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• A P P E N D I X  A

R E L A T I O N S H I P  O F P R O ~’ U LS ION S Y S T E M  PARAMETERS
TO L A N D  C O M B A T  V E H I C L E  C H A R A C T E R I S T I C S

B. L. F l e t c h e r , F. R. R idde l l , and 0 . M. D ix

A .  INTRODUCTION

In order to  i d e n t  iCy those ropuls ;on technol ~~:: ~ calo.  ~
have a hi~ h p a y o f f  p o t e n t i a l  t s r  l a n d  combat vehicles (L. Vs ) , - m m

a n a l y s i s  is needed that covid cs a quantit ative

of t h e  ex c e ct e d  e f f e c t s  of  a c hi e vin e  t hose £ -ca ls .  .~~ ac e  -
. he a—

t e n t  is o n l y  to determine t h e  r e l a t i v e  ~m ;ict of m o s s  i t - l e
ar o v e m e n t s  in t he  r r o p u l s i o n  s u b s y s t em s , - m e a t  d e t a i l  net
re ci r e d .  W h a t  s re..~uired is a w ay  to  r e l a t e  r e m - a l  ci ri sys-
t e m  pa r a me t e r s  ( w h i c h  can be r e l a t e d  t o  t e ch n o i a c y  c h a r ; - e s  in
the s u b s y s t e m s )  to over a l l  veh ic le  s ize  an d cost c h a n Tes , as a
means of evaluatIng proposed imarovements. The follcsin- ex-

p la ins  the d e r i v a t i o n  of such an a na ly s i s , the d a t a  base  u sed  to
d e t er m in e  ch a r a c t e r~ s t i c  v e h i c l e  p a r a m e t e r s , and the  r e s u l t s
obtained.

The LCV is :harac te ri : e  J a cc o r d i n c -  ~o the f o l lo win o  r am - m m —
e t e rs :

— W e i o h t  ( t o t a l , payloa d , foci , st n m  tune , m ower  t r a in ,
scmspens ion)

— Armored volume (total , payloai , fue l , power train )
— Horsepower  (gross , sprocket ar;d thrust)

— Ran ~ e
— S p e c i f i c  f u e l  c o n s u m p t i o n
— Annual hours of orerat i on
— Costs  (procu remen t , m - ’ - i n t e n a n c e , and f . : e l ) .

.

FI~~ure A—i shows the  concep tua l ~ zat  en of t h e  v eh i  o le  in te rms
of the w e l ch - s and armored volumes  of i n t e r e s t .

A— -
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EXTERNAL PROPULS I CN ~Y S T E ~ ’
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FIGURE A— i. C h a r a c t e r i s t i c s  of  l a nd  combat  v e h i c l e s  by w e i g hts
and vo lumes of major  s u b s y s t e m s  of interest.
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I
Through the use of data for c urrent , past or deveiopmen’al

veh ic les , and b y us ing simp le re lat ionsh ips be tween  the  ab o v r-
p a r a m e t e r s , it is possible to determine the effect of improve-

ment s in the specific weight and volume of propulsion systems

on the si:e and cost of the LCV. Im plicit in the evaluatim oI~
w e i~~ht  and volume d i s t r i b u t i o n  is the determination of how t h e
p a y l oa d  we i -r h t r and volume w i l l  be a f f e c t e d  by p r o p u l s i o n  s y s t e m
c han c e s .  In t h i s  , m m m r t l y s  t h e  i r m r a c t  of chan ~~es is d e t e rm i n e d
under  t h e  a s s u m p t io n  t h a t  t h e  p a y l o a d  is  k e p t  c o n s t a n t .
chan ~tes may o f f e r  many  ty r e s  of p e r f o r m a n c e  i mp r o v e m e n t s , such
as ~m p m L v e d  m a n n: fo r  a l i v e n  f o o l  load , h i g h e r  speed , i rm :r ove .1
no I. t r y  , m n i  b e t t e r  R A H — D  c h a r a c t e r i st i c s .  In o r d e r  to r- a. -:e
o o r r m : - ~r a r  I ye ev a l  nat  i - mis  bet seen ,i I ffe se n t  paramet.ri o c h n n —  be

m et h o d  ccc  I he m e  me : m su r e s  the  i mm - m r of  c h : m n o e n  on vehicle si

a n d  c o s t .  Thus t m ; c m o m m ~~r I t  s in s loe  an , I  ‘or  cos t  are u s e - r i  as  a

mono -ire of  v a lu e , t h o uth ~ri an a c t u a l  . i e s i m t ) 1  t h e y  can i c
fo r  an y  of t he  er :e  i m a n c e  r r m r a m e t  e m s  ‘e d a b o v e .

B. R E L A T I O N S H I P  B E T W E E N  V E H I C L E  AND PR OPULSION S Y S T E M  PARAMETERS

1. Performance

The performance parameters of interest ar e  (see I-’ic . A— I ) :

= ~ross v e hi c le  we i cht  ( c o m b a t  l o a d e d)
V

= p r i y l o a 1  w e ich t

= r~,r1vl :rad vo lume

— :D, = st r u ct u r a l  and a r m — ’  r w e l  cht

= m a x i m u m  t h ru s t  r o w e r

= t h r u s t  ~ -we r fo r  m a x i m u m  range

P. = In s tal led en~-tine power
~ n

P = s p roc k e t  powerspr
= p r o p u l s i o n  s y s t e m  w e i Ch t

A-5
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W = pro ! u l o i o r I  s y s t e m  w e i : l i t  on e  Lo sod  In  t he  a r m or e d

volume

= pror u ls Ion system we~~ th 1 . ext t r i e r ’  1 0  t h e  a m r i e r ’ e dp5 W - - -
vu lume

V = m • i u n U l s i O r 1  s y o t e m m  vo lume  en c l o s e - ,i in a r - n o r

= f i re  1 we I -- h I

I’ .. = :‘ue 1

= o p e c~ f t c  i ’n s l  c o r n u m i r i p i  ion  l n c o i on e m m - : L t m e  - r i l - r m n  at
e r a  i c e - owen

a ~ = r ’r m m :mmr I so on s ~f c 1 eac~’

fl~ 
= ‘ :ir .,o • or ’  e !‘ i s

cc  s c  a m ’s ’ I m i t e r -  s ted  m - ~‘ea m m ;  he m m  - :  - r m  .0  i e r r  c c c  r im

so : rmm :. s s .  ii ‘ ta  I h m m : ’ o r ’ ) n ’ t w h i l e , mm - o m i v o n —

- ‘ i i  ‘~ C~ OL’ m a - ’  m m m  u’;- r’ t I or ec c ! ,~
y I co r o m : .  I - m m  t oed on

arcs r - s e m ’  , . C .

= ~~- :~~~ ( A - i )
f l r l

Ic , ‘e m  t h y  :~~ c A l  k 1~~ ’. ~~~~~~~~~~~~ = -3 . ~~ ~h i l c  i l ’  = 0 . 1  11 ‘h m - —h r .

i t :  oh ii 1 • w~ ‘ m m  ‘ t ie  c i - m m  ‘s’ t ’  • r am r i m e

v = : - + •
~ 

+ ~ + 
~ 

( A  — 2 )

= ~~~~~~~ + ‘,; + Id , )  + + V + v~~,) (A— s)

- 
= ‘

,•,
‘ 

- 
+ I’: ( A — 

~ 
)

I - - -

= ( m i P _ : h
~
d)

~~ ~~

“

~ ‘ ‘ , ( A — 5 )

A —

-- -
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where a defines the fraction of W ,, n e e de d  t o !  s t r u c t u r a l  o u t - p e r t

and ~ d e f i n e s  t h e  a d d i t i o n a l  b a l l i s t i c  - Ir ruer  p r o t e c t i o n .  W L
V . are ~t i v e n  q u a n t i t i e s  d e t e r m i n e d by the  p a y l o a d  t o  be carried.

( H P — } i R d )  d e f i n e s  the  comb i n a t io n  of t h r u s t  p c w e r  a r i d  eri ~imi r ’ ,’1nce

needed  to p r o v i d e  the  d e s i r e d  ra r l te . *

The we t~~hr  an— i vo lume  of t h e  p r o pu l s ion  sy s t e m  er - lose i n

t he  armo red vo lume , and V 
~~~~~~~ 

are dcl . e r ::, i r i aI by r h -  spec I f ic

wei:tht and volume of the  ens- i ne mi n i t r ’ : i r i s m i s s  1 - m m  m m d  by  t h -  r e—

-dO 1 r e - i  t h r u s t  p o w e r , I . e

- (  P P -

“i = w F .  + w P = ~ ~~~~~~~ + ~: ~~~~~~~~~~~ ( A —e ~r r s t  x ~~~~ ~ t~ x ii,

w h e r e  w = sr-eci f’ic we is - m r t of e n - i c ee - base -. I on ~ut r u t

W
x 

= sp e c i f i c  w e t s - h ’  of tr rirmsrai ss i a t .:wer’ .

A s i r : :  I I ’ : a r t  1:-it . I o r i o n  i p cx  I st  s f o r  V , I . e - ,

= 6 ~J >  + 
~~ 

~~~~~~~~~~~ ( ; 7 )

‘ I
w r i e r  

~e = cc f I  c vul r i r : : : ’ 0’  e m . ,~ m ,  b a sed  on ct ru

= c r e e l  t i e  ilu:’l o of r t r r : m m t s : m i o n  ç p o w e r .

F or ’  -c r ’ 1 .1!’! ~~~~~ he n -c  we -
_ ‘ m o at enilne am i d  t r .- m n s m l s s  I o n  t o —

s -c t  her ’ . H e nc e  so 1- - t ’ r i o  a m a  re i ’~: - , a

*Ran -c H in miles and (HF—IIRS)01 :i r’ c related by
( N F — H R S ) 1 = O . 0 0 2 6 7 R D ,

w hor e  D is I he averam- e d r m t  
- 

in pounds  fo r  the  endurance  run
c; eclt: . ca4 I. - n .m .

I
4

4
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ~~~~~~~~~~~~~~~~~ _ i,t ~ - ,! ~~~~ ~~~~~~~~ -~~~~~-



‘ -  -~~- - -~~~~~~~~—

w we
P 

- . nmax X

= specific weight of’ based on thrust power.

I~i m m m i 1 a r l y

6psp . e

~max 1x~ t ~t

= s p e c i f i c  volume of V 3~ based on t h r u s t  p o w e r .  ( A — 9 )

The wei t -tht of the propulsion system external to the armored

voThme , W
s5  

( e s s e n t i a l l y  the  t r a c k s  and s u s p e n s i o n) , is deter-
m i n e d  by t h e  we ilht it must support rather than the power it

delivers (see Appendix K). Hence we define

W
W = W , ( A — b )

~~3W v
0

where ~w~~~’w )  is a parameter de finin s- the fracticria sd -li t  of

t he  t ot a l  vch~~cle  r - ’~ - t a i r ’e d  f o r  the  t r a c k s  and s u s p e n s i o n .  For

tracked veh icles ~w~~~/ w )  can he taken  as a cons tan t = 0 . 2 2 ;

for wheeled vehicles (nonarticulated) It. is also nearly constant

at a value of 0.10 (see Appendix K).

To show the relationship of’ p r o p u l s i o n  s y s t e m  parameters  to
LL~V ch artrm te nlst ics explicitly it is convenient to combine

H - m s .  A — 2 t h r ou~th A —5 to s-ive

~rnax 
(
i + ~ + _ + 

(HP-HRS ) 

(
~ 

+ 
~ 

+ SFC

( A — i l )

= l _ ~~~
5’
~’)_~~~± (i + a + L), - 

_ 

_ _  

- -  

~~~
.,- --~ --‘~~~~~~ —---~~~~~~ -~~~~~~~~~ ______ — *— 

.~~~~ ~~~~
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where p. is the density (W~ /V~ ) of the i component . Equation

A— li is plotted in Fig. A—2 with the propulsion system param-

eters (Wpsp/Pmax ) and SF0 as independent variables. If the

parameters that characterize the vehicle are now defined for a

given class of vehicle , Fun . A—2 can be made quantitative. It

can then be used to interpret how changes in propulsion system

parameters are related to vehicle characteristics. This is done

in Section C below .

2 .  C o s t s

Cos t s  have t h r e e  e l e m e n t s  of i n t e r e s t : i n i t i a l  u n i t  pro —
curement , annual  ma in t enance , and f ue l .  A l though  fue l  cos ts
appear  small  compared w i t h  the  overal l  O&M costs  for  e x i s t i n g
LCVs , t h e y  are c o n s i d e r e d  in t he  ana lys i s  because of the i r
pote n t i a l  for  assuming c-neater s i gn i f i cance  as fue l costs rise

or his-her fuel consumption results from the use of new technol-

ogy , e . g . ,  tu rb ine—powered  v e h i c l e s .

The u n i t  t r o cu remen t  cost for  the LCV i s  cons idered  to be
a fu n c t i o n  of  the weirThts of the structure and propulsion sys-

t em and the power of the engine . Analytically , th is relation—

shin ma::; be described by the equation

= (~ / w ) ( w 5 + W~~~) + 
~max 

[(~ /P)5 + (~~/P )~~~] , (A-12)

where is t h e  u n i t  procurement cost of the vehicle platform*

.

~
. (i.e., without payload ) and (~~/ W )  is a cons tant  tha t  is m u l t i —

p l ied  by the  we igh ts  of the s t r u c t u r e  (W 3 ) and propuls ion  sys-
t em (W ~ 5 ) .  To t h i s  cost is added the p roduc t  of the  t h r u s t
ho rsepower  

~~maX~ 
times two constants , one , (~ /P)~~, representing

the  s t r u c t u r a l  cost  tha t  is power dependen t  and the o ther ,
r e pr e s e n t i n

~ 
the  prop u ls ion  s y s t e m  cost t h a t  is power

dependent.

I *T h r n m I c - h . :  is  this appendix , costs will refer to the vehicle with—
out  pay load , sometime s re ferred to as “ pl at fo r m ” cos t s .

A— 9

- I 
_____ _ _

p. 
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. ~~~~-



- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Wpsw WI
1- ( ~~ - 

—
~
-. (~ + ~ + .—

~~~~~~

~ ~ — INTERCEPT AT SFC = V 0 V

5 (HP-HRS)

I -~U- -~ mc I ~~~~~~~~~
- - -—

~~~~ \
SLOPE

I..) c H P — t I ~-t
_ _ ~~, _ c L  1 p

W 

F

Q
W \ W / w  \ P1

D INT ERCEPT AT ~~~ = — 
v

0~ p— p /
max

W \

~• 9 7 7 ~~~~ 
ENGINE AND DRIVE TRAIN SPECIFIC WEIGHT W fl ,,

FIGURE A - 2 .  R e l a t i o n s h i p s  b e t w e e n  p r o p u l s i o n  s y s t e m  p a r a m e t e r s
an d LCV c h a r a c t e r i s t i c s .
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The total maintenance and fue l cos ts  for  t he  assumed 20—
year  l i f e  of  t he  LCV is c a l c u l a t e d  f rom the  f o l l o w i ng  r e l a t i o n —
sh ip :

= K
~~s ~~~~~~~~~ + W~~~) + 

~max 
/F’ ]

( A— 1 3)
+ K MP ~max ‘~~~ ps + 

~max 
. DC (

~~F/W F )

where is the total maintenance and fuel cost for 20 years of

op c r a t r o n , and K MS and K MP are  m u l t i p l i e r s  for t h e  p r o c u r e m e n t

cost e l e m e n t s  d e f i n e d  for  E d .  A — l i .  K~1, .. r ’e l : tt e s  m a i n t e n a n c e

costs to the procurement -cost- s of l h e  struc ture , wh ile K MP re—

lates ma-mjntenance cos~ s to the propulsi on sy c t e m  p r o c u r e m e n t

cost. The third term of Eq. A— 13 determ- :lrme s t i m e  f u e l  co s t s  on

the b a s i s  01’ s p e c i f i c  f u e l  c o n s ump t i o n  ( L’) ,  hours of operation
dur m o  the 20—year’ period (DC) , n r m - .i c o s t  ~- e m ’  n o u n — I  of f u e l

~ ~l ” F ~ -

Determination of Costing Constants. Cost , weigh t , and
power data for the M6OA1 RISE tank were used  to  e s t a b l i s h  values
for  t h e  p r o c u r e m e n t  and O?~ I -cost  p a r am - t er s  ~~ 

‘
~~~~

(~~/ P )~~5~ K~1 , ,  K~~ and Dm7 . The f o l lo win o  s m r m r m i : i r i : e s  the  d e r i v a —
t i o n  of  t h ese  c o n s t a n t s .

( 1 )  P r o c u r e m e n t  Cos t .  The u n i t  p r o c u r e m e n t  cost  for
the H6O A 1 R i S E  is a p p r o x i m a t e l y  $J 4 9-4 , 000 ( R e f .  A _ l ) . * ~ cost
of a b out  $361 ,000 f o r  the  v e h i c l e , e no i n e , t ran~~ r I s s i o n , and
t r a c k  i s  i n c l u d e d  in t h l m m  t o t a l  ( R e f .  A — 2 ) ,  the  o ther  cos t s

I .  b e i n g  for  o r L I n : i r l c e  e qu i pme n t ar i d  ot ,he r  i t e m s  t h a t  are c o n s i d e r e d
to be pay load  in  t h i s  a n a l y si s .

5 1 m m  - -e - r ’ - - - m m m c m  5 ) 0  - r m m  - ‘ s- yen iii rh. -
- - a I n’ d t - ‘ -

- 1 - H : . \ —12 , •
— m e ’ ’ -~- so a rn ‘ o n~ em - r e  1- . t e

(~*/I. ) and (~~/ P ) 5. This  is done by a s s u m i n g  t ha t  ( / / P ) ~~, wh ich

• *Al i  cost’ s arc in FY 77 d o l l a r s .  

. . ..1.1.III 11: 
-~~~~ — — 
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is the structural cost that is linearly related t o  h o r s e p o w e r ,
is related to (~ /W) in the same pr oportion as the inmter ’ni ’d pro-

pulsion system (power train ) volume is to the tot a l armored

volume . Or’, for the Mt -OA1 RISE ,

= 0.2145 (//W)(w , + ~ r )  .

(~ /P)~ 5 was determ ined by c o m b i n in c -  da t a  p orn two
sources: (1) the costs of the engine , tr ansmiss ion and track

oiven in Ref. A— 2 ; and (2) a cost breakout t h a t  does not  prov ide
a c t u a l  costs  for  the  r e s t  of t h e  p r o p u l s ion  oy s r ~ - r mr ( f in a l  - . ir ’ive ,
suspens ion , e t c . )  bu t  ~ives  these  in  t e r m s  o f  p e r c e n t a g e  of t h e
t o t a l  veh i c l e  cost ( R e f .  A — 3 ) .  By c ornh i m i i n ~t d a t a  t’r ’orr: t h o s e  two
sources the p r o c u r e m e n t  cost  of t he  pronulsi-o n system was esti-

mated to equal $133,000 , or , with P~~~ of )4b6 ha , (~~/I )
equals $285,’hp. With these r e s u l t s  :m:ilm st it uted in 1-ti . A— 12 ,
(~ /W) equals $2.00/lb and (//PY. eruals $dt /hp .

(2) Maintenance an d Fuel Costs. The f-m el costs are

derived fr o m  the expression 1 m m Eq. A—1 3

p . . DO ( / . ‘w )max :- H

The h ours of o p e r a t i o n  of the  L CV for a 22—year period ,
DC , was e s t i m a t e d  on the bas i s  of i n f o rm a t i on  in R e f .  A — ) 4 and
assump tion s as to t h e  e q u i v a l e n t  hour s  of ope ra t i on  at 

~max for
hours of operation at- lower power sett in~ s. For all vehicles

this value was set at 114 140 hours. The cost of fuel (
~ F

/WF) was

ass I - d a value ~ iO . 07/tb a’ all tyr ‘~s of l m m ~ I . SF0 , as
d e f i ned in Eq.  A—i , was set mi t 0.6~4 lb/hp—hr for diesel ens-ines

and 0 . 8 7  l b / h p — h r  for  t u r b i n e  am i d gaso l ine  en .r i n e s .

The annual  m a i n t e n a n c e  cos ts  were developed f rom i n —
formation provided in Ref. A~ L4. To do t h i s  it was necessary  to
separate operating and maintenance cost elements , this sometimes

A — l 2

~~~~ 
_ _ _ _ _  

p. 

~~~- -~~~~~- - -  -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -
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requiring a judgment as to how these costs should be assigned.

This led to an estimate of an annual maintenance cost of about
o $148,000, excluding POL charges. This is 9.7 percent of the unit

p r ’o c u r ’e r r m e n t  cos t  of $ ) 4 9 ) 4 , 000.  Other  s tud ies  ( R e f .  A — 5 )  i n d l - :a c e
tha t  about  10 percent of procurement cost is a good estimate of

annual repair costs. On this basis both KMS an d KMP are esti—
mated to have values of 2 (i.e., 20 x 0 . 1 0 ) .

3. Sensitivity Factors

Using the relationships discussed in Sections B—i and B—2

above , weight and cost sensitivity factors , which relate changes

in p ropu l s ion  S y s t e m  weight , volume , and cost to changes in

veh icle size (weight ) and cost , can be derived. The weight

s e n s i t i v i t y  f a c t o r  is de f ined  b y :

A~~.v _
V I

w h e r e  ‘,“ , ,:- -~~-hc 
,‘ m o m i ’  -: t ;  f - m ~n 1 o r ’

-~- - /Q 1 = f r a c t i o n a l  ohan oe  in n r ’o p u l s i o n r  sy s t em n a r a m e t e r

~~~~~~~~ 

-‘

~~~~~
, = f’ ra ct .  I ona l  chan oe  in  or o c s  vehi c le we l  1th t

Sim ilarly the -cost s e n s i t i v i t y  coeffici en t is d e f i n e d  by

~~~~~ r1-. 
ç~~~~

50 i ç~ 
‘

where SC~ = -c i s t s e n s i t i v i t y  f a c t o r

= f r a c t i o n a l  chan ~-e in v e h i c l e  p l a t f o r m  cost ( i . e .
e x — p a y l o a d  c o s t s) .

The weight  s e n s i t i v i ty  f a c t o r s  are  given e x p l i ci t l y  in Table A—l
in terms of  the parameters defined above , and the cost sensi—

t i v i t v  f a c t o r s  are given in Tab le  A — .

1 A— 13
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TABLE A - i .  W E I G H T  S E N S I T I V I T Y  FACTORS
7 W  A Q .

V _ c W  1
W i Q .

V 1

Parameter Wei ght Sens iti vi t y Fac tor
SW 1

— 
(1 + + - - / ) W FSFC (1 + ~ +

W (1+a )W psp

~max f~ + a +

Wpsw

~max (1 + ~~ + 
~

/ P L )W L

~~~~~~~
~max ( 1 + ~ + 8/PL~

WL

- 

(
~
/eF)wF

- 

(1 + ~ + 
~
/PL )W

L

A—1~4

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ -‘~~~~~~~ -~~. -,- .~~~~ ~~~~~~~~ -
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TABLE A -2 . COST SENSITIVITY FACTORS

m~Q .

Parameter Cost Sensitivity Factor

~~~~~~~~~~ ———-—-—— 
Sc i

(1 + K )1’~
-
~i\ 

W L [-__
(1 +

~max MS \W/ ~~ L(1 + a +

(1 + KMS)(~) ~~ [(1 + -t + 13/PL)WL j

(1 + K ) f~\ W L [ ($ IP ~5~ )W ~5~

~
‘max MS \W) ~~~ 

L(1 + 
~ 

+ 
~~~~~~

f~-\r( 1 + + B/PF)W F1 f~~~\ 
(DC) ~‘F~ PSEC ( 1 + KM5)~~)L(1 + .~ + S/~~TWj 

+ 
$1 

max

-

( 1 3/ s  )W
- 

MS ~ (1 + -~~ ~~~L
)W L

/-~
;-

~ P
$ f- ~~ max

PS \p12S ~~

- - (D C ) 
~~~ ~max

A— l5

a

&

4
p.



C . R E S U L T S  FOR T H R E E  C L A S S E S  OF L C V s

1~or~ this analysis , three classes of LCVs were used:

— Main b a t t l e  ~‘n rmks ( 1 40  t o  60 t o n s )
— L i ~~ht t r a ck e d  [o7V ~ (under 20 t ons)
— H i g h — m o b i l i t y  LCVm- ; (h o r s e p o w e r / w e i g h t  r a t ios  grea ter  than

35 ).

R e a l i s t i c  va lues  of  t h e  pa ramete r s  w h i c h  c h a r a c t e r i z e  the
veh ic l e  for  each c lass  of LCV were d e t e r m i n e d  from a v a i l a b l e
data  for  e x i s t  in ~ v e h i c l e s  or , in the  case of advanced  n -c a i n  bat-
t l e  t an k s , e s t im a t e d  as y n i c a l  f o r  15 0 0 — h r  t a n k s .  Table A — 3
T - -ical Dmmrmd O omm : b a t  V e h i c l e  ( i h m - m r m m c t - e ri s tj c s  , shows t h e  w e i s ht

-f a r m o red v- l a n -me or om h er ’  r h y s  I cal - a’ n — e r  r r m - ’m nce ch ar a c t er i s t i c s

f a r  LOVo t y n - i c a l  of  e a ch  c l a s s .  The s p e c i fi c  v e h i c l e s  used are
as :c l l  a;:

M a i n  Battle Tanks Typ i ca l  Veh i c l e

Curren t (Diesel) M6 OA1 RISE

Me dium -Wei g ht LCV

Tank (Diesel) M55 1

APC (Diesel) M 11 3A 1

High -Mob ility LCV

Ar ticulated (Gasoline) XM808

The d at a  s o a r c - o s ‘m s e - I  a r c  shown in the a b l e .  in a d d i t  ion to
the  -car - macnt  main b-’r~ tie t - i r r k , two  a d d i t  i - c n a l  sets of dat -a  w e r e
e st i m a t e d  to  t :-’~- i f y  ad v a n c e d  m a i n  b a t t l e  t a n k s  w i t h  l 5 0 t — o r ~~s s—
hp d i e s e l  or t u r b i n e  e n o i r ~es .  The thrust power , 

~raax ’ is
de r ive -i  f ran ;  t h e  s~- ro ck e t  h o r s ep o w e r , a l l ow m c -  f - T m  an est  i n - -~ted

i-ass of a t - o u t  317 in t-1 e thruster.* For those vehicles for

which onrocket horsepower dat a were no t  available , the gross

engine horsepower was corrected on the basis of ava i l ab l e  da ta
or est im -r tes of enc~ine net and  losses in the transmission and

final drive .

~Due to slip; see Appendix K.
A— 16
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U s i n l i’ t h e  vu  lues  of t h e  v eh i c l e  and p r ’ -a cu l s i o n  sys t em param-

eter’s s h o w r r  1 r ; Table ~\ —  ~ , the  s rec i  i ’ ic  fu e l  c- - r i : u m a p t  i o n — s p e c i f i c

wei  r~ht , relat  i — ’ r m s h  p , as shown in  Fl ~ . \ — ‘ , were  der ived  f o r

each c la ss  of L- ’ V .  These are shown ira i - i c .  A — 3 , w h i c h  ~7 iv e s
1 i n t l t l f l r  va l ue s of  ac-c e ra a b l e  nr’opulsion s y s te m  n - a r a m e t e r ’s  for
each  c lass  of  t-~’’,-’ cons  i — i e re -i  . That s t o  say , any -c - -n: L - i n at  i o n
of m or a l s  ion  s t -sr e m n ; ’l r ’ ,mni ~-cer s  t h a t  doe s  r m o ~ fa l l  on or b e l o w
t h e  l ines  i n t i c a L - o i w~ 11 r m ~~r m! , e e t  ~he -denr -~n-d c f a ’  t h a t  ciass

of v e h i c le  w i th o u ~ -k- ’: r “ ; d ’i n g  ts p e r f - ’ m ’ n t a m m c e .

1 m m aWi~ i~~m i , s eu s i t  I vit ~-’ f ac t o r s  were calculate-I for each

cla s s  of  v e h ic l e . These a r c  sr ~ v J n  in  T a b l e  ~ , .-.‘e~ - ‘h ’~ S e n s i —
v i ty i-’a ct or s f o r ’  T h m m d  Comb o Veh icles , an-i Table A —5  ,

.~e m m s ~~t i v l L y  Fact-a s I’ m - L’s; ‘- -mb a ’ ‘•‘eh~ ‘les. These tables ~m : —
e l u d e  s en s i t i vi t y  f ac t o n ’ , - f-a ’  ve h i c l e  - - m r d  p ay l o ad n a r ’ ;r n n e ’. er’s
as w e l l  a: ~~: . ‘

~~~ t a m ’  - n ’ - t u l : i - a m  s v s t e n m n - - a r ’ ; m n e t e r s , ‘ a 

r e f e m ’ L’m l c e  c~-a p a n ’i s o n : - . s - m a e  ~he v- - h i c l e  s i : :e  i s  s c a le d  i i n ’ - c t l y

by p a y lo a d  s i ne , t h e  s e m n s  t i n  t y  f a c t o r  f- - n ’  mc ::loa i -ac --ht am ’

v- d ame at  c o n m s t - ~nt  l ensi  is  u n i t  v .
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FIGURE A- 3 • Specific fuel c onsumption versus specific weight
o f p owe r t ra i n f o r  s e l e c t e d c l a s s e s of ve h i c l e s .
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A P P E N D I X  B

RELATIONSHIP OF PROPULSION SYSTEM PARAMETERS
TO THE CHARACTERISTICS OF HIGH-SPEED SHIPS

Ph i l i p  M a n de l

A. APPROACH

~‘he ws-r’7 d t~~~~n t t l - - t i  ( C - i .  — )  - tr ~ i the C ’ I  ~- 0  1 — ~ - C t - I -

t l on o D ’~; s of :- , o I ’ . : —l iso- ‘,ti ii :t- - r  in  t l J , : .  C t  oiv t o  sD C h -v; a

:‘ L I ’ C ’ t —  I . 1 ~~ 5~ t i - i  0 XVI ’ t ti sl of tlit:- 1;;~~’C: - t os ’ iv -ot :-o,; I ’ r r ’ - n u~~~—

S1~~~5 t  C , ’ C ’ L~~- Pe~~h~, -ol~~~ ’,’ r ,  P h~’ i ’ t - s ’ i ’, . - I ’ r n ; t s t - : e f w ,tys’l f’uo vt - s~~ c3 ’ C’

ca n  ~ . ~‘we1~ y ual’ftrn€’ tL ’r’-j ar’~ use i t - ~ L’;~’~r’ CCteri :e the
-,‘eh l c le  :1;, s I t~ s r ’ s uTh1~~r~ systoni , as t’o l . - w s :

Fr ’ I on JyC tern F a r ’ a r ; i o t  er’ ,’-
I . Ci :- . D - o - 1 f i :-  p .:wer ’— r - l a s . t  weig:At , r ~uno s p e r  Sr ~~i f t

11:-r’ o 5:- I:- w er

2 .  .h-’C Cs t ’l~ fut-I c-~aou ;tr- t I ~~s . a t  euuui’asioe ope c-C
~ u s . - i c r  sI~’t : ’t ho r ’oep -w e r — h  110

3 . P .  I i ,~ ’ 11,1cC o h : t  f t  P 00 :1 -

14 , r’~ (J’v”. - r ’ ;t l i  to’ :-r u b ’-j v e  t o e s ’ :’ I - l e n t  at 115 .’ oreed  V
I = = - -  

p = p -
~ 

= 
- -

‘e ’ rn ‘ m

V o h i c - - 

5, V Vehic le  spe € -i , k not u ;  = 1 I I t X  i murn o p eo d , V =

e nd u r a n c e  speco -

L- . Vehicle al wel1~ht , i on ~ t o n ~;; 1 ‘°‘~C ton  =

2 2 .0  11 -

- . 7 .  E Veh ic l e  e n d u r a n c e  t ime at V , ~~~~~~
8. H Vehicle endurance d l ot a n : o  -H . V e ) nml ; R = V E

9. W/D Vehicle lift/drag ratio at any speed

10. 
~r 

Shaft horsepower required at a specified speed

‘ 11. W~ /W 
P~ty 1oad wei h t  f r a c t i o n

- -. 12. W
0

/W UPPer weight f’r’;iction

B-3 
-—
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The weight items used in the above parameters and in the

weight equation are :

• W~ Weight of fixed an d  consumable pay ic-aC items , tons

• W~. Weight  of f u e l , tons

• Wm Weight of power plant , tono

• W Total vehicle weight , tons

• Other vehicle weight , tons (W0 
= W — ‘,‘J 1~ — W~, —

• The w e i g h t  e q u f i t i o n  is

+ ~~~~~~ + + = 1. ( B — i )

By d e f i n i t i o n  we have

— 22 0 0 
-

w , ‘ i ’ I : ,; 
- ( , - 2 )

fiti -J

: f (Si - C) (E ) 
~~ r’ ~

= 
22~~0 W (B- 3)

~‘ c- r n b i n i n~’ E q s .  H — i  t hr ’ ou o. h B — 3 ,  we ot ta i n

F i ~~~~~~ 

(~ 

~~~~~~~~~~~~~ 
( S F 7 ) ‘

:)“~~~i4 (p_ t i )

In th~’ sp ec  1 1  cas ’~ of V = ,
‘ m,~ n - ’ ’- i u o  :‘s ’ - - :; -, C - : .  L- — 7 ‘hr

P /W a t  V = V , p ~
‘ ‘

~~~~~~ ‘ a n  Pr e x s - r ’ o o se ~~
of only five of t he  p ;ir ’ lr ;lc te s ’  of ’  ‘ I t  is S t - :I’ ,’ , as f o l b o w o :

P 1 — (~ - ‘ W )  - (W / W )
= 

~- ;~ T i-: ( . ’~’ c ) ’ ,’~~~ 
‘

For the L 1 5 1  rtirt ~ case of SPPW = 0, Eq. i’—5 reduc e s 1 0

P . 22 140 [1 — (W /W )  — (W / W ) ]p
W 

— 

E (SFC) ‘ ‘  
— ‘

‘

H— . -~i 
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The m a x i m u m  speed ri vehicle can a c h i e ve  is Jet  o i ’ I n i nt - n 
~~

- ‘
~

t h e  cccii i  t i on  t h a t

p .  p
= ~ V = V , ( B — 7 )

Wh i ’ I’ s ’

~~~~~
‘ 

— 6 . - f 1 ’ V
W — ______

Value:; os effective h- - r o e p o w e r  t~ r ’  t on,,Ie * :is a function “

s r - e e l t’on ’  : t  W I - i t -  v~~n ’ 1 i U v  c i ’ v e h Ic l e  t y p e s  are  ~t iv e ;  in F L ’ : . P— i

t i t r ’ o u :h H — - i , t u k e ; i  f s ’ - - r ; i Ref. P-—i. Pht v~- Ii icl~- y p’ -s con s  i I - r c - ,i

— ~ r e  - v o n  In Table - —1 . ~‘ln- el f t - c t .  lye  h or ’sep- ’wer ’  p os ’ t on s i e  of

t h ese  i ’ i -ure , ;  i s  r elai .~ - - i  t.o 5 05 ’ E q .  H — 7  Py t h e  - - X i - i - e s o i  n :

p
EIi P~ C h i t s ’ = ~-H-~+- fl 

~~

-

~

- ‘ 
( P - 8 )

E l u l i t  l o s t , ;  D— ’( :oor U — C  nov 1-c u seu  w i t h  F1t~s . H — b  t h r o u g h
H — i  t o  J e t  esctlne Vm for’ asp,’ va lue  of D 1/ W .  These f l 1tui ’es may
11150 t-e use-i t c Jet, er-m ine 1 5, - -‘W for’ : I IS V vu lue  of ’  V , 11,0 ludin~
V a n t  ‘ ‘  -lIt 0

~ Ls - sp i - s ’ c i ’h - u t l t r i s ’o l v C - i s .  :- — 4  and ~—8 is an-r - -l ied in the

S t- I L  w i ; .~ s e c t i o n: t o  ~he p ~- c L ~~ ca se  of  V = V - t n - i  to the more

7 05105 ’ .i , case ci ’ V ~ V
c

B. SAMPLE C A L C U L A T I O N S

1. For the Special Case of

C a I c u I t L t i o s r ; U ;  l Ip ’. I h e  -~ t 1 l s o - d - r ’r ’r ’oach P i v e  been c a rr i e d
- s i t  f - i’ P i i ~ - o r  c c l :  case of V

e 
= Vm t o t ’  a sample  2 0 0 0 — t o n i  Jo —

o t t ’  - y e n ’  of  c o n ve n t  i nsti l -~o srf  I 7 l O ’ : t I  i o n s , but s -m p l o y i n r 7  hl 5t~i—
- ul  sy s t  c r r i s  ( 5 I t  f r om t .h i t ’ f’~~W s ’~ ’ p l a n t . ) .  R e s u l ts  of

the cIt ICC ’ I U i ons  C- i m o o t  ,‘t ’ the vu l i r e , ’- - f  the paramete r ’ s I yen
In  T a b l e  — 2  uI ’e ~ii W f l  I C ’  ~~~ D— 5 .
!)

~~
c t r o u t  . 2 ~ 11- .

B-P

I
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TABLE B-i . VEHICLE TYPES AND CONFIGUARTIONS
FOR FIGURES B- i THROUGH B-4

Identify ing B r i e f  C o n f i g u r a t i o n
Acron ym Vehicle Type Description

1. LTA Lighter than air L/B* = 10

2. FWA F ixed-wing aircraft - -

3. RWA Rotary-wing aircraft - -

4. W iG Win g-i n- ~ r o u n d eff e c t - -

5. SUR— 1 Surface ship L/B = 9.6

6. SUR-2 Surface ship Series 64; L/B = 17 .9

7. SUR— 3 S u r f a c e  ship L/B = 2.4

8. PLA- 1 Planing craft Series 62; L/B = 4 . 1

9. PLA-2 Plan ing craft Series 62; L/B = 5.5

10 . PLA-3 - Plan ing craft Series 65; L/B = 6.6

11 . HYO -i ~y,~r o f o f l  S e r i e s  65; 3(c V ) h = 5.94 ~ 10

12 . HYD -2 ~~~ r o f o i J  S e r i e s  65; 3( C v )h 3.03 x 10

13. HYD-3 ~j~~ro fo i l  S e r i e s  6 5; 3(C V )h 1.53 x 10

14. ACV A ir-cushion vehicle L c/B c 
= 2

15 . SES-1 Surface-effect ship L c/B c = 2

16. SES-2 Surface-effect ship L C/B C 
= 6.5

17. SUB Submarine L/B = 9

*L/B Length/Breadth.
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FIGURE B- i . Effective horsepower per tonne of vehicle mass
versus speed for 1000-tonne LTA , S U R , PLA , HYD ,
ACV , SES , and SUB ve hicles.
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FIGURE B-3 . Ef fective horsepower per tonne of vehicle mass
• versus speed for 5000—tonne SIJ R , SES . a nd SUB
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T A B L E  B-2. VALUES OF PARAMETERS FOR SAMPLE 2000-TON DESTROYER

W~ /W = 0 . 10  SPPW = 0,5 ,10 ,15 ,20 ,30 ,50,100 lb/hp

W 0/W = 0.40 SFC = 0, 0.1 , 0.2 , 0.4 , & 0.6 lb/hp-hr

n = °e 
= 

~m 
= 0 .50

J t c  ‘,‘ r c s n t ’ ~ ~‘. = 0.~ I 1 1 1  LJtJlL — , I” I t - l - - I ’ : ’ -  the ~‘-u b—0
u S  h i  5 s t s s t i  le v- - St i s i s -  : s  1 _ i s s - — — t e - ’h s :~ -loUlt ’ . i- ’ - -’ll s’: I n it

C- cli ’-.a ’ I t t i - ,-:,i l l.a;’, 
~~~~~~~~~~~~~~ i ;’:t

~’tlL ’e , U P s -  vHs ,e ci ’ W (chi n

: s I b  ~o i-s scLsi ; ti I , e l e c t s - i - u i , : r - . i l i : y , o u t f I t , :i:i - h

1 eV,’ I ~~o -I .-. - - i - - n t  ) Is 1 050 - - s - n OH i I : ~~1 0 o s  t he  ‘ - ‘al v~- s, i c 1 e

;% c : / t t  . .-, l U 1 ,  ,‘~~~~/ ,-, = 0 . 1  U:’r ’ tat be 1— — 2 ) , t a b s  ;ie :ini: ; t h - -

t u b  ;-: ‘ - i:s ,t tlI , -~~U s t - l c  to f e  I pi’~~ H.: - 1-n :v; ’ - ; : : is .
-.es:tbcnal : . t v u l  c m l - ’ : 5 ’  c h i l i- :  j ,; 1 - - ’ w - - e ’  , _ - H  0 . 1  ~~~~~ u S  t P~-
• 

- t i l  ~
-,‘ - s -nt . R e : - n ’ ’ - s c e ;~~ 2 :3 .U~U - - ’ - t  ~; t u a t  Py t i . . I S O  5 , 1  sh~~t e c h —

- , . l - s . s t  - ; s t s  ,‘~~~~~~~~
,‘, 1 - - ‘ r - - - i u - s -J to 3. -~0 , w h i c h  I

Pt . - w~ I H i t  i l  lo ut t i  I s  0 ,~ + ‘~ : ‘ L O  0 .  ~ 0 . t i .  1 : v a In - ;c

ci~~ ’s~~’ n ,  :‘ ‘ r’  111. 3 5 ’ I J i s  , -.~~~~~ . ;  ~j s s . i - :  h - s  of th i .  ~~~ i X .

t_ 0 - - I — -, t  S I

. 7 . .  can  s e  a; ’ - n ’ I ; j j I o ’, 1 1 111 -~~~~~~- ~~~~~~ 11 5 1 —
~~ -‘i t ’ = 0 , ‘

c ,  i n - - n ’ ‘ s’ - : ; s  5 - s  . (- —5 ‘. i r a  t a t ,  I ,  - r u : - ,- - - 
‘ no v ’ i I t  - : ‘ ~~

o . - - 0  t - _ - C) . 5a ( ha ’ L- , st -~~~. “ p - h— ’. ~~~
— ‘ - l-. ’T-’ “ :: - -p: -:-t a i - ~ I -

“ c o . iV o u ~ l 0 I V L i ~ ’ t v y  s P a ; .  - i - t r o t - ) r ’ o s s , p i n  a $ 0~ n ’ - -cr’ t ’a:; ’ in tt ,-

-,- a i _ n -  -
~~~:

‘ I , ,‘, , if o~ e t , n s ; : t , n - - c r i o s o - - I n  t h i s -  y a m s ’ - - 5 ’

. ‘- t ; : I l ur I ’,’ a t .  ~H , ’( = 0 , I t  i s -  C i ’ . 0’ s r - -rn E q .  - — i- ‘ P t  S Pit ’ slams-

ir :c r ’ t-  , : - - In  ,‘
~ V w - s o  n ’ s- s It in he I I s-lIt i c i l  3-H necr’ e:inr e is ,

I : ’ on t o  ass-o ;ses  so - ‘b i a s p ~c- ri ( i s ’  v a In - - 05 ’ , 1F5 . F~~r ’  a 200 —

5 - or : r- - -y e s ’ , F i~~ . 
- — -‘ s’ - - ,‘er i  I .- ‘ - - i t  a 30 ~I 5 s  - - i ’ - -a s  e I ;  - P - v u  a- -

of  i . / ~’ ,‘nrsi n r ’ - - , a r l t  l i i  -u s e c a - - a s ’ -  Irs ~~- hi - ’lt - 55  s o - 1  3f at’ at 1 . 8
k;s ’- ’.s at, h i t  I s i l  s r - s ’ s - i  of 23 kn to a r t - I  o s  a 0 - ~- u t  8 .5  k r : - ’ t s  a ’

an h,l t~i a I  s ; ’ - ’ - I  of  8a k s - ’ , ’- . Ex ’ s ’s nissc s ‘h i , - an-s i v s - t ,’- , it i s

1’- -u s , 1 I - ri - U, F I . - — 5  ,c s. 1 - :  su ,:,‘ ‘ o I n - l i s t  a n v  ra t hi -i’ ’. Is o s a

h l o s — U e c s srioiocv 20 00— 1--ri I t - S I n ’  - sn’  i s ’ t In - vai s : ’ -s us ’ S ho- sc ah- uS
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143, 52 , 61.5, 71.5,  and 81.5 knots  ra ther  than 20 , 30 , 140 , 50 ,
60 , 70 , 80 , and 90 kno t s .  This analysis  shows that  the impact
of changes in propulsion—system characteristics in a conven-
tional—technology destroyer would be somewhat less than that

shown in Fig. 8—5 for a high—technology destroyer .

Table 8—3, read directly from Fig. B— 5, shows how high—

technobo~ y des troyer spe ed increase s with decreas ing values -of
SPPW and SFC at a fIxed value of full—power endurance dSstance

R of 2000 nmi .

