n  SFC is  even a b i t  g r e a t e r .  

The problem is  due c h i e f l y  t o  che a d d i t i o n a l  c o o l i n g  b l eed  i n  t h e  
second t u r b i n e .  Only i f  engine  c o o l i n g  r eq l~ i r e rnen t s  become very  s m a l l ,  
due t o  an advance i n  m a t e r i a l s  technology,  could  t h l s  c y c l e  be c o m p e t i t l v e ,  

The impact of a  4% i n c r e a s e  i n  eng ine  f u e l  consumption can be  a s c e r -  
t a i n e d  from f i g u r e  11. It is  seen  t h a t  n e a r l y  a 70% d e c r e a s e  i n  engi: le  
weight  would be r e q u l r e d  t o  reduce t h e  f b e l  use 4%.  i t  i s  noted i n  
t a b l e  111 t h a t  t h e  bypass r a t i o  of  t h e  engine  w i t h  rehea t  1s 1 7  a s  compared 



t o  1 3  f o r  t h e  non-reheated engine. This a c t u a l l y  r e s u l t s  in  a 4 percent  
decrehse i n  s p e c i f i c  t h r u s t  r e q u i r i n g  a 4% i n c r e a s e  i n  a i r f l o w  f o r  t h e  
same t h r u s t .  The engine does n o t  inc rease  4% i n  weight,  however. 
According t o  f i g u r e  1 4  ( r e f .  11) i n  p i n g  from a bypass r a t i o  of 1 3  t o  
17 t h e  r e l a t i v e  engine weight pe r  t o t a l  a i r f l o w  drops  t o  about 97% of 
f t s  o r i g i n a l  value.  Thus t h e  r . . sul t ing weisht of the  reheated engine 
f o r  t h e  same t h r u s t  as t h e  not-r~heatea (and d i s regard ing  t h e  weigh: of 
t h e  second combustor) would be about 1% g r e a t e r  r a t h e r  than 70% less 
than the  in te rcoo led ,  r egenera t ive  engine. Fur the r ,  any a t tempt  t o  in-  
c rease  s p e c i f i c  t h r u s t  would simply r e s u l t  i n  worse SFC. 

I n  l i g h t  of these  f a c t s ,  t h e r e  is no va lue  i n  doing f l i g h t  optiuuza- 
t i o n  s t u d i e s  of t h e s e  cycles .  

Advanced Turbofan Engines f o r  Comparisc.n wi th  Advanced 
In te rcoo led  Regenerative Cycles 

It is necessary t o  compare t h e  in te rcoo led  regenera t ive  cyc les  wi th  
turbofan cycles  having t h e  same l e v e l  of technology. Both minimum-fuel- 
use cycles  from f i g u r e  7 a r e  compared wi th  a c u r r e n t  turbofan and wi th  
an advanced turbofan u t i l i z i n g  t h e  same l e v e l  of cool ing technology. 

I n  order  t o  f ind  an advanced, non-regenerative cyc le  t o  compare wi th  
each regenera t ive  cyc le  a b r i e f  s tudy was made. The d e t a i l s  of t h e  
examination of t h e  advanced turbofan with advanced coo l ing  i s  presented 
i n  f i g u r e  15. Eere t h e  u n i n s t a l l e d  cycles  wi th  t h e  same technology 
assumptions and t h e  same c r u i s e  tu rb ine  i n l e t  temperature 1770 K 
(3200 OR) as t h e  low-bleed in te rcoo led  regenera t ive  c y c l e  a r e  presented.  

Percent d i f f e r e n c e  i n  SFC is p lo t t ed  a s  a func t ion  o f  bypass r a t i o  
f o r  severa l  compressor p ressure  r a t i o s .  The 47 compressor p ressure  r a t i o  
l i n e  is  dashed merely f o r  t h e  sake of c l a r i t y .  Note t h a t  t h e  minimum 
unins ta l l ed  SFC occurs a t  a compressor p ressure  r a t i o  of 50. The o v e r a l l  
pressure  r a t i o  is 80. This is f a r  higher than appears f e a s i b l e  even by 
1985 ( see  r e f .  3) .  A more a t t a i n a b l e  value  would be an o v e r a l l  p ressure  
r a t i o  of about 45 with t h e  compressor pressure  r a t i c  equal  t o  28. Thvs 
t h e  cyc le  chosen is t h a t  wi th  t h e  1778 K (3200 OR) t u r b i n e  i n l e t  temper- 
a t u r e ,  a compressor p ressure  r a t i o  of 28 and a bypass r a t i o  of 13. 