TABLE B-3 . VALUES OF SPPW AND SFC FROM FIGURE B-5 FOR
iNCREASING VALUES OF SPEED FOR A FULL-POWER

ENDURANCE OF 2000 NAUTICAL MILES

SPPW , lb /hp SFC , lb /hp-hr ~~~~ , knots

100 0 .6 25 . 1
100 0 .4  25 .8
100 0 27 .7

50 0 .4  30 .0
30 0 .4  32 .5
50 0 33.9

20 0 .4  3 5 . 7
15 0 .4 38 . 5

5 0 .6 38 .5
30 0 41 .8
10 0 .4 4 2 . 3
5 0.4 48.2

20 0 49.5

15 0 55 .5
0 0.4 57 .6

5 0 .2  62
10 0 65 .2

5 0 .1 71 .1
5 0 83
0 0 .2 83
0 0.1 >100

4
/t 
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The limit lines shown In Fig . B—S as SFC 0 also apply to

nuclear propulsion. One of the uses of data like that shown in

Fig. B—S is that it reveals directly the power—plant character-

is tic s of nuc lear and conventionally powere d ships needed for
the 2000—ton sample destroyer to achieve common performance
goals . For examp le , Table 8_ 14 shows the values of P~/W and the

combinations of values of SPPW and SFC that would be needed for

the 2000—ton destroyer to achieve 140,50 , and 60 knots with 2000—

nmi full—power endurance. The SFC and SPPW values given In Table

B—14 can be read approximately from Fig. B—5 or derived precisely

from Eqs. B—5 through B—3 and Fig . 8—2.

f TABLE B-4. V A L U E S  OF SFC AND SPPW NEEDED TO ACHIEVE 40, 50 ,
AND 60 KNOTS AND 2000-NMI ENDURANCE DISTANCE AT THOSE

S P E E D S  FOR THE SAMPLE D E S T R O Y E R

Speed = 40 knots Speed = 50 knots Speed = 60 knots
P~ /W = 34 hp / ton  P 1 / W = 59 hp/ ton P

1
/ W = 90 h p / ton

SPPW , SFC SPPW , SFC SPPW , SFC
lb /h p lb/hp -hr lb /hp lb/hp -hr lb/hp lb/hp—hr

0 0 .658 0 0 .475 0 0 .379
5 0 .558  5 0 . 3 5 0  5 0 . 2 2 9

10 0 .458 10 0 . 2 2 5  10 0 .079
15 0 .358 15 0 .100 12 .6 0*
20 0 .258 19 0*
30 0 .058
32 .9

*The SPPW values ass ociated with SFC 0 correspond to the
values for nuclear power . Clearl y ,  at SFC 0 , infinite
endurance rather than 2 ,000-nm i endurance can be obtained.

Table 3—5 shows sImIlar values needed to achieve 500— ,
1000— , 2 0 0 — b — , 3000— , and 5000—r im i f u T l — p o w e r  endurance  at a
s p ee -J  -0 ’ 50 k n o ts .
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T A B L E  B - S .  V A L U E S  OF SFC AND S P PW N E E D E D  TO A C H I E V E  500-
1000- , 2000- , 3000- , AND 5000-NMI ENDURA IN CE DISTANCE

AT 50 KNOTS FOR THE SAMPLE D E S T R O Y E R

500 r i rn i  1,000 nrni 2 , 000 nrni 3 ,000 nmi 5 ,000_ n m i

SPP/ , SFC , SFC , SFC , SFC , SFC ,
l b ,/ h,,p l b -  h p 

- h r lb/h p -hr p h~ ib!~ p-hr

0 1.9 0 . 9 5  0 . 4 7 5  0 . 3 1 7  0 .19
5 1 .4  0 . 7  0 . 3 5 0  0 .2 3 3  0 .14

10 0 .9  0. 45 0 . 2 2 5  0 . 1 5 0  0 .09
15 0 .4  0 . 2 0  0 .100  0 . 0 6 7  0 . 0 4
19 0 0 0 0 0

~~~~ -.-a i n - - s  os H’ ’ oH -It - 
-
~ sh  - s n , I ri (‘at - s - s  1- —- ’ a n t I B—S a in-

l l O t , ’ n I ; :  F l ’ . - — n .  Trio s’ s - S u i t . ;  t I ’ s.- :1 t ’ t i I s ~hI  l i n es t h a t  - ‘si n
1 - I n’- c t  s - s - ‘ - i us I V I ; . ’ P i s  - I ; siu : ss V I I  lue ’- - - I’ sIt -’- ’ a ni ~i SPPW ths i t

t o , t ’ - t ( s s - n ’  otli s i t  i s 5 ~ ,- t h e  ‘ I ’ .’e;s ;r ~~e-i a r t - n  ; - u s i -5 ss re-u ,h- - - - - i t s .

That .  is to ca-,- , c :, ’ s - r - c s - u b s i : n s  :-y s-t en t i - i-a t no \ ‘idess si c s; .i In -ut i ;ri

01’ f F 2  c, - n  ( V  values ’ t h u s  f a l l  uP - -ye the list es s h - w s .  w i l l  ;s - a t

be s- i e~~ri ste to i-i’ c-vi~ie t he  op e - i s~— r ra n~~e ~~~ t csIt 0 . It can be

t h a t  - so e t t h - s ’  O S s e s l  - -1’ r o t — - ’ ~
‘( -  5 1 5 j 5 ’ ’ - 5 5 s ’- 1 ’ 5  a n ’ s - l u c r e - I s o - i ,

; l c c e p t s s tI b e  vu  I n s ’: c s ’ r Ph  H ” ’  I . 1 1 1 W  i -c nn tise n ; s i t o - rai l :I~
,’ .

2. F o r  th e G e n e r a l  C a s e  of

It ‘rs t ’ - vehicle: -s c s I ye t h e  I -  l tr ’ s tes t p- - - . ~ lb le endurance

- b l o t  ance H at . s n u -  c-i .’- r un -h  h’.;s th -; . T,, . In fact - , f-. r or- ii;s:ir ,y

c o n v e n s t  1 s t I  C — r b - t a ut  s u r fa c e  s hI p s , e ;t - s ;ioursc e dstsince :I;-
~—

:- r ’eases s i~~s i s s  ; a r t t .  I/ s’,- i t h  r- - iu -e - .i o; O U I ’ a s s c t ’ ‘
~~~~ “ -~~ ‘i’-e - i  - w ; .  t o

v ery  1-o w values of spee s .  I b s I S c e  , since is--fore W ‘s-id War I, the

v:i lue V = 20 ~ n i - u t s  ha s  b -en the est~abl L - h e d  st -in-lard srceo t’cr

I rsi ’t th e  s ’n - i u n a n - c e - i i  s t a n c e  of c - - m t r s t a n r t .  ships . F-s-i’ ct -h er
V s - h i - s i t : t y p ’ - S , :t u c h  a: hyd r- 1~s - Il asn i ,‘P. t vehicle s , V , f r ’  ma x—

Imum P 1 ,  C - n t : ; .i I s - r a l ly H ’e : t t e l ’  t h i ; t s i  20 k n i t - s  b u t  1101- n e c e c s u n~ ly
as lar’ —e -i s V . It I s there 1 ’ re yes’’,’ h;ss-- - n’t ;t  s i t  1 u I i ’eat . t i re

gen:rai Case  of V 5 i s :  ;~- l - i I t i  n ‘ U t h e  s p e c i a l  case  oS ’

e 
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The i’ac t t h u t  Fi 1~ . B — I -  is In t h i s  tV-i’m 05 ’ st t a  id l it  l i r : e s

1’~- n r 1ei’ o i -he n ’e s t ’ l s i t i o n s  o n ’ J u l - s C - r V T m otr a i~th t  f o i ’w : i s - I .

I t -s i n r ~s isl-~ . B—~ ar i d  tue a s s u m p t i o n s  of ( t i t l e  B — ?  t h a t  V : W  = 0.  ~0

an t - i -4 4 = 0.1: , We 1’l nd  tliut t h e  v a l u e  of ~I P W  s i t  sIT -’- ’ = 0 is

— 2P PW = 
1120W 

( 5 )

:l n i i i  sIt i’ t h e  1i :siitir = cane of ‘I’ i V = 0 , she ‘:- s ’ n o  of ,
~b’C its

,

~

- (- ‘0 = 

~ 
. ,  . (i ’- i -J )

I’- t . i ::: 5t F- i s . P — -i :iri-i - —1 0 , l ” I ~ ’ . ( - —7 - il’p - ] IS,’,; s e - i t t: I l k - -
t h o s e  of (- ‘l~’. - — t  C r 1 he 0 : 1 5 5 -5 l i s t ’ s  In ‘(‘able - — n . h e  ‘- ( 2— 1

v e h i c l e  o n ’ ‘(‘at-Ic B— r- an i- ’ i ~ t .  : - - — -
‘ I s ’ -  t h e  n o:t e i . ’s — t ~ - c i ~r -l-:- ~~v

d t - :t x ’c ’-ie n’ t r ’ ea 1  c-i i ! t f s : C ’  1o~: ( - _ 1  o n ’ t iS i - t ’ er ; - -hix . - ‘ (-1 — 2

Sit e hti :i~— 1e r: ’t s— t o— h - c s : — n a t  ( t . b )  : ; sn-S ’ s j c- - —e: ’ S ’e - t s h i n -  of b C .

B—l , sin-i 212 — 1 15 the l~ w — l e r st t h — s . — 1 - s  s r i — r u t  io (2.0) :ur:’une—

effect . shit- of’ Ref. B— l . The vu Tues of enuus’an :ce -spec oi’,’en in- :

Ta b le B — i s  c - s r x ’ e s p u r r d  to  t i s o  c o n v e n t  l a n aI  c t : ± r i d a r d  e n d u r a n c e

spee -i of 20 k r s .  s f n ‘- U R — l  -~s . 1 o the ‘.‘:t iues of es Iur’ar,:e one~~- I
-. t s t - st nsi:-: i rt t ,; t - en iurance li s t  aro s e fox’ - ‘(- 1, ’— sn-i f-1-2 ’— l .

~‘1 - - , s - - - B— 7 H’, vs ‘ Pr ’ n ”- - .0’  -~n so I ‘ s - ’(’(V o r-’ s~:u oh ~~,- - s e
- Is:n - -rt :int than u -du ct iS -its in ‘-PC for t h e  2UP — 1 ‘,‘ ‘ - : t l c l e (with

Ve = 20 kn ‘to), w h i l e  Pt - -p 1- s - s i te is t i - n e  1 ’~~~’ t h i s ’ , ‘i-l S ’— v e h ic l e .

— .  A 1~~l r’- - n u c t i  I n  s t i ’ (  4 f r o m  Si ~~- - W - -I’ p itsi t- w I t h  i n i t i a l  va lues

- 
of H i  4 = 10 l b/hp  - s - t i  • t(- ’ ’  = 0 ~I4 ~ /n t s- — s r  w - - u l i  i nc r e a s e  Vm fo r

. SH ’ — l  r i o C  S ’ S  I r i ~ t o  P t ~t .  B— 7 , Ci’  n i  t~~) 5  t o  n 5 . k n o t s  ( 3 . 5  kn ot s ) ,

—~~ 
w h - -r ea, ; a 10Z r t - - l u - - s t  i o n  1st sIt’C w -u l i  i s , - r - a s e  V Lv  a n y  0 . 5

On ‘ i t .  oth en ’ hand , w i t  Ii S E C — I t , st -il ’ ’ I n~ w it-h the same
r- p 1 - n t , i i ’ . - — 7  S i t - s W :  ‘ i i  1 a l0~ r~- I ~~ct t - o n in  Ci 2W

— 
— — u l y  l~~c n - t o e  V~ fr- -rn 60 to 6 3  kn t o  (3 k n - s t s )  , whereas a lO’~

r i n d ,  ion I ’  - ‘ w - - u l  I i s i c r n ;~s;t ’ V f r - st t - i t  ¶~~ 66 Psi -t o (6  k n o t s) .
‘ k  m
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T A B L E  B -6 .  C A S E S  D I S P L A Y E D  I N  F I G U R E  B -7

Veh i c l e  S i ze W 2 000 tons

En durance Distance R = 4000 nmi

0 .50

+ W = 0.50W

Maximum En d urance
Velocity V e l o c i ty

Veh i c l e  ~~~~ , k n o t s ~~~~~~~~~ ~~~~~~ h p  
~-r ~ V e~ * hp

SUR -1 40 20 68,000 6,080

SUR _ 1** 50 20 114 ,000 6,080

SUR _ 1 * * 60 20 178 ,000 6 ,080

SUR _ 1 ** 70 20 264 ,000 6 ,080

SUR- 1 80 20 400 ,000 6 ,080

SES-2 50 30 54 ,800 27 ,400

SES-2 60 40 80,000 36 ,200

SES-2 70 40 110 ,800 36 ,200

SES-2 80 40 151 ,600 36 ,200

SES- 1 50 50 75 ,200 75 ,200

SES- 1 60 60 84,000 84 ,000

.• SES- 1 70 60 100 ,000 84 ,000

SES- 1 80 70 124 ,000 100 ,000

*From Eqs. B-7 and B— 8 and Fig. B-2.

**Requ ired an extrapolation of the SUR -1 effective
horse power per tonne data of Fig. B-2 to 60, 70 ,
an d 80 knots. This extrapolation is very likely
v a l i d .
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C.  CONCLUSION

E q u a t i o n s  B_L 1 t h rough  B — i D  an-i Figs . is - I  t h rough  B- -7 can

be used to assess the i m p a c t  c i ’ p r ’o p u l o i o n — s y s t e m  a dv an c e s  on

the  p e r f o r m a n c e  c h a r a c t er i s t i c s  of a w ide  v a r i e t y  of wa te rborn -

vehicles.

I

13—20

9

‘. 5
I-

i~~~~:~~~~~~~~ ~~~~~~~~~ ~~~~~~~ - - - --- -- -~~ 



G L O S S A RY , A P P E N D I X ~ B

A2V Al r- —ca .;h I on volt Is ’ It ’

0 5  t ~~~

E ‘-Hh i c I - ’ e’ s s u s - - t r i c s ’ t I n - - as V . hour ’s( C

- V t  (- ‘ I  x - o l — : - : I s : - -; s i 5 . i - o s ’ -  S t

( h YD Ii : ;  i s -  S ’o I l

P h i

PTA P1 -‘ i t t  e n ’  t It - a s s a : s - ~o’ao ’’ , a :  - .sh I n s

P . I s is’ ni l e - h :sto: ’ t

I P A (‘I i n - i  • r i c ’ - s - a t .t

F H i - i s ” it - ~ s’ ,-;e n - s-, -- s ’ s - - i ’ , 5~~ O i Ot ,d i s ’ - I n c  I on - ‘c-i S

R :eh Ic to -:‘ : n : t ‘~~ n-_ se I ., ‘ a n t ’ - ’ dt t, , M s .

h-b :, — Ho ’ r~o~~,-i (s i ; al s 

- in ’ S - t s - a — - - t  ‘ c c ’

- - ‘ . ‘ n- - - - :  C tel -.‘ ~n - i s o O ’, t  I o n - i  - i t . en n :is-- ~n -e sn- - ’-,- S 1’
l b / s h i u  e

P P ’  P - - ’ - 1 ( 5  S ’ - 1t’J 5 ’~~1 las t ’ we . s~ L ’

~‘iJj ~ .5 st-is - i n’ : i i —

, t - i r t ’ n c s - ss h

2’ It -- u i-do - ‘ s - i , K i t e S  5’-

‘Ia :-: 1 m u s t  s i - c -  - I , -: s o - ’

V Fr s i ’ -  n i c e  s n  - - - - I , 1< 51 ‘~ S
e

B—2 1

- —. ~~~~~~~~~~~~~~~~~~~ 
—~~~~~ ~,4t.,à - - -

a

j~1 . 

p . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~



_

4 T -
. si l v - n u d e  -t- - l I t ’ , 1 - u n i t  t ons

W e i d  5 . o ‘ C t e l  , t~ - - r i o

41 , - , V -- — I  r s — ~~n ’ - srt _ S ‘ s— S ’ t’ ’o ’. a l  n -’ - _ ’ n - ’ 5 f ’ t

“ rn , -. - - 1  ~~~~ O • ’ 5-  - - - i c r ’  It - i a n - i t  , C -s i ’-

d r u i c r ’ V _ ’ h t i _ i e ’t,’ e i 1 4 - t - M S  ~~~~ ,~~~~~W b J , 1’J )
o a m S p

- 5 - ‘~~t , nV x -: a . I c ‘ns u s - s i h - i e  i’~ ’i- :, ’- , ~s - n -~ -,

5 _
i Ove r a ll  S~~’- ) 5 I - 1 ~’e 5500f’ 115 n-d nt at -my  sues- I V

fl O’,’ersill n — i ’  - r - u l s i v e  c- ~~e S ’ ’
~~~’ i - - r t ’- at V

C 
- -

a,, ‘,‘er a l l  : s i sVc -_ - coe f ’ S V - ~r 5 ‘ml ’ ‘it- V 5,

B-2 2

T. ,. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -
~~~~~~~~~~-



R E F E R E N C E S , A P P E N D I X  B

b— i  . D e i ’ s tn ’ t ,men t  - - C Ocean 1’Ini~;ineer tn - It;, Massachusetts lit : — i t  at e
of t’echnolo5 ;y , Feport as C MIT Vehicle As s e ss o -rn ei i t  id’ c e ct ,
Re p - - i ”. 7~’ —l ~’ , P .  Man-a c- i , J u l y  1977.

( - — 2 .  C.  ii s ’ah : i i : i , J .  L .  Irostick , and T. E. F a h t e y ,  “A C- -r:n - - s- - ~t- ive
A ri ti it’sms = C I~ s vai  hi ’ ,’ - I n- ’c f - s - i l  a r i d  1 5 t s p i : i -  ~- ss t  I t t I n -  Do.: ign ,”
- - - A C L Transactions, V- - I . 8A , i - h r

B— It

- - I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
~~~~~~~~~~

—
~~~~~~~



_ _ _ _ _ _ _ _ _ _ _  -

A P P E N D I X  C

SIZE AND SPECIFIC FUEL CONSUMPTION RELATIONSHIPS IN
OTTO-CYCLE ENGINES

James E. A. Jo hn
E . W i l l i a m  Beans

C O N T E N T S

A.  Ideal Engine  Per fo i ’m ar ic- - C — 3
1. The Ideal Cycles C—3

a. Otto Cycle C—3
b . Other Ideal Cycles C—14

2. Ideal Cycle Performance c— 6
3. Implications of Ideal Cycle Performance with c—i6

Respect to Further Performance Improvements
In Otto Engines

B. Relationships of Actual Performance to Ideal c—i6
Performance

1. Real Gas Losses c’— 18
2. Combustion Losses C—21
3. Heat Transfer Losses C—27
~~ Exhaust Biowdown Losses C— 3l
5. FrIction Losses C— 35
6. Collective Impact of Losses of Performance C— 38
7. Part—Load Performance C—lW
8. Implications of Actual Performance with Respect C— 14 14

to Further Improvements in Otto Engines

- ‘ C. Weight , Size , and Perl’cii-ss - rs - ’e Relationships C—~47

1’ 1. General Scaling C o n s i d et - at i un s  C— ~-i7
2. Current State of the Art C—148
3. Component Loss—Wei5;ht Relationships C—53 S

L I .  Overall Engine Weight and Sloe Scaling C—55
5. Engine Specific Fuel Consumption Scaling C—60
6. Current State of the Art in Specific Fuel C—62

Consumption—Weight Tradeoffs

C 1  



D. Prospec ts for Imp rovements in Ott o Engines C— 6~4
1. UtilIzation of Exhaust Energy C— 6~
2. Stratified—Charge Engines C—66
3,. Rotary En gines C — 6 7
LI .  Adiabat ic  Engines C— 6 9
5. Potent ial  Limits  for Otto Engines C— 7 l

Glossary

References C— 78

Annex Cl——R epresentative Gasoline Engines C—79

C—2

a

II — - ~~~ -~~~~~--~ _ _ _  -



- _ -~ -- —- --- - ----- ~~ - - - - --- - - - -- - -- — -

A P P E N D I X  C

S I Z E  AND S P E C I F I C  FUEL CONSUMPTION R E L A T I O N S H I P S  IN
OTTO-CYCLE ENGI NES

James E. A. John
I . W i l l i a m  Beans

A. IDEA L ENGINE PE RFORMANCE

1. The Ideal c1cles

a. Ot t o  Cy cJe . Th s ’  b a s i c  SH- ’ -u ’ - - t ¶ - ‘ i i i  c v  ‘1” f- -n’ all soark—

I 5;n I ’ : I -u ,  ‘ ‘n - ss ;  I n s - - s  is he Or - cy c  1’- ’ . l ’h’ I-  al  - - P ‘ 0 d y ’  ie I s

sh - ’w n - s  in : pres.s- t n- - - — ’_’- -l ’snnte a s s - i t s ’ n r i - ’ c - - i t  t n - ’ ’ ’ — s ’ 5 , ’ S ’ S  y d O s - n - ’  lus t ’ s ’S

F i g .  L ’—~~ , i n t l  ~‘ ,~n iss 1 s;t s~ OS ’ S ’s - - s n’ 1 - a s I c  e n . - 0s ’,’ S r ’ ~- i~ i5 ’ n ’

1. 1 :~‘‘s:tr’ t’t I - ‘ ‘ ‘ i ~~~5’ 5-S I — n  ( t — 2

2. I-lea ’ - n u t _ l e n  siP ~s - n s s ’ arit , v o l s n - s e  ( ? — ~~~~)

3. Iss s ’ n i t r ’ - - i - l e  e x i s t s , ’ I ‘ n - i  ( ~— -i

LI . - b l u e  a - ‘ - - i t s ’ ‘ i i i ’ ‘,‘ - lu~’i s C — 1

FIGURE C - i .  The id eal  Ot to c y c l e .
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The most censsssi:n mechanIsm ’ i ‘ i i  o f  ‘ h i l t S  c y c l e  is the  c t u n ’L - u n ’ e ’ - - - h
( p r -  ca t  ( n t , ~ , l ’~- a n ’ — st n - -h e , a s p e n — c y c l e  en d -Ic i n s  w h i c h  a

— air r n s i x s - j n ’ e  is I n - i s o - t e d  In t o  a c y L s i e n -  on t h e  i n t ake s t n - 5d-: e ot ’

1 p i s t o n s , I :t  c erssrr’esse~i on tht - e~’ - m p n - e s o i o n  s t r ’cshe , is ig n i t e d
St ni ~1 b u r n e d  at t h e  c -r i d  ~- 5 ’ t l i e  c ’-n s ; i r e s s i o n  stn’oi-:e , is expanded on

the p- -~ ’-r Sn  s - - c c , a n t - I  Is exoelici s ’ n’ ’-m t h e- c yl  i n  u - c r on the cx—
hau.-~ stroke . V t n t s - r r c  c b t - a s i z  s t l sn - In - i in - ic ln - i e  : t h e  t w o — s t  n- - h e
en ’i n - :  , i n s  -,- i n ( c i i  P c -oh. - i s - t  I ‘ -n i  p r ’ - ’ - I s _ - t o  ‘sue o x p e l l - - si 5 1- cnn  t h e

~y l I r o l L ’ n -  : 1nH t h e  ‘ u - - l — a h -  msl xt -  ~i ’e :s  i n u i u c t e - _n i s t ’ o the cyllroi m

t — e t- ;-; - -en  t h e  ,-; e r’ - s n - t i  c - r n - n  O n - i  1-en - i  St- u d- :es ;  t ii5 - u— a t nov e n s — i nc

tn  w h I c h  t h i s  i n t a k e , c r - n r ’ e os i o ri , ex n s n - s ’- iOf l , s s ~n cX h t S c - 5 t S t f n n c —

t t o n s  a n - c  n e c  - s : o - t  h ;h5 -i I -y msre an : :  o r ’ a ;e- ± u e d , e c c e n s t r i - .s :‘ - ‘ - t o r ; an - I

t h e  s n o ’ a t ( f I - s n — ’ is ~~s’ - - - 5 - L ’ M - 150 , in  w h , ~~ch n - - n t i s  ‘ a ; e n s ’ ’:cs’- f-c -s l— - i r
n ss x t _ - a n - e s  a r - c -  I r s ’ r ’ - I s-ced Vi to ’_ h e  - ‘ ‘,‘llioi- n - ’ t- ~; mean -u s of s- ti t - -r

vnr’i sble ca - -I -
‘ ‘ ‘ on :  ox ’ - i i  n’ --c ’ Cad l s ~ ’ e ct  1

a - ‘ I  y en  n - s d , t rio Las - c y - s i e  - : s ’ sn scc ’ t n - n - ’  m ’ s-  . no

c o n ’ s m — r e s s  I a n : r-i ’ I — — t h e  I’ :i t ~, o a : ’ t s r - - - ‘as v l~~ssit ’ a t. t r i s ;  e n ,  I o n ’ t h e
ccs m n s p r ’ e s s i  s i ,st r’oke to th s~ siP, t u e  t ’ e c t n n - I s — — 5 n t i  t h e  :‘

n a t to. Vi ‘ en-n -is of  — ‘s-s n ’ tn ’ - ’:,’ ‘ ‘ - n- - t n  - ‘ s - i ’s , ‘ a tnt - - c- -nt ’ cx ’

Vi ‘_ n , s n c - I t - a r ’ ’ , ‘ i s - - - c - - n ’  5’e~~- s i n - - - s  ‘ ‘ r - - ‘ - n  s’ - ’sss s i - ’rs i s the

¶nit en ’aal s - x- -- r t n ’ - n n t s n” r’; mie n - -- t ’ c - o r hs- - -u ’ - ~ u h i t _ ,~- ru ‘ ,- ‘ t h s ’ : - ’ c e r ’

sì l i e  r ;  an . i t n i ’  :1 C f - - n - - n : ‘ e 1 - - t  5’; ‘ - - - n - . t h i s -  n i - : - - - - I - c’.’- - I - n  s - - I  - iS:n’ —

ex t -- t n t , - I ons n - n : i t _ n - - 
~~

-
- w~-r  n - -  ¶ i’ - 1 :‘ - 5 ’  0 -  n’ s s -  - ‘s 1 - n - i  I -

- t he
o s s t n , ’ . T - ,- n- i ca l l v , ‘h e tsse l— Ir ’ n - - t b  ‘ u n .  I’ e :‘- l o i - ’h i  - n : - - t r I c

a -c - n s t - :q s s _s r s t  h i - ’ r s n ’ s m n — o s h - - ’ i - i P t  I - -ms . ( ‘ i i C C  t h e  n t t e s - —
s - : I I t e n s t .  n t - e n - i ’ 1 n - s O S  ‘ h -  e i c n r t e  s - n - t n ’ s ‘ h t - ~ ‘ r a t . : ic - ni t n n ’ -:- -sen c e

or ’ h Vih i  C - sn - s t  - - n i ’ - S .

b. O~_he~ _ I~ e a 1 C yc l es. A n’ -s:o r ’ s o - s n- - e - -- C :nseI ’ n ’ - c : - - n cv i n :
S n . - - n .~~o cy c l e  i s  t h i s -  n - - ’ - l a ’ v e ( - ,- h i - — h c’ s - c - v  - ‘ - s n - s t - -n : ’ u S ’ t he
e x h a u s t -  c-ases , as s s , ’a - s t  ‘ -  1 1’:, ’ 2 1 ; .  ‘— 1. V -n - i  a ’ I - rio -o ” the -O t t o

c y - sl e have teen i-- - ;ise - .h - a ’ It h u e  s - - n c - - r S ~ th  s exh - s - c s 4 enerc~\’ ,
an , 1 t h u c- on -Is i - I -s - a l c y c l e s ’- i n ’ s - ’ c ’ r s s i - l e r ’ ’ - si h e r e :  th e  t u r b o —
C h a n ’ i e  I t t -  -

- ~‘ycie , t h e  r ’ e ; - n i - s r ’ a ’. - - - I  - - ° Co ,syc le  , m n s~i t h e  Lenc-~l r
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The ideal turbocharged Otto cycle Is shown in

temperature—entropy coordinates and pressure—volume coordinates

in Fig. C—2 . The cycle l’— 2—3— ~-4 is identical to the conventional

Otto cycle :ln-i is aursmnsented by an isentropic expansion 14’ _ 5,

the war- k oath-ut of which is usc-i C-cr ’ the isentropic compression

i—i’ . The taslc cycle It-ar annteters n i l-c the fuel—air ratio , the

c2 d l e  c r s s -r e s s ion  r at i o  
~“;/‘~2 ’  wh ere v is  t he  sn e c i f i c  v o l u m e ) ,

an-i t h e  t u rbochar ~;InC t-r’esi n-s u n’-c oat i - s (p
1 
, /p 1 ) or cn r ~It - r ’e s s ion

nat i. - (v 1, i’v
1

) .  The i n t er n a l  It - swer t r a n s f e r  is t h e  power  re—

-~uir ’e I C- - n ’  the t o t a l  o n n s p r ’e s s i - c n  p rocess  ( 0 — 2 ) ,  and t h e  power

out  0’ is t h e  t at-al e x t  :s n x , r i on  It ~~~~ ( ~— 14 — 0 ‘—5) plus the net

n - s - c - -n - d ov e  a~ c-i by th e  i n t a k e  an t - i  exhaust proces ses  ( L I  ‘ — l ’  ) , less
the I s ,te i ’n. ih It -~c- ’~’ C ~nsn -s Con’ .

L _ _ _ _ _ _

F I G U R E  C -2. The ide a l  t u r b o c h a r g e d  Otto cycle (four—stroke).

The I n - -a l  r ’e ,~ e n s e n ’ - u ’ - c i  0 ( 0  c y c le u t i l i zes the  ene rgy
In t h e - -xh :t us t a’ t h e  end of  t h e  n — s - w e r  s t i c k - c  t o  p rehea ’ th e c-as
sit Cli’s en I of’ ‘ he  -s s n s t t - u e s s i o n  st- u - a k - ;  t - r e s s s - u r ’ e— v o l u m e  and
ter,n ’-r ’ u ’- , n ’ -- — - n - t r ’ n - v  c -ss~~r ’ i i n - s t e S  are sh un i n n  F 1 r . C— ~~. As w I t h
t h e  id- sa l Ot to cy c l e , the b a s i s -  c y c le  parameter’s are the f u ei/
air t’- ttI - ~u nt ~i t h e  c o r I t - n ” s s - s ’- i - c n  r a t i o .  In t e r m s  of power t r a n s f e r

C— S

I

1

4

~~~~ 

.

-~~~~~-- ~~~~
--

~~~
-
~~~

-
~~~~~~

‘- 
~~

-
~~~~~~~~~~

-
-
- __



parameters , the internal power tran sfer is the power required

for compression (1—2) and the energy transfer rate by regenera-

tIon (2—2’ or 14 _ L I ’ ) ,  and the other power transfers are identical

to those of the ideal Otto cycle .

In the Leiioir cycle , the expansion process is extended

to the initial pressure rather than the initial volume , as shown

in Fl;. C— LI . Again , the bas ic cycle parameters are identical to

those 01’ the Otto cycle—— fuel/air ratio and compression ratio.

‘FL- internal power transfer is t h a t  n ’equir ’ed  f o r  c o m p r e s s i o n
(1—2) tn - id the energy transfer’ rate associated with the constant

I - n - ’ e -~ ss . s r ’ ~- process (1—LI ) , and the s -- I - he r - I-ew es’ transfers are identi-

cal to t hosc of t he  ideal  Otto cycle .

2. Id eal Cyc le  P e r f o r m a n c e

Conven t .  i o n s s i  J l ,v , t h i s ’ ps ’ s ’  f erma nce ot~ O’ o en s; i rico i n-n expr es  —

s el  in te r ’m ’rs  of ( h r  t hen-’s’~odyi~nt r ’1 - ‘ - ‘ f f 1  ci  e r i c  and the  mean el’ —
v - pn ’ t c s n s u r e .  Th~ l a t t e r  is  -Ic -  f i n e d  ‘is a C o n to t - i n it p r e s s u r e

w h i c h , -‘i c t i nc  over ¶ - h sc  n-i h np I- ic’c rn r ent r vol~ar ’s- ’ , w - ’u i d  lc s’ -~- ilu - -e a work
o ut s  s u t  t’ -~~s t l  t o  t h at  of  t he c y c l e ; me ssn i effect lye pr’ s- sn-sure is

ths -i’ e t’o r”  - ì mac -sIn - so re of 5 5 - s C i f l - s  w - n - I - -. - ‘u t p u t .  (“ or ‘ — i r s - a n - i son
w i t - h i  o t h e r ’  t y p e s  on ’ s s n i c i n i o o , i t- i s  c nis , - ’ n - s  s e n t  a ex~ - r’ ’ -s - u- ho

b — e r !  o r ’ r t t s l r i - c s 1 s t  t e n - n - i s  0 5 ’ :sh- s ’c ~i : i . ~ t’ut-l - s ,’ns ss - srni ~- t ion -s an t - I a n - s — n  ‘n-na ]. —
l i n e n - I  p - - w e - n -  ou~ p u ’  ( ‘ ‘~~‘ c i i i  rss as s f l o w ; n - r~ a f u e l  w i t h  a i - - i c c - n ’

h eat  i n s -s v ss  I n c  of l-~ , - ’ O O  P t - s  i bm - inn - I  a w - - r ’ k ’ t n ;  f l u i d  w i ’  Ii c o n s t a n t

s p e c i f i c  h i - a t  n-s , t h e  i n n  - ‘r’ r ’~- l s i P -  i n - i s h i i - o  a n ’-

n . h  -
- - - - -~~ -- -~~

and

P 
= J 5 ( L ,~ ~~~ = 

m e n -  i’—i (~~_ i~ ( 5 ~~~~~~~
)— Tn- s e t

1 r’ (~ , \ - 

n ’ y /

C— (-

I

i’ 
_ _ _ _

— ‘ ‘~~~~~~~ - - ,  ‘ -~~~— - ~~~ - 
~~~~~~~~~~~~ ‘s- ’----ss~

_’n-~~~ ~~ _ .n- - n-.- ‘-_1f”~~-~~~t ,., : .~___ n_ —.
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F I G U R E  C~~3. The id eal  re g enera t e d O tt o c y c l e .
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FIGURE C -4 .  The ideal L e n o i r  cycle.
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where sf’c = specific fuel consumption , ibm/hp—hr

= thermodynamic efficiency -

F0 = output power

= rate a t ’ energy t r a n s p o r t  a s s o c i a t e d  w i t h  the  w o r k i n g
f l u i d  (=  rhc T1)

= mass flow rate

c = n-n~~ee i f i c  hea t -  at  c - - n s t a n t  p r e s s u r e
p

T1 = w o r k i ng  f l u i d  t e m p e r a t u r e  at b e g i n n i n g  of c o m p r e s —
si on

m e n -  = n - t ie - in  e f f e c t i v e  b - n e  S sn are

= density of w-s- r’king t’lu! 1 sit b e - s i n n i n g  of c o m p r e s s io n
Ins - I~~. 1.a -ce” - ’r ’ ‘,‘ l r : ” r ’

p
1 = lensi t y  of  w - - n ’ b - : l n i c -  n ’ l i s i  - i si t  b e c i r i n i r s -  of c or a t -r e s s i o n

r = c - s - i : - n ’ e s s i o n  rat ’ l o

p 1 
= p res s- sr -c 01’ w - - r ’ k i n s c -  C I  s I - h  a ’ b e — i n c - .ing of cornpr es—

si on

y = r’a’ : u S ’  5 5 s ’ ’ n -  C i  h en ’ n-s .

- - - n’ t he  l I e s i l  3’ cycle , w i t h  a u - - s k i n s ;  c-as  w i t h  c o ns ’ Ins t

s p e c i fi c  h- - u ’ s , ‘ lie ‘ hisc n’mna l et ’ :’ l c i e n i  -y  ‘isi~I n -se --tn  e f t ’c:’~~i v e  ros-
s-are a n - s -

— I vera b y

fl 1 - 1  
= 1 - 

~~ 
(2-3)

si nd

mac -p = fl t d ( r _ l-) (0 t) (~) c~# . ( - ‘— C )

c-8
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In te rms  of energy t r a n s f e r  pa ramete r s , t he  s p e c i f i c  fue l  con—

sumption and normalized power output are given by

~~~~~ d”~~~~~~ i t /’F’ )
sIc = 0. 138 

~~~~ad d i ~~~~int  o~ 
1 ( C- 5)

~o _~~ add 1 6)- 
P
i 

— 

~~~~int ~~~o~ 
‘ 

(C-

where  FF2 = f u e l  h e a t i n g  va i n-s e
4

C/a = I’uel—air’ ratio

F 11 = rate on ’ heat - t l i - I t - i o n  = s n ( f / a ) ( N V )

P .  = i n - s t e r n a l  n -  w c r  t r ’ ’j n i n-~- f”cr = n~:c (T —T ).s a t  - v 2 1
The ocr’ C - s ’ s - s i n :  n e  o n ’ the I - i s c a l  0- t o  ca’ s’ le I s sls  us- n- i n - s It ’i c

C-cr -  a o t. io on’ spec I n l e  h s -at  s y 1. -~5 , t n - s - i f-n’ a n-a.aI I sen-I heat

i-irs s ’ tt es F , /P 5 on ’ 8 - t n - i l 10 , ‘I s - ’ la ’t ’ c n - ‘;al ; n - -  c -r r e s~ - -:- n d i n - ;
t O s a o i c n i - n ’ .’- t r i  - on er- -a ’ lan, . Tb, - x’- - l l — k n t  - s - s n , n - - sa l’ t h a t  t he

sp- ’c l f  n — s  fiel a n o  .s- . n t i o na  o f  ‘ n - i s - s  I h- -’a I 0’ o - - -c l- c l o s --ends on - s l y
s.  c -n an r ’ - - s s l o n  n - - i ’ t o  i r s  en ic - n - i ’ I n ,  - - .n’ - . ‘ is also -a~ —

: n - ” s - i~ ~ s - -~t C L-c ‘ . ‘ t  c ’ b i c - l , - ’ n - ’ b - - a ’ a - I I I ’ l s .  n- ’a ’ es in - ~o I n - i —

cr’ - - ’tse ‘ n ,  - sn ‘c ‘ C ’  -c — Is - . ~ ~~
‘ 

~~
‘ a’ , h ’~ ‘n ’ - ‘is e ‘ I - - on ’ of

— 
¶‘ . ‘ -- s ’ nc - i l n - ,’; - -  n ’ ’ n ’ i n , . ’Os-’ n ’ t o n . -:- n ’ _,, . t: , ’ n ’ s - n s ’ ’’ - - n ’ - - s - s 1 u 1’s v e t c

1 . - s -u  I - -v -c I of s- p-cc n ’ ‘ ‘ ‘ ‘ s c  I c’ ( - n  ,~- , ‘ I t n - s .

0 ’’ ‘ n - n - - - I n - - il ‘ , n ’ t - - ‘ l - n - - ’- - n  ‘ o c y c l e  is

sn - - s -,-,- n ,  s .  21g .  ‘ — i ~ . It cc , h ui -n - s en - v s t n -  . s r ’ t s c - c h a ’ ’ c - t n- ,’•

r n - i n n s - s  the s ;- -c !’lc ,‘~- - r ’ 
~~~~~ 

.t, e n  In en’ - - - - S b ’ ’ - I ” i - c
- - ‘  -

L 
h i s ~i -s n t s , n : C s - - n - s  5 - - n - ‘u H i - - n  u ’,’’ - r ’ t , l  n n- .r n - - - s s s~ - n - . s’a ’ .o (v 1 -’v 7

s I— ) .

In t e rms  at ’ ene rcy  tr’ ’in s f sc n - ’  ; - tr” tnt ’ - ’”” .- ‘he - n - f  n - n ’ a s ce of

t he  ¶ i c - - s i  r e g en e r a t e- I  O t t o  c y - -le  I s  i n- - n ’ I - - t i  to  h-a ’ of tn - se

¶ neal O t t o  cy c l e  shown in I c - .  C — b .  T n - i ’ -  “ - ~, ‘ or’ n I fCc -  u ’ s
be ’ w ’ : - c n  t h e  t w - -  c y c l e s  i s  05’ c r n r - s - - • i ,  ‘ t i e  s’s - n -  on 1- ‘ -

I
4 ~
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power transfer; this is clearly indicated in Fig. C— 5, wherein

it can be observed that h i gh ratios of internal power transfer

to powe r output can be obtained at low compression ratios .

The p e r f o r m a n c e  of the  Leno i r  c y c l e , in c o n v e n t i o n a l  t e rms ,
can be expressed as

1

1/ 4 A T  \
‘Y’

-
i I I l  + - - I — 1

n 1 — ( C — 7 )
~~~I T

1

Work O u tou t  [AT 5~ 1 / s - \ f t - 1 \= 
V1-V~~~~ 

= [ T~ - 

~
( r

t
_ l)
j -:)~-~- -) (c-8)

mep 11 ~~~~~~~~~~~~~~~~~~~~~~~~ = - Y ( r ~ _l)] (-~~~~l)(~~~~) 
, (C-~? )

wh ere -~ = eiuivalence I’:stIo , ~:ttIO of ac tual fuel— - si r ’ rat io

to sto ichiometr ic fuel— stI r rat-ia

= — T
2 (see Fit;. ~

_ C ) when ~ 1 1 
-

r = compresss l - ml ratio , ‘ l~~~2 
.n 1~~~• —

~~~

= - - x p - s m n s i s i r a t i — , V V
2 ~fl P l o .  —

~~~~ .

and it is to be noted that tAT 5 /T1 
= ‘Y’(Pa isj /P i )• The perf or’s-s—

ance of the Lenoir cycle , C r  a s;as with ‘y = l .~-1 and an inn - let

pressu n-e of 15 i- c- ia , is -c -nssrsa re-i w:i th Hint- of an i d eal  Ot ~~
cycle in Figs. 2—7 and C— . n-is n-sn- ! ~;h’ he - -xp-ce ’ sc -d , ths- Lens- ir 

-

cycle offers both Im proved specif ic fnsel colic -uni t ic - n -an -s - sI l n ’ss -r’ n---ved

specific output relative ~~~~ ‘she  O t to , a t  th e sa me c~ t’iTn-n’essic sri

ratio. In terms of internal power t rars c- f’er per un i t out pu t ,

however , the pn -r formance n -n of the ¶~w-s cycles an ’- - - n-sat so I i  S’Ces’e rs t
as shown in Fig . C— -i .

C—l 2

I

p
.

£~~~~~~~~ ‘~~~~~~~~~~~~~~~~~~~~~
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3. A,~pj i c a ti on s of I d ea l  Cn-y,çj~ Performance W i t h  Respect to
Further Performance Improvements in Otto Eng i n e s

P s ’ s - s - - n - s t  ) ‘ t e n - i c - i n - - S  c - t ’ t i n - c -  s - n - I t - h  s n 5 o t - c h t  a n - n - -  t n -’ n - s n - l i t - a u - c -n-n

10), and ‘ t s u s  n s a  f - t a t  h - - n ’ I n s - c r ’  - - a , ses ~n s~ - - c i t ’ i - s  h - s i t

1 i i i t - i o n - t  - _ ‘ s s n t  1- - - n n - X t - - ’ c t s - - i n- - n ’  e n- ’ I n - t - - s  -, c h tI’ h - s - c -  a l t ’  — is ‘he -c r;- I n g

n- i s  i-i . L ‘ C - - S C - - - l-o - - n - ’ ’ ; n s n  a ‘ , ho ~- c - s t -  - u -- n - an - — - - a 5 ’ at v of h i s —

i n - -al cy c l e s  ( 2 1 * : .  — ‘ — 5 ,  C— c , ‘ i )  ‘b sat , n - ’ ’ n- i n - . n n - - - ’ , ’ss

n o u n - s t - n- ‘ — ‘a: ’ s -  ! n -~ i n n - c  n - ’’a n-s I n - s c -  ‘ he n - ’ ’  o o n ’ ii ’ - - n-- al n n--, - - n - ’  - ‘ ‘ H  us n e  n-’

t o  n - - c - - n ’  _ ‘ ; - n - r  . as c l i Ce n !: s ’ n- — n - s - ’ r  s u l - s ~ ’ - - nns -n- - n - i t i v , n n ’ e s e n s ’ ‘,, ‘ o

a n - - - u n - - n - i ’ d - a  ‘- ‘- his ,n I 5 - ’ ’  - i - I - ‘ n ’ - ’_ t i-s’ in -’ ‘0 - n - n - :

n-at ’ os le ss: h - u ’ - . a b - s ’ ’-cn -~ . I’ I :  ‘ n - l i e ’ . ‘ ‘ ‘ ‘- ‘a F t - . ‘ —
~~~ ‘ha t

S s t - a nt ’ HI I . ’-: 5 n- i c - - ’ n s ~ 
- nc-n - i l ca- il :‘ ‘ ) n ’ n - a s , ’e c - st - I h-c

a-c L I c - ,’ - - s - C ‘ - ‘ n-n I i n ’ . i  — I n , ’ ca-nti s n - ’ ’ :,: ‘ r’s s ,  CS’ IC- - sai l  I~ ’ I n :

The a n - ’ - s : t - a - e , s  of  s-H ’ s ’  I n - -al ca- -c t - c c- ( n ’ e - - ~t - - n 0- to , Len- I n- ’ )

cv - n -  - s .n ly 1 Ic In - s I, h-_ - 1 n s~ I i ‘ - o n - - - a: - - ‘ h e n - u ’ ‘ a on ’ I a ’ e 5 ’ n - t i  I

- - -n - - n- t n’ ’ n - t , ’t ’n ’ n ’ ’ O ’- -sc -n ’  - s ’ s .t -, c i t s ,a - n - i - - l a o  ‘he ‘ ‘ s n’ 

n’ec -~-;un-’e sa ’ I as n - s e e  : -  - : I ‘,‘ ‘  is- ’ - s- -il 0’ n - ‘v- Ic-

tH ’  n - s l y ,  t n - - :1’ 1’ ~‘ t- ’,c ’ s’si ’_ .Ia 1 ‘ ‘ r I s :  - - n - ’;- - s - - - n s ’ - i - - n -  s ’ n - n - l :

n-c t - n t , ’ c -n - n -  ¶ I~’ a I  -a’ :1’ ~cu n
’ n ’s- : n ,  - e , 1 :‘ a l s o  - , n - o n - s  ‘ h e

,‘n- ’ tb t : - ; l . I n - h ’ h s -  ‘ n - c - c  ‘ ‘ n i l ;  ‘.-;- - n - ’ t n ’ - ’ -
— ‘- su b .’ i ’ - n l - s - ”en ’ ’ b  I s .

B. R E L A T I O N S H I P  OF ACTUAL P E R F O R M P N C E  T O I D E A L  P E R F O R M A N C E

An - s I n - , I I s - n- ’ - - n r - t - ’’.’e , ‘ n - i s -  I C - - n i  ,n -vc ien - s Is- ; L ,’,’ C - ’ ’ ’ - i s .  ii I t - a —
- I s n - s  ~ ‘~he sc f S ’’ l e n s  - v a n - b  ‘- n  - - - f n -  - - - u - - n ’  ‘, I ‘h - r s -no - - ach  I ca’ -

5’s’ ‘ h e  - ‘n- ’ - -c ,a’ ic -  a n - s b n ‘ ‘ l I e  a ’ — t n i a t ’ o n n c - .  - ‘ s n ” a n t i a l  i ’ s - I - u —
t l o n - s c  n ’ n - -n s t ‘h e  I n c - at n - v o l e . ’ I - - r n ’  i n s -sn -c ’ - i a l  - c - ‘ n - s e n - s . n - - ; b n - I n -’h n - n - a n - s os -
b c - s - - c -  i s ,  bath th ’cn -’ - tn i cC ’’’ - ‘ c-nos y an - , i :nn s- - -’ i ‘‘H n - - - n - -  C s- - n - n -  t I n - a - se

a c h I e ’c-~i I c  ‘ n - s I n - - a l  n - n - y c I - - s n . H Ot t o e n - a - ’ i n , e s s , t he “n - a , ’ n - ’ so c- - n-s e n-s
o n ’ c -- s  - s .  I : sn - c  n- ’ ’t n - - - -  515 5 ’ i t

I . The  n--n - - - nd- I n - n - —  f - I - i 1 : - u n - s.  I n - , ‘ n -s n - ’ - c ‘‘ a r , 5’i 5 s ’ 1 v a n -  - - n’  -a s - i
cc - s- i t - s i n - n ’ i s - n p - - i - s  - *  ‘n - - s o ’ - i s  n c - _ c -  i n s  t he - ‘‘‘ - ‘ic

h a s  -a -m n - n w I t - li ~,‘~~5 , n - ’- ’ s n - c -  t n t  -c ‘ ‘ ‘ i - c  l e a ’ n - s . - m s - b

_ _ _ _ _ _
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t b i c - r ’ r n t~ - l y n - s : t n - s t l c  i - -s .se: o c c u r ’  - I n - s e  to ess er -- -sy reta~ ssen -1 in

i n t e r n - i n - i  ~ie p c - e n - ;  s-n ’ n ’n ’e ’ I a n - n t  0 5 ’ the n-rt !xtur e

2. tln - s -’ -c - n n - n - C - s : -- t  I s - i s  n - r ’ -~~’ess n - ’ - c n - c - i res a s ’ i n - s~~’s e  t in - s i c - , a n n - - I

t h u s  t in - c - c n - n - h  t n - - t  I C - n - i  Joe: ; n - n - ~, oc- ’ur - nt coast-inst volume ,

r’ c - s u l~’ I n - -’ I ’ n - i  loss o n ’ n - - ’ ’ c n n - t i n - -i l p - i - - n ’  -nH- at .

3 .  l Ie n - i t 1 n  ‘ s n ’ t n s c s ’-s’ - s ’ - n - I  ‘so  - ‘ i n - i - I “ s -n ’s H t - :  c-as n t t  a ’ n - : n - ’ i - : t s n - :

i n - s  ‘ :se - s~
; ‘1-~

A n ’i n i  a s -  ‘ I n -st e : ,- re - n - - a i r e d  n o r  s h e  ‘ b l - -w a i - --w ss ’’ pr’c-cess

~~~~~ Ia 2 1 - . 2— l), n - ’ s l t  I n s -  i n - i  a n u n - -s l i e r  loss of

p c - t e n . ’ l a l  n o - s - - u ’  o u t

5. n - - n - c ’ s - - n- s i n s  -,‘s u l ’ s n -s- - i -:’ i s s ~nss as a r ’e ,c aa~c- o n  I n - n  f l -n - s n-n-

n - n - s - b  n - - i - n ’ ‘~~ c n - a t  i o n S  o n ’ , ; o l I -n  ‘n -~ s ’ f a c c - s  n e c e s c - a n ”-’

t O  i n - n - n  l s - s - - n , ’ n - ic ~s v - c J c - .

‘, : 5 _ l ’ t - i o n - 5 , ‘ s t e  iE - .~o I j ’ s c -  a n - s  - ‘ - - L a ’ i , ’ -: ss n - ’ : n - i i S ,  I - - n - ;  of ’  t h e s e

lo.;,’c-: ‘
-‘

~~~~~
‘:

~
‘ n - - I ’ s t h e  o n - - n - s i t n - n - c -  I - ‘ ‘ t  ( “ n - - n - - n - ’ i- n t - i l  I ‘ w - - r  : n n - - i sn - -e ’ -i~

o’ ’ a • ‘ ‘ - s -  - - n - - ’ I n n - e ,

i n - n - :  n a t , : of  t h e s e  l o :.— - s c -  a ’’ — a s s s l t l , ’n - s -c- I i n - n -  ‘ b i - _ - f’ o i l c n - - n - i n , - ”

‘ n - s .  E n ’ s -~ n - n - e s ’ H ,  - a . ,  ‘ 1 - - i s s n a ’ t  u ’ sir s , - la st s c a n .  sn- -c-

‘,Ie;-:e I c - n sce:- t , 1ca sn-s -t ~o:s I n n -  n o ’ s - s t i a ,t - n - t n s ’ scen - ’ ; in - un - s

H = 
a , ’ n - - n I  — n-

~l - -
~~~

-’ 
( 2 — 1 0 )

- -, a -  ‘ h e  ac ’ s- n - I  s- n - n - e s ’  o , m n -  a’s. a s . ; In- , is tb , - s efn ’ec tiv e
0 - i - a”  - , -

c c  , ‘ l a ss: - us s sc - c l - n - t - - : n--: ’ ’s - n n -  n sn - en - hs n ,i:n-’s I. D v I  n l n i -  h- I; th e he-a t

t i n - I t 1  n - n -  r ’ - i ’ e , t-;n : ’ - ’i s i , t I s , : n - s n - c - n O ? c - n  b - a ’ n - s  I - i s - i l  ann - - b ac ’ n - s l

n- s n - c s - :

= 
1- 

— 
~~~~ I ‘ ~ - ‘— 11)

= ~?lt~. ’ . 
- 

(C-l2~‘ - i l l

I
- — ‘-, - - -—5-’.- ___ —‘

—— ~~~~~~~~~~~~~~~ 

‘

~~~~ 

-



- - -5-- -- - — —-

Hence the impac t  o t ’ l on - s.;es can C n - ’  . -x p i ’ e s s e d  in n- - n-n - u s of -c l/ a l e

e f f i c i e n c y  d e c r e m e n t s , m d  c n - - r ’ n ’ c - s p - u i - i  i n - t a  n - i e c n - ’. -m e n t s  in  s p e c i f i c
p o w e r .  A n - s  n - i f in - in - n i ~;-a I n st of tn --n’tnnin o ls -~ y , S i t u ’  e f f i c I e n c y  wh i- ’b

w ou i d  be o b t a i n e d  in  the  absence  of ’  t ’x ’ l n - n t l o u  los c -un - :n is Lv c - n - r i —
v ent i- - nt called t h e  ind ica ’ ed et ’ fici en t n -’y—— tb -isit wb iH s h w a S  I be

deduced  f n - n -ns s a p n ’ e n - ; su r e — v o l u m e  h i n - s t o r y  n - n - I ’  t b i n - - c - n - i n -’ los-s- -i  n n t : n - s s

1. R e a l  G as L o s s e s

The i m p a c t  o n -
j 

r ea l  c - n - u s  e t ’ t ’e c t : ’ — —— l ev  I s u t  I - n - n - n - n -’- of  t in e  w- - n - - i - n - I ac-

fluH Ct ’ s - s n - s a c-as with c s - s i n - a l  a n n -  sp e c i f i c  l u - a n  s——c ars to Ii s n - - l a y -_-J
Cv us in c - mon-c - n’ - - l ’ ! n i L ’ u i  m o - I c - i s  o f  the w- - n’ k i n in - t 5’ l s l  I . F -s- n - ’ !orn’ r-ose s

of c- - n u n -  m n - ’ i s s on , i t  is ; c- - n ì v n - - n - n ! e n t  to account f - - n - ’ t l t o n -’ n- - n- -J~I a s s l
t ’n ’ a - c t i c s n i  0 5 ’ c- a n - n - lel ’t i n n -  t he  c y l i n i I e r ’  s i t  ‘ 1 - - c - n - n - d un - s I - n - i  o n ’ ‘ h e
e x h i n - u u n - ;t s n - S n’elu - . If’ the sn - t n - n - n - s n-; r e s I n - i n n - u i  i s ;  i n c I n - , - i n - ’ n - i  i n -  t h i n -- a n - t - i J - ; n ; l s
the cycle t e nnn - ; n- - u -n r-ure n-c i 11 be i n - i n -’ i n -  - n - t n - ; u ’ I I t s . ’ S a I he n - ’ i I xin c- of the

in c o m I n c -  n - m m ’ n - c l  t h  ho n - - S  - n - - e x b r a s s : ; t a i r .  Th i s; rn - - i n - s- s e n-n- t h e  cy c l e

mep b c - c a n - n - se t h e  nn - :ss s c I t - i n - — n - n  o f  t h e  e n - i c - I n c  1 5  n - ’ c - i s s c - -  n ; I t  h-a n-’ ns
effect s-rn - cycle e n - t i c  l e n - i c y .  Inc l - s s ;ion - n - of lie ef ’ S ’en - n - ’ on ’ ns n - n - s s

f n - ’ sn c~ I a n - ’ n - ’ s i - I - a ’ m l  w i l l  I — c n - , ’ n ’ n - ss n - - - i  2- n - -- I e l  1.

T I m r ’ e e  n - n - n -- i-c r e f m n - n -’ n-~I s n - - I c - l a  of S l i e  i’— - r k i n - i ’- f l u I d  n - - n - i l l  b e

c- xar si i nin - ’~l : I-I - - i d  2 w 1 11 n - n - s n - .’ .sn - i: ;  t ‘ n - b - len-s a - i n - ’ s -  - i n - c -  S In - n -— n ’— p n - s’r —

t i e s ;  of  a ir , c = ‘
, (T) t -- ~ Ic-l st w ill use  n-i hy  n - u u b n - -n f - t e l ,

(CU )), , -,c I t - h t h- - r- n ’ -p - - :- t io n - ’- n - i f ’S er c- - H - - r n - s i , I i i  -‘ i n - i - s  b i s o n - n - t a  e n-s n n - r n - n -~ I a n - i

d e t e n ’ n - n i i n s ’n u s i n i n -- -an e n - s u i l i b r i s i n - s i  t h e n ” s n - - - ’ i i e n n i  c-i l p r o c -n - ’a m~ 1 - 1 - - i c - i  14

w i l l  un -s e the n ’ -c -pe r t i e n - n -  o n -’ t h e  n - n i i y t u r c  of ’ S n - s n - H  v apo r  an - i - I - n - i n - ’

- lu n ’ i n - n c -  c -c -n spre L ;s ic-n  , s I n - n - n -I eq-s 1 1 1 - r n -  um a - -n - s n - k - n u n - s t  n - - i s  ; - r -  - n - - n - - n - t  I - - s an”
c o m b u s n . i o n , a n - I  i n ’ - called the f i n - e l — n - u  i n - -  n- ’yn -’le . He n - s n- n - l a ” -  u s 1 n i~
these  v a n - l a s s  n n n - - o i n -- lc- - m ar c- - ns a a r - n - - I  i n - i  T a b l e  - ‘ — 1  ! ‘ : - i ’  t h i n - -  t’ol I- n - s-n - i n pI

C o n - i n - i n - t n -  - - n - i s ;

C o m p r e s s i o n - i  P i t  i s -  r =

P s i-i he si ti n - i c -  v a l s n n - -  l iv  = l8 ,~4 00 iS s i ’lb
Eq ii v -m Ienn - c e r’ni t lo 4 = 1.1
A t m o s i - l i - - n - - i c c - n - r a i l S  l c n - f l s  T 1 

= 520°R , P1, = 1 :it r nsn - -s ; i -iu . - n - ’ - - .

~ 

~~‘ss: 
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T A B L E  C -i . COMPARISON OF W O R K I N G - F L U I D  MODELS FOR THERMAL
E F F I C I E N C Y , M E A N  E F F E C T I V E  P R E S S U R E , A N D

S P E C I F I C  F U E L  C O N S U M P T I O N

Thermal  mep s f c
Mo del E f f i c i e n c y  (psi) ( l b / h p — h r )

I d ea l  ( - ~ 
= 1.4) 0.58 340 0 ,26

1 0.58 300 0.26

2 0.50 250 0.30

0 .37 190 0.37

4 0.42 2 30 0.33

Y i n - s n - - i c - i  14 t h u s  n -’ e ’-n- --n - ’e sen tn ;  a l l n - i t s n - t i o n  t s -  S h e  s n - c - c a ” i c  fu e l

-c c n n - n - ; n - n - n sr t i o n  t in--a t can - s  be ot  t a i n i - - i with ~n - n - . o e i s c - I n -~~’ - ;  - - n a t

n - c H l s  a p n - -c n ’n- i xed ( -c n -n - trls -o s ’ c - t - --a)  h:,-I r’-c- -ur’b- on S n - s - r i ;  I-I - - b -- i 3, as
- c - n - ; n - n - a ’  i t o  Model - n - , s en -y e s  ci I r , - I l c s e t e a he inn - fl st -n - s ce on ’ ml xt ~re

t es  I - a n - I - . - t In - a  -n- - n - n - p - n - - s n - s i  -n - n -  n’s-tess. It i s  ev l  l e n t a’sa’

n - c - c a l — - ’- :: e f f e c t s;  ha 1 in - n - i c c - c  ‘ n - - n -  -t  o n - n -  - he ;n - en ’ f’ - -r n - s a n n - : e  a t ’  O t t o
e r n - - i n n - - -s ; . ,A ,~ ‘ i c - h i s  b - -c sun- ’ i c i n - ’ 1 a e - n , ‘ h - c - c  e n ’n’, - e t n - s  ar c-  a s t r o n c —

S H n - n - c t l - n - i  o f  fu el—s tir r a t i o  , as i s .  n i c s i i e d  i n n -  i -Jc- .  - 2 — 1 0  ( s ’n ’ sm ,H e f ’ ,

C — i ) .  In c - e n - s e n ’ s m l  , - a n - n - e r n s t  I s - c -  ~ ea-, -c n - ’ ‘t n - s c n ’ c — u n - s e s  t ,’n - e n ’ sa n-su l e n ’ f ’ i c I e n - s -,sS~’

( - n - i n c - e r  t o  t in - n - c I I ’ n - t ’sl cycle). - A c r , - i u c  L - u t ~ u s e f ~~I n - m n  ; - n - ’ n - - n-n - l ” s - e t i - c - r n -

‘ -0  t h i n - ’ ef’ I n - i - -nc :- ; S - - c n a - n a e n ’ d u - - t - - n - ’ e n - i  gas e n ’f - r  s~~s c a n .  be

- i ‘ n il  n - i - -  i i - , - - n - n - n -  - : 5  n- • r i - c - t i  - ‘ o r - n - - - I s i t  i o n  s - n - i n -  Is f ~~~~ r -‘I;cle n-’e s n - n a i t S

~-r ’ e : e r s ’s e  ‘ -
- P e n ’ . — , :

u . 2 -n - n - - ( I .n- - :  — ° • 5 ) ~~~~. 0 .8~~ ~~‘~s’ 1.1
- - - 

(2 - 13)
= O . 2 l

~~
’ n - .~ 

~s-

A l t - h - a c - h  o n - - e r ’ ’n - t  I - n - ,  at dc-- n- n- n-s a ss;: n - n - - n -n - s i  v a l e nc e  rn -n t I n - n -s In c r e a s e s

c n n ’ i - i--n - sc : ,’ , I a al so lecres i sse n-n- s;s-r-cif’ic -awen-’ on - n -’ n- n - nt , In  accor -i n - i r s n--e

I th Eqs. ‘— 14 t n - n - - n  2 — t , as I n n - i s ;  b c - o n - a  - i - s e r v e d  by or  I n - - ’ n - ’ s’ ( R e  f’ s .

,—3 , 2— ~s ) .

‘-19
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F IGURE C - b .  I n d i c a t e d  t he rma l  e f f i c i e n c y  of i d e a l
O tto cyc l e and of f u e l - a i r  Otto cycle
at e q u i v a l e n c e  r a t i o s  0.8 and 1.0;
i n d i c a ted e f f i c i e n c y  of t y p i c a l  Otto
engines at e q u i v a l e n c e  r a t i o  1.0.
(Source : Ref. C - i )
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2. Combustion Losses

The theoretical Otto cycle assumes constant—volume combus—

t i o n .  In t h e  a c t u a l  eng ine , the  f l ame  n - n - r n - s n - s ; a c - a t e s  t l s r u — u c - l s  the
f u e l — a m - -  sn t L ’ st u n - ’e  a t  a f i n it e  speed , so tha t  i n -~n it i on  ss ,u s t  occur

b e f or e  the  a- i  n - s t - o n  r e a c h e s  the  i - o i r , t  o n ’ min irss uns s  v o l n - n - n s s n -- , tab ic-rid

c c - n i t  en’ (TDC ) , F u r t h e r , as t h e  f l ame  p r n - s - n - - a c - n --n -t e s  S h u n -  - s n - n - n - h i  t he
n -ni lxt ’au ’e  , the t n - n - m n - en-- n - tn - n - re at’ • } n - e u n - , t - -u s - n - n - t  i c -u ’ t  i n - - s t  i n - s  ‘ s ’ - - n - e n - ; . ‘r sd-3r

c e n t s u m n - n -  c a n s - f l  t i c - n - i s , n b.:- n-~ n - b n - a n ’ n - i r  p a n - ’ t n - o n  n - n t - n - : ,’ n - n u t - a n -  - o n -  i t e  s n - n - i  p r o —

un - n - sn - c  k n - u - c k .  To - n v - s - i d  n - - n - r i s i b l e  i n - an’ ” ;  to t h e  c - n c - i n n - -, I - n - n - s - c s - k  n - s n - - u s - I  be
ai ’aid -n- ’ - n . n , i n -’- n- i n - i c e s  n-n r e sn  r i - ’ ’ i a n - s  on n-H-. - cI , H m n - i  i - - n ’  s i n - s e ~‘o r -  a

re-c I ; n- - n - s a t i n s —  hi -n ’ , ‘ ‘ e n t - : a u s — c h a a c - e  c - t I - — e n - i - m e , c - i n - n - c e  t i n - n - n -  e n - , t  t o e
- f i n - s n - n - ’- ’ -  nn s un - s t be t - a s ’ n - s c - - l  w i t h  - I n - n - - f i n - i n c S t - i n - n -  m c -  ‘ ‘ s - c- n - n - -s-n-se p o i n t ’s

n-n - - s - a n - c e  ( o r , at n - nso n -~ 5. ,  a v n - c n - - : ,’ l i m i t e d  n - u s - b - - n - ’ ) .  It n - s n - s o  a - l a c e s  a
r es t  n - - i - n - n - t i - s - n - s  on e n r ’ m n - n - - n - ’  n - n -  n - n- - c - s i a n  n - - n - f ‘ - , c - L a c e  too tn - i c-h a t n - - ns a  -n - - ’ra—

tur ’ e n - - a - i -n - ’  s o  c ans n - ns - -:n - n - n -’ I - n - n - s u n - - i n s ,  l e n - n - i  t o  - s n - n - - - c h .  2 n - - n ’ c - n - t’ n - n - ’ cs- n - I -- l i e

ern - n- -’’ n - n - - s , c n - n - n - e r a t t ’ s --’ on n- n- n- P 2 *  ‘‘ n - n - n - ri , a n - ’ ;: I I ” n - i ’ ’ n - i  n a  n - — ” n n - ’ c - n - ’ - r~ i n

r a t i o s  o n ’ 8 to  -:~ .5 .  2- c - s- i - s - I  n’ n - - c l s , , n- i~~h P c -h :  o t ’ l J O  o n ’  sn - n - -s - re ,
coal -I I- - u , - n - s i n - n  a’n-n- n-n- s n - n -  n - ’~~s,fl c-ns , r ’n-i f i-u ; of 10. ln - c  a n -  I S ’ I n - - a n - i c e

o n ’ c n - t n - - n - e n - s c - i  n ,  n ’ - n - t - i o  05 n - n - I - -c n ’’ c ‘ n - - l con - n - sa n -. ; t i - a n - n -  :1’ t i n - ’ n ’r st n - i i.

e f n H c H  5 ;  can I. n - c s - - a n -  Ia. F i c - . ‘— i O .

Ta est ’, nn - t-e ‘ ire in - n - n-n- s on ’ e f s ’ i  c i e n c y  i s- ’  ~ o non s - - n c - n -  s i n - c -  —

v a H n - n ’t e -c - c s - n - t n - s c - t n - a n n -, a n-s , n : n - n - s t e  - t  n - — V  i i a c - n - ’ n - n c - n -  ls s n - n - ucn-s in FI c- . ‘—ii

w l H n -

Hi
wh e r e  n-sn- i s  an e x t - -n - s - - n a  to  1 - - - - I e t e m n - - i i n - ’ n .  1 i s - - work ‘ n - a - c-; I a’- a
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W ie = ( R T 1./ n n t ) ( n ~~ - 1) 2

The :‘ m n - c - a  law , thereS’ n - a c - , b n - s -~’a n s n - en - ;

PT. ,~

,, = c ’2 1(u l  - 1) + -
~~~~~ ~ n - -~ —

a’ ~-- — ~~
-

= ( r - ~~
- — 1) + 

n- ‘ n - , ’ — 5 ) ’ —

v I - - -

w in - - s - r e  2 1: t h e - - n - n - l u s t  i o n  I n - c - u S  n ’ n- - l e a s n - ’ a - n - -a  - s a - i t  mass on ’ gas.

It ’  t h e  c o n ’ s n - n - ’ e n - ss s i - - n n -  n - - s n - t n- -a n - ’ n - n - n - n  t i n - n - n - e n - n - n -- n- ’1; r’’a ln - ’ n - u sc - i  -

~~~~ 

n -n - n - ’ ’ -n - n t - - c - n -n- ,

Eq.  - ‘—1- ’ c a n - n -  be use-i  - ic- n- en’ss ti ne s i n - n -- ‘;a l i s n - - o n ’ n-si sn -s a f u n - n - - c t i - -n

of  r . .  “I s -’ v - i n - - i a n - i on i n n -  t l s n -~ • ‘x n - - o n n -’ n n - ’ n - s n - c - I a ’  n - h e  i n - n - n t ! ’ i o s n -

c ; s - n - n - - n - a ’n - sss on a n t  i o  n - ’ , I s ;  a - i t - n - n - - n - s  I s .  S he n ’ -11 - v i  n - n - c -  ts nt-l e 5 ’ -r

r = —0 , ~ = 1.0 , - u n - n - n -  HV = i~ - , - ’ J0 b - t n - n - / i l :

I g n i t ion Compression Co mbustion Exponent

—-_ _

1.0

1.5 2. 46

2 . 0  1.48
3 .0  0 . 9 7

-“ 0

The sum OS ’ t h e  w - s - r k  S ’ n’ - - ns n - e a’ - u n - r n from 1 to i - i n - ’ - - , for i c-en—

t n ’ s - n -  a’ n - - n - ’ - ; - ~n e s n - s e S  w I t h  a c - - r n - n - r u n - s c - i o n  r a t i - n - n -  o n ’ n - ’
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I
4 - ‘ ~~~~~~~~~~~~~~~~~~~~~~~ .~ -,-. n- • - — -p. -

I~— - ~~~~~ — -—i~~i,_~~~ .’l~~’ ~~~~~~~~~ -- - y ~~~~~~~~~~~~~~~~~~~~~~~~~~~ . .- “ -



-~~~ 

W
~~~~~~~~~

’ij  
I ci [1~~~ 

:i:’

: ~~
L

~~

1 
I

= c
~~

(T c- - T1
) - (r.)

~~
1

]

U s - i n n - c -  th e  F i r s t . L s i w , we - r n - - n - inn-

o (T — T . )  = (I —

V e n-n- ie

n - n - s n - i  t i n e  ne t  C n -’ ; le c-ark  i s

= O [ l  - ( r . / r ) ~~~
11 + (RT 1 / m ) ( r ’~

n- 
- 1) 2
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i’ s’ac’- io n s s u i  n--s - r ~~n- l oss  d u n - -  to n - i n - n - i  t e  o - - n ’ l - u s t  i n n - n -  —i epends on

n - r n - n a - r n -  s n - s i - - n  r a t i o  ‘ s n - i - i  c n n , l n - n - n - , ; n -- n - - n s  du r a ti o n , as measured  in

- n - r s n n t a ’ tnn- c- ie  degrees.  ;:~~~~ n -n c - m n - n - u s o i - I  i i p 1 s t  - --n n- nn - - - t I  n ,

n’ . I~ + 
~

—
~~ -~~- ( I n -  — coc -  ~_i~) , c-I ‘ ‘ - = c n - n - rstn - n - a - t - i on i n - m r ’ st  Ia n - rn - .
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r a t i o  has c - n - s i r  a small  e f fe c t  on work  loss , bu t  t h a t  work  loss
is sensitive to combustion duration .

The durati on-i n-- I ’ combust icn -rs in a sn-s- n - n - n - uk 1s-’In i t ion c - n c - m e n- is

about 50 -~ec- n - i n - n - i  t s r  elat ion -d y independent n-~~f rotational speed

( H e n’. ‘— 2). ‘i rs . Fi n - n - . 0—12 , fr-act tonal c-ark loss for 50 deg j~~

5i~. i’hi i s  ic - in -S i n - n -  enern-n-y t n ’ n - n - n - s s’- I ’er’ can be reduce i by increasing

n ’ l n - n n s n - e  - c c i ;  i n - n - c  n-us n c - e d  n - n - -n - n - sn - n - s  s p e e i n - s  n - c - s u i t  f rom g r e a t e r  t u r b u l e n c e
or n i- - m d i f f e r - c - n i t  :‘- a e l — - -- x i d i  ,‘s-r c n - - n s n - b i n r n - i t i o n s .

- n - s a l -  .s n - c - n s c e  i n n -  t l s ’ -  c yi  i n s  n - e n - ’  in - s  a f u n - n - s - t i  s-n o f  c y l i n d e r—
,e s i c - n - n -. A c-n ’n- ’at I n - n - a l  - - n ’ cy l  i n ,  i - s r — h e a d  l c n - v e l n - s - p n r n - c n - n - t  has been

i - ann - c  t o  1 n - n - n - n - n -n - r e  s - n - -rn - l - u , ’ n -  i - n - s S - - - n - , - ’e .  c-h I  a- m d - n - d e s  I—head

x ’ n - n t - ,- a - r - t h s n - n - n -  L — n - n - - - n - i i  v s u i v e  an’s  m n - , c - - u - n - e n - , n  n-s . h i e m i s p h n - n -- s’ t -n - n a l in - n - i we-ic-c--

s i n - s n - a - e u  s - s - n - sn - b  us ’ i a n - s  c l n - - u n ’ n - n n - e n - ’n - ; , n - n - n - n -i n - s - n - i n - - i  n - n - i n - a c - n - b - e r  n- f i n - n - t a r n - s .  It is

n -v - f b e l iev e - i  n-hat a c-s’s-at I - - a l  of I n - n - a - n -  -,‘c n - n- - n c - .  can be made in t h i s
an - - n - s .

T h e  n - ssn - irtn - ir’ fin - sn - -n - . : s n - - c - - I  n t - - n - ’  c - c ’ n- s n - , ;— n- un s - . n t i n - ’  n - n i - i  f a n ’  hydn - ’oger i
si n - n - i  a m -  s n - ’ - 1. 1 n ’ n n - n -  (~~ n-n- n - n ’. n - sn - - n - c )  -a - . i  - . - ‘  “n - n - ;  ( 105  c n n - n - / s c - n - -) ,

n-’esr-e ct  it’ s- I ’,’ . ‘ 1, - u n - n - c -  i n n - c -  - i t  :‘ n - s . - I n ’ s - a n n -  o ct  s in - r e  t o  lsa ’ -n-l rc- rn -en - s , c o u ld

n - - n-n- l ace  th e  ha -  n - n - -n - . u n- c - “1 ,,c- - Ian-- n t o  10 i-n-- c- a n - i  r ed s -n - ce  the n - n - c - t

c-a rk n- -n-un - s t - j  0 . 5 , u- n - c -h  - - c s .  i n - s P 1 - - . - ‘— 1 2 .  Decreas  i n - n - s - n -  t h e  l u r a —
ti ~~ of c -  n - i -  n - n - n - t i -  n - n -  5 ’s’ “n- HO leg to In-n - n-n- c- ‘ his -t n 10 - ic -c -  by  i n c r ea s in r s
‘ in - c - rate 05 ’ c - n - n -c - r n --v n - n - l e a s e  -n -- as s a’ -rave s b - c m - n - - al e S ’ f i c e n n - v  is- ’,’ 2
on’  ~ p e r  ac-c- ; - o I n s ’ s. lIowe -,’n- -r , m n - t - n - n - ’-n- -- a s m n - s c -  t n - s n - n - rn-n- ’ e c-n

j 
enen ’ c-;

release ln. cr’esuc - ers - ‘he  I’ s - n  Ia~~s - i I n n - c -  on t h e  e n - s - r n - I n - s e. I a n - i s  w c n - u l i

rn -n - ~ u I s - c -  t in - n-c en - n - c- I ne ‘ o be Ic-s 1 - - s , - n - I 5 ’ - n -  no n ’ s n- s t r eng ’n- h , w i t  I n- -h  c - -an - n -id
1 rn- c n ’c-a s-n- t h i n - s  we i n- -h a-  s-f the en - c- i  n - n - c - .

A n - n - s c - n f l  a n - - n  rox i n ’n - n - n - t i on - s f -s n - n ’ f l s n - n -  e f n ’ i  n - n -  ‘ d S t n -’V loss d n s c  to
cs-an n - b i n - n - n -’. i a ’t  in - n -  cs - s n~o e n j ’ ~t ’  o e n - n - — i nn - -s i s  t a k n -’r n - t o  he

‘n - f l  = O . 0 7 ( n . d  — 

~
1 rin-

) (c-i6)

w h i c h , S ’ s - a n n - n  P.1 ri. ‘— 12 , cor r’ea -n - -- - n - Is  t o  a -sc- n n -n -bus~ - I o n  i n - t o n - i t ion
s l i , n - h t  1- n-’ -n - r ’ e ’ n - t s-r t h n - i r n -  50 Ic- c - . It n -I s t o  be noted tha~ n - n - a e f f e c t
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of equ iva l ence  r a t i o  is inc luded  here , and hence  i t  can be
expected tha t  at low e q u i v a l e n c e  r a t i o s  e f f i c i e n c y  losses due
to combust ion time c-ill be greater than in-iicated by Eq. 0—16 .

3. Heat Transfer Losses

The heat  t r ’an - n -s f e r  to  and fr an - rn the working fluid that occurs

d u r i n g  the  compres s ion  and expansi on-s n-s-rocess c-s has a significant

e f f e c t  on the  t h e r m a l  ei’u i c i e ncv  of  t h e  On - to  er i c - i n c  a n n - i  is the
subject of analysis~ here . Tn-n - i s heat tsrn -n -rt sfer is to be distin—

c-uished front thn-it which occurs l n - s - i  n r g  t n - n - -- e xh a u st  r -r c c es s , w h i c h

is n - n - n - a s h  l a s ’ s - en ’ in magnitude n - -u t s-- I , i  s-h has n - s o  i n - s n - n - s o t  s --n - s t h e r m a l

e 0 f I c i n-n-’ ti s - In--

it is a c - n - n -u rn - n - n - n -i t h a t  t i r e  p i s t o n S  s n - nat  I - n n -  is s i n - n - - an - u - S i  1 an-as n - l n - a t
S i n e  su r fac e  n - e n - s n - p e r ’ s - s t u n - a n -  T ss - f  t n - n e  on -’15 n - n - i - n - - r  I n --n- c ’ s c - L t r t s . The

am ou n t  o f’ n - t n -  i t  n- r ’a r s s a ’n- n - n -  . ‘,‘ , n- r a in s t h i e  ca - IL n - n - i c r  - ian - ’ i n - s c- un-n- s - c b s  n-~r - - ’ c e s s
w i l l  he r ep r e sen ts - n - n l -y  n-c = A (T — T ) t , n- -n - n - n - en ’: ‘he  b a r r ’ s - n-I
t e r m s  -or-c -

- hi - ss- ’-cr ’si c-e a’ Lies- (‘n-s r t h i n - s  n - s n - n - ’  -I -n -c - .

The n-n- c - u n - n i t’- n - n ’ ; s .  of t h e  e x p re s s ;  I n - n i  “ s - n ’  t h e  a’ - l - u l e n - n - n- h e a t

transn-’ex- coef fi c i ent ’s- a n - - n - s n - l i -- i  to  n - i c y i m n - n - - 1 n --’r n - S

— -o ~~ 
‘
~~~  1 - -‘3 — - -- 0h = n - - : n--I~~~~~~~ Pr -’’ ’ ; - - t - = i - n - k p m - ( . ~ , th i [ i p ’i , ~a’p

c-here  h = heat  t r s n n - - n - 5 -,r  co e n ’ t ’ l - n - n i e r i ’n-

K = n - in - n -  em p i r i c a l  - s -onst  ,st

Re = c’yi I n - r n - n - n - sr He y ns - -c l -s-i s n u n - n - b - or

= b - I s - t o n  s t - n - -s - - n - n -- n - -

U = c o n - i n n -k s - s i n - n S’S r o t s i t I nal spec - si

D = c v i  n - a d s - n ’  I l - a’s - c - t -—n - ’ (boa’)

P = c-as d ” n a - i t -y

u = c- n -n -s n - n - n- sc o s n - t ’~’

Fr = F r n - s - I t i  n - s u n - n - n - I n - e r

k t h e r m a l  n - s - n - n j i u c t ivlt V af ’ c-a s .
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This  p e s ’ n s n - i t s  t h e  hea t  t r a n s f e r  to be wr it ten as

= K ~ n - r 1”s- k
0(~

2_) 
~~~ 

2a~ T0a
i n -

~
_l) 

— T I

where  a and i n - i r e

n-n = ~~~~~~ + 0 . 2 ( y  — 1) , = 1 for ’ compress in-— rn-

an-n-i

= —2 — 0.2(y — 1) ,  1 = — l f--a r e x i n - a n s i - a n ,

ar-n - i  t h e  n - c- fan - n- n - n - n ec  s t a t e  ( s a t  s o s - i n - s t o n - )  S’s - n - -  c o mpr e s s n-, c n n -  and

ex a - a n s io n  i - n - - - :n - s - e ss e c -  in - n - t h e  -m i t - i - n - i s t a t e  i n - i e m - c h i n --n -’ c a se .  The
i i  f f er e n t -  v a l u e s  f a n - ’  n - n n - n - n -  i i r e s u l t  (‘n ’ s - n - n -n - t n - s e  S’n - n - c t  t h a t  t empera—
t ur’e in-s-creases n - u n - - i n - n - c -  c - s - n - n t n - -n- ’ n - n - s s  I o n  a n - n - -i i n - n - c r c - n - n - n - n - n - n -s -Jan -c c- expans ion .

n- ’- e l e c t  i n - n - c -  t h e  f :  11~ n- -n - S n - n - n -’ n s - sn - - n- s - I  s-a l  -i -n- ’ s-n-. as s’ - n - r e s e n t a tiv e  of
O t t o  n - n - n - n - c - i n e s :

r = 10 , D = 3 .7 5” , N = 3000 r p m

T~ = 7 10° R , S = 3.25 ’

T0 ~0 n--
~ (BT~ 

‘
\

Process ( ° R)  (atm) (lb/ft 3) ( l b/ f t -sec)  \hrft oRJ 
~~~~~ ~~~~~~~~~~ ~~~

Compression 600 1 0,0661 1.35 x 10
_S 

0.0168 0.695 0.172 1.30

E x p a n s i o n  4500 60 0.529 5.15 x 10~~ 0.0903 0.695 0.236 1.25

ass  I su l e - s -t- I s n - c -  t i n - c -  v — n - i - i - - o n ’ i-I = 0. (‘ ( n - i, in s 1n - ”n ’e e men - n -~ w i t h  - i a t a
‘nv- n - I labia Or’ s -n - n -  c , n - s - n -’ s - - n - t t -  -- n n - s’ i n e n - ;  (Hen ’ . s-_ c s )  , on~ f i n d s  tha t  t h e
:‘e sn -~ lS~— m n - t ’ n-sn - x n - n - r e n - n -sn- I on - s , n- f o r  h ’a ’  ‘ rans fer a - cr  n - n - s n - i t  n ’n -ass are

C — 2 8
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FIGURE C-1 4 . Net work loss due to heat transfer.
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c-c-nc-rail -v u s -- n - n -  between 8n - 5i5 n- -n -nd ) 0 %  - i t  f u l l  load .

‘ i n - t n -’ f r i s t i o n a l  losses  n - s an alsn n - be c l s n - n - r a c t - s - n ’ i  n - n c - n - I  by the

n ’ s - i _ c t -  i n - n - n - — n - s n - - n - n - n - n — e f f e c t  ly e  r n - r ’a - s su r a ’  ( O n - sn - en - n -) , in -n - n c - s t - n - n - I  a n a l o n - n - o u s ly  to

b n - ’ a k c - — n s. -s - - n - n - n — e t’f’c-c t i v e  n - n - r ’n- - s s n - n - n ’ c -  , ann - i n - n - n - n - n -  S ’ n ’ i s t i — s - n - t- n - l  p s - n - - e r

i i n - s n -s i p a t i a n -  is n - i _ y e n  by

on- s n - - = ( O n - s t - a n - n - )  , ( — 1 — 2 7 )

win - a -re  1 In - n - a n - s n - n -  rot-a t i- s -rn - a l  s n - n - a c - I  an I n- ’
D 

s- ~ n - n - n -- c - n c - m e - l i - n - -  n - - l a c e m e n t

v- s i n - n - n - r n - n - n - ,  It ha -s t n - n - - a s  c-n - s n - - I s ’  I c - a l l a n -  oi s e n - - ,- n- - - 1  ( R e ? .  n- ’ —2 ) n - n - n - -ia  t h e

fr -n - s -- n - -  d c n - - s- -n 1 n - n - 1 i n e m i s ’ l v  a n - n -  n- i s S o n - n -  n - s n - - n- n - n - - i , i - n - Sn - I n - sc - i  ‘n -s

= n-n -i, , ( 0 — 2 8 )

w h e n - n - n -  - n 
- t i n - n - s  n - n -  i n - s t - -n - r n -  c - n -  n - ’:- k s  , o n - n - - I  a n - n - s n -’ n - he sn- n - n - n-n- n- an - n ears ‘ o be

relan - I n - ’j n -
~ i n s - - n - n - s  I t  I ye n- o t n - s - n - n -  v a n - - i n - t i e s .  E au a t  i - a s :-  ‘— 1 7  an -s- n-i

0 — 2 - s e n - n - r i  i - c- c - - s n - t m - n - s i t o  y l e l n -.I

n- l /~
= ~~— ~~~~~~~~~~~ ) I~~ , (C ~~~~2 9 )

‘ I -  ‘ a;

where ar 
= - - I , ’ l m n - i  i - - n - ’  n ’o n - - n ’  n ’n - n - - s t - n - n - -  , uD’ /-i 

~ ‘ D d cy1
) / 3

= n - , n - n - n - n -n - 1 n - n - n -r’ o f  - n - y l i n n -  n c - n - ’ , ;

and ( ‘ n - s - n - s - n -  ~~, n- n- n - J . 0 l 3  n - - n -  i / f ’  / n - n s S n .

Equa t l- n - n n - ~—H~ Is sn - i n - c - n - n -  in  i-c- ’ . c — i 6  fo r n -i t yp i c a l  c y l i n d e r  of

~O — I n ~ I I n - n - n -.L a - s - c -rnent  an n -n - I a f or m  f a c t o r  of 0.12 ; I t  Is a p p i n ’ e rn - t

that the n- n -pp rc-xlrna ti on t ends to underest i n - n - ’ -- the frictional

horse s c-er - n- n-n- l ower  spe- s  ~, n - .
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the v I c i n i t y  of 8—1 0 and ach ieve  bes t  s p e c i f i c  fue l c o nsu m p t i o n s

of approximately O .n-~9, which is consistent with the results

shown in Fic - . C—l7 .

7. P a r t - Loa d Per f o r m a n c e

The u n - c - r i  -n -us n - l i  s cuss  in - n - n - n  -ha n-n-s Un - n - n - n - n - n -  las’s-ely c -:n-n-sfinei n - n - n -  full—

loa d cs -n - r n - n - l i t  i n - a n - c -. Ins  c o n a n - c - n - s t  h o n - n - - i l  On -  t o  e s n - n -”i n-n -c-n-c- , n - n - n -  i u c  i n n - n -’- p - - c - n - - n - -

s- tn-t pu t  a t  a c s - n - n - n - st n - s n - t  n - n - n - - - :e~I i s -  n - n - s c o n - s i p l l n -sl se-i  b a s i s - s i l l y  by rein -n --n- m c -
t he  inlet pn - ’n-n-ssure to n- i n - n -- e s n - -’ i n - n - c — — a  n - n - s n -- ’-ce ss c- - n - n - n - n - sn - n -n - f l y  c a l l ed

t h r o t t l m n - s - n - .  T i s i - o n -  t i c - n - n -’- i n - s  n - s e - s e c - - s a n - - a -  n- n - i n - n - - s -n-,- , a s- n - s - n - n -i n-n- a s - n - In - n - n - I n-n- n - -n - n - a t e

c- s - n ’n - h u n - n - t i o n, i _ h e  c - a n - i n n - n - i c - n - i n --c-  ~~~ h o o n ’ a - n - m n - - n n - n - r ’- -- n - - n-n- n-s- i_ n - n - S . n - n - s - c  c a n n o t

be re - i n - n - c - e n - I  b c - l i- c -  0 . 8  on’  so , ~In - n- i i n - n - a n - c e  - in - n : ;  n~n - n - n~i_ n- sn - - n - ’  n e - i n - n - - s n -  n- s n - n -  i n - a

n- s - n --n - n - n -i’ o s - n - a n - - n - s n -  - i t  c o n - n - s - i _ - n - n - n - n  s n - n - n - n - n - e -.i n - n - n - ,’’ i n - c  ac- s  - n - n - - l i :  n - s e - i  in - - a’ s- n-n- n - n - n - c - i  n - n - ”

t h e a m - ’  n - i n - n- n-n -n - s ’ n - n - t - e

n - n - n -n - -  ~~~
n - n - ’ ’ ’ n - ’ ” - - rn - ’ c -  S n- - n- ‘ n - n - n - n - ’  t — ’ i n - n - ’-~ ’ t I n - n -  - n - n - - e r ’ s - t n- - n - n -  c a n s  be - s c - a n -, n - m n - s e _ i

n ’s-am t h e  u - n - s - n - — n  n - t n - ’ n- ’ ’ l e  c- s - c - ic - I’ . Fm n - .  ‘ — H .  n- n - - - ‘ nn-e s ’” i l  e l ’ S— i c i e n - a n -’y

a n - n - _ i  t h e  rn - _ c - a n - n -  n -c -’fe n - s t h a ’ n- n - a - - n - a n - u n - n - n -  n- sn - c- n- , n - it n - n - n - n - n - -’ ’ n - n - n - ’ s -’ a - I n -_ n - n - n - ’ e

( n -
L~in- _

_
i) (r :1)(~n- — i )

= n-n - — - ‘