It should be noted here  t h a t  t h e  BPR's presented here  a r e  probably 
too high s i n c e  t h e  engines were chosen f o r  minimum u n i n s t a l l e d  SFC and 
the  FPX was held constant  a t  1 .6 ,  perhaps a b i t  low. However, f o r  t h e  
purnose or' comparfng cyc les  t h i s  i n f l a t i o n  i n  optimum BYR is of l l t t l e  
cokequence s i n c e  a l l  the  cyc les  were s i m i l a r l y  chosen. 

A similar study was made f a r    he advanced turbo£ an us ing cur ren t  
cooling technology. The r e s u l t i n g  cycle  had a 1667 K (3000 OR) tu rb ine  
i c l e t  temperature,  a compressor pressure  r a t i o  of 28, and a bypass r a t i o  
of 10. 



Th3se c y c l e s  could be chosen without doing a mission s tudy aud 
making a comparison of i n s t a l l e d  performance between t h e  s e v e r a l  cospressor  
p ressure  r a t i o s  be lov  28, The reason f o r  t h i s  can b e  understood by 
examining f i g u r e  15. Tie c y c l e s  wi th  compressor p r e s s u r e  r a t i o s  28 o r  
less have e s s e n t i a l l y  t h e  same bypass r a t i o ,  and they have t h e  same 
c r u i s e  t u r b i n e  i n l e t  temperature.  Therefore,  t h e  l a p s e  rate and weight 
of t h  .se engines  would be i s s e n t i a l l y  constant .  The SFC f o r  t h e s e  lower 
CPR c y c l e s  rises q u i t e  r a p i d l y  wi th  reduct ions  i n  p r e s s u r e  r a t i o ,  however. 
Thus, t h e  only change of any importance i n  going t o  lower CPR's is de- 
l e t e r i o u s  t o  f u e l  consumption. 

The comparison between t h e  i n s t a l l e d  performance of t h e s e  turbofans  
and t h e  corresponding regenera t ive ,  in te rcoo led  turbofans  is presented 
next.  

Comparison o f  Cycle Performance 

The performance of e i g h t  c y c l e s  a r e  presented f o r  comparison. These 
cycles  a r e  presented i n  t a b l e  111. The t h r e e  conventional c y c l e s ,  one 
wi th  cur ren t  techxiology and two with  advanced technology b u t  wi th  
d i f f e r e n t  t u r b i n e  cool ing c r i t e r i a ,  a r e  each used as a datum c y c l e  aga ins t  
which t o  eva lua te  the  c y c l e s  us ing h e a t  exchangers. 

Three of t h e  c y c l e s  us ing  h e a t  exchangers a r e  l i s t e d  a s  base  cyc les .  
These base cases  have many of  t h e  p e n a l t i e s  assoc ia ted  wi th  them e i t h e r  
ignored or roughly approximated. This approach is adequate f o r  choosing 
t h e  optimum f o r  each cyc le  and f o r  comparing one h e a t  exchanger cyc le  
wi th  another.  However, f o r  t h e  purpose of comparison wi th  an optimum 
conventional c y c l e  some refinements i n  p e n a l t i e s  must be  made. The 
cyc le  r hosen fo r  such a camparison i s  l i s t e d  i n  t a b l e  111 a s  having ad jus ted  
penalties, The fol lowing s e c t i o n  of t h i s  r e p o r t  i s  devotea t o  a d i scuss ion  
of t h e  choice  of these  ad jus ted  p e n a l t i e s .  