~~~~ n- ‘ I 
/ n - I T

_
”c-
” -

s i n - i  i

r n - n -  1 n- / n - n -I r ‘ n-n- ’ n - n - i l i  I - i

B - s n - i n -  o S ~ n - hes s - n - c - i n - n - _ sn- I on-i n - s n c - n - n - n - s - n - a ’  t a  ‘n - i c- n ’ n - n - l l — t h r -n - s t t l n -n- n-n-’ n- n - nn - I i —  h -an - s

c- n-s c -_ i  p 1 
c- n - ,  = 1 n-

_
n - n - n - n 

~ n - n -  
= . The f i n - - s n -  b n - a n --’~n - n - n - t a n -n - 1 i _ e n’’ - . i n - i  n - n - t n -’

n - I n - - a v e  c - - n - u - n t  I o n  Ic - ‘ i n - c -  n - n - l i — n - I n n - ’  -an - i _ c -  n - sn - n - - p n - n - n - n - l i  I n - - I c - n -n- by n - h e  s n - n - n - n- i n -

OS ’ en-a n - I  v s n - l e n c e  r n - ’ h - s n - n - s  s-p ‘- t n - . in- an- l a ’ f i n - n -  I n - -n - n - n -  i _ n - n - c -  rat io of  n- n - r -~~—

i _ - i n - s - - n - n - a le load to  5 n - l l - a i t n - ’  S . t le  I- - n- I

i~) = n - 5n - n -n - p / n - t n - n - i ’
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the equation for i- n-s r’t—throttle pressure ratio In- i/P a b ecomes

n- c- 
— 

q + n-n- a/mep

0a ~ n - n -~~~ 
+ tam-’meP

and the  p n - i s ’ t — t - n - n - s ’- ‘. t i e  t i n - e n - n - n - n - n - n - i  e f f i c i e n c y  is

= ‘~ [~ - ~~~~~~~~~T~~
’ n-) 

~~~~

.

Tn - n - c n-n- U n-s n-s- c- e n s - n - n - n - t i c - n  n - c - sn- - a c - s a is n - n - -  as i _ i n - .n- load o n ’ an O n - n - t o  en - - i n - n - c -  Is
iec rea sn- s~~, tn - t a ’  t i n - e r - n - n - s n - i  c - O f  i- s I e n - n - - n - v  a l so  Ic-creases an—n-i tn - n - c

spec I f i n - ’ n-n- n - n - n -n - I  sn - s n - n - s n - n - n - sn -n - ’ i n - n - n - n -  ( 1  n- n- 0) 
I n - n - c s -n-c a s e s .  For ex- n- n - n - - l e , for

an i n - c - a l  n - s - n c - i c  w i t h  r = 10 , n- . = 0.25, - sn - r n - -I ~~~~~~~~~~~ 
= 1, one o b t a i n s

s fc / s n -’c = 1. 1 23 .  
-

FIGURE C-18. Part-throttle operation.

n - - n - n - n - n-s-s S ’f i - s  i _ tn - r n - n - n -y  d e c - r n -- n - - e n - n - a  n - n - n - n --- - o t n - t n - ’  n - t n -  Inn - c” c -an - s be w r I t t e n

in  te r n -n -s o S ’ n - n - - n - c - en- r a t her  n - h a n s  n - - n - n -n -n- by  n a in ~” t h at.
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wor- n-n- n-,h I c - c - m n - n - t - n - . s  — ~a s-
~ n- ’h  
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h e a t  ai D-n - ,i 
—

n - -n - n- n - i n - h , n- ’o n -’ n - n -  n - n - n o n - n - n - p h e r i  — n-n-n- r nn -b ien ” - - - n - n - n - l i t  i c - r n -s s-n-n-i a a s - n -  n - n - a l  h y - ,i - ’-~ —

s- s - n - i - U n -n - n - n -  nc-c- I , ~s n - n - n - n -  be c - n ’  i t t t - n n -  as

:n - n - n - n- . = c . o~~(
-L~ — 

I 
- 

• ( - ‘ -31)
- V P

c - i n - n - c - s -n- t n - n-a’ ‘ - - n- n - e ”  - s - -U n - I a ” n--’ t n - s - -n- n-~ I c - n - n - - n -I t o

c-c- n - a, ’-

t i n - c - n - a

(~~.)(~~~~)(~ L-
)(~I )ç ) .

‘c - n- n - n - n - n - -c -  ‘n - n -n - -,n- n - n - n - n - - s c - n -’ l :  c -“n - an - s-c - n- - n- n-n - .- .’ “n -xl s’i -,s-- n - — n n-n-’ -- n-

n-n - - c - c -n  n - n - o n l l a ’- ’ o n - n - n -n- , n - ’c - :pe c t l iv n-n- n - y .

‘n-n- n- n - c -  
- U s ’  n- ’ t I m - n-n-” i n - n - n - c - c - s -  s- rn - - i  on - n - I -n - c’ -  I, c-SeS c - o ’n - n - - i r n - e  -

- - n - .r c -  - n -  a

n - n - e :’f ~ n - n - n - s n - ’  n - - n - n - -  a:’ - he nli nn-a n - n - l s ’n -n - n -- n - n - F l - a  c - _ i _ - c -. T n - -n - -  n- n- n-’ ’

s - n - I n - n m — n - n - n - a  s n - n - - - 1. c - - a s : n - s n - s ”, n- a ’ s - r i  n- n - n - n - n - n - n -r’ n-a’n- ’ ”n -s- ” e n- 
~~ l i-as- i  an - ’n - i ’ ’ n - n - ’

I n - n -  - I s ’ s- s ’ n- ’ sse - .l a:’n-n-” e l y : y n - n - b n - n - J s - n - n -n-’ -s-- n - n - - n -n- n - - ; c - c - - n -  i - n - - c - n - e s - c - e n - i  “ ‘- i ’ -
~ 

- -n

l asses ’s  ‘F’s , C — 3 D )  - n - n - n - i  i - n - - n - - n - - a ,n - e  I n - c - a’ ‘ n - - n - n - n-c- n-
n- n - n - n -  -‘an-s--n-c- n-n- I, -

as- sn - -n -c - i I :  n e - i n - n - t an- a ’  c - n -n - n - n - s - n -t n - i n - i ’-. los-a . As  i y n- .i 
n-

n-n- r- n-’ - i n -- ’ n -

n-,’s - n n -’i _ -  n- n - n - n -  n - n - n - -n - n - - n- , U n - t n - s  “ i n - c  ‘ h s ’ - s - a , t ’ - - a I - n - n - c - c - n - n -  n -n - s i “ n - ’~ - ‘

i n , c - n - ’e an-’- -n - n - , n - n - s - in - n- I ’ ~ real .  n - c  -n- c -n - s e :  n- n - s. ,I — 1, n-~~ Ia ’cs’ c -’ a c -  - - -
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c- on -n - s n s s n - n- ’,,I,, n - n - of’ s- n - n - I n - n - a c  c - sa c - I -n- - - n- s- a n- ’ ’ . ” ’ n-~ -
-
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FIGURE C-19 . Representative performance map of an Otto engine
(from Ref . C-?).
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speed is selected. From Fig. C—18 , this corresponds to a point
where the torque (which Is proportional to bmep) being developed

is about 25% of the maximum torque that can be developed at the

same speed , and thus provides a reasonable acceleration capa-

bility. The previous relationships can be used to estimate the

various losses at this operating condition , with the result

shown in Fig. C_20* (it has been assumed that the equivalence

ratio is 0.8). It is to be emphasized , of course , that the

previous relationships are not intended to portray with great

fidelity the dependence of the losses on all of the relevant

design variables (for example , there is an obvious dependence

of the combustion—time loss on equivalence ratio , through the

dependence of flame speed on the latter); rather , the intent is

to indicate what is currently achievable In Otto engines and the

relative mae~nitudes of the various loss mechanisms . In the

latter context , Fig. C— 20 is somewhat misleading, since the

relative impacts on specific fue l consumption depend upon the

order in which they are shown ; a more appropriate portrayal is

shown in Fig. C—2L It is evident that frictional and real gas

losses have the dominant effect , and that throttling losses are

relatively modest. -

8. T m~p~1i ca t ions of Actual Performance With Respect to Further
Improvements in Otto Eng i nes

It is apparent from Fig. C—20 that increases in internal

power transfer (or compression ratio in the ideal cycle) would

Improve the actual performance of Otto engines , as well as the

Ideal perfo rmance. The losses , however , represent a large

target for further improvement ; typical current Otto engines at

compression ratios in the range of 8—10 operate with an ideal

specific consumption of about 0.235 (58% thermal efficiency) and

an actual specific fuel consumption of about 0.7 (20% thermal

efficiency). Clearly, from Fir . C— 2l , losses associated with

real gas effects and friction are the largest impediments to

further improvement. Although It is conceivable that such

‘Any errors in Fig. C—20 are attributable to one of the princi pal
authors (DMD).
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FIGURE C-20. Impac t of losses on representative part-power
performanc e of Otto engines.

I 
_ _

.;. - -T .

_i:i ii - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _



~~~~~---~~ - -- -— -- — -~~ -. - -.--.-- - .-. ---

FRICTION LOSS ES~~~~~~~~~~~

REAL GAS LOS S ES~~~~~~~~~

10.6 
\\\\

COMBUSTION ,
HEAT TRANSFER ,

BLOWDOW N LOSSES

0.2

COMPRESSION RATIO
4 6 8 10 15 20

o I I I I
0.2 0.3

IDEAL INTERNAL POWER TRANSFER/IDEAL POWER OUTPUT

FIGURE C-21. Relative magnitudes of losses at represen tative
part -power condition of an Otto engine.
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improvements might be possible , as will  be discussed subsequent ly,
-U

it Is appropriat e f i r s t  to examine the relat ionship between per-
formance , on the one hand , and we ight and size , on the o ther .

C. WEIGHT , SIZE , AND PERFORMANCE RELATIONSHIPS

1. Genera l Scaling Considerations

It is convenient to distinguish between two types of

scaling: the scaling associated with increases in power level
and the scaling associated with changes in design choice (e.g.,
compression ra t io )  at a constant power level. The la t te r
scaling in fact defines the wei ght , size, and performance
relationship available through design choice , a subject which

will be dealt with in the following sections. The former scaling

is inherent in the engine and , for any given state of technology

and set of design choices , depends only upon power level.

For power scaling—— fixed technology and design choices-. —
the power output of an Otto eng ine is proportional to the dis-

placement of the engine and the rotational speed:

Po~~~
VDN

To maintain the same relative velocities of both mechanical

parts and gas flows , it is necessary to maintain the same piston
speed , which is the product of the rotative speed and the

characteristic cylinder dimension; thus ,

N 1/3

D

where Ncyi is the number of cylinders. These two proportionali-.

ties imply that

C_117
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v 1/2 v ~l/2D I_~ \ I_D \
P~~~~~~~~~) ~~kN cy 11

that is , the displacement required per unit power increases as

the square root of the power per cylinder or the cylinder dis-

placement. Since the weight of an engine can be expected to be

proportional to displacement

W
~~~

VD

then the specific weight scales as

~
, ~1/2 / , .  ~l/2w I

_ _

P ~N )
0 cyl cyl

Thus , f o r  a constan t number of cylinders , specific weight scales
as the square root of power; f o r  a constant cylinder size ,
specific weight is independent of power level.

2. Current State of the Art

A survey of current spark—ignition engines was made by

contacting the major U.S. manufacturers of automotive , industrial ,
aircraft , reciprocating, and rotary engines. Data on approxi-

mately 80 different models were obtained. The data for 56 of

these models are summarized in Annex Cl. Piston displacements

per cylinder were in the ran~e of 15—90 in~~, ~40— 50 in~ being
most common ; piston speeds were in the ranp~e of 1500—2800 fpm .
The values in Table C— 2 represent general trend s of the data.

Brake specific fuel consumption (BSFC ) data at maximum power out-
put were not obtained for all models. No appreciable data for
quarter-load operation were obtained.

The average values for specific wei~ ht and specific volume
are presented in Table C—2 for the various types of engines.

c—~8
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I
I TABLE C-2. REPRESENTATIVE STATE OF THE ART OF OTTO ENGINES

I TREND IN HORSEPOWER OF GASO L INE ENGI NES OFFERED
(HP Rat ings Shown in Percentages of Gasoline Engines Avai lable Each Year)

I Number Horsepower Ratings
of ~O~[Eng ine Under 51-100 101-150 151-200 201-300 301-400 401-500 500 Total

Year Models % 
_____ ______ ______ ______ ______ ______ 

% Percent

I 1963 378 17.46 24.86 21.17 16.40 15.61 1.58 1.59 1.33 100.00
1964 389 16.96 26.48 19.28 17.22 15.43 1.28 1.29 2.06 100.00
1965 352 14 .48 21.31 19.89 17.89 17.05 3.13 2.27 3.98 100.00
1966 308 13.20 20.50 21.63 23.60 16.29 1.97 .84 1.97 100.00

I 1967 329 11.85 21.88 22.50 20.97 16.72 2.43 .61 3.04 100.00
1968 301 12.62 24 .59 18.96 21.93 15.94 1.99 .66 3.32 100.00
1969 285 14.74 23.16 18.25 20.35 15.09 3.86 1.75 2.80 100.00
1970 248 13.71 23.39 17.34 23.79 19.35 2.42 -- —- 100.00
1971 277 15.53 22.74 17.33 23.46 18.41 2.53 - -  -- 100.00

1 1972 305 12.46 21.64 18.36 25.57 19.02 2.62 --  0.33 100.00

TREND IN DISPLACEMENT OF GASOLINE ENGI NES OFFERED
(Displ acement Groupings Shown in Percentages of Gasol ine Eng i nes Available Each Year)

Numbe r Total Disp lace ment , i n . 3

of T~~T Over
Eng ine Less 151-200 201-300 301-400 401-500 501-800 801-1000 1000 Total

Year Models S 5 5 5 5 
______ 

5 5 Percent

1963 378 16.13 9.26 27.25 20.90 10.85 7.40 1.59 6.62 100.00
1964 389 15.93 10.29 28.27 18.77 10.80 7.19 1.80 6.95 100.00
1965 352 13.35 9.94 24.72 19.88 12.79 9.11 1.99 12.22 100.00
1966 308 10.95 9.55 26.69 24.43 14.89 6.46 1.97 5.06 100.00
1967 329 10.33 9.12 27.05 23.71 14.28 6.99 2.13 6.39 100.00
1968 301 10.95 9.97 26.25 24.26 12.96 6.61 2.33 6.64 100.00
1969 ‘85 12.63 11.23 20.35 26.32 13.68 6.67 2.81 6.31 100.00

- .  1970 248 13.31 11.29 18.15 31.85 16.53 7.66 .81 .40 100.00
1971 277 14.81 10.47 22.74 31.05 15.52 5.41 --  -- 100 .00
1972 305 11.15 10.82 21.97 33.44 17.38 5.24 — —  — -  100.00

Recip rocating
Fu el Turbo

Paramete r Units Auto A i r c r a f t  ~~~~ t ion SC Rotary * 2-Stroke
-- 

BSFC lb/hp-hr 0.55 0.5 0.5 0.7 0.6 0.9
- . P/VD hp /in? 0.5 0.5 0.55 0.6 2.2 0.9

BME P psi 100 140 160 180 140 100

W/VD lb /in? 2.0 ~.8 0.88 0.96 3.1 0.72
- W/P lb/hp 4.0 1.6 1.6 1.6 1.4 0.8

- 
vol /P in?/hp 200 150 100 120 50 100

*The disp lacement of the rotary engine is that of one element of a three-element rotor.
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It is interesting to note that aircraft , fuel—Injected , and turbo—
supercharged engines all appear to have the same specific weight——
1.6 lb/hp . This indicates that the increase in power is the same
as the weight of the equipment required to produce the power

improvement. The specific weight for automotive engines ,

~f/P = 11.0 lb/hr , is about twice the value for aircraft . The
lower value for aircraft engines is a function of design for T
light weight , the large use of lightweight metals , and the
absence of a water—cooling system . These differences in specific
weights are , as expected , reflected in the differences in weight
per unit displacement .

The two—stroke engine and the rotary engine have the lowest
specific weight and the lowest specific volume , respectively.
It should be pointed out that the data for these types of engines
is rather limited. In particular , the data for two—stroke en-
gines is limited to small cylinder sizes (25 in~ ) and thus
lower specific weights and higher specific fuel consumptions than

would prevail at larger cylinder sizes. Nevertheless , the speci-
fic weight and specific volume of these two types of engines will
always be less than those for four—stroke reciprocatinI~ engines
because of the greater number of power strokes per revolution.
The rotary will have th~ lowest specific volume because it is
the most compact design . It is also evident that higher specific
fuel consumption is associated with lower specific weight and
volume .

Ideally, it would be desirable to associate component
weights and sizes with the functions (compression , expansion ,
heat addition) that they perform and the efficiency with which
the functions are performed. To this end , weight breakdowns of
some automotive engines were obtained. Table C— 3 contains the -.
component weights of the Ford Model 35lGP , a V— 8 spark—ignition
engine with a power rating of’ 180 hp and a piston displacement
of 351 in~ Table C— 4 contains average percentage weight break— ‘

downs for engines of three major U.S. manufacturers . Table C—5
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TABLE C-3 . WEIGHT BREAKDOWN FOR FORD MODEL 351GP

Weight

I 
Group Lli~i.

Block 175 29 .1

Cylinder heads (2) 114 19.0

I Rotating Mass 132 22.0

Crankshaft 83

I Pistons (8) 16
Connecting rod (8) 12
Valve l ifter & push rods (16) 6
Camshaft 10
Timin g chain & sprockets 5

Induction system 91 15.1

Carburetor 8
Intake manifold 45
Exhaust manifold (2) 38

Accessories 61 10.1

Oil pump 5
Fuel pum p 2
Water pu mp 15
Starter & solenoid 20
Alternator & vol tage r e g u l a t o r  12
I gnition sys. (coil , di str ib. & plugs) 7

Miscellaneous 28 4.7

Oil p an 7
Valve covers (2) 6
Miscellaneous 15 

_____

- 

TOTAL 601 100 .0

- - TABLE C-4 . PARTIAL WEIGHT BREAKDOWN OF SELECTED U.S.
AUTOMOTIVE ENGINES , AVERAGE VALUES

Percentage of Total Wei ght
• Wei ght Group ~TT Engines Model 351GP

Block 33.4 36.3
Cylinder head 29.1 23.7
Rotating m a ss 25.7 27.4

—• Accessor ies 11.8 12.7

Total for 4 Groups 100 100

j
I
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TABLE C-5 . PARTIAL WEIGHT BREAKDOWN OF U.S.
AUTOMOBILE ENG INES

No.
of Weight Chrysler Ford G .M.
Cyl . Group (ib) (U (ib) ( %)  (ib) j~J

4 Engine 279 100 276 100

Ro ta t i ng  mass 66 24 73 26

Block 89 32 67 2 4 —-

Cyl . head 80 29 90 33

6- 250 Engine 444 100 420 392

R o t a t i n g  mass  122 2 7 129 31 122 31

B lock 188 4 2 111 26 93 24

Cyl . head 85 19 135 32 12 5 3 2

8-35 0 Eng ine 484 100 506 100 484 100

Rotating mass 134 28 134 26 111 23

B lock 149 31 171 34 16 4 34

Cyl. head 152 31 135 27 153 32

- 

I 8- 400 Engine 561 100 513 100 558 100

Rota t ing  mass 134 24 136 27 121 22

B lock  2 2 6 40 174 3 4 179 3 2

Cy l. head 150 27 147 29 200 36

8-450 Engi ne 571 100 540 100 550 100

R o t a t i n g  mas s 134 23 136 25 12 6 2 3 1
B lock 22 6 40 204 38 204 37 1
Cy l . head 158 28 140 26 160 29

1
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contains data for individual manufacturers for 14 ..
, 6— , and

three sizes of 8—cylinder engines. In all cases , the weight of

radiator , coolant , and oil is not included; other data indicate

that the weight of the radiator is 0.2 lb per cubic inch of

piston displacement .

3. Component L o s s - W e i g h t  R e l a t i o n s h i p s *

As ment ioned p r e v i o u s l y ,  it would in p r inc ip le  be desirable
to associa te  f u n c t i o n s  and losses with spec i f i c  engine components ,
in order to assess potential l imi t s  somewhat more accura te ly .
Unfortunately, the na tu re  of an Ot to  engine does not lend i t se l f
to a convenient  breakdown of th is  sort . It is clear , however ,
that  a major  element of both weight  and loss in an Ot to  engine
is assoc ia ted  w i t h  the compress ion and expans ion  processes , and
wi th  some e f f o r t , a desc r i p t i v e  loss—weigh t  r e l a t i o n s h i p  can be
ob ta ined which  r e l a t es  to these  p rocesses .

It is assume d here tha t  the  losses assoc ia ted  w i t h  the
co mpress ion  and expansion processes  are those p r ev i o u s l y  denoted
as f r i c t i o n a l  losses , and t h a t  some w e i T h t  per un i t  d i sp lacement
can be separa te ly  assoc ia ted  w i t h  the compress ion and expans ion
processes. Thus , for a f o u r — s t roke  en~ ine , the power loss as-

sociated with co m pressL n ~~ d exp r~r h ~~ is

- 

NV ü ( \  ( V 
\
l/3

loss , ox  v j  
~~ “~~v1I 

( C -33)

and the we igh t  is

= W , ( C — 3 1 4 )

where is the  w e i T h~. pe r ~ri~~t ~flsp1 .~~ t a s soc i a t ed  w i t h
compress ion  ~nd e x p a n s i o n  o n l y .  The ~~~~~~~~~~~~ power transfer

between expans ion  and compre s~; i n  I s

*M i s int erpre t a tj ~ n5 ~r err~ r: i n t h is  i~ scu ~ s~~~ are a t t r I b u t a b l e
to one of ~•he p r i n c ip a l  a u t h o r s  ( D M D ) .
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P = rhc T ( r~~~ — 1) , (0-35)cx v 1

where rn is the mass f l o w  ra te , w h i c h  is in  tu rn  r e l a t ed  to dis—

rlac~-::icut by

IN •m = Piev 2

Equations C— 33 through 0—3 6 can be c arab i ned t o  give r e l a t i o n -
ships f or  speed and s p e c i f i c  wei~~ht  as  a f u n c t i o n  of loss :

- 

a~~~
2 

( y l\~~~
2 

[P iev cv~~i
(r

~ 
1 - 1)]~ (P 1

~~~~~~~~~~ /~
- 

~ Ycx ‘ (rmep/V )~~
’2 \ ~ cx I

,~~. 3/2 1/2
— 

8 ( t r - ~~
- i 
~~~ cx 

_____________________

~cx 
- 

~cx [P e c T ( r ~
_l 

1)]
c 

~~~~~ 
~~ loss~~cx cx ~~~~~ ( 0 3 ~~)

Thk i r i o the  da t a  in ?able  0 — 3  as r ’epr e s e nt a t  i~~e , the  wei~~ht  per
u n i t  d i 3 p la c em en t .  o1 those  ~t em s  more d i r e c t l y  assoc~~at e d  w i t h

~he o m a p r e s s i - o n — c -x p a n s i o n  p roces se s  ( i . e . , b l o c k , c y l in d e r
h e a d s , r o a a t l n o  a t s s , ioa iu c t  ion sy s t e m )  is a p a r o x i m a t e l y
1.5 l b / in .  °h-; i o-c~~l y ,  not  a l l  of t h i s  wei~~ht  can be at t n ih u t e d
to the c o n n re s s~~on an d e x p a n si o n  p r o c e s s e s  a l o n e — — t h e  inc reased
st r e n~- ’ h  r~~pcirei  by  peak c o m b u s t i o n  p r e s s u r e s  are more a t —
t r l b c t ab l e  t o  heat  a d d i t i o n .  I f’  i t  is assumed t h a t  50% of t he
we i tht  is a s s o c i a t e d  w i t h  p r e s su re  l o a d i n g ,  and f u r t h e r  t h a t
the  c o m p r e s s ion  p r e s su re  is  o n e — t h i r d  t he  peak p r e s s u r e  ( w h i c h
are t y : cal  v a l u e s ) ,  t h e n  the  we~~-ht  per u n i t  d i s p l a c e m e n t  as—
s o c i a t e d  w i t h  c o m p r e s s ion  and e x p a n s i o n  i s  a p p r o x i m a t e l y
I lb / in ~ Ys~~n~ t h i s  va lue  for  w , an d  the  fo l l o w i n ~ o the r- cx
r ’et r e se nt a t i ve v a l u e s :

C— 511
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= 0.076 lb/ft3

e = 0.9v

C
v 

= 0.171 Btu/lbm— °R

T1 
= 520°R

r = 10

y = 1.11

fmep = ~0 psi

= 3000 f p n

~ ox~~~~yi  = 12.5  h p ,

t he  l o s s —w e i g h t  r e l a t l o n sh ~~p defined by f - q s .  C— 3 7  and 0 — 3 8  can

b e P o r t r a ye d  ~r a p hi c a i ly ,  as shown in  P lo . 0 — 2 2 .  The t r a d e o f f

b e t w e e n  s p e c i f i c  w e i o h t  an i  loss is  a pp a r e n t .  C o n s i d e r i n g  the
ma t n i m - ~o o f ’  t h e  wei~~h~ and loss  a s s o c i a t e d  w i t h  Ofli~~ the co rn —

r e s s i on  an d  e x s a n s t  ~n a r oc e s s e s  in O t t o  e ng in ec  , the r e l a t i o n —
ser- :es as a u s e f u l  h e n o h r n a r k  for  c o m p a r i s o n  of fu t u r e

p r o n -osed i n n: -;eaen~ s in  t h o s e  p r o c e s s e s .

4. Overall Engine Weight and Size Scaling

A i t h o u ~~h tt is not practical t :  a s s o: i  a te  a l l  speci  f i c

components w ith st eci fi c functi :ns in Otto en~t ines , i t  Jr pos-

sible to determine some overall sca1in~ relationships wh ich

indicate the dependence of engine s ir e , weight , and s p e c if i c
fuel con sumption on more basic properties of en— ines. In

pa r t  i o u  din , the dependence of en o i  ne we i  oht and sire , at
c o n s t a n t  power le ve l , on t hr e e  v a r i a b l e s  w i l l  be examined here :

1. Oí mpression ratio

2. I n l e t  i en s i t y  changes  by mean s of t u r b o c h a r gin o

3.  ~1aterial  p r o p e r t i e s .

C— 55
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FIGURE C-22. Loss-specific weight relationship for compression-
expansion processes in four-stroke Otto engines.
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The compression ratio influences both the peak cylinder
pressure and the displacement required to produce a given power

level. Obviously, the weights of all components of an engine
are not affected equally. At least three different groups of

components can be identified : (1)  those components which are

unaffected by compression ratio at constant power output (e.g.,

the accessories and the cooling system); (2) those components

which are affected only t h rough  changes in displacement required

to produce a given power (e.g., the induction system); and

(3) those components which are affected by both changes in dis-

placement and peak cylinder pressure (e.g., pIstons , cylinder

heads , cylinder walls). The peak cylinder pressure varies
-f ideally as r1 and varies empirically as r~~

25 , due primarily to

real gas effects. If it is assumed that the we1~~h t per un it
displacement of those components which depend upon both dis-

placement and peak cylInder pressure v a r y  linearly with the

latter , and if it is noted that the displacement i’eduired per

unit power varies linearly with the specific fuel consumption ,

the specific weiohts of two engines ~it different compression

ratios c- in  be w r i t t e n  as :  j .

(W/P)2 / s f c  \ /r 2\~~
25/sfc~ \

(W/P)1 
I — Z

r
1 

— + Zd~~~
_
~~~) 

+ :~~~~__ ) ~~T.c
-
) , (C—39 )

where Z -in I • are the w e i t h t  frictions of the components

w h i c h  depend up a cylind er pressure an i displacem ent , respectively.

From the r revious weight data , 1~ is diffi cu lt to deduce the

appropriate weight fractions. From Table 0— 3, and with the
-- addition of 70 lb for the radiator , a rough estimate mi ght be

that the to w ~ :- gr ~~up consists of the accessories , radiator ,

.• mis cellaneous fittings , and one—third of the block (217 lb ,
1 — Zr 

— 
~~

- O .~~2); that the displacement group consists of the
1

i n d u c t i o n  sys tem and one—third of t he  b l o c k  ( l h d  ib , 
~d ~ 0.214)

1
and th -it the cy l i n d e r  pr a s su re  -r ~~up consists o f the  cylinder
he a ls , the  r~ t at a -  mass , and one— third of the block (305 lb

C-57
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~ 0.145). Obviously such estimates are rather crude , and
‘1

f or s i m p l i c i t y  here , Eq.  C — 39 is approximated  by consider ing
the  engine to cons i s t  of only two groups-—a power group and a
cy l inder  pressure  group :

( W / P ) 2 r 2 
1.25 sfc 2

(W/ P ) 1 
= 1 — Z + Z (_) (sfc i) 

. ( 0 — 1 4 0 )

On the bas i s  of the p rev ious ly  ci ted data in Table 0—3, an as-
sumption that Zr = 0.5 (when r = 9) seems reasonable .

1
For tur’oocharging, at constant power level and constant

overall compression ratio , similar consideration of an engine
consisting of a power group and a displacement group yields the
following scaling relationship :

_______ 

p1 sfc~
(W/P)

1 
= 1 — Z

~ 
+ Zd (_)(f) , (0—141)

where p1 and p are the inlet manifold densities and Zd is the2

fraction of engine weight which is proportional to displacement.

Aga In , an assumption of Zd 0.5 at r = 9 seems reasonable .

~ith respec t  to the influence of material properties , the

engine is considered to  be composed of two groups: (1) a high—

stress group whose weight is a funct ion of load and (2) a low—
stress grou~ whose weight is not a function of load . It is as-
sumed that the high-stress group is composed of the rotating

mass and one—third of the weight of the block and cylinder - -

he’ids. From the previous weight data , it is estimated that the
weigh t breakdown for these two group s in an all—steel automotive 

- -
eng ine ar e :

H~ o h — st r e z s  group
Low—stress rroup 60%.

This w e i g h t  b reakdown is for  a nominal  9 :1 compress ion r a t i o .
Increasi n~- the compression will shift the weight breakdown in
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the direction of the high—stress group . For different materials ,

the weight breakdown for the two groups will shift . The high—

stress group is dependent upon the strength—to—density ratio

S/p of the material , while the low—stress group is dependent

only upon the density. Usi ng these assumptions , one obtains

for a scaling equation for different materials at the same power

output

(W /P) — 0 
S~ p 

+ 0 6 ~ 14( W/ P)  S p p
S S

where S is the yield strength of the mate r i a l  and the  subscrIp t
s s tands  for  s t ee l .  Unl ike the ot he r s ca l ing  r e l a t i onsh ip s ,
Eq.  0— 142 does not involve  s p e c i f i c  fue l  c o n s u m p t i o n  change s ,
an d i t s  im p l i c a t i o n s  can be examined  d i r e c t l y .

The engi ne s p e c i f i c  weight s r e s u l tin g  f rom the use of
va r ious  mat e r I a l s  are p r e s e n t e d  in Table 0—6 , u s ing  an engine
s p e c i f i c  weight of ~4 . 0  ibm/hp as r e p r e s e n t a t i v e  of s teel  con-
s t r u c t i o n .  The nominal  y i e ld  s t r e n g t h s  for  steel  and a luminum
ar e 30 kpsi  and 15 kpsi , r e s p e c t i v e l y .  Aluminum has a S/p r a t io
tha t is 1.5 tha t  of s tee l .  - Steels  wi th  y ie ld  s t r eng ths  up to
90 k p s i  and aluminum with strengths of 30 kps i  are ava i lab le
w i t h  reasonable d u c t i l i t y .  Table C— 6 i nd i ca t e s  t h a t  w i th  h igh—
strength a l u m i n um  in the  h igh— st r e s s  group and l igh tweigh t  metal
such as magnesIum or ceramics in the low—stress orour specific
weight ratios of 1 lb/hp nay be possible for reciprocating

engines. It is interesting to note that for medium— strength

steel and aluminum one obtains a specific weIght of 1.6 , which

is the nominal value for aircraft engines. The weight break—

down for these materials is 50% high , 50% low. One aircraft

engine manufacturer has stated that it desic-ns its engines with
L15% steel and 55% aluminum .

0— 5 9
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TABLE C -6 .  EFFECT OF MA TERIALS UPON ENGINE S P E C I F I C  W E I G H T

H i g h - S t r e s s  G r o u p  L o w - S t r e s s  Grou p
Y i e l d  S t rength  Dens i ty  W

S p p
Material (kpsi) Material (lb/ft 3) (lb/hp)

Steel 30 Steel 490 4.0
Steel 60 Steel 490 3.2
Steel 90 Steel 490 2.93
Steel 60 Aluminum 165 1.61
Steel 90 Aluminum 165 1.34

4
Steel 90 Ceram i cs 109 1.07
Aluminum 30 Ceramics 109 1.07

The previous scaling relationships are all concerned with

engine specific weight . With respect to engine specific volume ,
it seems reasonable to assume that in all cases it is propor-

tional to engine displacement , recognizing that this is somewhat

of an overestimate of the sensitivity of engine specific volume

to displacement . For the cases considered here , an appropriate

scaling relationsh~p is then

(V /F)  s fc  p2 _ 2 1

~~“~~ l 
— soc 1 ~~~~~ 

‘ 
—

where p 1 and p 2 are the r espec t ive  inlet  man i fo ld  dens i t i e s .

5.  Eng ine  S p e c i f i c  Fuel Consump t i on  S c a l i n g

Empirical data suggests that the minimum specific fuel

consumption of Otto engines scales with compression ratio as

1
sfc 

— 

r 1 ”25

sfc 
= ( 0 - 1414 )

1 1 — 

1.25

C— 6o
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Inasmuch as the weight—size scaling relationships of the previous

section require specific fuel consumption scaling at maximum
power , rather than best sfc , and that the representative sfc is
at part power , it is convenient to develop relative sic scaling

relationships based on the previous development of ideal cycle
performance and the various loss contributions . Reasonable

approximations to these relationships yield the following sfc

scaling equations:

sfc2 n — 0.16 — °~
20
~~ id 1 

— 0.16)

sfc1 
= 

- 0.16 - O.20(n i d 2  - 0.16) (C-145)

for both best sfc and maximum power , and

sfc n — 0.16 — 0.20(~ — 0.16) — 0.114
____ — id ,l id ,l (C 1 4 6 )°fc 1 

— 

~id ,2 — 0.16 — °~
20

~~~id , 2 — 0.16)  — 0.114 
—

at 25% power , where is the ideal cycle efficiency (1 - 
1

-
~ 

y— 1r
The origin of the various terms is simply that , in all cases , the
first term is the ideal efficiency, the second term accounts

for real gas losses , and the third term accounts for internal

losses——heat transfer , combustion time , and exhaust blowdown ;
the fourth term , which appears in Eq. 0—146, accounts for friction

and throttling losses at part power.

With respect to turbocharging, similar scaling relat ionships
are :

sfc2 nid ,l
_0.1814_0.20(nid ,l

_ 0.1814) — 0.09l/(p 1/p0) 14 7 )sic 1 fid ,2 O S 1 4 O.2O
~~ id ,2

_0.1S14) — 0.091/(p2/p0) 
—

j  at max imum power ,

I
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sIc —0.l6—0.20(~ —0.16) — 0 . O 6 / ( p  /p  )2 — id ,l id ,l 1 ~ (C 148)sfc1 
— 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— 0.06,[(p2/p )

at minimum sic , and

sfc —0.16—0.20(p , — 0.1t ~) -2 — id ,l d ,l (C 14 9 )sfc 1 
- 

n id ,2
_0.lG_O.20(n id ,2

_0.16) - ~ . 17T/(p 1 /pj  
—

at 25% rower , where p0 is the densIty of a I r  at standard condi-
tions , and is the ideal efficiency of the turbocharged cycle.

The origin of the first three terms In all of these cases Is

identical to those in the compression ratio scaling relation-

ships , while the last term accounts for thr~ ttling and friction

losses. It should be noted that these relationshi ps imply that
the f r ic t ional loss contribution decreases with increasing
d e n s i t y ,  which is undoubtedly an overestimate of the sensi-
tivity; that the internal loss contribution In effect decreases
with increased turbocharging due to  the reduction in ideal ef-
ficiency, whIch may also be an overestimate of the sensitivity ;
and that the real—gas—loss contribution is In i e r e n d en t  of t u r b o —
ch arg ing ,  wh ich  is an overestimate of these losses. Obviously ,
the relationships are rather crude , but one hopes the:~- are of
sufficient accuracy for the present purposes.

6. Cur rent  S t a t e  of the Ar t  in S p e c i f i c  Fue l C o n s u m p t i o n -  
- F

We i g h t T r a d e o f f s

The previously developed scaling relationships , in conjunc-
tion with baseline state—of—the—art values , can be used to esti-
mate the range of specific fuel consumption— specific weight
values currently attainable in Otto engines as compression ratio
and degree of turbocharging are varied. The results of such
scaling are shown in Fig. 0—23, where the baseline values are :
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_ _I __ NONTURB OCHA R C ’ED I
TURBOC HAR GED t 1

— —____________________ _ _ _ _ _ _ _

3
NOMINAl. so-;n. I 4r - 7~DISPLA CE MENT PE R
CYL INDER

25~ - POWER , PRESENT STATE OF ____________

TH E AP T , AUT OMOTIVE
_ _ _ _  - - -~~~~~~~~ ,

~~~~~~~~~
SF ST SF( 

- PRESENT STATE OF

~ 3~~~~JHE A R T , AI RCRA FT 
-

BE ST SFC , PRES ENT STATE OF
TH E AR T , AUTOM OT IVE

0.3  —— 

S P E C I F I C  - E I C - -o , lb k p

FIGURE C -23 .  S p e c i f i c  fuel  c o n s u m p t i o n - - s pe c i f i c  we igh t
r e l a t i o n s h i p s  for f ou r - s t roke  Otto eng ines .
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Automot i ve

Specific weight 4.0 ibm/hp
Best sfc 0.5 lbm/hp - hr
Part-power sfc 0.7 ibm/hp-hr
Compression ratio 9.0

Air craft

S p e c i f i c  w e i g h t  1.6 ibm / hp
Best  s f c  0 . 5  l bm/ hp-hr
Compress ion  r a t i o  9 . 0 .

It can be observed that turbocharging, at constant overall

compression ratio , has little e f fec t  on the au tomot ive  relation—
ship for minimum sfc , indicating that the loss in eff iciency

due to turbocharging for the weight saved is essentially identi-
cal to that  obta ined  by decreasing the compression ratio. At

part power , turbocharging improves the sfc due to a reduction in

throttling required. The present state of the art is limited

to compression ratios of about 10, and hence the lower portions

of the curves in actuality represent improvements in the state

of the art .

D. PROSPECTS FOR IMPROVEMENTS IN OTTO ENGINES

1. Util i z a t i o n  of Exhaust Energy

As mentioned previously, at least three possibilities

exist for the utilization of the exhaust energy from the Otto

cycle : a regenerative cycle , in which a heat exchanger would

be used to transfer heat from the exhaust to preheat the fuel—

air mixture prior to combustion ; a turbocharger , where the ex—

haust would drive a turbine , the power output used in turn to

operate a compressor which would increase cylinder pressure

prior to combustion ; and a Lenoir cycle , in which the combus-

tion gases would be fully expanded to inlet pressure . In each

case , gains in cycle thermal efficiency are possible.

c— 6 14 
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The performance characteristics of an Otto regenerative air . 
-

standard cycle (i.e., using y = 1.14) are shown in Fig. C_211 .

Calculat ions were made for a stoichiometric air—fue l ratio , a
fuel heating value of 18,1400 Btu/lb , a cycle inlet temperature

of 520°R , and heat transfer from the exhaust to the working fluid

after the compression stroke . Several values of’ heat exchanger
effectiveness were used in the analysis. Two major difficulties

are inherent in the regenerative cycle. First , the time and

area available for  heat  t r a n s f e r to cylinder gases are very
small , and it is doubtful that  a suitable arrangement can ever
be found. Second , even if the heat transfer to the fluid could

be accomplished , th i s  grea te r  heat transfer prior to ignition

would greatly increase the likelihood of knock. For example ,
to provide the same temperature prior to combustion as the Otto

cycle without regenerator , at a compression ratio of 10 , it would
be necessary to reduce the compression ratio to a value below
2.0 with an effectiveness less than 0.2. From ~‘ig. 0—23, this

would yield a large loss of efficiency. It seems that the

regenerative Otto cycle is riot a promising avenue of approach.
100

HEA T-EXCH ANGE EFFECTIVENESS

80 TTiI~TI~
~~~~~~~~~~~

1~~~~~~~~~ 

_ _
__

2.0 4 .0 6.0 8 .0  10.0

COMPRESS ION RAT IO

FIGURE C-24 .  In fluence of heat -- exchange effectivene ss on regen-
4 erated Otto cycle (‘

~ 
= 1.4).
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As demonstrated earlier , the turbocharger provides some

benefits in part—power fuel consumption (at a given specific

weight and overall compression ratio), due to the reduction in

throttling and friction losses. These gains are presently

restricted by the necessity to decrease the cylinder compression

ratio--and ideal efficiency——as the degree of turbocharging is

increased. It seems plaa.;ible that this restriction could be

overcome by emplcyin~ a variable—compression—ratio piston , as in

diesels , which w~ ulJ. enable fuel turbocharg ing at reduced

cylinder compression ratio at maximum power , thus taking ad-

vantage of the smaller si:e offered , and which would also enable

operation at low turbocharging and high cylinder compression

ratios at part power , thus i n t r a v i n g  p a r t - p o w e i ’  p e r f o r m a n c e .

The Len:ir cyclo offers haproved ~-Jeal efficiency ~i t  lower
cora~ r-ess~ on rat~ os. }-iowcver , ahe  increased frictional losses

which seem Inherent in the cycle would appear to negote  t h i s
Potential lnrrovenent in specific fuel consumr t~on; simultaneously,

the increased size requIred to implement the cycle would be dis—
adv~ntageo-cs . The prospects for the benoir cycle are accordingly

judged to be slim indeed.

2. Stratified —Cha rge Engines

With a direct— injected , stratIfied—charge engIne , only air
is compressed in the comprossion stroke , the fuel being injected

dIrectly into the cylinder just before j g pj t j ~~~f l •  Unlike the
homogeneous—char -e engine , here fuel is used only as needed ,
thus n~ninizing real gas losses , and economy is near optimum

over a wide range of load . Typical curves of bsfc versus bmep

are shown in Fig. C—25. The engine can also be run unthrottled ,
thus minimizing losses due to fluid friction. Further , since
only air is compressed , the engine is not sensitive to knock.

- 
I Compression ratios of 10 to 12 can be used , thus improving the

ideal efficiency, wlth. the engine possessing multifuel capability.
To ensure burning of the non—homogeneous charge (that is ,
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I
~o contro l combustion time losses), engine speed must be re—

I stricted to about 3000 rpm , with air—fuel ratios less than

stoichiometric at full load . It would seem that the full poten—

I tial of this engine requires an extremely fast combustion rro-

cess at low loads , to take ti - .’antage of the reduced real gas

losses , and a carbureted mixture at maximum power to increase

I f u el utilizati on.

HOC ~~~~~~~~~~~~~~~~~~

090  - + . ‘ - ‘ -
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~_ 1~ PI~~ At  \ T \ H  ~~~~~~~~~~I 4 l ~~~
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:: : -

0 ~~ -: 80 I~9~
S S f  I p,H

F I G U R E  C—25 . Performance characteristics of
-- a stratified-charge engine.