Penal ty  modif icat ion of in te rcoo led  regenera t ive  cyc le  wi th  advanced 
cool ing technology. - It was previously  noted t h a t  t h e  d e c i s i o n  had been 
made t h a t  i f  t h e  i n i t i a l  conservat ive  choice of h e a t  exchanger e f f e c t i v e n e s s  
and p ressure  l o s s  values  d i d  not  r e s u l t  i n  improvements i n  f u e l  u s e ,  a 
mnr, o p t i m i s t i c  choice  of t h e s e  va lues  would be trade. When applying t h e s e  
o p t i m i s t i c  va lues ,  some account was a l s o  t o  be m d e  of engine weight and 
s i z e  p e n a l t i e s .  The following p r e s e n t s  t h e  ra t ior ,a le  f o r  t h e s e  o p t i m i s t i c  
choices.  

A CPe/Pp. l o s s  i n  t h e  cold loop of +he i n t e r c o o l e r  can cause  a 
s e r i o u s  inc rease  i n  f u e l  consumption. By keeping t h e  v e l o d t y  low i n  t h i s  
loop,  the  n P k I P L  i n  t h e  f a n  duct loop is .03 r a t h e r  than t h e  .C6X initially 
assumed. Xo degradat ion i n  e f f e c t i v e n e s s  w i l l  be assumed (an o p t i m i s t i c  
view) . 



The pcss ib le  e f fec t iveness  of hea t  exchangers has  been assumed by 
a n y  t o  be 85% o r  even 90%. For example see reference 9. Therer'ore, stme 
addi t iona l  optimism i s  e n t e ~ e d  here  and the  e f fec t iveness  now w i l l  be 
assumed a t  85X. 

1x1 reference 7 a weight of 2311 kg (5095 l b )  f o r  the  ro t a ry  ceramic 
regenerators i n  t he  four engines was ?resented. The a i r c r a f t  jras 
e s s e n t i a l l y  t l ~ e  same weight and f l y i n g  the  same mission a s  t h a t  in t h i s  
report .  However, t h a t  cycle  w a s  at a lower temperature than the  cycle 
of t h i s  r epo r t ,  and i n  t he  cycle  of t h i s  r epo r t  t he re  a r e  two hea t  
exchangers per  engine, not one. Nevertheless,  - the-  same penal ty  is used 
i n  t h i s  r epo r t ,  an  zddi r iona l  weight 60% t h a t  af t h e  bas i c  engines. 

The volume increase of t he  engine i n  reference 4 is about 70%. 
Again, although i n  t h i s  study the re  is an  add i t i ona l  hea t  exchanger, t h i s  
7C% vo lme  increase  is  used. 

Using these  assumptions and f i gu re s  9 through 12, the  percent changes 
presented i n  t s b l e  I V  a r e  found. The t o t a l  percent d i f fe rence  i n  f u e l  
used is a b u t  0.8% more than t h a t  of t h e  adva~ced-cooling-technology base 
case. 

Comparison of fue l  use. - Figure 16 presen ts  t h e  percent improvement 
f2 h e 1  use compared t o  an advanced a i r c r a f t  with current-type engines. 
&l of the cycles  show subs t an t i a l  improvement over cur ren t  cycles.  

Note next the percent d i f fe rence  i n  f u e l  saved between the  base turbo- 
fan and the  intercooled,  regenerat ive turbofan both using advanced 
turbine cooling technology. The intercooled,  regenerat ive cyc le  shows 
a f u e l  savings about 1% grea te r  than the  bas ic  turbofan, a very small 
difference.  

Comparinb che base and intercooled,  regenerat ive turbofans using 
cur ren t  tu rb ine  cooling technology t h e  bas i c  turbofan seems b e t t e r  than 
the regenerat ive,  intercooled engine. This shows t h a t  a l a rge  increase i n  
cooling bleed requirements not only causes t he  cycle  t o  vary,  but a l s o  
appears t o  make the  intercooled,  regenerat ive engine l e s s  a t t r a c t i v e  
thdn an advanced turbofan using the  sane l e v e l  of cooling technology. 
However, the percent d i f fe rences  i n  both cases  must be considered small  
fo r  an a n a l y t i c a l  study, because minor changes i n  assumptions could possibly 
wipe out the d i f fe rences .  

Since the d i f fe rences  a r e  small i n  e i t h e r  case,  and s ince  the low-bleed 
case seems t o  o f f e r  a s m a l l  glimmer of hope for  the intercooled,  regen- 
e r a t i v e  cyc le ,  only one l eve l  of cooling technology is examined i n  grea te r  
d e t a i l  - t he  advanced cooling cycle.  

To more accurately compare the advanced turbofan with in te rcool ing  
and regeneration t o  an advanced turbofan t h a t  uses no heat  exchangers, the  
changes i n  pressure l o s s  and e f fec t iveness  v a l ~ e s  and the addi t ion  of the  



var ious  penalties d i scussed  i n  the  preceeding s e c t i o n  of t h e  r e p o r t  a r e  
made t o  the low-cooling-bleed, i n t e r c o o l e d ,  r e g e n e r a t i v e  turbofan.  When 
t ~ l e s e  pena l ty  va lues  a r e  app l i ed  (even though they a r e  r e l a t i v e l y  o p t i m i s t i c ) ,  
t h e  ,n tercooled,  r e g e n e r a t i v e  c y c l e  is j u s t  about t h e  same i n  f u e l  
sav ings  a s  t h e  advanced 1985 turbofan.  The a d d i t i o n  of r e h e a t  makes t h e  
iq rovement  i n  f u e l  use  l e s s  than t h a t  of t h e  advanced turbofan.  

Because of t h e s e  r e s u l t s  L a d d i t i o n a l  s t u d i e s  t a  b e t t e r  e v a l u a t e  
p e n a l t i e s  a s soc ia red  w i t h  h e a t  exchangers were made, and no s tudy  t o  
d e f i n e  t h e  c o s t  of engines  wi th  h e a t  exchangers was made. It seems 
t h a t  dur ing  t h e  time per iod 'n which t h e s e  engines  might b e  b u i l t  t h e  
less-complex, advanced tu rbofan  w i l l  be  the  b e s t  of  t h e s e  f u e l  conserva- 
t i v e  cyc les .  

Table 111: a s  noted p rev ious ly ,  p r e s e n t s  p e r t i n e n t  iiifo-tion about 
the  z i r c r a f t  performance us ing  each of t h e s e  c y c l e s .  Note t h a t  t h e  l a r g e  
ga ins  a r e  from SFC improvenent. Weight and d rag  a r e  n o t  n e a r l y  a s  
important .  

CONCLUSIONS 

I n  t h i s  s tudy two engine  c y c l e s  t h a t  could  reduce f u e l  use  i n  subsonic  
t r a n s p o r t  a i r c r a f t  were exanined.  The f u e l  consumption of t h e  i n t e r c o o l e d ,  
r e g e n e r a t i v e  turbofan and he i n t e r c o o l e d ,  r egenera t ive  tu rbofan  wi th  
r e h e a t  were ccmpared t o  a c u r r e n t  engine  c y c l e  and t o  an  advanced turbofan.  
The technology f o r  a l l  bu t  c u r r e n t  turbofans  was assumed t o  b e  :Sat t h a t  
could be incorporated i n  a f l i g h t  engine  by 1985. 

The f i g u r e  of mer i t  was f u e l  consumption Takeoff g r o s s  weighr,  and 
i n  some cases  DOC were a l s o  c a l c u l a t e d .  

The fan p ressure  r a t i o  w a s  he ld  cons tan t  a t  1 .6 .  The f u e l  consumption 
of a l l  of the  engines  inc lud ing  t h e  c u r r e n t  c y c l e  was eva lua ted  on a 
f our-engine, 200 passenger a i r c r a f t  wi th  1985 s t r u c t u r a l  and aerodyr,amic 
technology assumed, f l y i n g  5556 km (3000 n m i )  a t  Mach 0.8 a t  11 582 m 
(38 000 f t ) .  