( S o u r c e :  R e f .  C - 6 )

3. R o t a r y  E n g i nes

The rotary engine has the a Iv:intages of possessing fewer

parts an-i bela,- more compact and lighter t han the reci o’ocatinr

en~~ir ie . The engine is por ted , t h u s  removing the need for  t h e
va lve  train of the reciprocat-~ ru-- en~-ine . W i t h  i t s  ro ta ry  mot i on ,
many of the connecting ro t s  and mechan i sms  of the reciprocating

i o ~~~~e are no longer r e q u i r e d .  F u r t h e r , the r oto r  is geared to
rotate at one—third the crankshaft i- -~v r t u t h n s , so there is one
power stroke p~~r~ crankshaft revolution , as with a two—cycle

c-6 7
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eng~ne. The above c o n t r i b u t e s  to a lower s p e c i f i c  weight  than

S 
the conventional reciprocating engine . Since there  are fewer
moving parts , the friction horsepower of the rotary is less than

that of the reciprocating engine , and the rate of increase of

friction losses with engine speed is less (FIg. 0—26). The net

result of these effects is that the rotary engine produces a

much improved compress~~ n—expansion function , in the sense of

Fig. f—22.

5 0  ~~~

- 
—4-  N : - F  R fC F PR O C A I I NC -  I~~~l 80 PS 

-

L N S f  - SHN ‘~ A N N- 60 1 
-
,

~~~ I ’  2000 (51’ 4000 5000

FN~~:~~
( PIEN , p-

FIGURE C-2 6. Comparison of brake mean friction
pressure of reciprocating and
ro tary engines (from Ref. C-7) .

The rotary engIne leni s i t s e l f  to s t r a t i f ’ i e d — c h o r r - e opera-
tion , with the air moved la st the ios , i ector -an I spa rk plu s-- at

high velocities by the ro to r . s-’o a s i J s - ’ r able  t est n —  t r s s  be en done
on rotary en -in e s , both carburatcu and st r at i ~~ie 1 , t v  ~ j r ’t I s s~
Wright . Results with a 6O— in~ rotary Indi cate ~h -st the brake
horsepower carve does not  peak until about 7000 ~- :m , un i ~-:e the

curve for the rec I procat- no en-in e , w h i c h  p e a P s  0 -.3)0— 000 os-n .
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A comp or’tson of rotary and reciprocati ng enoines is shown in

~-‘tg . C—27. Operation at 2000 rpm for the stratified—charge

ro t a ry  is shown in Fig. C—28. it can be seen that the perform—

once of the rotary engine , as measured  by~ b s f c , at leas t
approaches that of the reciproc atin- e n - i nc  (although the nature
of the -eas-sc try dictates that heat transfer losses in a rotary
w i ll a l w a y s  be h igher t han  in a recip s’Ncating engine). Problems
hav e t een  expe r i enced  w i t h  the  r ot a r y  en s - -m e r e l a tI v e  to seals
a n t  seal wear between  ro tor -  and housing . Trs-~ roven- - nts have been

rna dN ’ over the years  w h i c h  have enab led  c u r r e nt  b s f c ’ s to be at-
t a i n e d .  O r e s a t i o n  of the r tar-v at speeds up to 10 ,000 rpm w i ll
depend upon further is-:pravemen t s I a seals

Ocal inc of data from a s- 0—in~ or 90—in~ single—rotor or two—

rotor eris - : m e  to a larger s-suit rotor and largei’—h u’cepower rotary

es-i - ne is di ff1 cult. Indicated ~~w e r  is t rosort anal to chamber

si:e , ns:- ,t er of rotors , on i s - - v  l.t inns per  a note. However ,

a be h .g a l aw e r  pr ’ - :) o s- t on of overa l l  outpu t s awer ,

s-- I — s i t  IV —s-c  at e  s’ cf’ I n c  cc c -rsi c n-ni eyed wi s-h large chamber

si ses  , w n e s - o -~c sm a l l er  s-es ( h - n - i s —  l o w e r  spec  fi c weicht ) are

os -h i s-- st le -c ti -i u l tir- -t o r’ :n- tss- -s

-~ - is-s- -ss ~tl~ ova i laLle caibuos - - ’ ed ro - as’ v engines can achieve
a cr ’ s - :‘ c ‘cci - h t of apr roxis-or ely 1.2 lb;’hp operat ino at speeds
of as-:- ro x I s-s-- itely 5000 rI-sn ; rich en -i nec possess a power per unit

v s-l~ me o s -a s roxima t~’ ’ly -‘40 i i I / : ’
~ 

3 . I f  seal problems and problems

o: is - s -- s- s- si ti:~~ orb ions of c- too and housinc cmi be overcome , ~t
w al se’s-s- s-as s ible to achieve sp e-i fic weights down to 0.6 or
0.-5 lb/hp f o -in aluminum erg c’ opes- -stino up to 10 ,000 rpm.

‘.1 th su table Ievelo~ s-. -n t effort , a stratif iei— chas’g e oat ary

en sic - ‘or  ing at these specs-Is should be able s - u  a ch i eve
b-s’ .- :- - sreoH~~c fue l  c o s s s u : - s c  I o n s  ~awrs to 0.5 I t / h o — i r .

4. Adiab a t i c _ E n g i nes

h perhans the eventuo prospect of’ us I s i c  h i g h— t e m p e r a t u r e
n n t ’r l a l c  s i - h  as (‘- f ’ 5 ” ’n 5 a 0’ t a essgi ties , I t  is r e a so n a b l e  to

I
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F I G U R E  C - 2 7 .  Part-load fuel consumption of rotar y and r c c i p r o —
cating engines (from Re f. C-8).
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FIGURE C- 28. Part-load fuel consumption , 2000
(from Ref. C-8) .
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2 .  T u r ’ b a c l s : i r n - ~ed operat ion at h i gh e r  power levels , w i th

vst r’uibl e compression ratio to permit maximum values at

part powe r’

3. Adiabatic operatIon.

- 1 . Use of  lightweight materials.

Base—I ass this t y p e  of  an e n c i r i t ’ , :1 t seems reasonable that

1. Comp ress ion ra t io s u p to 12 mI~~f it be possible .*
2. Or-erat ton it es-sal valence ratios -lawn to the vicinity

of  0. a r id  w i t h  s n i p  i~I - - a s s - b u s s -  i - u i  m l  s - l i t -  be poss ible.

3. I’he losses  p r e s e n t l y  a s s - o c i s s t t- -:i w i t  h h e a t  t r a n s  f~- r ’  , - s - -rn—

b a st i o n t ime , a nd e x h a u s t  b l - s-w dawri could p - s - s - s ~bly ic se—

dos-ed t ’i- s-m their pr’est’sis - level of 20% of t In fu’ I — a I r

cycle efficiency to i~~ of  ~~~~ f u e l — a i r  cyc  I- .’ e f f i - :  e s i C y .

2 -ui’ ::ble liglit -w eicht st at -s - s’ i - tls s-s l abs- be used.

I’s-c of tOte :-s ’evious -ly -ievelope--I los-s r e l at -  i ’ r i s l s i p s s  and scalirsa

La ws t h -s - : s  s - e s ’ s - i ’  s in es-s isnsst c- os s - tie sp e c  i f i c  fu e l  c o r s s u s s s ; - s - -  ton—
s - a c  i fic we i ght ctior’oc t er’is -t. ics to i ’  s - s - t i - ’ , w i t h  t h ’  r e s u l t s
s ln ’w :s  i s i  P l c . C_ 2 s - . ‘o n s i s - t e s~ w i t h  the c cmp s ’c ss i on  r a t i o  

S

I is-il tat ion of 12 , t h e  l o w e r  p - s t  s - I  o f  the — us’ve is nt ’t  e x i - e c  L t d
to be o s - s i b l e  st .  all. u- s t a 1 1 5 - s i t  a s-  s i t  w r s  in I-’ig . ~

‘—2~ is -
of coo s- s-se stiw i’s - s sables - I to t m ’ ’ s’ t - v is Ia-n :ssi - l rsiis - i n I t:so s’eI at ion.

The I sst e s-s-s’ -’ta ’ Ian here i - t h : i ’ It Is - ol ally Uris’eos -oriable to

ex s-eL’s - I - is - - per fos’s- :tsi- ’e o f a s - t ’ - - i ; ’ r - - - s s t  I n s -  -0-to ero s-ins’ so exceed

i s  s s -  s - h - w a .  ~h e s - her sn O t I , o  e r s i s - i s i - - c - i n i n  h e e d  O p p i t i c h  S l i t ’

u s - s i t s - t i~~w st  - l e t - s - s i - i s -  as - s i wi t ’ s  h r  I l i t ’ ~- r a b l - -sns -s a n u o c i  a t - c d w ith

i c - sn  0’?’rat  I a n , r - s~ - i i  C ~s~s i ost ion , ln t o a s t  t r ’ : i n s fe r  l o s s-e s , s i r s - i

it - —t , s - -,-ns-i,— h t. not - -s- i ì l s -  c-in b s-s i s - s u i t  u s a - o n - s l y  salved successfull’-
it Is ~ 0 be es-o h — s  5 1 s - e l I hat cssrr~’sit ly s i - - s  such s lmultaneosss

- ‘ 1 , - 5 s- are e v I s-I f — SI I. .

s- -i ’  re s~- - n i  I si - -s - is - si tIs - has U -en made here for t he rotary

- ‘rial ne , s - l a c e  ‘ a- losses -i s- ‘ - s - - s n - -what  - I l  f ’ fic u l t II) r i r a n t i fy .

It. set- rns s’cusnrissbl e ¶ 0  t ’ X p c ’ ’  - to- i5 ~~ - t ’ c i l i a  weight I I s-s i t- to be

sli oh’ ly less s - h — s n  501i of (-lia t of t h e  r - ’c l p r o c a t  ¶ i i ~~ Otto • bu s-- w i t h
s ss -:-s -a-s--:h ‘ is I —~ s - s - s s-s I I - ‘ f t  ‘ ‘ 1  c s - n s s rsp ¶ I s-n .

* 5 - - ts some re-e at ‘v l d e n- e  I h u t .  sp e r s s t  ion at- low equivalence
rat Ins m l 5 -ht s- e r - s - s i’ h I g h - s -  c s-mp s’r-s -slon rat~i os , si ithoagh proba-
bly nc -s s lr n ul’ s-neously with ~ht’ ot her Imp rovements indicated
1-s - i’s -
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— Z E n s - i n c  weight f ’ n’ :ss - n t I s - s i  s - h a t .  depends u p - - s i  di spl ace—
- ment

Z P n i g i n i e  w e igh t  fr ’a -ct  1 : - s i  t h a t  depends  up on 
~~~~~ 

I

p r es s u s a’

y Rati a of’ spec I l l -  heats of the wor k s i ’  f l u i d

• 
~~~ 1 ! 

Et ’ r i c  i o n s - v  loss i s-s t o  b i - w i u w n i  l o s sn - e s ;  ( s o t ’
- - C-3 l - -35)

Ef’:i cien an y las;s - t u e  t o  c - sn i P s - s t  i s - n t  r n ’  : - - s - s ; s ;  ( s ee  pp.
g — 2 l - - 2 7 )

E f ’ t I n c i t - n i c v  loss ;  -I s so to f’ n’ i r ti ans ì l effecn s (see is-p .
- C- ~U--38)

A ’l - - E fm ’S s- l o ri s - v as - -s Os - i - - ~o r’eal— ’san el ’ f ect s  ( - ‘- p ’ - - pp .
- c—18--20)

E t ’ t ’ic t ’ S n t c s lj los; s - I n s e  t - I h i ’ s ’  I li n k s - ( see  f - s - .

ilc: it— t -x s-n li an s e cI ’l ’e - c t iv --r i es - s ;

Ther ’mo- i s - - n ’ t r s : i - - e l M  - - l e n i  v , w - s b  - a s t s s - ’ s I  .~t s - ’ si t isis-u ’

Efi ’l c len - -v lot ; ’- — I s - a  - - s -  t i e _ i t  t r ’ s~ n t s - I - - r ’  ( sn - - ’ ‘pp -
- 31 )  

-

- , fl 5 1  T h e n ’ s - i -~1s- ’ ni t r n s i c  ‘ I ’ l l  c l - c s s  ‘:s- o f  - s i t  I i I s s i l  c y c l e

dn ’n in k a sic ) -- p ~s-~~’ i ’ s - n t  ‘i~ - -cd i ’ i - s s- ’ — v u  ly e  o I - - n i n s - c , I n
- 1 ~ - c r - e e s ;  bef - s - r ’ - ’ l ’s-’- in s- i - - u i  - c e n t e r ’ .

p V i s ;co : — l ’ y o f  s-’: -n-S - I st - s - f i ’sI -

I i a n s s lt y  o r ’ s--son ’;-: i n t s -  I S a  H

V i i - i i v : i l ’ n s a e  ra tIo , t~l c  a c t u a l  l ’ s- 1— - i t s -  r s l  So
s- I ly  S - I - - I  by th’- st - I s-h i s - s -t e l _ si c fa~- l— -u I r r a 1  I a .

~- Rat. 5 -- of’ ç- -i m- t— ls --~.l i -- s- — s t o  f-~al—lO~ - I

V i- lug I r i o  v - i l  s - -

I
-

f--s

4

l
ii

-
~~~ C—77

A 

- .  — - —

t’  
_ _  

F. 

- - _ ~~~ — 
‘

.
~~~~~~~~~~~~~~~~~~

, ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~



-
~

-•-- -
~

- ‘- --- -‘— — -----

R E F E R E N C E S , A P P E N D I X  C

- — l .  Jet Prop u l s i o n  babor-s -ìtory , “,s-lio u id - ‘c Have a New End neH’
JUL Is-P ~43 17, Val. 11, p. $— . 3.

C — ?. s - H P .  Tsi ’-,’lor an-i E . S .  T a y l o r , The I n t e r n a l  C o sr i hu s t i o n
Fn Cii ’se in Theory  and P r a c t i c e ,  T h e  Techno logy  Press and
J i s - f i r s  W i l e y  and C a n s , In c .  , New York , 1Q 10 -

C— 3 . N a t -  I - s - s s s i l  A c a d e m r s v o f ’  S c i e n ce s  , Re ;s- a~- t - of t h e  Cars -ni l t t e e  on
l-1os-~s - r -  V e h i c l e  Emissions , Lever s- ic e s -  107 1) , P .  .

C— 14 . J .  John , l ean Purn Engine  Concep t  s — — E r s - i sn s s - i o n s - s  and Ec ona~~
-,

SAP 7 5 0-~~ J , O c t o b e r  1975.

:—~~~. E . F  . ~s-5ers. , I nt e r n a l  C o m b u s t i o n  E s t - i r s - e s , I r s - t e x t  P u b l i s h e r s ,
N e w  ~ar a , 1073.

:‘—6. i-l i t - s -h e l l , Ai p ea stein , C abb , and F i s t , A C t r’si t ifi - s - ICh s - s - -ge
I- H i s - i l ’ s- el_ I - I i l i t a r ’ s - -_ E n s - s i n e , SAE 7200 5 1 , T ans -sary  197 1.

C — 7 .  A c ’ s - - s - s - I -  i s - s - s -  Cor -ps - ’ r’ s - i s - I s - n t, F e s s -e ar c h  P l an  fo r  A c h i e v i n i s -  R e d u c e s - I
As - i t - -s ’ s -- c t s-’c Ene roy C - s - n i sur’s t an • NM -’ /RA— 7 .IniflO P , -A c t  oh e r -
is-~’:s , p .  3— 105.

C . J on e s , A P r ’ s - o r e s - s - s  Re p o s - t  s-~~ c ’u r t i s - s - s — W r - i c t t t  ‘ is V:-s:s-’v
Jt:~ iYs- fi --1 ’is’~ e f-I rs- glut ’ Development , .-Hi- , 7TIiT~~~~Uct o ber

In a d - f  I 1. I - S , li- c f-si l s-wi n . - - c - -s-nnni n l- - s f ’ s - a n s i  shed esio lne  da ta  t h a t
a’ ts ;  s - s - se  l ’s - s - l I n .  - he I - r ’ o I - a u a t  Ha o5~ t h i s - ’  a s s - p e n - f I x :

• A m e s -H a n  I-In tc s-n -s Cons- -o r’s ’ I - sn , P-t - t r - -c it  , i-Ilchl~~ais-

• A--: ‘-:- —Lyc s - s - i n t o , i~1 ili s i s ni s- c - ar t , PennsylvanIa

• ° h ry s l e r  - ‘- - n ’ r -  -s-rat Ion , I si - l us t - s I a I Pro Iu- ’I s Dlv i  si an
I- I - ui ’’,’: s- 11 le , I- I l ch I - ‘a s .

• f- c ’ s - - I  L ot o r  Company , l u - I s i s  I -t i, E n s - c - t h e  Opera t  i i i t t s
D e I n - a i l , 1-l i c h i c s n i

• T n t e s - r , ’~’ l a n a i  H a r v e s t e r  - .‘ -s- a s s n s - s - ’ , Woo s-i f is - - id , I l l i n o i s
• T e l e d y n - n — I n - n I r , - - n S  al Ds - s - t  o s ’ s - , Mobile , A l - s i c - i r s - a

C — 7 8

Ii

TffT

~

T. 
s - s s~ , cn. s-I~ ..:,,r --

~‘
-- - ‘-- -~~~ 

s-~~,,_ s -~ 
--



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .‘- - -_--~~~~ _ - ~~~~~~

I

I

1~

(

A N N E X  C l

REPRESENTATIVE GASOLINE ENGINES

•1~

I.

- T

C—79

-~ i.~~~~~~~~~~~b*~~ 
‘
~~ ~~~, ~~ .4



~~~ -- —~~~ - ~~ -

I

I —— ‘

- 
-

- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

8 
‘

~~
-;;

‘—‘ 

~~~~~~~~ 

____  _____  ____  _____

I 

__

~~

_

~~i ~~~~~~~~~ 

-

~~
-;:

~~

‘i 
~~~~~~~~~ 

:: - _____  ____ — 

-i_ -s-u i ~
I

~~~~~~~~~ ::~ :~~~~~~~~~~~~~~~~~~~~~~~
_  _ _

I 
- 

~~~~~~~~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~ 

-s-
__ 

~~~

I 
~ _ _  _ _  _ _

~~~~ ;~-!-!‘! ~ ~ ~ :~‘::~I ~~~
‘EI 

~~~~~~~~~~ 

~~~~~~~~~~ 

‘

~ c~I~ ~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~HH~ _ _  _ _

~~~~~~~~ ~~~~~ ‘: :. A:sc -~ ____
:s s-

~~

s

~~~

_ _  

_ _ _  

_ _  

_ _  

_ _  _ _  _ _

‘~~0 ‘- ,, 
— ~~ -‘_ -‘~~~~~

°°~~~~~ ~~~ 92 s ’f’5~ s- s~~;~ ~~~~~~~~~~~~~~~
S 

t~ O 0 0 0 0  — — 
— 

— 
— — —

_________  ~ 1_~
_ 

~ i~~ I~ — -

I -I-Ri ( ‘ _ _ _

I~~CEDIr G PW~E BLA?E-NO? IILJ4ffD

I 
-  

- ‘ 
- -•- - 1

4 ’ —  ---~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ , _ _ ~~~~~~~~~L



_ _  - - - -_ _— - -~~-- ——---w—-~~ 
- ---- - - ~~~~~~ — --‘-— -‘-—-— ----- ‘ — 

- s - s -~~~~~~~~~
, t~~ Ag ss-s

(I’) - ‘~ - °H-”--- ~ 
0~~’ -- - - -t -—~ 

- ---- - - -— - - -—-- - _- ---_--, 2
(5, - -~~~ 

-
- -  

—

-

LU ‘ ~~~~~~~~ SZt ~ ~~~~~~~~~~~~~~~ ~~ i -~

I i i i
v) I - -

LU - — l~~~~ 
-

- - ‘ s -  — ‘ - t ” ’_”
— -~

- s s- : s--o- ’ -r s - -- a 1 ,- s - -’,~~
s ~~~

S LU ~
o_ - I 0 I _ _ -~~’

.- l  ~~_a-, ~ s - n
- ‘ ~-

_ -- f --4 
~~
“

L~~~ 
~ 
;:

I” 

~~~~~~: ~t ~

: 
~~~ ;: 

~

—82

-‘
• 

F.

- -  t5--~ :‘~~~—~ —



~ ~~~~~~~~~~ --‘ -- -- --~~~~- -

I

I
a.

AP P E N D I X  D

S I Z E  A N D  S P E C I F I C  F U EL R E L A T I O N S H I P S  FOR D I E S E L  EN G INES

P . C . T .  d e Boer

CONTENTS

A.  Ideal Engine Performance D— 3
1. The Ideal Cycles D— 3

a. The Ideal Diesel Cycle D— 3
b .  Other Ideal Cycles D— 14

2 .  Ideal Cycle Performance  D— 9
a. Ideal Gas , Standard Diesel Cycle D—10
b. Supercharged Diesel Cycle D—l1

- c. Turbocharged Diesel Cycle D—15
d. Compound Diesel Cycle D—18

3. Implications of Ideal—Cycle Results D—19
- 

B. Relationship of Actual Performance to Ideal D—22
Performance
1. Loss Mechanisms D—22

a. Real Gas Effects D—22
b . Friction and Flow Losses D—23
c. Internal Losses D—26

- - 
2. Impact of Losses on Performance D—27

C. Overall Engine Considerations D—29

- 
References D—35

- Annex Di——Increase of Specific Power Output by D—37
Supercharging

Glossary D—55

- D—l

. 1 
_ _ _  _ _  _ _ _ _ _

__ ___* — -- —-—— ‘ - -—-—- .__ ______-_ _ -_ S ~- -~~ —— —-5” — —

1~~~ 
-

~~~~~~~

--- - -- -
~~~~~~

- --•
~ 

-
~~~~~~~~~

---- -
~~~~~~~~~~~~~~~ 

_ _  
_

- ‘
~~~~~~~

“ 
~~~~~~~~~~~~~~~~~ --- -a “ ‘

~~ ‘ r -~—~~~’~~ - ‘ ‘ -‘~~~‘ a,a ~~~~~ ‘~~~‘ -s - , - -~~ s -,, -
- ~~~~~~~~~~~~~~~~~~ 

.——
-‘-—-.—- ~~~



APPENDIX  D
S IZE  AND SPECIF IC  FUEL RELATIONSHIPS FOR DIESEL ENGINES

P .C.T. de Boer

The performance of ~ower plants can be characterized in

sr - m v ways. Nuch attention has been given to such characterisa—

s--ions in  the  l i t e r a t u n’e , i i l L s lu d i n g  v a r i o u s  w e l l — k n o w n  t e x t b o o k s
( e .g . ,  R e f s .  D — l , P—A , D—3). However , the results available do

n ot  lend t h e m s e l v e s  c o n v e n i e n t l y  to a t e c h n o l o g y  assessment of
a d van c e d  m f l i t r - r r y  ~- r - o p u l s l o n  c o n c e p t s - s . It i_ s the purpose of

t h i s  a p p e n d i x  to  o u t l i n e  m e t s - h - s - - i s  by w h i c h  s u c h  a t e c h n o l o g y  as-
sessmen t  c - m s be n s s - - i - I o  w i t h  s-o sp ec- t Is- -s D ie se l  e n g i n e s .

A. IDEAL E N G I N E  PERFORMANCE

1. T he ~~ e a l Cyç l e s

a . T h e Id eal D i ese l  C y c l e .  The well—known i-dea l — g a s ,
stan dard DIesel cycle wtth limited—pressure combustion is shown

ins press un -ic— volume coord i nates in l-’ig. D—l . It consIsts of

I — ar - ba~sic en -s-so y tr st ri s s fi- n - a c cesses - :

1. A I l s - s b - s - t i c  compre ss ;i- s-n (1—2 )

2. Const ss-nt—volume c-- s rni bus ti s - s- n (2—3)

3. Constant— s-ressure combustion -ml p- - sw - cs- --xtract ion

( 3 — 5 4 )

~~~ . Ad i -M’ i t ~ic expans ion and power extract ion (a—P) .

A t o p  5—1 rel-r’esents the exhaust process , wh in h is t aken to be

cooll ns -  s i t s -  cs - s n s t s t n i t  v o l ’ s - r n ’ -  in t he  ideal  c y c l e .  As m i - h ea ted  in

E l  - - . 0— 1 , t h e I ’s - i l l s - - w i  rig convent iona i  n a t a l , i - s - n  is introduced :

compression r’ -mt - to r = 

~1~~ 2’ !-ressure s’ s - ti - - for constant—volume

combust ion n’ s-v , = p 3/p 2 ,  and volume r a t i - -  f’ -’r constant—pressure

0—3 
____
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- s - r s i c s i : ’  i on  r = i’ /V  . Th i s -c’s - c i a  Is ; u s - us - I l v  r e f e r - n e- I  to  ass-c n s -  -
~ 3 - -

:s - I~ c s -~~l i p  (1’ Is - t- - f— ; s- - - : s s n s - : - - ’)  -s - \’ a l - , c o n i t n a ~st - ‘ he  D ’  t.sHl

- 1  ( c - -n s s t s i n i t — :  r e ssu re ) - ‘ \ s -- i e .  The l a t t er  i s - s  a s I - - - - i al case  0 1’

is - - - I - s - m e n -  an -I  obs a i s s - :  s--.’ l s - s - nt  5 ’ = 1. The c o n s t a s s t — ; - n ’ i - s ’ s - , s - s --

D i e s e l  s - n v c i e  I.s n - o n s ’ e s e n t  a t i v e  f a r -  ‘~~~~-~~‘ e n- s-t h e  n - s -  c ess  i n  I s - s c-c ,

s l ow ly  r ’ s - s i s l s ’ s i - - s- e l  e u t c I  r ses

cp

ADIA~~~~~~
t
~~~~~~~~~~~~~~~~

CYL (NDER VO LUME V
- - -C - -- - - -

FIGURE D-1 . Ideal—gas , standard Di esel cycle (limited pressure).
Com p ress i on ra t io r = V 1/V 2, pressure ratio for
cons tant -vo l um c combustion r cv P 3 1 P 2 ,  an d vo lume
rat io for constant-pressure combustion rcp = V 4/V 3.

For ’ a — I  v - - n s -  fs :-- l , ‘ h-s i- - i s - ic s - v s - i t s - -  r-sis ’lsst’ - - e n s as’-s- ‘-he

c - s - sri ; r ’es ss - i- : s s -  r ot H , s - he l o e l — - t l r  s - I o , ‘~ 5 t i  e I t h e r  s-~~ . a

In ‘ e r--ri: of ;— - s - -,’; -r t-ran-’-fe s-s , I ; s - a s s - - i t  s - s - - i  H s- t • s-s s - - s

‘he ~ -- s-ns --s ’ s’ s - - - s - , i s -  - 2 1  1 - - n ’  - ‘ - -5 - , a n ’ e s s - S I sni  :5  s-H s ss - r s n t - u , - s - - s - - - ” t - - a s - , s —

f-’r , t he s - a t - c 01’ he-i t a - l - h i , Y - -ts h-: s - ’ nc - c - - s  ~s-~~’ H ‘ s - s-

- i t - - i , and t h i s -  - l i l f - ’n ’ - - n - -  is -c ’ s-c - ‘
~~~ s- - b- - -elop~~i i t s - H o

c — rst bUS t Ofl ass - i eX - s i n s  - -~~ - “ .s5eS s - a l  s- - - ’ u’~~ - 
: - ‘ 

~
, s - s 5~~~~~~~ r’

s I o n  I s ;  the ; - - s - cs - -u ’  a

b . Qtj~e_r_ Id ea l  Cycles. As w l’ h t l i ~ 1 5 0  cy - ,- l ’ - , ssro , n - ii:—
- m- i _ ’ruri s-oe~; o f t - h ’ -s D I e s - a l cri-’ e ie  a n - - -  a ss : s-— a ’  -“- -a s-c l ii - I t -  .~~~

‘ :- - - -as - s t

A

I

-- ~~~~~~- -~~~~~- - -- - -~~~~~~~—~~~~~~~~ -- - -  -- 
— ‘— ‘- - -——-‘--~-!~~~~~~~~~~
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I
weight of the reciprocating machinery necessary to implement t h e

cyc le , and t h e  relatively h i c h  e n er gy  c o n t e n t  of t h - ’ ex h - a u s ; t

c y c l e . V a r - i  s - s - io n s s-cf the  b a s i c  c y c l e  h ave  accord  i s i o l y  i s - a - - n :

d e v i s e d  t o  r i l l e v i r i t e  t h e s e  d i s a d v a n t ag e s , si n - I  three sus--h cycl es;

are  s - ss - - ni ~s i - d a r e d  her ’e :  t he  su ;- - e r -char -e-1  Di  ac e  1 o v a  le , the  t urb -o —
c h a r - c- i  D i  - - cc l  c s - - o l e , and t he  c - ans - n - - un :d Diesel :y-cle .

The i rs- i c u p - c rch : i : ’ g e d  D I e s e l  c y c l e  Is  shown in p r e s s u r e —
v o l um e  - - - a s -  m a t e s  in I - i c - .  D— 2 . The c y c l e  1— 2— ~~~~~~~~

s- i is iden tis -sil

t o  the sn . s - n i  a s -  a in t e s s - e l  s - v a l e , a r m - I  is a l t - —nest ’ a - I  by  a - I i a b s s t i c

a s - - : - :: n-e s - si s -n i  ( - m ’ — I )  i n s a se p a r a t e  s-’ - n s ’ s -t n ’ a s s - s - t , t r s s - n s f e r  0 1’ c-as

t~i s - ; : t i m e  - n s - s - : s t pr’ -os - sis s-r to s-he t - n i - ’ine (1 — c - s - n : i a — 1) , e x t - s et s -- i o n

-at ’ t h e  n - ~- r - : - i i s t i s ~~ c-as  i n :  t h e  s-~ s - ,; - s’ - - s s — n ’  (a — b ’) sia t i cr c - I r s - -’ ( 1 —

a )  , and m d- i - s - is :-’ i _ s_ i s Into s-he c-ass: ; s- e sr-~r (b ‘ — a ’ ) - in s -  exrellinc-
s-- he c-as in the  c I s c - i n c  ( a  — h )  . Tue s - i n :  - ! ~ -a l  l u - st eat  of  ss-m l—e r_

c hars - sln ,c - ts; s -ha t .  H i a s - n r e - m s e s  t h e  ss :ssc flaw P ’ite 1 c iv en  e n s - c - i n c
o a n  si a. s~~t — — ~~i s- s-H i n s - - n - a - ms - c i n s - s en - s s t y  p

1 
— Pa ,

__
’m n i
~
i hence

tc ’ . s _ -s s- - s- a I s - :  the ss Lre )f - i n s e r i c - s - n e  r ’ e ; - s - L r e d  f - a  a c t v e n  ~aws-s’r

r s :s . T i -  - 1 - sm s- I c s- - ye Ic n-- s - n- - ms - , - - t, - n - s  an - a  - he ova  n-al I s - o u n ; — r~ - -s-s ion
n s a ’  10 ( V

a~~
/ : _ ) ,  he s ; s  - - s ’ c h - s - r ’ ’ I r s - - s -  c o - - sn n ’ e s s - l - - ni  ~~~~~~ ~~a ’ 

°‘
~~~

a s . h-s 1 ’ 
~~- - 1 — n i :  s ’st t i o . ?h ’  I ni~ es n: s-i ~- s -s - w e n ’  s- r - s - n s s ;  t ens is I

r s - - - ; si ~ a - s - i  e’ s t e  as  :t I n y  c r - s - n -  s ’essi  -s t  p a  -c e s s c  (a  ‘ — 2 ) , r m n d  t~ H

s - c -s - n ’  , I r - ~~’ i s - ;  s-he  s~, e > 5 ; - r m s i s - - --si  - - w a s -  ( ~. . 4 _ ) p 1 m s t h e  I - - - i c e r
I e v s - c  i - s t - - s -  I 1- 4’ H e s m - — i s s e  ntad-:e - i r s - I  e x h : m - s , ; ~ p r o c e s s e s  ( - m- . — b —— - o — J

less- t he  - s- - s-er I s s - n - o t.o t I m e  s - s - p e n ’-s -h a r c e s ’  ( i  ‘ — l — -- —l s -  ‘ ) a n s - n  t he
a ’ s - - u - s - is- i  p -s - c - - n -  tn’ s-:::

The I d e a l  t a r - i - o c h a r , - s- - I D i  e s-e l  - s - v a l e  is; shown In Fi c- .

~s-~~ 3 A c - m i n t , 1IL’ c y s -- l e  1~~2~~~
_ 14 _ is - ; i l - - s t  la s s - i to the s t a n dar d

DIe s-el cycle - in s - i Is a s - scs s sas s -’ - ‘  I by f a r t  li- - n- ex~s - - mni I i n t o  the exhaust

c-ri sen- ( — “) ins - I  s; :i st o I h- ~~
-
~~~~~~~~ ‘~~

‘ s - s -  c t - n i e n - m t ’ - I  I - compre ss t h e
I : s - t ’ m k - s -  aIr ( ~— l )  . The i n s - t e n t  of  s - - t n - I -  - s h s s - s ’ c i n i g  i s  a s-in to In—

u r ’ c - m s ; e 1:-c rss - i ms s f l o w  n i t - c  ca~ s - s - b i l l s - l e s s -  of  s - i d y e s :  e nc in e  a n d

* s - s  i n - - s - I  ane as - sl y 1.0 s-se I he es: - a - --: o 1’ 1 he exhaust oases to e ffe -s t

the ; r”:c-o s- l -:’ ’s-s-Ion . The b - n , s i - :  r y c l - -  s - s - n ’ s - i r ’ : e 1 - n ’ s- s i r ’ s- - I h i e - - ,- -e ’- m l l

L c s--rri ~ n’ s- ,;s-; I - a n - s - it I - - (v /v 2 ) , he t . a n-t i — c h a r - c -  i s  s - c - s — s i - -a s-s i - io - 
-
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(v0/v1) on- pressure ratio (p1/p0), and the fuel—air ratio . The

internal power transfer is that of the total compression process

(0— 2), and the power output Is the power of the total expansion

process (~~— - )  plus that developed by the engine intake and ex-

haust processes (6’—l) , less the internal powe r transfer.
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a. p-V DIAGRAM OF ENGINE b . p-V DIAGRAM OF SUPERCHARGER
9-~~’77-9

F IGURE 0 - 2 .  I d e a l - g a s , s t a n d a r d  s u p e r c h a r g e d  D i e s e l  c y c l e .

The I s - I e a i  ca s-s~pnur i h D i e s e l  c y c l e  is shown in N i g ,  D— 11 .
The ns-ro-sresses l _ 2 _ 3 _ L l _ S  are identi s-ll to t h s - s e  of the  s t a n d a r d
Diesel -:s- - o1 - -; s -m t point 5, however , the cylinder gases are

transferre-I to a s- s s - — n tinuaus—flow expander that expands the gases

to their m i s -  I s - i l p r e s s u r e  ( 5_ t s - ) , * and some of the power so derived

is us - s d to  a - a r n p r ’e s s  s- l i e  ins-rd-s i- a i r  ( 0 — 1 ) .  S h a f t  p ow e r  o u t p u t
m a y  be obt ai n ’ s - i t i - s - s illy or part ¶ally from the turboexpander.

The i n s - e n - s t  of s--he s- compound c y c l e  Is to utilize the maximum pos—
- 

- 
s i b l e  a m o s - i n s t  of the  e x h a u s t — g a s  energy  of t he  l i e s e i— c y c l e
p o r t i o n  s - s - r i - h  s; I n s - s i t a n e o u s l y  to  ach’ -vc- the r a d u c e - l — : s i ze b e n e f i t s
of t u r ’b o c h s -r ’g in g .  The bas ic  c y c l e  p a r a m e t e r s  are the  overall

~ F-cns all of the cylinder gases to be (ideally) transferred with-
out loss s--a a eon ’ inuous— flow expander , it would be necessary
for s-b -- cylinder exhaust ss--roke (the hor izontal line origina—
s - t r i g as - pot’s. ’ 5 In Fig . D— l-i ) to continue t o  zero volume .
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compression ratio (v0/v2 ) ,  the intake air compression ratio

I 
(v 0/v1) or pressure ratio (p1/p0), and the fuel—air ratio. The

internal power transfer is that required for the compression

process (0—2), and the power output is that developed during

expansion (14~ 6) less both the power consumed by the intake and

exhaust processes (5—1) and the Internal powe r transfer.

2. Ideal  C y c l e  Pe r fo rmance

Conventionally, as with Otto engines , the performance of

Diesel cycles is expressed in terms of thermodynamic efficiency

-- and mean effective pressure . I- - c s ’  purposes of comparison with

-‘ other engine cycles , it is convenient to express performance in

t e rms  of s p e c i f i c  fue l c o n s u m p t i o n  and a n o rm a l i z e d  power o u t p u t
per unit mass flow ; for a fuel with a lower heating value of

l3 ,~-I00 Btu/lbm and a w o r k i n - - f l u id w i t h  constant specific heats ,
the interrelationships are identical to those for the Otto cycle:

sfc = 
0.138 (D—l)

and

S p e c i f i c  Power  = 
a 

(

~~~
1)(

~~~~ 
, (D-2)

-. where s f c  s p e ci f i c  fu e i  c o n s u m p t i o n , i b m / h p — h r

n = t h e r m o d y n a m i c  e ff i - :  t e n c y

P out put power
— 0

-
‘ 

P.  = rate of’ energy transport associated with the working

f l u id at inlet conditions (= mc Tp 1

J mrs mass f l o w  rate

c~ = specific heat at constant - pressure

I 
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T1 = working fluid temperature at machine Inlet

mep = mean effective pressure

= density of working fluid at beginning of compression

in displacement volume

p1 = density of working fluid at machine inlet

r = compression ratio of displacement volume

p1 = pressure of working fluid at machine inlet

y = ratio of specific heats .

a. Ideal Gas , Standard Diesel Cycle. For the ideal Diesel

cycle (Fig. D—l), with a working gas with constant specific

heats , the performance characteristics are given by

r — l
— 0.l3o — cp cv

~~~ sfc 
- 

r~~~ [r — l + y r  Cr — 1)] 
—

cv cv cp

and

= [r ev - 1 + Yr
~~~

(r
~~ 

- 1)] — ~~r~p r2~ 
- . (D- 2~ )

The power trs -inm - ;fen’ parameters can also be expressed i n  t e n - m n -  of

the three ratios r , 
~~~~ 

rcp :

If l t 
= ~~ ( r~~~ - 1 )  (n- 5)

P i—i
= 

r 
- [r

~~ 
— 1 + Yr

~~
(r
~~ 

— 1)]  , ( D — 6 )

D— lO
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where P = internal power transfer = mc CT — T )m t  v 2 1

~add 
= rate of heat addition = rn ct ,f (HV )

4> = equivalence ratio

= stoichiometric fuel/air ratio

HV = fuel lower heating value.

Obviously, the performance characteristics of sfc and P0/Pt can
be expressed as a function of the energy transfer parameters

and 
~add~~ i and the ratio rev .

The performance characteristics of’ thS ide~il Diesel

cycle are shown in Fig. D—5 for a ratio of specific heats

y = l.~4 and for normalized heat addition rates , yP /P1, of 10

and 3. For an inlet temperature of 520°R , these heat addition

rates correspond to equivalence ratios , qs- , of 0.73 and 0.22 ,

respectively, and are reasonably representative of’ the current

range of Diesel operation . The limits of Diesel cycle operation

are , on the s--ne hand , the O t t o  cycle (where r~~ = 1) and , on the

oth-s-r hand , constant—pressure comhust~ on (rev = 1) .  It can be
observed that both higher -compressi -c n ratios and higher internal-

power—to—output—power -ratios s - m r - a  re-pa in-ed to obtain an ideal

DIesel cycle per fs -cn-ss -~ance equivalent to s--hat of an Otto cycle.

b. S u p e r c h a r g e d  Diesel Cycle. The ideal performance

characteristics of the supercharged Diesel cycle (Fig. D—2) , fs - - r
a working gas with constant specIfic heats , are given by

= 
1 r

~ p
rcv _l_ (l_l/r)[(Y_1) (1_l/r

s
)_Y (l_r

s ~~~~
)]

Ti 1 - 
y— 1 r — 1 + yr (r — 1) C D — ? )

y cv cv cp

and
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I - 

-

y-l 

-:

= 
r5 

~ 
~
l_r

~ p
rcv +r l [r

cv
_l+Yrcv rcp _ l ]

\~

C D — 8)

+ — 

~)[~i-’) ~l — 

~
—) - y (1 - r; ,

where r = eng ine  c o m p r e s s i o n  ratio (V 1
/V
2 in Fig. D—2)

r = super- char ginc pressure ratio (s-- 1/ p , )

r0 = overall co r -s -p n - - -s sion ratio (va, 
~~~ 

= ~~~~~

The t ower s- rrinsfe r ;- -c r-ame ns-ers can be written as

~~~~~ = 
r3 

[s-
i_i 

- 1 + (i_l) (1_l/r)(l_l/r 5)]

and

____  = [r ev 
— 1 + 

~
rcv (r , - 1)1 - CD—b )

The :-cn-fs - - i n s - ce charac - - s- is ’ ics of he i-ie al super—

charca-i  eye te -a re shown Is, ~‘1 is-’ . D — t s -  f or  cons t  - snt —rn-essure corn—

- 
bus s - i a Cr = 1) and y = 1. 11 . h - - - mnrs- -un t of sup -rchar~ ing is

- .  express~ - l i ’ s - s t errs-s of ~ l s- ’ f r m - -t I on of the total Internal power

t ra n s f e r  mc C T 2 — T~1 ,) 
in. i-H. D—2 ] ,~ - s-~~~i to supercharge

[n~c~~(T~ — T
1 1)]. Th is - s f n - - m c l ¶ -n , F , is rela ted to the overall

- com press i - - n i  n - - i ’- !o r~ and s s - s - n - r- - - ls - - n c i n~ r n- -assure ratIo r5 Py
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It is apparen t from Fig. D—6 that substantial sacrifices in both

spec ific fuel consumption and specific power output are associ-

ated with supercharging. These sacrifices are of course evident

from the cycle diagram in Fig. D—2: for fixed initial conditions

Ca ’), overall compression ratio , and heat - t~i- 1i tio n , supercharging

results in an Increase in the temperatur e of the exhaust gases

(5 ) , and hence h igh er  s p e cI f i c  fue l  c o n s u m p ti o n  an - i  lower  s p e c i f i c

output (see also Ref. D—l , Section t~ . / 4 ) .  The i n s -ma ’~n t o f  s u p e r —

c h a rg i n  on the mass flow rate capability of t h e  er ~g in e  p or t i o n

can be d e t e r m I n e d  f rom the l~-cwer o u t p u t - per  s - s - n -s i ’  v o l u m e  f l o w  at

engine inlet , for a fixed maximum cycle pressure :

P yr ~ (P /P.)
= 

5 0 £ 
- CD—il)(

~
)
~ 
3 

(i_l)n- 0r~~

The l e l - e a L i e n s - c e  of  t h i s  n -a r -a m e s - e r  on the  va r-ious c y c l e  t ca r a m e t e r s

is cons i— ’sered in d e t ’ m i l in Annex Dl; it can be observed , however ,

that s- s-s the s i n e s - s - n i t  of suparcharc in ic (r
5) is Ins-creased for a

f ix e - i  overs i  i i  c-o m p r e s n -  i o n s -  s - - m t  10 , t i m ~ m r s - s - m e t  en- I will 1 a cr e s - i r e

u n t  ti t he  Jec r ’ea s e  of F ‘F 1 C in  Fig . h — n - - )  w i t h  r 5 e x c e e d s  the  - -

i r s - e n - e a s e  i n s -  r~ 
y 

- *

c. Turbocharged D i e s e l  C y c l e .  The ideal p-e rfo s - ’ ms- mi c- e char—

acter istt-c s of  the  t u r b o c h- i r g e l Dies-c l cycle (Fig. D—3), for

c-uistant—pressure oombus lion Cr = 1) and fan- s - i w o r k i ng  gas

with constant spec i fic h-cats , are given by

P/P
T i =~~~~

0 
~~ (D—l2)

_______________ add ’ I
*The locat ion - f  the det ailed treatment in Annex Dl is not In—
tended to m inimize the pr ac tical importance of supercharging

-• (or turbocharging); s- he b a n - i c t i - asle o f f , however , is as stated
here .

*
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P n _ i
= r’~~~

1(x’ - 1) - (r~ -

P1 0 CP ‘Y \ - -‘l /
(I_ l3)

+ i~~ {r~~~~ - 

[~T
5

’Te)(rY - i~ (r~~ ~
where

~~~~~~~~~~~~ 
= r -~~~~ - 1) (P-i s- )

= oven- all coss - sn -n -er s i - :-r~ n - a r  10 (v /v2 In - 1g . D— 3 )

= s-e r e n - css - - mn - e s r u n - ? rH ¶a ,

an s 1t has been as-c~~- ,s’s- - - i t h - st  he  i n ~ta Pe a n J  exhaus t s t r~- 1-s --c s-s ex—

ten s-i to s- s - es- - - c i e a r-~ n s - s - e  -.- - lea-- (vlsi - s - ni h-a s little irs -as -- c t on t he
r e s e l s - s ) .  Hr - s — t- - :-r--s -ratur-s- :‘mtio T