The i n t e r c o o l e d ,  r egenera t ive  cyc le  was found t o  have t h e  lowest f u e l  
consumption a t  an o v e r a l l  p ressure  r a t i o  of 40 and a t u r b i n e  i n l e t  temper- 
a t u r e  of 1778 K (3200 ' R ) .  The advanced tu rbofan  used fo r  compzrison was 
l i m i t e d  t o  a 45 o v e r a l l  p ressure  r a t i o  and a t u r b i n e  i n l e t  temperature 
of 1 7 7 8  K (3200 R ) .  The i n t e r c o o l e d ,  r egenera t ive  c y c l e  wi th  r e h e a t  was 
a l s o  l i m i t e d  t o  a 45 o v e r a l l  p ressure  r a t l o  and a 1778 K (3200 O R )  t u r b i n e  
i n l t  t temperature.  

I t  was found t h a t  a l l  advanced c y c l e s  showed an improvement i n  f u e l  
consumption when compared wlth cur r en t  engines .  However, the  regenera t ive ,  



intersaoled engine was no better in fuel consumption than the projected 
advanced turboian. This was true even though the penal~ies in weight and 
size that were chosen for the regenerative, intercooled cycle were-exceed- 
ingly optimistic. When reheat was added, the situation became worse due 
to the additional cooling bleed requirement. Thus, the regenerative, 
intercooled cycles remain tantalizing,theoretically the most advantageous, 
but practically not. 
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TABLE I.  - BASIC AIRCRAFT DATA 

Wing Data 

AR 12 

t / c  t i p  

t /c  roo t  

Leading edge sweep, 
radians (deg) 

Taper 

0.164 

0.080 

0.478 (27.4) 

0.33 
I 
1 

Camber I 0.07 
1 

Wing loading, 
N I ~  ( i b l f t 2 )  

I 1 5602 (117) 

Wing type 1 Supe rc r i t i c a l  

Cto 1 0.06 

Cdo I 0.022 

General Data 

Passenger c l a s s  i A l l  t o u r i s t  
I 
1 

Number of passengers 1 200 

Weight of payload, kg ( l b )  18 597 (41 000) 
r 

Technology l e v e l ,  year i 19 85 

Composite usage A weight i 
i -10% 
! 

1 
Cruise Mach number 1 0.8 

1 

Cruise a l t i t u d e  m, ( f e e t )  i 11 582 (38 000) 

Takeoff t h r u s t  t o  weight r a t i o  1 
N/kg(g) o r  lbf  Ilbm ! 0 . 3  

- 



TABLE 11. - CYCLE INPUTS AT CRUISE FOR ADVANCED ENGINES 

Base cases 

I n l e t  recovery 
Overall  pressure r a t i o s  examined 
Fan pressure r a t i o  
Cruise tu rb ine  i n l e t  temperatures examined, K (OR) 
Polytropic e f f i c i ency  of the 1 compressor 

i Fan 
' Adiabatic e f f ic iency  of the  

high pressure tu rb ine  
low pressure tu rb ine  

Efficiency of t h e  combust o r  
Turbine cooling technology 
Cv fan nozzle 
Cv core nozzle 
Pressure l o s s ,  APIP : 

Fan duct 
Combus t o r  
Heat exchangers each loop 

Engine lengthld iameter r a t i o  
Heat exchanger e f fec t iveness  
Number of spools 
Design a l t i t u d e  m, ( f ee t )  
Design Mach number 
Technology l e v e l  

- both 

0.91 
0.90 
1.00 

1975 and 1985 
0.987 

0.9906 





TABLE I V .  - CHANGES FKOM BASE CASE TO CASE WITH 
IWROVED COMPUTATION OF FENALTIES 

I APIP cold / loop 
I i 

j 0.06% ( 0.03% - 4.05 

I I 1 
Percent 

Base , Adjusted change 
Parameter case case SFC 

i I intercooler j 
i I 

I Effective- I I ! 

Percent 
change 
fuel  use 

I ness, a l l  1 80% ! 85% - 2.16 

i I HX weight I 1 , 1 penalty as I i 
percent bare i 0 60% i 

I --- 
engine weight j 

I 
I , 

1 
I 

0 1 70% ! I --- i + 4.67 
! engine volume I 

I 

1 i 
r - 

i Comb inat ion , ! of 4 above I 

t 
I I I 
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