5
/T~- var ies between u n i n y  s-s-n -i

y ,  -l a n -ea di n s - — ur ass cycle ar-ar-:L-ten- s , m Ss I f - n  s i r r s n 1 c  ~t s- s - i ll

La assumed to H- e l ’  -c r e — — - s - n ass 4s - s - ; as  ion which also has little
- 

- s - s - s - on t h e  resells. The in t e r n a l  power insfer in - - l y o n s -

~ (H~ 
- r~~~~)+ (r~~~ - 

1) 
. ~

- -l5)

The p - s ’ t o r s - s - s - s - r s - c e  c h a r a c t e r i s t-  i - c s of ’ t h e  al t - s n’b - - —

ensa r~ ed cy c l e  are shown in  Pig. h — ’ . The a s - n u n t  of  t u r h o c h~~n - c i n c
-; - i -~sm~i a e x p n ’c - s s e - m  in  t e n - n - i s  of t h e  f n - - i c t  i o n  of - 

- - ‘ -d in t e r n a l
power  t s - ’ s - nne f e r  [s - s -c (T 1 — T0 ) + r~ic  (T

2 
— H

1
) i n  P I g .  ii _ 3] t r s - c n s - s —

s - i t t a - . i by t he  ‘s-ur-Loch arger’ [mc (T 1 
— T )]. Thin - f r - m c t  1 : - n , 1’ , I s

given by 
-

D- 16
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It is e v id e n t  f t - cn n  1 -i . D— 7 that - t. urbo ch s-m n - c  ng can s-s-iso entail

s ubs u s - mns - n. lal sacri ft aes in H-th specif ic fuel c- -n :s-umpt i-arm and

sped fic p o w o n -  out ~- s- it , s - m i s - ho~~ -Ii  these sacrifices s-in - c ri - t  as
gr e a t  s-s- s s-la -se for  :sup en-c’limi- g i n c .

d. Compound Diesel Cycle. The id~ - - m i  t-es-farma nce c h a r - s - m c t e n - —

ist Ics of t h e  c e m p - -s - m n s - d  D i e s e l  c yc l e  ( 1 - 1 g .  D — - s - ) , t o n  c - a n s - s t s - i n t  —

p n ’e ss e re  ~ a sss -burs t i c - n i  Cr ’ = 1) and t’- r  a w-~ r k i s i c  gas sc ir h  co a st  — I n s - ’cv
specs - ft - c heats , s - i n - a  g i v e n  by

1
= 

r - (D-lr)

= (r~~
1 

- l)(rT 
- , CD-17)

w ?a-n ’e r avers -ill c o n - s r - n e s r - I - - s s -  s - - s - H io (~ 2~~ I n  P lc . D— ~~) -

The n - . -ye  ~ ‘ t n - s - i n s  fe r  - i  n’ s - sm - t ers ‘- i s-i be a xp r on -  so ~I -is

= 
I (ri_ i 

- r ~ ~ (r ~ - i~~ ( P_ I  8)
5 / S

an- I

~ add r~~~
1( n ’  

s-~ - 1) , (D- l -~)
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w h e r e  r
5 Is the pressure ran 10 - - :- t :m lnIn. t o t l ~~ n ’ e c om p r e s s i n n

process (0—1 in P i g .  ~ _ i~ )

The perf - - n -rnsm rs - - - - ch sr’ - m’ ’~ -n -tstl - -s of s- - -rc ~ o-~sn DIesel

cycle s-ire shown I n  F i c . ~~~ - The mrnr -unt of p r - . - - -rs -s - r - n ’ e s s t O n i  is

again ext -n-eased in ten ’s-s . s of t lie fr~ s - i~~~t I - n s  0 t~ t Os - s-J i n t o  n - n s a  1 ; -oWe s-

transfer L rs -n c - ,)(T
1 

— T - ) + m c ,1
( r

7 
— T1 

) in P1 . [)— 5 ~ J s - - - - n s - s - u rs- .e I by

the p r e c o m p n - e s s l - - r s -  [s-~. - , ~T 1 
— T 0

) ]  T h i s  f n - - m c  I -n I s  relate I

the ove n - s - il c- - i r i s - s  -s - aI -~s - i rH I-o ~s - s -~ t i e  l - r - --s - s s -; - n - i - ssl  ~n s r o n - c  i n ~~
rat l o  in i-len t i -al ly - e ,-,- 

~ as f- . r -  he i - s - e s - i  I ‘ u r b - - c h s - m

cycle. Its  c s - i r s  1 €  aL- ser ve s- s - n a m  P1c. D—~ 1s - m t ‘ t o  s- s -m i t - en H - arr- .—

ance of the -cycl e (1) is s - ss - is - --- r - i - : -  t the S’ s- i s - s i - m n ’  I Diesel c y cl e

(C- ) ssn i -s -m n - wit .h - rio s - s - er —
~~ u r b o a l a n - c i n c  - ‘ n r - o  I n  P l c . D — 7 ) , ( b )  ls -s - is -s -

i sr - e c i f i c  fu e l  c - - an - us - - .; s - i ,  n i ‘ l i - i n  - i a t e n s - - i s - s  — s s l y  s - i n  - a - - v - - r a i l
cor n - s n - e s - s s i o n  r a t i o  ( f r - -rn Pc . D— l - )  , m n I ( ~ ) l i s m s  i s o - n - f  - n n n n c c -

s - -s - s - s ich is r - e l a t i v e l v  ¶ r s - s - - n s - s i  t v- ‘ s-r - he m r s - c s - i n s t  of pr - - - -- s - s - ; -r-ac s l - S i — —

n - s l y  t h e  I ’  e r r s  m I - - v c n -  t n -ans f o r  Is - cr- c mn - i -s si i -h :  ly  ~is -s - t i t -  a m o s - s - n-i t
of  n a - c o n - s - p r e s s - s  -a I s - s  i n s - - c n n - a s - a l  -

The int ’1u~s- ns - ce of t t s t - n - r - ~a su r e  i’ll e -i s - s -  l a g  - - - n - s s - - e s t ,  I

(r
~~~
) 1 ;  n - h - os -n in Fi~~. : —  - f - c r -  s - I - c spec s- m s ~~- Of  z e n - a  I-re—

co r s - nn - essi -_in. As s - s i c l i ’s 1 i t  ll1;--m ’ - - d , s - h - -  s’o s - s - .lt n- for r = 1- - cv
- i r a- - l i e r s- t i c a l  ‘ - - t b —  n-o su l4 s f- c- n - ‘he c~’n r-ars - tsl o rs :i i 0’’~ o cycle .

3. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

In t h i s - s  sec t  i o n , t h e  r a n - i s - i  s o b t a in e d  fc~ - the ‘,‘— iri -- u s

ideal  c y c l e s - s  are s u m m a r i z e d .  Als so , t h e i r  i r s n p i t c ’at ~~onn - for  pos-
s Ib l e  I s - r s r - r - o v -s s - : - n s - t  s ¶ a t - -s- ’ r n u t  I -u t  an I sp e c i  f i c  f ue l  c o n s u m p t I o n
are briefly - li scuss el .

F i r s - s t  of a l l , i t  can be see r s -  fr - a s - s - s  F t  c’- . D— 5 s - I s - s - i t -  th e  s t a n d a r d

Diesel c:-j -cle g i v e s  best - r e s - ;u i t r r  fo r  b o t h  sped f i c  - c w a n ’  o s - i s - p s - s t

P0/P1, a n - I spec i fi - fuel consumption , s”c , when the internal power

trans ter- 
~I t~~

1
O 

is is - s-n-g e (~~1 , say). The largest- power out i- is t s

are abs-air s-ed when the sp ec i f i c  heat addi ¶ .i 015 
~s - i - j d ”~ I 

Is lar’-e .

it  i s - s  i n t e r e s t i n g  t h a t  t he se  - p ond to s- he l o we s t  sfc . For-

-
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~~add”~ i 
= 10 and 

~~~~~~~~ 
� 0.5, the results for PQ/P~ and sic are

very close to those for the Otto cycle , even though the  spec i f i c
powe r output parame ter , Y0, is much larger for the Diesel cycle
than for the Ott o cycle.  

- 

Both specific power output and sic

deter iora te rapid ly when the internal power transfer become s
small C~ 0.5 for YPadd/Pi = 10 or ~l for 

~~add”~i 
=

Very important improvements as- the smaller values of internal

power transfer are obtained by using the energy in the exhaust

gas via the com pound Diesel cycle , illustrated by Fig. D— 8. For

rcv = r 5 = 1, the result s for the compound cycle are identical
to those of the Ot to  c y c l e .  W i t h  inc reas ing  r0~~, bo th  the
results for spec if ic pow er output and for sic become even more
favorable . ~~~t the higher value s of 

~~~~~~~ 
(�l, say), all of

the results shown approach the corresponding Otto cycle results.

The tradeoff between increased specifIc powe r output of a

Diesel engine and increased specific fuel consumption is in-

vestigated in some detail in Annex Dl. Signi ficant increases in

specific power output with small to moderate increases in sped —
f lc  fue l consumpt ion  are i n d ica t e d .

8. RELATIONSHIP OF ACTUAL PERFORMANCE TO IDEAL PERFORMANCE

1. Loss Mechan i sms

a . Real Gas Effects. The fIrst lOS S mechan i sm  to  be con—

sI-dered arises from “real gas effects .” The ratio of spen-iflc

heats y Is not a constant equal to l.1 for each step of an

ac tual engIne cycle. Expressions ~an be deve loped  f o r  s-he  c’~’cle
cr~ar a- c t e r lst i c s  of interest , assumIng that ‘y’ is d i f f e r e n t  fo r
each of the steps of the cycle , but constant during any step.
2i better assessment of s-he Influenoe of “ r e al  gas effec ts ” oan
be ob taIrs -ei by using combustIon ch3rts . For s-he ss--an-iard DI e se l

~y : l e , s -h I s  was acne  fo r  ‘(?
add /? 4 = 3 op ~s-s in~ Thar t  -~~ of R e f .

2 — I , whIch is a com bustion :iI~~oraso f’or Icy f - sc l—~~is-’ ran-lo s -of

~e-cane  ani air. For ‘
~~~a~~ 1 /? . = 10 , use wan- ma-ic of Thars- 2

-
~~ 
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of Ref. D—l , which is a chart of equilibrium properties of pro—
ducts of combustion of an Iso—octane—air mixture with ~ = 0.8.

The products of ri-.dodecane and air are not much different from

those of iso—octane and air , for the same ~~~ . The results were

corrected to ~ = 0 .73  
~~~~~~~~ 

= 10) by noting t h a t  P Int and P1
are independent of ~~ , while is approximately proportional to ~~~ .

Hence the result obtained for P0/Pr was decreased by a factor

0.8/0.73, while the value of 
~~~~~~~~ 

was increased by the same

factor. These changes leave the result for sic unaffected .

The results obtained from the ideal fuel—air cycle using

c o m b u s t i o n  cha r t s  as desc r ibed  are inc luded In Fig. D—l0 . It

is seen that real gas effects cause an appreciable deviation from

the ideal cycle results with y = 1. 14 , even at mixtures as lean

as ~ = 0.22 ‘
~ add’

1
~ i = 3). This is caused mostly by a decrease

of y d u r i ng  the constant—pres sure combustion process and during

the expansion pi- - cess. At low values of ~~ , the decrease in y

is not as pronounced as at high values of ~~~ . On the other hand ,
the difference between expansion work and compression work is

less at low values of ~~, and a given decrease in expansion work

has a relat ively larger effect.

b .  F r i c t i o n  and  Flow Losses. The main  me - s - c h s - n i s r s - n s  respons—
ible tThr fur- t hen’ power losses In Diesel engines -are : (1) fric-

tional losses in the engIne , (2) flow losses , ( 3 )  losses arising

from a fin ite c - a s - s - s - b - s - n - t i n t i m e , and (a) heat transfer to the walls

of t he  c y l i n d e r  and to  the  p i s t o n  head d u n ’ i n c  the c o m b - u n - s - i o n  -a n d

expansion processes. Items (1) and ( 2 )  constitute the difference

between Ii~IEP (indicate-i mean effect ive pressure) and hI-lEP (brake

mean effective pressure). This difference is denoted by FMEF
- 

- (frictIon mean effective pressure). A I t  a iia- t p r b c e d u n - e  t o

estimate the FMEP of both Diesel and Otto engines has been

described by Bishop (Ref. D— 14). This procedure involves the

solution of 25 equations , with the final results representing the

our’s- of friction losses in pump s , cam gear , and bearings and mis-

cellaneous friction losses; valve pun-s-s ing losses; throttle

D—2 3
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n
losses; blowby losses; viscous piston losses; static ring ten—

sion losses; ring gas pressure losses; and prechamber losses.

Bishop ’s procedure is quite suitable for present purposes. It

was used to find FMEP and hence friction and flow losses for

the four specific conditions of F i g .  D— l0 , and representative

values were employed for the many parameters involved (Table D—l).

The scaling laws for friction and flow losses follow

directly from the equations presented in Ref. D— 14. As can be

seen from the numbers given in Table D—1 , about half of the total

FMEP losses consist of valve pumping losses; these scale as

where N is the number of revolutions per m inu te. The
dependence on N of the remaining losses contributing to FMEP is

much weaker. It Is possible to use these facts for constricting

a simplified scaling law for dependence on engine speed.

TABLE 0-1 . ESTIMATION OF rMEP USING BISHOP ’S PRO CEDIJ RE a

FMEP (psi) b

Loss Source r~~~ 1 5 r = 25 R e m a r k s

C r a n k c a s e  5 .0 5 .0 N
1.7Valve pumping 4.0 4.0 N

Throt tle 0.9 0.9

B l o w b y  3 . 5  4 . 3  D e c r e a s e s  w i t h  N
V i s c o u s  p i s t o n  7 .3 7 .3 N
S t a t i c  r i n g  t e n s i o n  1.6 1.6

Ring  gas  p r e s s u r e  3 . 4  6 . 1  D e c r e a s e s  w i t h  N

T o t a l  F M E P  2 5 . 7  2 9 . 2

a S o u r c e :  Ref . 0 - 4 .
b 1~ ma k i n g  the e s t i m a t i o n , the f o l l o w i n g  va l u e s  were  s u b s t i t u t e d

in E q s .  1- 25 on page 343 of  R e f .  0 - 4 :  N = 2000 rpm; i n t a k e
v a l v e s  per cy l i n d e r  G = 1; i n t a k e  v a l v e  head d i a m e t e r  H = 2 i n . ;
cy l i nde r  bore d i a m e t e r  B = p i s t o n  s t r o k e  S = 4 in. ; number of
c y l i n d e r s  C = 8; displacem ent D = ( u / 4 ) 8 2 S = 402  in~~; f i r i n g
e x h a u s t  back  p r e s s u r e  a t  f u l l  l o a d  p~ = 1 0 p si g; e q u i v a l e n t
l e n g t h  o f  p i s t o n  s k i r t  M = 2 i n . ;  t o t a l  number  o f  p i s t o n  r i n g s
per cy l i nde r  n = 3; absence of prechamber , so t h a t  R = 0 .
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c. Internal Losses. The effect of finite combustion time
and heat losses on thermal efficiency of Diesel engines Is dis-

cussed in Ref. D—3, pp. 227—230. It is concluded that finite

combustion time is responsible for a large part of the difference

between the limited—pressure fuel—air cycle and the actual Diesel

cycle as recorded on an indicator diagram . The difference between

actual and Ideal IPIEF is of the order of 15%. In the best cases ,

it can be reduced to about 10%, while in engines without a well—

developed injection system It can be considerably larger than

15%. Heat losses , on the other hand , generally do not appear to

cause any important reduction of IMEP in Diesel engines , mostly

because Diesel engines generally are large . There may be some

effect of heat losses on IMEP In engines with combustion pre—

chambers . Such chambers lead to a reduction In losses due to

finite combustion time . For present purposes , It p robab ly  s u f —
fices to combine the  f i n i t e  c o m b u s t i o n  t i n s - c  losses and the coolIn~c
losses. It is assumed that these losses are 10% of the fuel—air

cycle IPi EF for a compression ratio of 15 and a specific heat

addition ‘
~~add”~ i 

= 3 (~ ~ 0.73), correspond ing to the best

state of the art .

Scaling laws for heat losses are given In Chapter 8 of Ref.

D — 3 .  The r e l a t i v e  r e d u c t i o n  in power  o u t p u t  a r i s i n g  f rom hea t

losses is given by Eq .  8— 12 of R e f .  D—3. For present purposes ,

it is useful to rewrite this equation as

~~~ = 1 0 14 ‘y~B 
Tg

_ T
c

PrR~~
25 T1

Here , Q represents the total heat loss , B the fraction of the

heat loss leading to a reduction In IMEP , Pr the Prandtl number

(= Pc~ /k)~ Rg the Reynolds number based 
on mass flow rate and

piston area , T the gas temperature In the cylinder , an d T
~ 

the

temperature of the coolant. To a good approximation ,

D—2 6
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Tg - Tc 600 ~°R ~14 ( Y P add /P i ) °R  .

(see Fig. 8—6 of Ref. D—3). It follows that for Diesel engines

the heat losses scale approximately with specific heat addition

(or equivalence ratio). The effect of compression ratio on heat

losses Is one of the factors determining B. In order to make this

effect explicit , it seems reasonable to assume an approximate

proportionality to T2, so that

B = B (r/l5)°~
14

whe re r is the comn -rresn-ion n - - s - t b and B the vol-ic of B for r =

15. As surn s-ing t h a t  these scalis-p- factors represent both the

cool ing losses s - s -n~1 t h e  fini to :-~nihusts ion time losses with suf—

ficient 0 -c un - ac y, and using r 15 , yF 1 ./F 1 = 10 as the re:’ere ric~- ,

these lo~s-s~~s are estimated t o  cc of he ideal  It-il-h for r = 15 ,

-‘P . = 3, cud  ld f  a s - i d  ~4 f  for r = 25 and y b  ~~~~/F
1 

= 10 and 3,
r e s p e c ti v e l y .

For c —ms - s - r - i eten e ss) i t  should  be n o t e d  t h a t  the  to ta l

heat losses to the coolant are much larger t han 10—15%. The

add itional losses occur mo stly during the exhaust pr-ocess and

hence -J o s - s - a t  a ffec~ It-tEP . *

2. ~~pac t  of  L o s s e s  on Per f  o rm an c e

The I n-s-s- act of the various loss mechanisms on the smecific

fuel con s -cs - s - s -p - t i c s - i  of  the  s t s - i r s - — i-n r d , constant—pressure Diesel c y c l e

are ~hown in Fig . D—1l. It can be observe-I that the t o t s - s - I

pac t  of the losses ¶ a substant ; f o r  e x a m p l e , f o r  s-n c-o rs-p-n -ession

r a t i o  -~ f 15 a s -j o  ~ - = 0.72 
~~~add I = 1~~), the losses result In

an increase i n  s f c  f r a n -  the ideal value - f  approx imately 0.25 no

.a v a t - ~e -o f’ 0 . 3 5 — — a  140~I i n s - - - r ease .

1~ i s  f l t e m - - - St  to  note tb - ’ the final resul ts f~ :- a c t u a l

sfc shown in F .  D—ll are a l r - -s ~ms - i~ - s - e n s - - I e s - O  of ~~~~~ ‘F , (or  ~ )

*These losses , however’ , d- - affe - he 1s - s - a a i l e  I ~er t ’ n — n - a s - s -ce of
a diesel engine , i r s -  t h a ’ ~ hr - c n o i h  - - sS, ’ t - ’s - n - m ’ - - : c ~~s - - - .- t .. ’h  a d —
d i t *  - s - s - c l  power ar i we t cs-c ’

- — 2 ’
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-

which , in the case of Diesel engines , means load. Furthermore ,
the results are on the order of 0.33 ibm/hp—hr . These results

agree with data obtained from actua l engInes.

C. OVERALL ENGINE CONSIDERATIONS

In m n s - n k i n c  a technology assessment of Diesel engines , it is
use ful to consider f ir s t  the  cu r r en t  s t a t e  of the  art- w i t h
respect to s pe c i f i c  w e i gh t  and s p e c i f i c  f u e l  c o n s u m p t i o n .  Fbc ure
D — l 2  shows sfc as a funct i -o n of s p e c i f i c  weigh t , b ased on t h e
m a n u f s - n c n u r e r s ’ s p e c i f i c a t i o n s - c  g i v e n  in R e f .  D — 5 .  The point .s

shown represent e n i g c n e s  t h it are normally aspirated (circles) ,

t u r b o c h a rg e d  ( t r i a n g l e s ) ,  or turbochorged and aftercooled
(squares). dna of the mo st s t n - i k i n c  f e s - - it u r e s  of F i g .  D— 12 i~s

that the ore -c i f i  c wel  cht  v a r i e s  o v e n -  a w ide r an g e  , hu t  t h a t  sued —

fic fue l con s- su n -pt ion is q-s i t- e c o n s ta n t . The t s - e s~ s pe c i fi c f u e l

cor -i surnp ’o i c n s -  obt a t s - s - e d is on the  o n - ier of 0.  35 l b n - i / b h p — h n - ;  t y r ~ cal
va lues  are 0. 3f l b s - n  i s - - h p - — h r .  T h i s  ¶ a t r u e  fo r  morn-s-ally a s p - i n - a t - e d
as w a l l  as f - c r -  t u r - L -  - c h s - s- - - c i  e n — i r s - c s .  T u r b o c h :u r ’c i n g  and m t  ake
a i r  c o o lin c  de c r e a se  o s- - c c  i s - i c  - s a i - -h t  , b u t  not by dc-- s- s - s - t i c an -s-aunts.

A s - n : s - s -s - - - n n  s - i s - s - i  parame s- or in d e t e r - m s - s - s- s-i s - r i g  h-  i c u e c i f i c  we hs-ht
is t h e  vo i ce of h o r s e p o w e r/ cy l i n d e r  ( R e f .  D— ) . I t  was s h c w s - s -  in

R e f .  ~—6 h at  he s - i  m s - t m u r s - s -  spec! fic w e t  ght  of c u r ren t l y  ava l a h i e
engines ( ab o u t .  5 i bm - . t hu ) occurs at s - h -  0 horns -c ower/c yl n-icr.

An or~s - i h e r  va l ues , t h e  power outnut -l ed nes becau se  of’ heat

losses , ws - s - le at l- s - r— ce n -  vals -ic s the ens - - t u e  walls have no I-c s- s - ia - ic

relat ively thicker , s - s - cc - s - n- l inig n o  t i n e  pr i n- - ip l e s  of s i n ~i t  l i t  s - s - dc
( o f .  R e f .  D — 3 ,  - ‘ ln - n p t e n -  17 ) .

Notable s- ‘- - - -s - - rd S i s - i  specif ic weight h av e  r e s i lt e  I f m - a m

: - -ases in piston o p e c - I , co ns -bins -e d w ith ncreaoes i n s -
( c f .  R e f .  D — 7 ) .  The r - s- os t  s t r m l s - t ng r c s aj t s  were o b t a i n s - e d  i n  a

-- se r ies  of a i r c ra f t  D i -  sels  u s i ng  a l u m i n u m  e s - c a i n e  b locks  ( R e f .
D — 8 ) .  Those eng ines  were Jevoi ope—1 ‘ uct b e f o r e  Wor ld  War I I .
They were aba r i - i - ’ned a f t e r t h e  war in favor- of ii r a p s -  f t  turb ine
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engines. Nevertheless , they still set a benchmark f o r  p o t e n t I a l
improve ments  irs - Diesel engines.

In order to discuss pot onanis - s -h impr- -ove s - s - s -t-nts in s-n-ore detail ,

we again re fer to Fig. h — i l .  The ide a l  r e s u l t s  show s f c ’ s as
in- s as 0 . 1 7 — 0 . 2 0  lb s - s - s -/hr—hr. However , t } s - e  v a r - i o u s - ’  loss me chan tss-s-cs

on-s- sh i ne 1n~i sa c h  a v s - ny  t h a t  t he  ac t u a l  sfa is  0. 3 0— ° .35 lI- s- . ‘hp— ran- .
A t  hich e n s - u i  val ence  r a t io s  (or  /F .  ) , at- - at half of’ t h e  losses

s - s - s-~a due to  r e - i l  gas losses- , w in  le t h e  r e s t  s-nrc ’ due t o  the comb i ne d
e f f e c t s  of f in i t e  c o m n b u s t i - n i  t i m ’s - c , c o o l in g , s-~r ns - i f r i c t  i - n .  At
l aw e qu i v a l e nc e  r a t I o s , f r  c t  - - n s -  b ecomes  m - e i a t  v o - l y  n - s - or- c i t s - p  T h s - - t  ant
t h a n  real  gas l o s ses .  In e t h er  c s- sc , i t  :-~ens u n l i k e ly  h - n ’
t h e s e  losses c a n s -  be n c - - i s -  m a - s - a c e  i .  Ii. seen - s- s  r e as- n s - s - r  ie - a c - n —

e l u de  t h a t  s i - u i  i c a n i t  h-s- u n - a y e s - - e n s - t o  i n s -  sf: of D i e s e l  e np h ne s
beyond s -- inc  n- s - s - - s - - e s - i t  s t a te  of  t i n e  a rt  are  s- c - t  l Ik e l y  n :  o c c s - s - s - -. fln

h- - o h ’ s- i s - a s - s - h, im’ s-~ on -~ v- -m - ms - ’s i ns- s-’ e o i f i c  v- - i - s -nt “an

co s- s- ce i vablv h- m s-- a ii s - : - ’h i- v is -~ cs-se of l i c h -  - - r  m a n - - n - i  s - i s  f or  ‘- h-~
os -ca ine block s - s - n d the ma in en . : - 

I~an t s-’ . s - s - i c .i by h i  h - c r -  s - - i s t  - s - .
sn-e- ’Js. While t ls - .~ s - s - s - y  p r - -” s ’ n s -  a rc s - s - - s -~ - - s -  of a s - n  - d y e d  s- -t hems ,

it  seems safe ‘ o s- a -n ’ s s - - c~~~ f ’ c w - - i - - f ’ s s - m i  ‘ h - - -c-- s - - h r  of- 1.5
bm hhp sh- - -hH s-s-~~’~~~ s - s - ’ -~- iy be a i s - a~ le .

The c r - c s - o m i t  s - - -~ su1t s - s - -  c s - i n s -  i — - -~ I i n  s ’ il l a s - s - o t h e r -  way t o

s t u d .  s- e n n : s - J  c - . s - n - av en -nc n - s-s- n D i e s e l  en s -  i n s - - - s .  Tub way is

bas-’-d os - i ‘ h i  s - s - n - -c f~~. oar - o ~t m -  -
, n -a r -use - er Y~~, os - c - on i t s  i n —

ver a - - l /Y . It  s - i  i i  b - - c r cos - l le - s - t h a t  t i s - a  s- a.’en - s e  c a m s -  be writ ten

as

* 
- 

(~~
/ a ) p

p - o

vis -er ’e s--s- -a- . i s - c  t h e  v o l s - n - s - c  f l-c ’ s  rid e i s -h o - is - - cy l i n d e r  ( - s - s - c  hi s—

I s - - - u i sh c  I f r - - m s - s -  the volume fl -w r~~t a  in t o  a precc I n - s -i~rcss i r s -  n e —
v i c e) , s s - h e  n - s - a x i m u n - s -  c y l i s - - i  - -r ’ a r e s s s - c n -- ’ , a s - s - i P i s  ‘h e  power

- i t -a ’ . Ao n - t - -  hi ~h - op te s - -  17 of  R e f . D — 3  , -i c row -  of s i n s - i iar
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e n i g I  s - s - -s s - cu - -se I y :- ical  i ~ms - s - os - i s i c -n is L w i l l  u s - i l o s - c o  -Ic  flect ions

us- is - ic r h O  5 s - s - ’ia p r e s s - s - u n - a  t i i s - s - t  a r e  ~ s - O~~L s - i  ions -il t o  L .  I t  can be

-: n s - ~1 s - It s- ‘h - s - t I ha w~- icln t of s - s - s - s - o h  , - m . - h o - ~c is s - s - - m - r --x i s - c s - c  k - I ’ ;  pro—
r a n - n  n- s - . s - i  o c .  T h is  Cc -s - s- cius in-ri s - -c I ns -  f’aroed i -v  t h e  r o s s - s - i t  s
of he f. h—s - . it  f o i l  ‘vs-c t h a t ,  t h e  - - c :‘ i  - - - -.- - - i os-u s- of s n - l i  engines

p-a s -gb lv u s- ’ - -n- - a s - s -  I - s - s - s - n  - t a ‘/ ‘r~~ , w h er e  i i ~~
- - s- o n - ’  - ‘ s - s - - n i  I s - v  ‘ ac ‘-or

C - s - - - s -  - - s - s - _ c ‘ n - s- a n s - c i m s - - a  m a t e s - - i s - u s , ~~~
i

~~~~
’- a s -  a - n o - - I , - - ~~c . This s - - c s -  as -— is

s- s - os - ks - s - - s - s - - l  s - s - o p  , s - s - r i - h  cans - b oos - la- n o t - - s - - s - - i n s - c  I f’s- -s - . :1 - s- s - c t i t - I s - c -a s - i

s-c s - h s - c t  .s- s - l e m s - g i n s - e s - ;. To s - h i s  s - ’ s - s - s - s - ’- s t ’ , s - l i e  m e s s - I t s  f - s -  ‘s- c on- —

s - ” -ss - -~ s - s - - i t s - i -  s- - - - he s t s - s - s -  I s - n - i , c - s - s - -os - i n s - ’ — s - -n -s c s - s - .- c - ’ s - L- ; s - s - ’’.i -n i Dl-s - - s ’ s - cl
(I- I ,~~~. : — 1 1 )  s - s - -- - s - n .  - v m s -  s- s- t~’i  - . — l  ~ , to~ce b-ft- s- - -s-l td i- - s- - aiL s s- -r -

s - s - n  - c i ’ ~~c s-c-.’ - h. ot ’ s- c ’ s - I  t - n i c i s - c s - s -  ( F - - f .  h — b ) .  s-~~ s- m 1- s - n -  r e s ul t s
- - l o s - s - I  s - - 

- - ‘ I  - 
- t s- - —

— - cv c 1’ s - s - c  a s - -  - s - n  i s -  — -.n. ‘ s - i  I-’ I -~~ . IC— I -~ ( s-s-c  - ‘ -~n is - n - c x

Dl ). ‘ a -- s fl— I i n n s- - —I-- i n. i - s - at e  ‘ i s - - i ’ s - h o p s - ’  - - n - o r - s  - ‘n i a i i t y

s- s - c s- - s -  -~ 
- - -- c a - ’- - - s - .t s’a’ - - — a:— n i .- - — - r ’  e s - - ’ - - c - s -c i s  o a s - -  n- - n  I .  The

— - _ . n - - - — s- a I - s- ) i s -  s- ‘ n - - n — li-a - - n - -a  n-’ - s - - . - - -
— s - c i n s -  a s - - c - — f t  _s- - c - - ‘I s - ’ o f

s - s - I  a — 
- - — a f— — I a - — s - is - en s - c i s - i a -s by s- s - n  - - ‘n ’ s - is - -i - s- - 

- - s- - -c is - ic ;-: - - 1 I s-’e s - s -  s - i r e

s - s - s - n - m i s -  -a. ; s - s - a s- IC - ; s - I s - - h -  n - ~~~e n g  i s -  : ev e n - - - l v l h n - h - - I  i -~ ‘ I s - a

i s - s - n — -c i s - i  n t - o f  i - _s - - a  O s - n - a -os-c o ’~ 
s - ’ 0 I C — i - - . A s  -- - - - s- o s - s - — n

r a y s -  a l y  , I s - - u -  n . m s- - .- - - n - n e s - .’ o s - n i  an - - a  - s- - — s- c- ’ n — s - s - s -  n c s -  I n - s- a t - m s - v
‘ c c  i s - i  a ’ - cs - es -  in i n - - n .  - i s -  1 -  - - c - i n-s --r i s - s - -  I by n. ‘ s - i -~ 1 i -Thc cm
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A N N E X  Dl
INCREASE OF SPECIFIC POWER OUTPUT BY S U P E R C H A R G I N G

Tnicc - I s - s - - s - lo a n - c - i power -output (Eq . :s- — 1 4 )  of tb - - i-i-c-al— gas ,

s n - s - s - n i d s - n s - ’ i  D iese l  c y c l e  ( i - ’ici . D—l) c-as-n be v s- - i t , ten as

P = i p l V l
( Y _ l ) ~~~~ l_ r

cv r~~P
+r 1_ 1

~~s- L,v
_ 1 + s- Cv (r cm

_ 1) ]~ ( 131—i )

wi nes - a ;  P a- - s - i n s -  is the n u m s - s - L - e r  of  cycles s - - e r  s - s - e n - o n - i, an I V =
4 

C — - 1
yR0 T1/n 1 to the c v i .  ins-icr volume at p -i n s-t 1 , ‘~~ beirs - c t he  nus--s-L-er

of n’s-ales is - s - t ic s- a I s- c - es - - -ale , ann - i R~ n- Inc a s - n  i v-s- s-’sal os- s-is c cn s t .  as-n t

s-s-er s-s-s-ol e . It f- - li- s - -wa f m - -s -c t h s  exm r - ;ss is -as - t i n s - s  t h a r ’ e are several

v -s -v s t hs-crease m -- -;~-er o u t s -  s - i s - - . These  i n c lu d e  r a i s i  s - s - S- the  v al ues
of  , on’ m . A l l  t i s - r --c- -n- of these u n m a n ’ s - c - t e a s  ar - -a su b :e o t  t o

van - us pra c ts - n - a~ li s - - s - it a t i s - s - n s s- s-n t to ice d i s c u s s e d  he re . C s -h e r
p o s sib l e  vs - s -p s  as-’e rai si n s - c s-he va l-s e of t h e  c o r - s -p m e s s i o n  r a t i o  a
or s-h e  o -mes sns -re  ratio r . Bat h of ~hese w a y s  lea d t o  an inc rease
of the noa xi s-cas - :. m ess-a s - - c p -. la s - i s-cc s-Ice cycle . A s a fi s--st aprrc-xi —

n ’s - at  i o n , tti-: n-si i s - i - I c - s - walls s - s - s - us - ct have s-n s -hi - 1- s - nn- -ss s-hat Increases

r s -m c s - r - t i o n a i iy  s - - s - i ’  h 1 3. hence  ‘s - h e i r -  w e i c i i t w i l l  be ror~~m ’ t onal
no p

3 Cc’s-’ a gIven value c-f V1. Sirs - c l I n s - - I - : , ‘ 1cc’ wei ghs- of t Ics - ’

r r s - -o v ins - g  parts ms -s-st 1 s - s - -s--ease w Ith p 3. Conse quently , little or no

s-lain in suecific u s - w a r  s-c ill result.

For t s - r - e s e n t  pu rposes , we f o c u s  a t t e n ti o n  ~n t h e  p o s s i t i li ty

of i n c r e a s i n g  sn ec i  f i  c c-we t - outs--ut by Jean-c n -s - : s - t h e  c- -mpr ess  - ns-
ran- ho r while kecpimng p

3 
and  I s - c n n - c -  t h e  w e l c h t s  of ’ t he  c y l i n d e r

ws -Ills and the primary rn-n-yin p a r t s  c o n s t a n t- . This  j a m s - l i e s  t h a t
the pressure p 1 mus t  be r a i s e d  ( “ sum- ercha r’al ng , ” alrea dy consid-

ered in  Sec ’ic n A — C—b of Appendix D). Ins- contrast ‘n ~h-s-’ ap-

proach followed irs - Se n -t I- s- s-n A — C—b , this annex considers the effect
of supercharging on the main en s - - i ’  only. It is assumed that t I n - ’
p ower  r e q u i r e d  f - cs - ’  t he  su p e r -c h a r -g i n a  --‘ s- ’s -ms -res sor  is par’s - i~ taken

D — 3 °
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fr ont  the energy i.n the exhaust gases , is - . san -h a way s- Is -nt no net

-w e r I S re -qu i r -ed  f o r  the s u p e r c h a n - g i s - s - g  ps - -- - -ess . * In o the r-  words ,
on ly  as - -e n i_ 2 _ 3_ 14 _ 5  in F ig .  D—2 is cons ider-c-i . The difference

between areas I— a—b—c and 1—os- ‘—b ’— c In Fig. IC— C ts n~~g1ected .

The w e t - i n s -  of s-he superchargirs-g equipment is also neglected;

us ua l l y , n - h I s w e igh s- is c o n s i d e r a bly  less s-s- ’ }s -n s- s - that of n - t i e  n - s - i n

eru s -— Is - s - e

A s- ; -. c - s - o  n - c - I s - s - t e l  - u t  i s - S e c t io n  A— C—b , t i - c -  efl’c-o of s-a - - n —

n - h - s- n - - i -  os -n n - i s - a  p -.c~- s - - - - s - s - p s - s - n  of  a -~ i v e s - n  - s - s - s - c : s - e  n-a s-n ic-e c s - c n s - ’ a c t e r i z e d
b y s-he u - s - n - - i s - s - s - c s - c r  Y , w s - -s- I c l i  w e n - a l l  s- i s - - -- .‘ s - -~-~~~;~s- -

. s-
- ’ n’ - a  - s- us - 

-~- s -~ - r .  ‘t c- - s - i s- h-a vs - is - s - - c - of I s - ,  then-a ex ists a v s - I - n e  of

f e’ s - - s - I s - I -h I is s - n  s--n i s - .  s - i s - -. - Ils - l_ ; f - —- l  - - - s -  s-
_

n- s-c s - s - s - c t  I n s - c  t i ns - i n ‘s- I -a( a I
s- e ra  f -s - - s- i i = 0 s - i s - n d  also s-

_
s - n- n

1 = : n s - - ; s - I C c s -h ca.s--e a = 1 , r~~ =

s - . x i s -  vs-t i ~ - - , V ,
~s-. , o s- i s- s - s - n  he n-n r s - ’e-~s- - : s - s - i na n - -- is -s--a

, of n- s - n - a s - f~- - t e e s - - V s - c - I  Is - i a a’ s - ’ ; n ’ .~s - C s- - m s - - s - s - s - - I  ~-s- s - n - - . I n s -  I-l ie- l  -

lla-.cin r g s,t o- s - :  I~ -s -ns , tb -a s- - s - s- :-.1 s - r y n ’ s - t’~ t o n s -  s c- - I c - -I - - s - i ’ for- ‘s- ha

O I o  cy~n ic- (rn-,. = 1), s-i S w e h i  s- s fa r- s - i a -  - - - - n - -as-i l cs -ic e of s - h a

~~~~ 

t~~~i , — e s - s - 

Ic 
- 

~~IO s- 

s- ~o 
s-

s - s - s -  

s- ;

-

~ ~~, 

s- n-

en lg is - aa n - r a c e -so h s -  ~ - s - s- ’ac- , si - - w —r ~ ns - s - i s - s - g  Diesel es-iS 1 nes s- s-s- s-p r ca - s - s - cf le

the Flesel cp n -p - n - Ia (r = 1). ~-~s-is -s-y Diesel es-n-clues are s - - -- s - ct

m o d e l e l  by t h e  Diesel Is - s -  c v c e ( s - -~~ 
o , s-- > I ) ,  th e  re s u l t s

fs-- r s - c h i n - h  are i s-ctes --s- :s-a. i i s - ne bet s-cc’s- a n n s - i s - - c - s e  a s -’ n - I c e  1 i s - - s - i’ s-cc n-v ales

ae n s -  l o s - s - e d .

I n-n c c n c s l t - c - r i n n a  ‘ n ’ - ns - s - n x i ”. i : s - -n- 1 ‘ e l m ’ s - - , I t  i s -asef-a l n - -c -

r e l a t e  the  e f f e a t  o f  s A O c - r - n - i c s - s -~~~I s - c~ to n- Is - - ’ v a l s-es of ‘he  p a r s - - . —

etc -a-c re.. and r 
~~~~

. Th kls-s-g n-he h i e ~cs-c - l tn -s-el s-a ice s - s - — i necane ,
- s- - 

- - 6 . , - -h s - v i  a he t o 12 ‘0  n o  s-~~ le s- re—

13.5 moles of  o xy g e s - c  t - - b~ I rn- a le  of fad , I’ c - s - n  be
s - s - h o wn that f-o r ‘y~ 1. - - an t s-’ = 1 ( - C s - s - c -  o d e )

a = 1 + 7110 ~~~~~~~ ‘T2 . (Di—2)

~~hla asscs-n’a - ~n makes t~~” f’c-- I l~ wlng analys is rn -re app ilcatle
to n-urt - - a i c a s - ’ a l r n g ,  -~s c~ n n-- e- .t-I o s- s -ally def I s-ne d , w h e r e I n  ‘ I c e ’ - s- cc ’s- ’
require d fs - s - r s- -ompres si . nn I s  oi nIrne d by -a turb I ne In the ex-
haust oases. Sum er-s-har a~ - , as cons-yen ’ tonally dcfl s- -’ i , l s -c~
valves usinc sn-rae t-~-wer fr -m n ’s- ~h-~ enos -Is - .e -ra nn ksh a f~ to sum -p ly
ca rs-s-press c-a owe s- ’ . -

~~~1

- ——-‘- -- - ~s-— ~~~~~~~~~~ ~~~~~~ ‘~~~~~~~~
‘•

~ ~~~~~~~~~~~~~~~~~~~~~~~~~ -
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The corresponding expression for r
n-v 

= 1 (Diesel n-p cycle) is

r = 1 + 5080 q(°R)/T2 . (131—3)

It In-c- i I s - - s - s  t ha t  t h e  pa t - s - s - s -m e te r s  r- s - u - i - i  r~~ s - - es - - s - s - t n  n - o s - i s t a r it p ro—
V s - L l c - s - l  the ratio ~ T2 s -’ - s - - s - --s-. is - icr c - c ’nsts -n s-nt . This  s i t u a t i o n  car ’ s-’ es - ; —

s- as - s-- Is to keeping s-~ f t x c s - l  s - s - i s - l ie us i s - i - s-irs - s-zJ~~s-z~ - a t s - V ’  o u ~ - c s - ’~~- ; s - - ’ : -  y-

i s - s - s - I -cakes Is-i air s - s - n - s-i g Iv es -n - initial t emperature . A s - n o n - t n - s - - n -  u s-c-—

s-’al it s - s - s - i t to n - O s - s - S i  la s - ’ is kee n-is - s - - —
~ f i xe d  w h I l e  s - s - s - c - i n s -— an ~s - —

t u - n - ’ - s - z o a :- c n - s-~~~s - a s - ’ : c a  n- s- c-s-~s-I-rc ss i s - s - c  s - i n -  as- the civen is - s - I s - s -h e  tes - - , n

V . In I- is - c ls - s - s - s - s - -n- case , n- t i c  s- s-a rs - i s- cet - o- rs r - s- s - s - - I r a- ( 1 - c v  op -

o s - n t h e  cs - s- s - - s - m n e s s i o n  s - - s - n -  t o  r , s - s - s - s - —I the - i n -  h-s- i ::a ’ I - s - s - i  s - - c - c s - -  i s - s - s - -s-c- i s-c-

sh in s - - iy s-s-s--are inn-- -ivcd

A. OTTO CYCLE WITH A D I A B A T I C  SUPERCHAR GER

s - -  = 1 , I t s -  s-’ — l I - - s--o s- t n s - s - s - t

s-c- 
= 

(s- 
- ~~) ‘  

(i 
- r~~~) 

f~ n-) , ( P 1 - -- )

w h e t - c -  f~ r) = r~~ — r~~
’. The on x i s - - as--. v s - s - I .-: of 1 (r) Ia

= ( -
s- 

- 1)~ ~~~ , (P1-5)

- - . - i
_
-I- —i - f

~~ch -s-c-’ I r = r  = y
a

m c(r )  , ( P 1 — C )

so that 0 ~g(r) ~
. 1. The i’s-s-net i - c - s - i g (r) rem -a - -se ts- ’ s the fran -n- Ic- n

of the m a x I m s - i n ’ s -  s p e c i f i c  power ’  out.s - p s - m t  that cans - be obs- s -s - I r s - c l .

is s--l ot s- c- i in - n Fig. P1—i far y = 1. 14 , for s - - a s - i n - h case f_, = 0.123,
= 2.32. The parameter r ’ used In FIc. D1—1 is identIcal to

r f- a s-he I )t ~~s-o cycle .
D— 14 l
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F I G U R E  01 — 1. S p e c i f i c  power output function g(r ’) for Ot to cycl e .

n os - - i-a r to  ob t a i n  a - lee s - s - -e r  i n s i g h t  Into the s- s - s- ax i s - s - . oat ion

r a c - c e s s  cons i  ic ’ s - a s - -  1 , s-Icc - -s- s-— V dIrs -cran ’s-cr of three cycles with c-c-s- s- stan -nt

c - s - n - s - i  - s -  s- s -n a t an -s - n-- r
n-v ha-ce f-- s - e s - c sketched irs - i - hg . Dl— 2 . In n - y a l e

(-s- ), n - s-
1 

i s - ; v-a s- :; a s - n - - s - il , w h i l e In  cycle (c) p 1 is n-lose to p 2. is-

is clear ti - i t s-he cl-c-se I can -n - - s-as a - s - s - - n - : sent i n s - a  the e s - i- inc process

in both on -’ these oases are vera s - s - s - n n r - -° s-v , so t b -s - I the ar- -c-a c ’s-s -n - lo se - I

ha vc s - ’n - -  a s - c s - s - i l .  Cycle (b) is s-s-n :s - . s- cs-fl - s - s - s -c case , w I t h  s-s-i m s - s - s - i n - h
larger enclose I 

It is illnns t - s- ’-s-t ive s - o is-b ’ “s- s- s - s - ’ti a l i - c - s-- s - s -s - n -  n - rs - r’n-es ” i s - n the

c-i’aphs f’ s-o n-’ P0/P. and sfn- s -is fs-anc t i- -s - n o f  
~~i s - s -t~~~o ~ °‘‘s-~~~ Dl—3).

These cut-c-es are obta i ns - c - i by s t s - - c c i f y : s - n ’ th e value of a ( r )  . T h i s
provide -a the vs--due of a , an- I hence the v-d ue of the pro - Is -n --n-

( F int /Po)(Po/Pi) = ~~~~ — 1, as w-’ll as the v-due  of t h e  s p e c i f i c

fu e l  cons u ’ s - s - I -n -  t o n  s f c  = 0 .13 8  ( 1 — r’~~ r
1 . At s = 1 (maxir-murs-s-

specific powe r os-as -put), 
~~~~~~~~~~~~~~~~~ 

r~~
’ — 1 = — 1 ,

sIc = O.l~ 8 (~ — 1)
_ i

. The valu-a of P~~~ /P. varies ab s-s-na each

13— 142

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

-- 

~~~~~~~~~~~~~~~~~~~~~~~~ s- _ - ---~ -~~~s--~~~m~~s- ’ - - - _ - . s - oao ~~‘ - .s-.~~5 - -  
- ___~. ~..



--- - — — —  - - — -—- — ---— - -“
U’

of the lines -of n - s -- s - s - s - s -n- s - i s - i n -  a ;  h I s  c ’ s - s - i s - s - -  can 1 - -

Is-s-tersec t t a n - i c ;  s-c i s - h  s - i s - a  lines of cs - ° s - s - s’ s - s - n -  I -

-‘ 
VO&UM*

FIGURE D1- 2. p-V diagrams for different degrees of supercharg-
ing in an Otto cycle with p 3 = c o n s ta n t , 

~~~ 
= 2.

As - s - os - i s -- s - 1 l us ts - - s - s - s - i - ce s-c -s- s-p of s - I s ; — i s - s - y i n n c  t hcc -e  results is

nc-lot - the fr-an - s - i - s - s -  o n - s- - s- axi s- - s n s - e n s - i f i a s- acer o - n . s -~ s - I a s-s-s s-i “s - s - s - na—

t i - -tn of s-he s p e c i f ic  f u e l  - : o n s - s - r s - s - s - c~ s - i o n  ( s -n e c  P I g .  Dl~~14). B -n - h of

tin-c -se ia - -s-n - s -tit l es — is - - - - - f a n s - n - I us os - - he co s - - npn- ess is -’n n ’ s - t b r , wI s- ic h

bec a s- s- es a ~s-ar— ime te r- al an -s-c I he c - s - s - u s --a . It cs- s -n ts-c seen s-tirs- ~ up—

s--rec able g a i s - s - s - ; in power -s - s - s - s - I n- - s - i t can i-c ac ts - i e v e s - I  - s - I - a r e bu t  iv e l y
arm s-all in c r e a s e  i n s -  S fo 

* s - o s-; 1-uI that tine con-s-s-press Ion rat io r is - n

no t lowered too s - s - s - s - s - n - tn ( s - i t below ab s-s - nt 5 , sa y ) .

By way of n u m e r I c a l  L l l s - -t r-i ’ i  - s - i , u-c con ch -a r he case of
an es- s-g in -ce with compression ratio r = 20 , c o r ’r ’ e s m c - a n d s - Irn a to g f t)  =

0.28~ for y = 1. 14 . ‘Ih e s-c -s-s-en-i f i n - ~- -s-s-we s-’ o s - s - s - u - s - is - pars-s-s--s-e l er I can
be i s - s - -a r - s - a ss - s -- I by a factor 1/s-s-- = 3.53 by s u p e r - o h - i n - c t  s - nc  to a pres-;—
sure (r/r )~ = (2 o ’~? . 3 2) ~~ = 2o. s-~ t i n ’ s - c s - ;  t h e  s - s - ’ i s -’ is -n a i  v a l u e  of

w h i l e  - l e n - s - -c s - i - air s - c t i n - c -  c - s -m p r e s s i  - n~ r e  I - to s-’on 
= 2.32. I f
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s-he o rig inal  value  of p 1 was 1 atm , t h i s  means s u p e r n - h a r - i n - ng to
2 0 . s- as-c m , v i r i le p n- = 6 6 . 3  a t m .  The s p e c i f i c  fue l  consumpt  i s - - n  i n —
creases  r i’os -n 0 . 198 to 0 . 1 4 8 3  l b m / h p — h r  (a f a c t o r  of  2.4). For

~~~s- s - dd”~~i 
10 ( - ~ = 0 . 7 3 )  and T 1 = 520°R , the  va lue  of - ’ s-he  p s--s-.ra s - s - s - —

e t e r  r s-, is 4 . 0 ;  t h e  o r ig i n a l  v a l u e  of Y s- is 0 . 0 6 5 ,  w h i l e  fo r  the
n s a x i m s -n l l y  c s - i n — o r c h a r ed cs- s-se = 0. 23 1. E i g h t y  s - s - e r — c n n -  of  t he
*s- - s - v i r m s -s- s-r s - v a l u e  of Y ( 0 . 8  x D . 2 3 l  = 0 . 1 85)  i s  a n - s - c l - a-s- -ed by s u p e r —
a i s - - s - s - -- s-c. to 7.7 i n s t e a d  of 2 0 . 4 a s - n - .. In t a l  s case , t he  c o u m s - r e s —

si  -s - n r a t i o  is 14 .7 , s-bc m s --av er — s - s - t~ s - - i s - s - - n -- a s - s - s e a  by a f- s- ct - c - a 2.8,

s-s-nd t h e  sn - s - - n - c l fic fue l  con cu r s - s -na t i on  is - s - n - s - - cases - ;  t v  a f ac t o r  1 .5 .

s- i s -c n - s - s - s e  i t cc u s s e- i  is i l l u s tr a t e d  i n  1 s - c .  P1— 5 by s- tn -c s- cu rve  
ar k e - i  “ s- s - t n -~o ad l ab a t i c . ’?* O t h e r -  c a se s  a s - e discussed subsequently.

B. DIESEL LP CYCLE WITH ADIABATIC SUPERCHAR GER

The s-c-es -n s - s - s - s - --ul case of the  D i e s e l  I s - -  c y c l e  r e q u i r e s  on ly  a

s D s - s - -l e eX I- - :ns - .s- i - - s-s- of s-he results cb s- - s- in c-I s - s - n -  ts - - - s- - e ce :i i na  s e c t i o n .

The e x p r es s ion  s - n - - a  Y E P 0/ ( h l  p
3 
V1) ben-os-c-s-es

= (~ - l) ~~~~[l — r 1 
+ ~(r — l ) ] t - f ’ ( s - - ’ )  , ( D 1— 7 )

s--s- he re

s 
-
= [
~ 

- l + ~~~r s- a ~
] , a ’ = br’ (131-8)

s-chile sfc = 0 . l~~8 [1 — (r’)1~~ F
1. P~ r’ rcp = 1 th- - resu l t  f - a s - ’

reduces to  t h a t  of n- I-n-a p r e c e din a  sec t  Io n , n - n i . I  b 1 , r ’ = a .

I s - .  ss -n - - s - l s - 1 be kept i n - n s - s - i s - s -i s - I s - u t  the Diesel l 1s- cy c l e  n- - s- - c s - i  i s -- e s

r
n-fl 

r- . Ps - n- cases yielding s-i value of s- - s-fl b - a l a s - c  t t s - n t  of s-’~~s-~ ,

the s-sax is - - . i n -at  i s - -n p s - - c n n - c - i s - r e  i s - n  i n v a i i  1. However , such cases Is

not  -appear  I s - s -  be of  p r a c t i  - c a l  i ns - s - t - a r t s - ance  an I as-ac l e f t  cs- -u s -  o f

considerat i-c - n - i here .

*It  s h o u l d  be no ’ e i  ~hrr s - h e  t s - - s-s-a O s- m i - a n t -  of ‘he Ot’ o cycle here
is onl y as one l i m i t  of  s- h- a D i e s e l  ~- n g I n e . In an O t t o  - - s - s - c i a -- ,
of course , detonai i o n  1 I s - - s - i t s  n - a s - s - I - I  p r ’ s - t s - i b i t  s- i s - s - a h I g h  ove r ’s - i l l
-c om p r e s s i o n  r a t i o s  c— ) n s t c l s - a r e d  here .
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FIGURE D1-5. Specifi c power output param eter--specific fuel
consumption r e l a t i o n s h i p  for ideal supercharged
cyc l e s .
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i - i s - a s - s - -  n - l i e  t’e~; - n L s - s  f — s -  i . /P , I ’F . , - s - s - s - - i  r 
s-
’
~ 

l s - s - - s-) - h e

s - - c - I s -s - n -  tenn

i
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1— ( s- ’ 
— 

1
( n - — i )  + s- n-~ [s-c ( 1  + 

(s - _ l )j 
-

s- i

T in I a s-as- - i os - n  1 s-s- a s - s -  - - s -i is - n ~ i - 
. D I — - s-~ s-’ is -c l i - o s-n e 1 cnn - s - v c  1-a

= I) Ii ~I = l . s-~ ~ - s - n -  v - s - i  - 0 s- - — -s - -s - ’- - sp- s- s - s - - s - I ns - ; - n a

1.0 , 0.°, 0.7, Oil , i s - s - - i  0 .~~ , s - - c - - c m i v - -- i v .  Tt s - s - s - - - ; m - - - - - f i n -  ~~s - c - i
- .

~~~~) 
ii  

-
. - , ,  g i v e s - s -  t 1; s c  = O . i ~~

-
~ ~ 1 — -~n ’) s - s - n 1 c ~~~ - i  I n

- he I. - s--. - - s - - p - s - i s - of i-P c . Dl—- . A -s - n - s - P s - - s - s - -~ 
-_ -- s - I  -~~~~

- ot~ I -‘I - -n - s - s - s - - i c c
:s - s - - I

u1 -rs - - 
n- - a ’ s- 

- s - s - L-  - 0~~ Cs - a s - s - c -  - s - s - s -~ • -i n s- s- - s - i s- i- s- - ~o s - . n s-
V

s- s- s- I s-c i ns - n -- cr-

c-c -~ i s - s - s  w i t s - n  t i c -  - 1 I s - s - s -- s - s -’ - s-is -a n s - s -  i s -
. s - .  - 

- - .  T h s - - - s- s - -s - s - a an- . - -

- s - n ’ s -  o s - - s - es -’  O s -  ~~s - s -~ - — s - c  a _ s - s - C~ 
- - s - i  ‘ s -~ - 

- - - - - ‘s i n s -  S - 1  vs-a s-
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I s - ’ ;  -s - s - s - V s - s - s - s - s - s - s - n - s - i  Os - i - 

~ i s - c s- s - s - I  1 -s - n * 
i-: - - - r a s -  ~c- - - s - -  s - I DI -~ s- ;e 1 -n- n-

- v - i c -  ( a  1) - . i i i  s- = 20 . = l~~ -~- , s - i  ~/ s - . = O ( :  =s - s - -~ - l
‘F = fl° +.,  s - n s - s -  I i i  s-~s - .  - . 

~~~~ I l o s - - c s - ;  - h - i s -  s- n — 
~~ 

1 =

fl . H r - , n- ’ = s - s -s c (s- - ’) = t . - 3 ,  1s 
0 . 2 . ~~, a f a  0 . 2 ~~0 l i - s - - s - t s - p - — t l s - ’.

P t - n- - s -~c -- s - - 0-s - tn s - n s-us- 
- 

s - s - - n - - n -a -’ I i~s-. a ‘a - -~ c- s- i s - - -- = .3 s - I

- s - n -n - - - s- s- c ~.s as - n  es- - 
- -. n - a c  - 

~ s -n n - a s - - s-n - ( s- ‘ ‘a ’)  = . ~~2 ‘2 . s - 2  ) - s -  
=

ts- s-s- • , - c s - s - i  s - h  - n e s -’n - --a cc s 1n -s -- - - s - s a — a s I c - n i  s - - s - s - t I  o s - a n  s - ’ s- ’ =

Thu spec i s - i~ - s- n - - i  c - s - s - s - a s - s - s - p t  I -a I - s- I s - s - c r -- a - s - a - - I  t o  ) .  s -i s- 
~ l i _ n . j ‘ t i p — I s - a .

T s - i i  .m case  s - s - i s — )  ~5 Ii ia - n - s - a  s-n- I s- p s-- . g .  s - s - i — -) ( c  . s - - - - - s - - s - rn ’s- - t ‘

n- I - i t — s - i t  - - 
- ,  

- s - I s - u  n- r n ’  s-.e e s - i Is s-a s- he p - - 
- nn  v h s - c  n’c - tn c - ;- s- I - s--a

h s - t~ a- - - — s - c i s -~— s-c s- - hr  - 
-

- m s - a n  - s - i s- a s -j e l l  I - - p s - s - n  n s - I s -- n-say I —

en
r s-n ~s-- (n - -~ i r. s - n-s - n) - -

i s - — - -8

a

L.~~ 
- 

_



r

IC 
_ _ _

- . - - - -- -~~-- - --4— - -.--

LI __

I 0 7 s-

- s - i  - - - - i

- . r r - ; - -s-.  P0~.f ~ IRA . F E .  ~- a- -- r ’  -
~~

- r

F IGURE 01-6. Performance characteristics of the ideal Diesel
cons tant-pressu re cycle at constant fractions ,
g, of sp e c i f i c  output paramete r - .



- - - - — - - ----— -- - .—*-- ----- — . -— - ---~~~~~ --- ——— _ --- --- -.- = - -  ---

I n -  is cls - n - s - s - n -  fm - -s - s - i I -P g .  P 1 — 5  t ins - n t f o r -  s - s - n y  v s - i s - s - s - c  o f  a s - s - e n - i s - i  as-
n-Ps-e l  c - .aars -m- s - !- t los - i the IP- -s ei c m -  s-s -v - ale - a - o n - i - i c - s  c s-ns I _ i c - s - - s - s - i  ly
h i  ‘ i s - s - - n ’  v s -d u e s  a s -  t h e  c m - c s - a  ifi .- p a r - s - -n- O u t  s - s - : s -’ n u i r s - s - s - s - s - e t e r  Y , n - h s - s - ir n does
s-he o cycle.

C . OTTO CYCLE WITH ISOTHERMAL SUPERCHARGER

For u s - i laos - h - - s - a n - s - s - i  aun er s--ls - s - is - -s- -- - - n- , s -h e  t c - s - s - m - e r a t u r e  T 2 n - O n - c r
c~- s-s-s - s -n - ass  i - s - s - i in s- t ic  e s - i s i s - s - c -  v a ri e s  w i t - h t h e  n - - - s - s - s - s - - r - : s s i o s - s -  a s - t i  a a ;  is-

is c i  n-en I . ’ T 2 = r l l T
1 , 

v h s - e n - s-c T 1 is - ‘os - na ’ s - s - m m . It. 0- - l l o w s - s -  n- han-s-

n - o s - -  an - i  O t t o cy c le  w i t h  ~ i 1 s - ’F. = 10 , T1 
= s-Us-U-P-I, s-

s- =

= 1 + 1 .93 s - -~~~~ 
-
- ( D~ -10)

= 0.  U 3~~l + 0 . 100  s- 0 4 )~~’ g ( s - )  . ( D i — l i )

T t s - s - - i s -  - c:- a - a s s - n  I — I a i r s - c  I s -  i s - c - i  i s - s - P s - — 
— D l  — - - ( e s - s - . - s - s - s - P s- s - k  - - i ’  -3

i s c - n -  he s - - s - . ‘‘ 
. s - s -  I a PP- C 0 s- 5- - s- n - s - ha n’ s-U s- s -a y ic - i s - . s- I s - i  a l i en ’  v s - s - I -s - s -c is-

f u n -  - i s - - - a s -  s - c l f in - s - - - s - -s - e s - - o _ t n s - s - s- n i s - - s - -s - - - t e s - -  n - I s - s - s - s -  I - c. . s-i n i n - l a s -  i c

c _ _ u e n - ’ c i s - - s - s - - c i n - , 1-c - cs - s - s - se  n - I s - s - c s - -s - s - - i ces s-ic s-’ h s - c n - s -~c s - s - s - - I .- 
-

. v
a - s - s - i n n - c I - s - s - c  I - 0 n- i s - -a C 

- s - ’ c s - s - - s t - s - s - s - - n -c — s- s - s - s - I  - Ps-c - - -a n — I - : n - - - s - - s - i r e

s- n-as- - n - mr  s - s - - -- t s - s -- -n s - -r - n l -n - L s - s - s - .p n - ’c - ss - c - Ios - s - i - r - s - c e c a  I s - c  -le s-o a - h i s - s - c  f - u -  s - s - s - n  s - - n -  i s-s--

b - a i s  o n s - c - .  -~‘- - s - s - . s - - - p s - - -~ s- s- l s -~
- 
, n-- i s - s - -n ’ - - s -n i - c  s-v t i - s  is - s - cs -n--h .- -  - - i - - s- -s  o~

s-he i sea i s - e s - s - s - s - s - l s s - n s - - e r n - s - I i s - i s - - g e s - -  n -  - n - c a n s -  o -ce i -  I P s - -  s - s - s - i  - s - i -- s - n t i s --

b - s - t s -  1- . s -  i n s - s - c s - i  s - s - c e l l - - m - - - w c-r  s - - s-~~s - - s - s -~ -

0. DIESE L CP CYCLE WITH ISOTHERMAL SUPERCHARGER

Ps-a r s-i Diesel n - n - cs- co le (n- _n -n , 
= 1) n - c I t  Is- ib .s- id /F I = 10 , ~( = 1. -- ,

T s- = b ? 0°R , = 1 as -  s - . ,  s--s- s- t i n - v s - c

r = I + 7.1~ ~~~~~ (Di-lO)

- - -

-- 

- 
~~~~~ - - ~~~~~~~~~~~~~~~~~

-
~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

-
~~~~~~~~~~~~~~~~~~~~~ v - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-



— -~~~~ ~~~~— —-- _
‘~~~~~~~~ — -

I

Y = 25.0 [r 1
~~

’ - ~~~~ a ( s - s - ) ]  (Dl—l3)

a( s--) = (r~~~ - [i i~( s -  - l)]~~ . ( 1s-i -l~~)

The s - s - - s u l n -  n - c - s- ‘s- s-u - s - s - i n s -  i s  I i ls - s - s -t rat-c I in P1 -i . Dl— - (as -a - c s-s- s - - s - s - s - i - ke s - t

D’esel i s o ths - s - -n- s - s - s - s - s - l ”) - s - s -t i e  -n - u s - - y e  ens - s - s - n - s -he  - s - i s - n t  s - - s - i s - s - s - s -a s- tie

v - s - l a s - e s - -  o s -  a s - s - r i _ i  s- - _  s - s - n - -. - c - s - - s - s - s - s - i .  T b -  01  n-~ s - s - n - a  s-nh - s -ca t n - s - s - s -n- - in s - ico-
n- ;

s- t i e s - a s - s - s - s - i  e s - - - -h a s - - c e s - -  can s- s - - I  I - - - - - s - s - c s -  t n - s - aL ly s - s - i r s - i s - s - ar s-c-t s-i -S i s-’ic

n - o w e s - - o s - t p - a  t i n s - s - m i  -s -~h i a i s - s - t  i - c  s - s - a - , as -  - tie n-- s -c e s-n -~n- is -~ -c n ’ s- - 1

cc-s - s un - s - m t t e n s -

E. THE IN FLUE N CE OF I N TAKE AIR TLM ERATURE

I t s - ’  n - i s - - o s - s -- s - a s- - s - s - i n - c  - s - i a n - -s - n a - - t s -~s - s -n - n - - - 1 . - s - :  C s - ’ c t~i~s - n~-~s- -’ s - - n - -  s - s - Ca s-n

s- n-:- -; n- i c - s  n-i i s - ’ -
- ‘- n  s - n - C s- s- I C  ~~I’ o s - n -  n ’ s - s -’ n - s - s -- n .  s- - - 5 -  c o n - n - - ’ a n a o s - s-

I s - a c a s- I - s - i s- s- s-ic pr’oce as in s- -c - - i t s -  - . 1  t a n  s - he In - n s- s - c s - a -o s-c of t I s - c - I s - . aPe

n - i s - - t e n - p e n - - s - s - a r e  us- snaec :s-’ic ~-os - -~-a r- oas- s--’ s-s- s-t - s - s - s - i s- c-s-s- I c - s - ass - s - s - n - as - s - ie n .

T n - n 1 s - s - v e a n - - ’ s - s - n - I s - n~ t h I s  i s - c O l a s - e s - s - c e  -n - x s -  l i - n - s- t ip,- , wrmo Ps-a s- n - - n - n - s - n t  c a se s
c- s- n c n - -c s - i c ’ I s -, - ’ . i a n n - - i .  I - I s - s n - , i f is -.- - r i - s - s - i  I- s-a. m’ s - .  a ,

s-c s - s - s - n - i  s - ’ , s - s - s - ,-~ ;c s-n-~~~
- s -  n - - s - s - an - s - - l s - s - s -, - P s - e s - s -- s a .  c s- n s - ate i n s - j s - it s - s - es - ’ tIn e

n o s - s - m s - n - s - s - s - -a . c - p c c i f i s - :  s- - - - - - - n’ s - n - s - - as -n- n s - s - s - ’ - -.s - ’ s - c - t - a n - -  or - s-he- - o - - -

s p ec  I n- ’ i - a I’ s- e l ~‘c s -r s - sa  n t  Dan-i . P- c - n - n - us - c Dane s-- e- - s - s - -~ s - - - s - t ’s - i s - - e  T . , I .  s- r a n —

~~~~~~~~~~~

1

~~~~~

1

: s - s -

t

~~~~
3I s- 

i r e  n ; I vs - lens - c s - n - Cs-s- n- 10  1 ~‘- a s - : - n- v ’ s - s - ’ y  in

i s - ,  - se - n - c s - n . m n - n - s e , T1 i s - c  -n- - s - s - - i c - n  a c ts - I le -n - a c ;- i s - ic a- 1, a ,
p

s - s - ~s-~
”P

~ 
co n s - m n - s - s - s - n - .  T h i s  n - - s - s - c--cc s - s - ms - -p 1 1 - - s- a s - n - a  a s - e s - s - - i s - s - e  s-’ s - s - s - s -s - i n - i a  an-

s- ’ - I s -’en v - s - s - 1 - s - - -, s- os - n- an~1 b- s-nt s - - s - I n - i s -  v- iab Ic- P s - s - s - P c  ch n im ’cc  c o o lin g

h s - s - n -s-s - n - s - I s - s - c. T i n - ’ ‘ - s - s - n - ’ i -s - i i - s -  j s - ’ T 1 s - - s- I-c n - a - s - s - - s  a c - s - - I - s - t i -- s - n  cs-f s-

- s - n ’  s - - -- . F’o n - s - h ’ s-a On - to -aye Is-c , I ’ . f - i l - s - - w a  ‘ has- n- the ma > s - 1 s - ’s - s - , s - ’ s - ; - n - s-s-n-sure

I s- r -I :na t b s - e  op -a le  - -n -r l e s , wh ile D a i s -  s - - s -v - -a ~~~~~
‘ n -u F

0 is  i n s - —
v-a n - - s e l y  I - C a p o n ’ s -I - s - n a i  1-0

- —51



I n - ’~ / - P T
- -  cs- - 

1 I - ~ i 0 i s - ’

H en an -  , 1 
s-s-i a s-s- s - s - s -  j n -  - h h t -- I s -- s-~~~~~~ s- -~~~t n - -n- cs - s -s - l a s-s- s- s- . The i a n - n - - e r -  n — c - s u i t

is s- - i s -- s - n - e s - i  i s - n F i- . Di~~7 , t s - - s - s - s - _ I .er s- - s - i s - i s -  ‘. s - . - - c - os - s - n - - : s - -  s - n a - t i n s - c  r - s - s u l t
f - s n - -  n -P s -c I : i e ce i  ca s- s-~,’ - ’le ( s ee  i claw ) - Th e sn - e c il ’ic no e l c o n s - s - m s - s - s - - s - n  —
- i s - s - i  i . s- c - c - s - s - s n -  - i s - i n -  , b c - s - - s -u s c -  t i n s - -  n- s - s - p s - -s - c s - a s - n  l os -i n ’ s - . i o  s- i s  c s- s - s - s - S n -  n - s - 1

P r - t b n s - n - s - - r s - s - c - r c -, t i ne an n - cc  i s - i c  m - - u-:s- s - s - -  a s - i - s - -s - ct I - s - s - s - - s - s - s - s - s - e s - e r  Y i n -  s - s - - a n - n ip

O s -  s - c a t s - s - s - s - s -. i s -  I s - I s - c  n - a ss - c  i l l s - s - a n - s - -s - n -  s- - n  n --v i-s - i  a . Di~~7 ,  vn - s - s - i e s  s - n - - n’ s-

0 . 0 -  I n - - s- P-P
1 

= 0 . 7 5  s-o 0 .  0 - 2  ar T
1/T

1 
= i . 2 s -c ;  s - s - s - i  a s - - ’p s- ’- - s e n s - t s

a Dan- -at n--e s - s - Y ’ s - s - l l l n n e  c e ’ s - - e s - i s -  i s - ,  i ” I s -~~~. I l — -
~ (s-n - a .0 s - ) .

For the :- i - ’s-s - ei n -n op -n -i c , i Cs-c s - I s - s - s  c o s - s -~s - - s - ’ s- ’ s- s - s - s -  P

as-n- s-n -s- i n s - c m s - s t s - i s - s - t  , so s- is - _ s - s - s - i s - c -  s - a s - s - x I s - .  s - n- . s - s - s- s - s u n s - s - c -  s- i s - i s - i n n -’ - t i c -  c yc l e
s - - s- - n - s-i I n-a c _ s - n c - s - s - s - i s -. I ’  U, s - i ~~ i I i _ - s- ’

n- - (‘ + ~ s-9b°  ~
‘- 

+ I
I P \ ‘I’ r~~~~! 

, 
I0 

- 1 
_ _ _

- 
(
~ + ~~~

s-
~~~~~~

\ s -  
+ -

, 
5030

1, ,,

Di s - is s- ’Cn-s-,i’ I. - p1 s - s - s - e s -  Is - , i-’ I c ~. D i — , ’ s - s - - n - s-i s- c n- -n-se n’ 20 , y =

= in - i s - s - n i  s- T . = 520°F. Al so i s - c - - n - s - c -n- . i .
s- n - h e sn - s-a ‘a s-s-

s- :.s-’-ae ruTs-a s a los - s - - n - t n e s - s - s - c s - - v s - c. I s - - i s - c  -s-s--es - n  Da- s - - t  t n
_
s - i s -i ~s - s - s -n n n - i n - y  i s

s-s-eas- ’In-- s - s - s - s - i t. The v - i n ’ i  - - i ons - s-c ‘s-a s-s- i ‘- - a - n - . i  s- -r rese s- c n - in a s-nea rly
-,-n-n- s - ’ s -~as-i~ ~ s - n - s - e se ’- ’ ’ .’ - n - n s- s - a. P1— n -- . ext c - s - s - s - s - n n- - s - s - - u- , ‘h e p o - .~

Is- 
= 0.136 , cO n - = O .22 -s - ‘.o s- he n oint P = 0.2 s-U , s-nO n - = 0 . 2 D a -.

can s - s-u con -s-,- l s - s - e  i t h a n -  a n - o I l s - i s - c  -t : is-a aPe s - I a  s- ’: s - . I  - e

I n c  n - h e  a s - s -s--s -s-s-s-s-us -ers r , ‘
ai1s- 1 ”~ 

, an-I s- . n - s - s - n - s -s-n t ns - n ci i s  s - s - n - n e f f e c t  lye
-
~Ja :- s-- to i s - . -ren-se n - s - s - s - c p s- s --s - c a  - s -  p s-a t 

n-~ 
For ’ the  n - n - t o  c y c l e , the

sr s - s - e c i  f I n -  fuel :s- s - s - s - s a s - s - -, : ‘1 s -na  s - c - s - - s- i n s - c s - n  n - o n s t a s - s - t  , an-s-s-i n - is - s - c- p -ar— nw- te l ’

t n - a n- s - s - en - s - s - c s  os-cl:; s I l c h t i y .  P - s -p  n-h-c Dies - -el cn s - n -ps - s - ic, s- here is a

sT igh ’c- I s - s - ca-an - s e ‘us- sn-Ps- , wIs-1 ‘cc n - h - c -  paras -s-aes-er Y i s - n n - r ’ - s - s - s - s e s  I
- on-c s- s - I s - h  ~s- -- - 0

— 5 2

- -

- - -- - - -—-—.--— —- - _

~~~~~~~~~~~~~~~~~~ a~~~~~~ s-~~~~ n- - 
~ ,_s-a _ s -~~~~~~~~~~ l s - U , .s-.1 _ —-c— ~~s - . - - .



I~~~~~~~~~~l0

~k 0 s-39 , -
520° R

s-n- 1. 2 - - ‘ - - n ~~~~~~~ 

0 
-

P u s - - - — —  - —
o 

-

o
A.

- 
I -

0 .230

- n - >s -ns~ L ~p

0. 9 - - - r
OTTO

- f ‘ 0 , 198 1

Is - -
_ 4

___________________________ -— ______ 
-

s-s-i 0.8 0 . 9 1 .0 1 , 1 1 . . 1 .3

R~I A fl~~ an r4~ AI R TIMPIRA a k s -  s-- s -Ars -O T 1 
- _ T

~

FI GURE 01-7. Influence of intake air temperature on power
ou tp u t  a n d s p e c i f i c f u e l c o n s u m pti on of O t to
an d Diesel constant-pressure cycles.

D— 53 

~~~~~~~~~~~~~~~~~~~~~~ , :~~~



GLOSSARY , A P P E N D I X  0

b Def ined b y E q .  Dls8 , p. D— n-4 6

B 1s-v l i n der  bos -’e ( - l i a m n s - e t e r )  ; or , s-s-hs-’ f a n - s - c s -  i s -- s - c  o n -’ t h e
-t  ‘ s - I  h ea t  loss of t he  s-crici,ne wh in -h l e n s - s - i s  to a ioss

( ~~ fl t s- O n - L s - 1 s - s - s - s - n -,.

BMEP Br-s-ke s - - s - s - c ’ s - n - i — s - a f f e c t  i ce  I n - - - s s s - s - a e

o s -Pi ns - s - i c - er o n -’ n - y i i n s -~D a - n - ; ;  - s - ’ , -n-i m - r o n - a s - ’ ’ s - a s - a s - ns - s - t I t - ,’ 
s-
i - s -  s-n’ .

n - p  , 2P Re n - e n ’ 1; n - an  s- h -a - s-n -u r is ’  .s - t s - t-ress s - s - -s- c D i e s e l  n - p s - s - i c, see
P .  —~~~~~ .

o s- s- pe n - I s- ’ i  a hens - n- -i t  n- -s -cs -c-- n -- ian- p- r -e s s s -s - s - --’ -n - f  t h e  ‘.-s-- a s - s - n ’ k i n c
n- I ’ s - i  i

c i  N c  h a s - s - s - t  as- s - o s - a s-c-t s - s - s -n t  v - s - - l a n - c  of ’  the w- s-’Pn i s - s - c
f l u  i i

U i- P - s - o s - n  s - i c m - l -,- -- s - . - s - n - , the 5 ’A’ s- s - t s -  s-,’n ls-a- ’ — s - f  t }ps - I s - n t - c --r n
- i - s - ri s-n c s - ni- c st s-

F In ’s - c ’ I -a n - s -  o n - ’ s- s-s- s- -n- i ‘ s - a t - s -s - s - n ’s- i ; s -  w - r  n - r -s-n - s- sfe r -
,:‘ s- n in

-s - s- s- s - s - - n - s i n  s - i

P s-IFs -IF Pa in - t i c-r i s - s - - - - s- n s - — - - O f c n - t i v - ’ s- n - e s - ; s s - s -~~

2n - o i-n - hi -s-s- n - s - s -’s - m’Ic s- s-e l~ s - I s- ’ ra’ I n - , s - - is -c s - s - s - e l — a i r  s - - s - s - n -  ico
‘it -A s - s - i n -h c - n - s - i s - c s - c  c - - s - s - s - s - - s -Da t - s - s  --s-an be - s - s - b t a i n e i  -,- ; I s- .h s - s - s-
e x - i - cs - s - c --s- i

a I ’l s - s - s - s- a’ s- s-s -j o  o f’ t i n s - i  ‘.~~ ‘ 1~ 
- s - tO P. n - s - a r s - n i t  I s - s - I c -’ v- a l a s - s - s - c -

s-~l )W tan ‘- i s - c  n - c s - s - n - n i ’ - :~ - - , o h s -  n - i  n a b  l ’s- bI,- -a s- e r ’ h s - s - s - n ’ c i  s-ac
— 

- _ s - s - s - i s - - n -- h - a r - i  s - s - c  a’ a n - - s - m n - ’  an i--an -k ps- ’r’ s - s - s-s-- - s - n -e

FtP I s -  -- ,-ner heat I n s- n - n - in s - -- - of he fuel

Is - s - l i  s - s - a  C- i s- s - s - en - n— ef f e c t ye ress - s-a-a

: 1 ,  PP i~cs - s --rs to - 1 u - - u s - ’  i — ~ - n - - s - s s - s - u r e  D I e s - s -s- - s - i  c y c l e , see
p .  D- s-~ 

— - - 

-

D-55 
~~~~~~~~~~~ PAGE BLANK-NOT FIL1~~D~~~~~~~~

— ,

_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~, _~L~~~ 5-.~is--- - - - - — - ‘4



i i  Mass flow rate

mep is-lean_efn’e-n -t iye pressure

N , N R o t a t i o n a l  speed of c ran k s h a f t

p Pn’s-n-ssure oh’ the working fluid

Rate of heat s - i id i s - s -  i -s- s- n to the working n’ I s - i d , s-s-s- n-’ ~ (iiP )

P. Rate a-f’ cnercpi tran sp-s-s-rt assoclst-es-l with wo s--l-n- i s - s - p
1

I l a i d , s - s - in -  T 1, w h e re  T s - s  the s-s- s-in s- s-nu ns -n tempes--atur’e 01

the working f’luid in s-s-he cycie.

P In t e r n a l  n - - s - w e r  n - r a n s f c - s - ’, n - h e s - s - s -s - s - e s - - s - n - ’ !  t n ’ s - s - s - s - c  -:~ s-~a s -~ ante om t  the w o n - k i s - a s - c  - f l s- i i s-~j he  l’os-’s-a c s - os - s - s - P -as - s t  l os - i  n-~n- s - a s -  s- s-~~s-e s--s- - s - ak  Is - s - c
f l u id  s - s - O n - e r  c s- s - s - ab s - a c t I o n .

P l-~’s -x ima u m -s -~s- wes - ’ s- s -ac ts -- un-
0 - -

Pr F s - - s - i s - a - it I n - s - s - s - s - s - s - h e n - ’, C s- n - / k , wh - - n s - ’ e  n- as-n i P are n - - he  v i s c o s i  s-s -n - i

n-ni the n - s - s - s - al n - s - s - s - s - d s - ic’ n - .  I vU s-v , resp-cct I v-’ly , of he w-~r- , i s - s - -n-
O i ul d .

T o t s - s - I  s - ’ s - s - t e  o n - ’ h e a t  loss Or ’ s-rn is -s - s -c e s - n - n - i s-s-c-

r 2s-s-s- mns - ;s - s - ’c - c s - s io n a ’ s - n - i a; ra’ i s- of  u s - a  h e r  co lons - c -- ’ or
s p e - n i n - ’ l - n -  vo l ’o s - -, - c o n ’ t h e  w o n ’ s - I s - i - f ’ i U i  n ‘s-s -b s - s -— l n s - s - Is - s - a c-f’
n - a - s - s - s - s - - a c - a s i a n  t o  t b a s - s - i .  at - - s - s - i of c s - n a s - - n - ’ e s s i s - s - n.

R i s - s - n-n c o n s t a s - s - s - t  o n - ’ t h e  v -c - r i - n i n a  s- is-s-u

P1 The s- - s - s - lI n u s - s - s c i o n  s- -a io  ( n - v 1 l s - s - s - i c r ’~~•,s- - l u n n w  r a n -  ~aI on -’ as - ,
Otto - -s - id e; -c- n-’ , as s - I n - s - f i n s - c -I b s -,’ E q .  Dl— 3 ‘ - n . P I - s - ’s e i
-c c -ales.

r Ratio on ’ api i m s - - I - - r -  n-a l-s - n - - at s - s - s - i  I oh’ s-ons ’- ans- — p resss - c s - ’-s-
n -p  - - s - s - s - , l - s - u s -’s - i - s - n  to ‘Ps-at ‘ s - n -  n - i _ s - c  b - c a l m s - n - i s - s - a, in tin- ’ u s - s - i t - - I —

l - s - -csnna s - a -s - P s - i -s - , s - s - cl s-s-~~s-i1’s (n-ce El s - n - . Is-s - — i , a - .

r Fress s- r- -a rs - s-’, I - - - achieve s-I in cs - o s - s - s - ; I. s - s - n n t —’,’oi s-s-s-s-e s- - s - s - s - i - ia-
n-v I ns -  i - n the lirni c a l — p s - ’ s - - S s a s - i ’ e  I s - I - - s - m s - - i  -s - s -ys -’ie (see

us -~ i , p. D—~~) .

R I - - i n - n - - I I,; n- i-s -s- c-a ter of’ t h s - -~s- ‘~s - - s- n - ; s -’ i n s - -- f l u l  ~h , bs -ise -i - s - s - a s-na ’s-sc
!‘ i - s - w  s- - ate a n n - I piston area.

r Ove n s-- s - I l  c s - s -r s - s - ; - r e ; s - ;i - i n s -  a - s - s - t i  -a in n-i c s - s - p s - - r n - i s - s - s - a - s - s - e d  or t i-i-a—
0 

ct s- - s - rc s - c- -I -s-cs - i s -’i nn e ; t h e  ra t  i ’ s - n - I’ w i - P i n s - n -  f l ’ s - i s - I  specific
v o l  s - n’ s - - -  as- is - - s - a I n n l s - s - c  of - s - - s - m s - - s - c c -s- - s  i s - s - r i  o n-h at ,-‘i1 , en I
o f’ - n - -s- n - s - n - n ’ s- s--s - s - s-n i - s - m n —
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sic s- s- m s-e cific fue l consumption; the fuel O n -  -v s - -s - s - n - c js-er
un i s-s - ; s - s -a -we r  output , l b / h r — h p .

T I n - s - s - s - s - p c - s - -i s -ure of the s - s - s - s - k  ir s-p 01 s- s- id

I V s- ’y ll s - i ies-’ volume an- a ‘iven piDaon posit Is - s - s -n

v n - s - pc -c l f i n -  v a i n - s - s - s - s - c  - o h ’ the w s - s -rk I n s - n -  0 iuid
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a I s - - s - s - s - s -n i  s-p s- ’ ~~cs- v i P  I n s - n - s - i s - s - i - i
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A P P E N D I X  E
SI 7E AND FUEL CONSUMPTION RELATIONSHI PS

FOR OPEN BRAYTON -CYCLE ENGINES

D a v i d Gor d on W i l s o n

A . I D E A L  E N G I N E  P E R F O R M A N C E  -

1. The Ide al Cycles

The op en E r a y s - - a n — c y c e engine  commonly  t a k e s  one of two

f c r m s : a s inn s -n le  c y c l e  or a r ege n e r a t e d  c y c l e , w i t h  a r r a ng e m e n ts

as shown is. EU. E—l. In either form , s -he  ide al  open B r a y s - o n —
c y c l e  engine t a k e s  air  fr o m  the a tm o s oh er e  (h e n c e  “ open ” ) ;

c o m p r e s s e s  it  in a p e r f e c t  h e a n - —~~n s u la t e d  ( “ a d i a b at i c ” )  co r no re s —

son 2 (s-he s- :n-Oc is-s-ation of ha-zinc no losses an’s - i s-c : Pea- t r a n s f e r

makes  U an “ i s e n t r o p ic ’~ c - s - ap r e s s o r )  ; h - e a t s  s-he  a i r  w i t h o ut

c x ’e s s - s-ar e losses mn a cs-mbus tor E , oossibl’,’ aren-eded b-i a heat

e x s - n a n a e r  x ~ n- w h i c h  sos - s - ne of  t h e  ren-s-s-c~ n-’ed heat is t r a ns f e r r e d

from n -n e engine  e x h au s t ;  ex~~and s  t h e  a i r  in an i s en t r o p ic
cc’s-nrc  inc or oth e r expander E ; and fin-s-ally exhausts the air back

into s-he atmos~ here , poss~ bl :s-- first passing U throu~ h the other

s i d e  -o f t h e  no—aressure—lo ss h e a t  e x c h a n a e r  men’- i :ne - i  above . I f
t h e  hea t  e x ch an a er  is ‘n-se a , t h e  h ea t  t r a n a s f e r  must be an -comoli shed

w i t h  a teas-eras-ore ~ra dient of zero , t-ci s bel s-na an ideal on --s- - s - Ic .

Ear ’  t h i s  to  be  n o s sIb l e , t h e  a ir  as-n -st  be c :n s t i e r e d  s-- c ha’-’-a i l -c a
a-roc er ti- as . ,s-s -t  s-he l e a s t , t h e r e  a s -n - s t  be no effect of p r e ssu r e
on t h e  sr e ci f i c  h e a t .  F or  s i mp l i c i t y ,  we n o r m a l l y  ass-one s-he a i r
to na-re c on s t a n t  s~~e o i f i o  he c , t .

:1-s-c ileal cs- Id e n - a n be ::n ’renti n-n-n-s-I :- ie:’ln -n - e i irs- t - s-s- n-’aS cs-- f

t h e  t r e a s u r e  r a t i o  n - i’ the m: n”s- s-cress :r, s--s- s - s - is - h is s-s,e sn-s-me as ( t h e
Ins--erse -n - f) tn-c’ exaa n s - a - is n - -s- rati o- n-f the exaan-chs-- s-” , as - at of s-he te—r - —

er ’s - s- - c a ’s - n ’s -s-i-c ~en -aas -is - s -r— inIet cc c—n -s eran--ore,’: :arress- :r—inl-~

. s- ’. n-

~
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a .  SIMPLE CYCLE ( C B E )

E~~~~~~~~~~~~~~~~~~~~~~~

‘
cb

b. ~EC-ENE~-AT E - D CYCLE C3EX

FIGURE E- 1 . Open Brayton - cycle eng i ne arrangements.
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temperature), both temperatures being in absolute units. An

alternative way of defining the ideal cycle is In terms of the

external and internal energy flows. There Is always a power

transfer from the expander to drIve the compressor; there may

also be a power transfer (In the sense of energy rather than

work ) through a heat exchanger from the expander exhaust to the

compressor discharge air. These two power tran sfers together

make up the “internal power transfer ” or pint ’ The obvious

external power transfer is the external heat addition , which in

real cycles normally comes from combustion of fuel 
~~add~~ 

The

enthaiLpy of the air enterin~ the compressor can also b~ thought

of as a quasi power addition P1. The ideal cycle can , then , be

defined in terms of the two ratios 
~~~~~~~ 

and 
~add”~1

The concept of power transfer is useful insomuch as physical

components are necessary for these power transfers. Therefore

the “inlet power ” F1 Is nL~t a real power transfer and has no
conponent associated with ~t; it does , however , define the mass

flow to be handled. An important power tran sfer in heat engines

Is the (thermodynamic) heat rejected . Open— cycle engines use

the atmosphere ‘ 0 acconplish the coolinf of the working fluid .

Theref re no oomponent is needed for heat rejection , and we do

ri~~t def~ne ~u~ h a p~wer ransfer. The output power P0 does in—
voive c~ ar~~nents , and ~s the llfference between the expander

out  pu t  an d t h e  compressor inp ut

In s’ eady— flow a d I a b a ~~~c processes , and In steady—flow

heat t r~ n~~fer w i t h o u t  work t r a nr f e r , the power t ransfers  are
given ty nc

~
AT. With constant mas o— flow rate rn and specific

heat C , th~ power transfers are proportional to the temperature

changes durln~ the pr cesses. The relative magnitudes of the

power transfers can thereby be shown on the temperature—entropy

cycle diagram , as in Fig. E—2.

E-5
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FIGURE E-2 . Power transfers In idea l open Brayton -cycle engines.
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2 . Idea l - Cyc le  Performance

Ideal—cycle performance Is measured by two characteristics:

thermal efficiency and specific output . Thermal efficiency is

defined as the ratio of the engine power output (as work or shaft

power) to the rate of heat addition :

P
- 0

‘
~t h P add

The thermal efficiency can also be related to the s ecific fue l

c o n s u m p t i o n :

sfc = 
0.138 i b m / h p — h r
~th

where a fuel with a heatirbt value of 18,1400 Btu/lbm has been

assumed. The specific power is defined as

- P
S p e c i f i c  Power =

I

When expressed in terms of temperature ratios , the specific

power for both CBE and CBEX cycles Is given by:

P 0 
= 

iic (T 14 — 
T 5) — 

mc (T 2 — 

T 1)
P1 thc~T1 

C E — i )

= {T2
_ T

1][( 
~ ~~~~ 

T1) 
- . (E -2 )

T1

i.
E-7
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The thermal efficiency for the CBE cycle can be expressed as

= 

P0 
= 

thc
1~

(T 14 — 
T5) — 

r1c~~(T 2 — 
T1)

~th ~add 
inc (T 14 — T2 )

~th  = - [ T~ - T1] 
CE - 3 )

1 +

T

~th 
= 1 — ~-~- = 1 — r , (E—14 )

where r E p2/p1, the pressure ratio. For the CBEX cycle , the

thermal efficiency is given by

= 

mc C T 14 — 
T 5) — 

r~c ( T 2 — 
T1)

th inc CT — T ) ( E — 5 )
3

T2 - T 1
f T 1

~ th  = - 

T 

T 14/T1 ) 
( E — 6 )

T1th  = — . (E—7)

For the ideal cycle , the specific power (power per unit mass
flow of working fluid) is unaffected by the presence of a heat

exchanger. Equation E—2 expresses the specific power in terms
of the two important cycle parameters : the temperature ratio ,
T~/T1, or 1 + (F add + and the temperature rise during

com press ion , CT 2 — T1)/T1, which is for the CBE cycle.

This relationship is shown graphically in Fig. E—3 . The specific

H E—8
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1

power for the ideal cycle Increases with increase of cycle

tem perature ra tio , as can be seen from Eq. E—2. The effect of’

compressor temperature rise is less obvious . The specific power

Is zer o when T2 = T1 an d when T2 = T~ . At some intermediate

compressor temperature rise , the specific power Is a maximum .

The thermal efficiencies of the ideal cycle in terms of the

temperature ratio and the temperature rise during compression

are given by Eqs. E—3 and E—6 , and are shown in Fig. E—~4. The

thermal efficiency of the ideal cycle has the interesting, but

somewhat misleading , result that the cycle temperature ratio has

no direct effect. For the CBE cycle , Eq. E— 14 shows the efficiency

to be merely a function of the compressor temperature rise (or
pressure ratio), as is indicated in Fig. E— 14 . For the CBEX

cycle , Eq. E—7 shows the efficiency to be merely a function of’

the temperature before combustion begins , which accounts for’

the decrease in efficiency with compressor temperature rise

shown in Fig. E—14 . Thus , In either cycle , the efficiency depends

only upon the inlet temperature and the temperature at which heat

addition begins. However , in order to achieve a specific power

close to the optimum , the cycle temperature ratio must be in—

creased as the temperature prior to heat addition is increased ,
as shown in Fig. E—3.

The performance of the two cycles can also be portrayed as
a function of the two power—transfer parameters 

~int~~ o 
and

~~Int 
+ 

~add~’~~i 
by noting that , for the CBE cycle ,

P l + T ’m t  — c
P — 

T ’ — (1 + T ’)  —
0 c

and , for the CBEX cycle ,

Int l (E—9)

E-9
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2.5

2.0 

/~~~~~~~~~~~~~~~\ 
_ _1.5 / ~~‘ç~ (T 4/Ii )

\
COMPRESSOR TEMPERATURE RISE C T 2 

— T~ )

FIGURE E-3 .  S p e c i f i c  power of ideal  Braytor i  c y c l e s .
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~~~~~~~:: ~~~~~~~EX

~~ (T 4 /T~~)

1 2 3 4 5
COMPRESSOR TEM PERATURE RISE (12 

— T
1 

)
‘-23— 77-3

• FIGURE E-4. Thermal efficiency of ideal Bra yton cycles.
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where

T P
T ’ —

~~
- = ~ + m t  add

T’ 
T~ - T1

c

The performance of the two cycles is shown In this way in

Fig. E—5 . When plotted against the ratio of internal power

transfer to power output , the two cycles are identical in respect

of both specific output and specific fuel consumption . In other

words , the cycle is uninfluenced by whether the energy transfer

from the post—energy—addition part of the cycle to the pre—energy—

addition part is carried out by shaft power or by heat exchanger.

In both cases , more internal energy transfer means that the ex-
ternal heat addition begins at a higher temperature , which leads

to smaller ir r eversib i l it ies .

The pressure ratios are also shown In Fig. E—5 . The pres-

sure ratio is plotted for generality as CT2 — T1)/T1 with the

pressure ratios for CR/c
R
) 3.50 also given. For the CBE

specific fuel consumption the lines are horizontal , because for

this cycle efficiency is a function only of pressure ratio. The

lines correlating pressure ratio with specific output slope are at

forty—five degrees. For the CBEX cycle , lines of constant pres—

sure ratio are vertical , because compressor temperature rise is

a function only of

The curves of Fig. E—5 illustrate again that the choice of

even an ideal cycle , in respect of temperature ratio and pres-

sure ratio , or 
~~add 

+ and is a compromise

between the conditions for maximum specific output and those for

P F minimum specific fuel consumption . Both the CBE and the CBEX

ideal cycles have optimum pressure ratios for maximum specific

E—l l
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output . But for minimum specif ic  fuel consumption , the CBE
cycle has an infinite pressure ratio, while the CBEX has a pres-
sure ratio of 1.0, with , in the limit , the specific output being
zero In both cases and the ratio of internal power transfer to

power output being infinite .

1 3. Im plicatio ns of Idea l -~yc le Performance

Many of the  impl icat ions  of the curves derived so far  have
been discussed above . One way of summarizing the effect of

internal power transfer is the following. We are assuming an

Infinite heat exchanger for the CBEX cycle in all conditions ,
which nevertheless gives a finite amount of power transfer ,
whereas for the CBE cycle the finite power transfer through the

compressor shaft is always given , except in the limit , by a

finite pressure ratio. A heat exchanger with an effectiveness ,
or thermal ratio , approaching unity theoretically tends to be

infinite in size , whereas a compressor with a pressure ratIo In-

creasing toward infinity does not necessarily become large (for

Instance , a positive—displacement compressor would add very small
- 

additional volumes).

The part-load implications are not seen in the ideal case ,
but may be very important in practice. An open—cycle high—-. pressure—ratio CBE engine will in general have a poor part—load

performance , whereas a low—pressure—ratio CBEX engine will have a
-- good part—load performance , because of the very different char—

- acteristics of the alternative power—transfer devices——the

compressor In the CBE case , and the heat exchanger in the CBEX

engine .

~
. The Ideal Brayton cycle can be improved. Any changes will

r ~ semantically change it from being a Brayton cycle. Therefore ,
in considering improvements , we are opening up the possibility

of reviewing all possible engine cycles. We shall limit this

I discussion to the possibility of introducing intercooling during

compression and reheating during expansion. In the limit , the

I
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Ideal cycle would have isothermal compression and expansion .

Such a cycle would have very poor performance unless a heat

exchanger were used , in which case It would become the Er icsson
cycle. For the same 

~add’ 
the expansion power would be increased

because the expander work is proportional to expander inlet
tempera tu re , and th i s  is held at the top temperature . Likewise ,
the compressor work would be reduced .  The net ou tpu t  would
thereby be increased by more than the increment  by which  the
internal (shaft) power transfer would be reduced. However , the

internal  hea t—exchanger  power t r ans fe r  would be somewhat in-
creased.  And the atmosphere could no longer be used to accom-
pl ish the  heat r e j e c t i o n  d i r e c t l y :  the  engine must  carry a heat
exchanger (or series of heat exchangers) for heat rejectton

durinq compression . This heat is termed P~ . For the character-
i s t i c s  of the ideal Ericsson cycle to be plotted to the same
scales as those for the ideal Brayton cycle in Fig. E—5, P~ must

be added to pint on the abscissa; these are shown in Fig. E—6 .

The large improvement in specific power and in specific

fuel consumption over the Brayton cycle for similar temperature

ratios can be seen from Fig. E— 6. This improvement , however , is

at the expense of increased total internal power transfer.

B . RELATIONSHIP OF ACTUAL PERFORMANCE TO IDEAL PERFORMANCE

1 . Components and Losses

The components  of open —Bra y ton—cyc le  engines are , as the
symbols CBE and CBEX imply, compressors , burners , expanders ,

• and heat exchangers. Connecting ducts can contribute signifi-

cantly to losses , but they are incorporated into the four basic

components by assigning each duct , or a portion of each duct , to
a neighboring component .

The broadest and most precise definition of a loss is a

process which results in a net reduction in the thermodynamic

• function “availability. ” In practice , for the components of an
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engine , losses can be represented by increases In entropy in

excess of those associated with the ideal cycles.

Losses are often complex , but they can be represented with

accuracy in a simple way. There are in general two types of

losses associated with the working fluid (the air in an open

Brayton cycle). One type is a throttling loss , or loss in total

pressure at constant enthalp~ (which for an ideal fluid , to which

air is an approximation , is also constant temperature). On the

temperature—entropy diagram , therefore , this loss appears as a

horizontal line as indicated in Figs. E—7a and E— 7b . The second

type of loss of’ availability in the workln~T fluid results from

transfer of heat through a tempe~’ature dirference and appears

as an increase of entropy at constc.nt pressure , as I ndicated in

Fig. E-7c.

Figures E—7a and E—7b show real coaI.ression and expansion

( a d i a b a t i c )  p roees ses  b~’c. ;:~~n iflto deal  ~s~~n t ro o l c ar ’ocesses

1— 2 , and t h r ot t l ir u ~ , or p r e s s u r e , losses at ~c~nstant en tha lpy

or t e m p e r a t u r e , ~~~~~ YTh~ur e E — 7 c  shows a h y p o t h e t i c a l  no—

pressure—loss heat exchanger. Heat is transfersed from the

hi~ her—temperature , low—pressure fluid cooling at constant

pressure from 5 to 6, and thereby losing entropy , to the lower—

temperature , high—pressure fluid being heated from 2 to 3. The
gain in entropy of the cooler fluid must always be greater t h a n

the loss of entropy of the warmer fluid so long as no external

heat transfers are taking place.

All losses can be categorized into these two classes. In
practice , most losses are combInations of the two . For instance ,
the burner involves mixin g of high—temperature and low—temperature

streams and the dissipation of high—velocity jets within streams ,
forms of heat transfer and of pressure loss. (We are here

idealizing the working fluid as a simple substance. If we con-

sider the real case where many species may co—exist and mix , we

should have to include also losses of availability between other
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po ten t i a l s , e . g . ,  be tween  the products  of combus t ion  and the
atmosphere.)

The use of real gases may produce losses which would hypo-

thetically not occur if ideal gases were used . The principal

causative factor is the nonuniform variation of specific heat

with temperature and pressure . The variation may be such that

the temperature of two fluids exchanging heat in a heat exchanger

may approach each other at one location in a heat exchanger ,
while being more separated than for an ideal fluid in other

places. The net result of such a temperature “pinch” is that

the maximum effectiveness of a heat exchanger is limited even if

the size went to infinity , and that , in total , heat is trans-

ferred over a larger mean temperature difference.

Some cryogenic gas cycles will not operate unless the heat—

exchanger effectiveness is above , perhaps , 98%. Reversible ,
ideal conditions are approached ~n these  cases by w i t h d r a w i n g
high—pressure gas at or before the point where the specific heat

reache s a maximum , passing it through an expander , and combining

it with the low—pressu re stream . It seems unlikely that ORE

heat—exchanger eff’ectivenesses will rise to this level. Real—

gas effects presently result in quite small losses , due primarily

to the increased energy in internal degrees of freedom in the

products of combustion , and they are not., considered further here .

The net results of the losses are reflected in the tempera-

ture—entropy diagram shown in Fig . E—8. The individual losses

can be characterized as follows .

a. Compressor Loss. Conventionally, the compressor ‘is

characterized by either an isentropic efficiency

h - h  T - T
- 2s 1 2s 1

h = T T E l 0
2 1 2 1

or a polytrop ic efficiency
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R

= 
dhisen . 2 

= f 2 \ p~ cp 
(E 11)cp - dh ‘ T1 ~~~ /

The r e s u l t i n g  ent ropy gain is

AS s — S  Tc 
= 

2 2s = cp 9n ~~ -~~~~ - . (E—l2)c~

The resu l tan t  increase  in compressor  e x i t  en tha lpy
(h2 — h~~~) can be expressed  as an increased compressor power

requirement and written alternatively in terms of isentropic

efficiency, polytropic efficiency, or entropy gain:

P i~ic (T — T )loss ,c p 2 2s

~loss ,c 
= 

1 

n c~~ 
~ c~~(T 23 — T 1) = 

~~ ~c ,id (E—l3)

~loss ,c 
= 

c 
~ c~~T 25 th (E—l~ )

~loss , c = ~~~~T25
C l  = ~ c~~T 1

R t C t  , (E l5)

where C’ ASc/Cp~ 
R’ T23/T1, and it has been assumed in Eq.

E—l~4 that 1 — < <  1 and tn Eq. E—l5 that C’ << 1.

b. Expander Losses. The expander can also be characterized

by an isentropic efficiency

h)~ - h r
h h ( E — l 6 )e 14 — 

5sE

E— 20

H~~.
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~1
or a polytropic efficiency

R
- ~e p c

~ep 
= 

dh j sen ~ ~~~~~
- = (;-

~
-) . (E—l7)

The r e su l t ing  entropy gain is
-I

AS s — s  T
-- 

e = s 5sE 
= (1 — rj ) 9.n T (E— 18)c~ c~ ep 5sE

- The resultant increase in expander exit enthalpy

(h
5 

— h SsE ) ,  expressed  as a loss in expander  power o u t p u t  is ,
a l t e r n a t i v e l y :

P E mc (T — T ) ( E — 19 )loss ,e p 5 5sE

~1oss ,e = — 

~
1e
) inc~ (T 14 — T555

) = (1  — 

~~ ~e,id 
(E—20)

• ~loss ,e 
= ( 1 - 

~ep~ ~ C
P

T SSE th ( E — 2 l )

~loss ,e = 
~

c
P

T SSE E ’  ( E — 2 2 )

where E ’ E ASe/cp , and it has been assumed that 1 — < 1 and

E’ << 1, and T
S/T S E ~ 1 + E ’ .

4. c . Pressure Losses. Pressure losses occur in the burner

( 3~~14) and , in the CBEX cycle , in the regenera tor  ( 2 — 3  and 5 — 6 ) .
It is apparent  from Fig.  E— 8 that  these pressure  losses resul t
in a f u r t h e r  reduc t ion  of expander power (relative to the ideal

1 cycle ) ,  rnc
P
(hSSE 

— h55).

I
L i  

_ _ _  _ _ _ _ _ _ _%~; ~_..w -. ——-— - — . , — — — ‘ -  ~ - 1 ..~~~~~~~~~~~ t-~~~~’-~~ —

#~ 

.
, . . . 

P  

. — —  ‘— . ..

1’. . A p ~~~~~~ J._ . ..~~~~~~~~~~- -  - - , 
- .

~~~~~~~~~~~~~~~~~~ 
- ~~~~~~~~ ~~

‘ _ :_ .- - - 
- ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 

a—. -



Pressure losses are generally characterized by frac-

tional losses Ap/Pmax where ~rn ax is the maximum pressure entering
the relevant component. The resulting entropy gain is

= R ~~ ~ R 
~~~ 

(~2.) . (E-23)

The reduction in expander power can be written as

~ 1oss ,L = rnc
P

(T SSE — T55
)

~loss ,L ~ 
rnc~T5~

L’ = r
~

c T
5~ ~~

— 

~~ (p-) 
, (E—214)

where TS E /TS ~ 1 + L ’ .

d. Heat Excha nge Losses. The thermal performance of a

heat exchanger is generally characterized by its effectiveness ,

T - T

- 
T

5 - T 2 
-

In the CBEX cycle , losses arising due to less than 100% effective-
ness require additional heat addition and , in the sense of heat

rather than work , can be considered a power loss.

In the absence of any o ther  losses , the add i t i ona l
heat input required (Pig. E— 8) is m(h

3 
— h

3
) , and since

T35~ 
is defined by

- 

T 35~ —C _
T T

this can be written as

E—22
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)

~loss ,x 
= (1 — e)~ c~~(T35 — T25

) = — £
~~ x ,ideal 

. (E—26)

In the actual CBEX cycle , with the other losses present , the

additional heat input (relative to the ideal cycle) associated

with a non—unity effectiveness is , from Fig . E—~~, r~c (T
5 

— T
3

) .
For high—effectiveness heat exchangers , this quantity will

normally be negative——that is , the effect of’ the othc-~ losses

will decrease the required heat input from that for the ideal

case.

In terms of e n t r op y ,  we choose to represent the thermal
losses associated with the heat exchanger as the entropy gain in

a cons tan t  p ressure  change f rom T
3 

to T
5 

(F i g .  E — 8 ) ,  t h e
“temperature of approach. ” This entropy change is o~’ course  a

surrogate , much larger than the entropy gain In the heat exchanger

due to heat transfer through a temperature difference. (The

actual loss would be given by deducting the  entropy loss at

constant pressure from T6 to T2.) This ent ropy gain is

AS T3s 
= Zn .—~~- E x ’ , (E— 27)c~ T 3

where

t ~~~. T i
5 1 , l — n 2  ( E — 2 8 )T
3 

c \ c / T 3

L r The total additional heat input can be written as

~c(T5 
- T

3
) = _

~
c
P
E (TS5E 

- T
55

) + (T
5 

- T S5E ) - (T
5 

- T 3
) ]
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and with some manipulation becomes

rhc
~
(T
5~

_T
3
) = the T1 ~~

-
~
-- [x ’ — ( l — x ’ ) ( L ’ + E ’ + E ’L ’ ) ]  , (E—29)

where

T T
= —~—

T1 T53

1’
T ’ = —

T1

The first term in brackets in Eq. E—29 is associated with the

additional heat input required due to the ineffectiveness of the

heat exchanger in the absence of expander  and pressure  losses
(i.e., 

~~~~~~~ 
in Eq. E—26 plus the effect of compressor losses),

while the other tern in brackets is associated with the effect

of expander and pressure losses on reducing the heat input re-

quired when a heat exchanger is present .

2. Impact of Losses on En gine Performance

The specific fue’ consumption of an actual engine , with

losses , is given by

sfc = 
0.138 lbm/hp—hr (E—30)

~th

and the specific power output is given by

P P -.

P 
= 

~th 
add 

, (E—3 l)
I

E-2 14 - 
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where 
~th 

is the actual cycle efficiency and 
~add 

is the actual

rate of heat addition to the working fluid.

The cycle efficiency, Including the effects of losses , can
be determined in a straightforward way for specified values of

pressure ratio , temperature ratio , compressor an d ex pander ef-
ficiencies , fractional pressure loss , and heat—exchanger ef-

fectiveness (for the CBEX cycle). The results can be written as

follows:

P
= ET ’ — C ( E — 3 2 )

I

ET ’ — C

~ th = T ’Tl  - c ( l  - E ) ]  - (1 - e ) ( l  + CY (E-33)

p
int 

- 
(1 — c ) ( l  + C) + c T ’ ( l  — E) — 1 

~E 14’P 
— 

ET ’ — 
—3

0

Padd
1, 

m t  
= T’ — 1 , (E 35)

where 
- 

Rfl ep

E E 1 — [ (1  — f ) r ]

f E t o t a l  cyc l e  p ressure  losses relative to local total
pressure  ~ (A p / p )

r p 2 /p 1 = compres i~cr pressure  ra t io

— l
p cp

T’ E T 14/T 1
hea t—exchanger  e f f e c t i v e n e s s .

E— 25
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It Is also usefu l , however , to Isolate the e f f e c t s  of the
individual losses in the following way . The cycle efficiency

can be written as

____ - ~o,id — 
losses reducing power output

~th 
- 

~add 
- 

~add ,id + losses increasing heat input

or

= ~th Lid ppw er losses 
— - ~E—~ 6)th  

~ + 
heat losses — 

P + 
he at losses\  ‘ “ -)

Padd id add , id~ 1’add ,id I
where the subscript Id re fe r s  to  the  ideal  cyc le . If it is as-

sumed that the losses are small comoared to the ideal heat addi-

tion , Eq. F— 36 can be expanded to

I power losses1 I heat losses
~th 

= ‘‘1th Id — ( ‘  1 — (E—37 )
I ‘ add ,id J L add ,id

— (heat losses\ (power losses\

~

th ~th ,id 
— 

~th ,id~ ~add ,id 1 - 

~ ~add ,id I - ~ 38)

Sinilarly , the specif’~o output can be written as

F’ Id — 
power losses ‘

O~ . (E-39)

From the previous characterization of losses , the power losses
and heat losses are as follows :

E—26 
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r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Loss Com p onen t E qu a ti on Nos.  Powe r Loss H e at L os s

Compression (E-13) - (E-15) P~ 055~~

Expansion (E-20)—(E -22) t
~los s ,e ~~1os s ,e

Pressure Losses (E-24) 
~loss ,L ~~lo ss ,L

Heat Exchange (E— 26) 0 
~lo ss ,x

Substitution of these losses into Eqs . E—37 and E—39 results in

~th 
= 

~th ,ii 
- E l — ______

- [1-rn ~(~~~~s:~~:\( F ’ • d
th~ IJ~~\~ loss id/ \ P add 1d

it \ ~~~~1 loss L \I 
_____ 

-s— [ l — c n~ . . • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ \ I l1 _. , ~~ _
, -

~~~~~~~~ 

~~~~~~~~~~~~~~~~~ 
) 

( E - t 0 ~
‘~~ x ,id add ,id

= ~~~ [i ~~~~~~~~~~ç c : ~~
)  

- 

~~~~~~~~~~~~~~~~~~~~~~~~~

(~~o~ 3 r)(Th~~~~ . (5-41)

- - These relationships apply to both the CBS (C=0) and ‘BFX (~~~O )
cycles. In these expressions , the t~~~ s Tloss ,c~~ c ,id’ loss ,e~P 

~~~~
, et c., are all of the form of a ratic of a power’ “loss ” toe , . 5

a power transferred , and hence are a measure of inefficiency, as

reference to the relevant preceding equations will show (e.g.,

• ~ loss ,c”~ c ,id = (1_ri
~~
)/fl

0 
from Eq. 5—13). The other factors in

E-27
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Eqs. E—140 and E_ L4 l are a function of the ideal cycle and , at
most , the heat exchanger effectiveness. Thus, these equations

associate cycle efficiency and specific power output decrements

with the various component losses , in terms of energy transfer

parameters of the ideal cycle.

It can be observed from Eq. E—40 that the impact of losses

on Ideal cycle ’ efficiency can be reduced either by increasing

the component efficiencies or by increasing the rate of heat ad—

dition F’add id~ 
The latter is synonymous with increased maxi-

mum temperature , and it is only through this effect of reducing

the impact of component losses that the maximum temperature in-

fluences cycle efficiency. It is also to be noted from Eq. E—14 0

that the heat exchange losses (in the CEEX cycle) have no effect

on the specific power output (relative to the ideal cycle)——a

direct result of the fac t that heat exchange losses require in-

creases in heat addition rather than detract from power output .

For purposes of numerical evaluation of the impact of changes

in the various losses , it is perhaps more convenient to express

them In terms of the entropy gains . Substitution of the appro-

priate loss forms into Eq. E—37 yields , for the CBE cycle ,

F’add id 
= thc~ T1 (T ’  — H ’ )

- - and

~th 
= 

~~th , id — C ’ ’  — E’’]El + C ’ ’ ]  • ( E— 14 2)

where C’’ C ’/ [ ( T ’ /R ’ )  — 1]

E ’ ’  C L ’  + E ’ + E’ L’ )/ R ’ [ l  — ( R ’ / T ’ ) ]

R ’ T25 /T 1
T ’

E— 28
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and , for the CBEX cycle ,

~add ,id 
= rnc~ T1 ~~-~- (H’ — 1)

~th = 

~~th ,Id — C’’ — E ’ ’ ]  [1 — R ’ _ l] 
(E—143)

- ( H ’  ) 2 C ’whL 1~ C - 

T ’ ( R ’  — 1)

= C L ’  + 5’ + E ’ L ’ ) / ( R ’  — 1)

= x ’  — (1 — x ’ ) ( L ’  + E ’  + E’ L ’ ) .

These relationships will be useful subsequently.

The performance characteristics for both nonregenerated

(CBE) and regenerated (CBEX) Brayton— cycle engines with repre-

sentative component losses are shown in Fig. E—9. Here , the

polytroplc efficiencies of’ the compressor and turbine are 0.90

an d 0.85 , respectively, arid the pressure losses for the CBE cycle

are assuned to be 5% of the total pressure. For the CBEX cycle ,
the heat exchanger effectiveness is 0.9 and the pressure losses

are l5 of the total pressure . All of these values are to some

extent matters of design choice to be determined from tradeoffs

between weight , volume , an-.l specific fuel consumption , but they

are representative .

The comparison of realistic and ideal performance character-

istics shown in Fig. E—9 [for 
~~add 

+ “int~
”F’i = 5] indicates

tha t the sfc  is substantially increased by the component losses.

For example , for the CBS cyc le , lo sses increase the s f c  from a

~. 
level of about 0 . 2  to a min imum of about 0 . 3 — — a n  increase of 50~~.
For the component values selected , the CBEX cycles yield somewhat

better performance than the CBE cycles at higher values of in-

ternal power transfer , and particularly at lower turbine inlet

temperatures [i.e., low values of 
~
F’add +

E— 29
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The influence of the individual losses on the performance

characterist ics of CBE and CBEX cycles is shown in Pigs. E—lO

and S—li , respectively. The turbine loss is the largest con—

tributor in the CE3 cycle , as shown in Fi g. E— l0 , closely fol-

lowed by the compressor- loss. The pressure loss is of minor

significance. For the CBEX cycle ( F i g .  E—ll) the heat- exchanger

loss is the  dcmtnant loss in the  v i c i n i t y  of the  ninimum sfc——

even fo r  t h e  r a t h e r  h igh  effectiv eness assumed. The r e m a in i n c

lo sse s  are r e l a t i v e l y  n n O .

3. P a r t- Pow e r C o n s i d e r ~~t i o n s

Because  f u l l — r o w e r  cons~~.i~.n - a t  ions f i x  the  spe c . f i c  p ew -u ’
or s i z e  of  the en ’tc’ ine , t h e  o n l y  p e r f o r m a n c e  T o a r a m e t e r  of ’  s i r- —
n i f i c a n c e  for  p-u t power  is the t h - ~r ’rrcul  e f f i c i e n c y  or s p e c i f i c
fu e l  c on s u n r t  ~on . F~ u’~tio~ F — 3 3  can be us e d  t o  e s t i m a t e  ~he

p a r t — p o w e r  t h e r m a l  efficiency, •~u s t  as at. fu l l  p o w er ’ . f lowever ,
a l l  the  r ar a m e t er s  In t ha t  e c u at  n w i l l , In s en e r a l  , ch in r-e

ar id  t h e y  w i l l  ch a n g e  in a w ay  t h a t  is f f ~ c u l t  to  r r e d i c t  ac-
c u rat e l y .

The 25~ p ow e r  leve l  h i s  h e ”n  c h o s ep  to r e p r e sen t  r u s t —
r ower rer’f -~r:-,-w ce , becaus e i t  t s  r e a s ’m -ib ly  c lo se  to  t he  c r u i sin -
c o n d i t i o n  fer  n u n y  v e h i  c u l r r ’  r a p i  cat  ‘irs . The f l o w  c o n - l i  t i o n s
in an open br-:i yton c y c l e  can  he tirr r i - :e i ly  d i f f e r e n t  f r om t hose  at
f u l l  pow er’ . T h i : ’ is p a n ’ c u i a r ’ l y  so f e y ’  t h e  conpre s ser . There
can be a s t r o ng ,  e f f e c t  on he ocr -r o s s  e f f i c i e n c y .

The s a c - a  for  t he  s e n s i t i v i t y  of t h e  compressor  a t  r u st
power is as follows. The f i - w  c h a n n e l s — — l , r ’r ’cller , d i f f u s e r , and
so f o r t h — — a r c  usually designed f r  a c o n d i t i o n  nea r  t h e  f u l l —
power level. The compressor w ’~li develop  n e a r ly  I t s  m a x i m u m
pressure ratio ar i d  den si ty rat i o. I f ’  a channe l  at t he  compres-
sor i n l e t  wer e d e s ign e d  to un l ace  the  same f l o w  v e l o c i t y  as one
at the  m a c h i n e  o u t l e t , the  r a t i o  of  t h e  c ro s s — s e c t i o n a l  a reas
would  be ¶n v er s e ly  the  r a t i o  of t he  d e s i gn — p o i n t  d e n s i t i e s .
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At a quarter power , there may be only a very small density

ratio across the compressor. Therefore the flow velocities , in-

stead of’ being similar , will now be in the  ratio of nearly the

full—powe r densities. Therefore , either the Inlet flow will be

r’elatively slow , tending to produce positive stalling conditions ,

or ’ t h e  outlet flow will be relatively fast , tending to give

rie ative s t a l l  or ch o k i n  cond iti ’irr3 , - r hot h . The ef ’l’icier -icy

w i  I i  -desr - t , le , f u r t h e r  l ower ing  he n - a r t — p e w e n  d e n s i t y  r a t I o .

‘.~Th ~ le the same ‘r r e s ’ i l  c O n s :  i - r i ’ i ons- u - p l y  to  th e  expander
he - n iei a ll y ! L V C  t l  e r~~- ss :~n ’~ g r - i - i l e n t s  : .n I t h er e  n o d u c e

f l o w  ~nO :~~1 n ’ n c  -~~~i~~~~~II 
-n e  r~.- j - ~ n ~v e l v  ¶ n c e n s f t ~~ve to o f f — l e s i o n

as , a r i t h e  ef ’ :ic ten -p ~~~ u - t ly  changes c:ly n- . ft’ra~
‘ , ,~onpresc :  : s  ar e , ft w o v e n ’ , - l e s~ , o r , - - I - C) o t ’ n - i ’e  f a i r l y  C i  C S~~ 

1

~: t ’ j l l  , an : ‘ P - n let  c h a nn e l s  of  f i  s n- ’  i~~~~~ n ae 1 i’y ~nn: n r’ t - S s O I c w i l l

u su a l l y  be s~ a l l o i  - i t  - h~- 5’~ - - ‘ n l e ve l .  ~~~~ 
- t i l e  f i  w a’.

¶ r r ~et  ( : ‘ n lasf - inan e , in . t h e  f i n s ’  so ao’’ o r - st , i o - S Of ’ 3I ’ -‘Ix ’ a l —

f l _ o w  o o ” - n - n ’ e . - un - r )  w i i  h a v e - i s~~r’ - n g  b - i t  . r c - n - - I t s ’ ~t i e  t ! ’~ oc ’ S

th e e r - n  n ’ - . -n  ‘e o n ’ t~ o r  - t ag -s

~cc .  r ~~n i — ’~y ,  c a l c u l a ’ i c r : :  o f  p a r - ’ — : w e r  c~~. - - t ’ f ’ f ’ c t t c n c t e s
car  be J n . ~~~r~~-r ‘ 1  t y  t h -  r - - d t c ’ -n o f  ne - I ’ p s : ’SS O r  e :’ f’ f -c i ’ -n c y ,

ra~ this p r e - i l  - - t - ’r . s - i s  ~ally r as- to :’ - ‘h -a t . ’ ’ er l, :t ft’s Of ’

o ar ’  c - n - n

Des~- t’ - i l :e u r I c e s ’. a~~n l t t e o , ft ¶ 5  ;~~~SS ’• t 1 ’ ~ o r : - i w

so me g - s t i ’ - l h i t - : ’- ‘ - a ’  t h e  c h - f ’ ’- Of ’ • - n - ~~ n .  i - h  h~~v - - f ’ - ’ u t - - r -  p a r t —
power  e f ’ f ’ t c - :a - I -’s t h a n  c — t h o r  e n r - - i r 4 e s .  A l s o , ec ’. t r:t ’ t -s of ‘ h -  se

e f f i c t e n c i e s  sa r i  i - t n  n - - j r -  • 
0 

-
~.

- ‘ Pe P -  — n ’ - -- o f ’  ~n . c  - - i - ’ - i t n t - v i n —
V o lv o  I .  These  w i l l  be m~ 1- - h -  , — w .

t’h-u’e tse ‘ vs r n ’ i n c  Ipal f’ ‘ins of ’ ot cn :  Bravt ’n cycl ’ — — f he

CBE m d  t h e  ‘hr - .~— — - i r I I t w o  ~- H n c i ;  1 m t ’t  h o d s o f ’  par t—i w- -s son—

t r ’ ( s o— — c o n s t a n ’  spee I n i l  r -  I - 110 S~~ ee~i . ( ~~ Si _
SI ft  referred to

is t h e  c o r n I l - r ss( ’ r ~ s h i f t  , so we mi t -e l n Of  he  c- ’r I c e r n e d  a b o ut  t h e

3ho ~~ce of ’  a s t n  le  s h - i f ’  n i ’  ii w- — sh’if t mac hine with a ser-inuto

p - - v - - n ’ t - r r b l n e  , ot h e r ’  t h -~n i he she ‘e i m p l i e d  by t h e  co n t r ol

5” ~I’~~Si ’ .
—
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We have seen earlier that the CBE cycle produces high ef-

f icIenc ies when the pressure rat io Is re lat ively high , wherea s

in the CEEX cycle the internal power transfer is accomplished

predominantly through the heat exchanger , wIth the compressor

temperature rise becoming small at maximum efficiency. This

has Important Implications for part—power performance. A corn—

pressor designed for a density ratio near unity cannot degrade

greatly In performance as the density ratio goes even closer to

unity. Therefore the CBEX cycle will be more efficient at part

power than will the CBE cycle from consideration of the compres—

sor efficiency alone. In addition , heat exchangers actually

Improve their performance in Brayton—cycle part—powe r conditions ,

compensating to some extent the increased losses In the compres-

sor.

Therefore , considerations of part—power cycle efficiency

lead strongly to the choice of the CBEX cycle with as much in—

cernal power transfer accomplished In the heat exchanger as

posSIble .

The choice of control system also has a strong effect on

part—power performance. The cycle mass flow Is a major function

of shaft speed and a lesser function of compressor pressure

ratio . When the compressor speed Is held constant , therefore ,

- 
. the mass flow remains approximately at full—power level while

the engine power Is reduced. The pressure ratio reduces as less

fuel Is burned , so the compressor efficiency degrades because
of the reduced density at outlet. More importantly, the expander—

‘ Inlet temperature reduces as the fuel flow is reduced at part

power , and the cycle thermal efficiency drops sharply.

•- . On the other hand , when the shaft speed is allowed to fall

-• at part power , the engine mass flow will also fall , so the maxi—

mum (expander—inlet) temperature will not drop as sharply as In

the constant—speed case. The fall In compressor efficiency will

depend on design pressure ratio , as discussed earlier , but in

E-35

~1 . 

- - -a-- -- ‘ — S -‘ ,4 ‘ Y  
~~
,, ‘. - -‘ _,, *, s,_- .5 

-- — ~~~~ *



r - 

~
- --~~~~ 

- — - - ~~~~~
— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

general this form of control results in the compressor worki ng

line passing along or near the high—efficiency ridge .

In summary , the types of open—Brayton—cycle engine giving

most favorable pnir’t— load efficiencies will have low design pres-

sure ratios , high—effectiveness heat exchangers , and variable—

speed compressor shafts. The most un favorable type of engine

will be one working on the CBE cycle with a high pressure in t l:

and m n i a i n t - a l r r t n g  constant compressor—shaft speed at pa r t  l oad .

It was p o i n t e d  out.  e a r l i e r  t h a t  t h e  p r e d i c t i o n  by c a l c u l a —
t r o r i  o n ’ t h e  p a r t — l o a d  p e r f o r m a n c e  of a new B r ay t o n— ~-y c l e  e n g in e
is ~i i f f i c u l t  and u n c e r t a i n , even w i t h  very complex compute r ’

pr sgt ’a rn s . A l l  t h a t  w i l l  be a t t emp t e d  here  w i l l  be c a l c u lat i o n s
based sir e s t i ma t e s  of p n i n ’ t  — p o w e r  co n d i t i o n s  fo r  a t y r - i  o w l  CBE
c y c l e w I h c on ct  an t  corop n-es con - — s h ni  ft  speed a r i d  for a t ypi cal
CiAPX cycle.

CBE Cycle CBEX Cyc le
Des . Pt. 25t~ Power Des. Pt. 25’f~ Power

T’ T4/T 1 7 7 x 0.9 5.0 5.0 x 0.7

T p4/p 1 32 32 x 0.7 4.0 4.0 x 0.75

0.9 0.9 x 0.7 0.9 0.9 x 0.87

0.9 0.9 x 0.9 0.85 0.85 x 1.0pe
f 0.05 0.04 0.06 0.04

- 1.9371 2.9780 0.5387 0.4808 
-

-

I 1~~~~~eE 1 - L(1
~~~h] 

P 0 .5767 0 .5011 0 .2702 0 .2224

T1 th = 

~TTTci~~Tc ~~~~~~~~~~~~~~~~~ 

0 .517 0 .077 0.520 0 . 354

c 0 0 0.90 0.94 
- -

I

_ _ _  -~~~~~~~~~~~~—~~~~-—— . .- - — --
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This type of calculation serves perhaps more to emphasize

the Importance of compressor—efficiency drop in a CBE cycle

rather than to give useful numbers . The drop in efficiency of
the CBEX cycle to 25% load , which is approximately 60% of the
full—load efficiency, Is similar to actual low—pressure—ratio

cycles. No figures for the part—load efficiency of actual

high—pressure—ratio , constant—speed CBE cycles were available

to  the  a u t h o r .

Thu s  f a r- , consideration of engine performance has been

limited to specific fuel consumption and specific power output ,
the l a t t e r -  in t he  form- n of’ P0/thc T 1. The specific power measure s

of ultimate interest are of course power per unit weight or

volu me. To develop these  measures , i t Is necessary  to examine
the  s i : e — w e ig h t — l o s s  c h a r a c t e r i s ti - : ’ s of the  v a r i o u s  c o m p o n e n t s .
A ccordin gly , the next three sections deal with these relat ion—
ships f ~r t hr e e  of the  rnn a ,i - ~r types of components In open Brayton—

cycle engines: r-a -- lial turbonnachlnery , combustors , and heat ex-
changers. The ot h e r  y~-e of  c c ’i n p o n e n t  commonly  found  in t h o s e
en oine s, - ix tail ‘ u r b o m .-i ch inor :, ’ , is treated in Appendix F.

C.  W E I G H T  AND P E R F O R M A N C E  OF RADIAL  T U R B O M A C H I N E R Y

‘iThe..’ Io n ’ i v a  t~~n of ’  n r u ’e l a t i ng  r e l a t i o n s  fo r  r ad ia l  t u r b o —
m a c h i n e r y  u sed f-o r 13 r ’ i i y t o m r  cy c l e s  is m a — I c  e a s i e r  by the  s i m i l a r i t y
of the des t c - c n I I ~ ons  which g e n e r a l l y  -isnly . The shape , or
sp e - s I f i  speed , can be chosen to be near the optimum , and the
n u m b e r  of ’ b l a d e s  a l so  can be s e l e c t e d  to ~ ive m a x i m u m  e f f i c i e n c y
without si~-’n- ii ficantly compromising we ight , frontal area , or
v- lan:- . S c n n e  f-c nn of vaned diffuser is always used for compres—

sors , and vaned nos:les for turbines. Backward— sloped blades

are used to the maxi m um degree allowed by bI. a-le—root stresses.
Variable—~ eometry inlet or outlet vanes are generally not used.

The hub—b -c-tip ratio of the blades at compressor inlet and turbine

outlet can generally be chosen to give optimum performance even
when- c there is a power takeoff , because the shaft dtan eter is

E— 37
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usually much smaller than the optimum hub diameter. These con-

siderations are employed throughout the following developments.

1. Radial Turbomachiner y Weight , Size , and Power

Some useful geometric quantities are defined in Fig. E—l2.

The stage power P5 is given by

P rnAh , (E_L$ Ll )
5 0

where ~h0 Is the stage enthalpy rise. From Fig. E—12 , the mass
flow is

rn = C
~1

P1 ~ d~~~(l 
- , (E-~ 5)

where A~, E h u b/ t i p  r a t io  = dhl/dsl.

The stage enthalpy rise can be expressed in terms of the stage

work coefficient i4,

14,1 Ah /u~

where u2 is the rotor tip speed (at d2). Thus

= ‘4iu~ . ( E — 1 s 6 )

From the inlet velocity triangle ,

U
1tan a 1 = . (E_L~7)

xl

This angle is selected to minimize W5~~, and turns out to be near

60 deg for most applications. The specific speed can be defined

(or represented) by the shroud—to—tip diameter ratio:

E-38
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FIGURE E -12 . Geometric de finitions in radial turbomachlner y .
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d
- (E— ~8)s2

Combin ing  Eqs .  E_14 L1 through E—148 yields -

- 

P s = P l ~ ~ 
X~~u~ d~ . (E -~~9)

If we take the introductory remarks as j u s t i f y i n g  p 1, X 1, A 2 ,
and tan a51 being considered 

constant for open Brayton cycles ,

then

(E—5 0)

1/2
d 0 ‘— 

~ l/~ 
( E — 5 1)

or

P rn~j u~ , (E-52)

whe re 14 is a fun cti- ~n of b lade  angle , and hence  of u 2 and ma te r i a l

p r o p e r t i e s .

The v a rI at i o n  of ‘4i w i t h  u~ and m a t e r i a l  p r o p e r t i e s  is not

s i n r i e , but for the present purposes it seems reasonable to make

the following approximations. The centri fugal stresses vary

a p p r o x i m a t e l y  as

°c PrU
~

where p is the material density .r -

E-14 0
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The bending stresses vary approximately as

I 2
PrU2 sin B

I
where B is the backsiope angle . The maximum stress a is then

1 2
0 PrU2(l + A s in 8)  , ( E— 5 3 )

I
where A is a constant of order unity. The relationship between

1 
‘4~i and B is determined from angular momentum considerations , and

can be approximated by

1 — ‘4 tan B
2

or

(E-5~~)

- 
- l + ~~- tan B

- Equations E—53 and ~-~~5Lj can be c ombined  a p p r o x i m a t e l y  as

0~~~~~
p
~~

U
~

or expressed as a d e t e r m i n a n t  of t i p  speed

u~~~’-~~-~ , (E-55)

-- where a can be interpreted as the allowable w or ’ k ’ i n g  stress of the

material . Equations E—52 and E—55 then yield

~
,2 ~~ (E—56)

1 E—14 l



The weight of the stage can be considered in two parts--

the rotor and the stationary parts. The rotor weight WR scales

approximately as

R ~r 2

With Eqs. E—5l and E—55, this can be written as

.3/2
WR 3/14 . (E-57)

The weight of the stationary parts , W~ , scales approxi-

mately as

p
3d~t , (E—58)

where t is a characteristic (small) thickness. The thickne :s Is

governed largely by pressure stresses similar to those in a

thin—walled cylinder; thus

pd 2
a ‘

S

where p is the maximum pressure and is the allowable stress

in the ma te r i a l .  Then the  weight  wi l l  vary as

P 5Pd~
S o~

E—142

p

-k ‘
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With Eqs.  E— 52 and E— 5 5 ,  th i s  yields

• 3/2 ~ 
3/14

— 

~~ 
‘ (E-59)

Equations E—5 6 , E—57 , and E—59 can be combihed to produce the

specific weight

W - 

WR + W S
P P

( s s

or
11/14

w ~l/2 p
— 

~~~ ~~~ 
[A 

+ (1 — A) 
~~~~~

- 

~~ 
, (E—60)

where A is the ratio of rotor weight to total stage weight in a

base stage .

The stage volume V scales as

V — ~~d~

and hence the specific volume scales as

ç ~ll/14~ 7/14 • (E-61) 

i 

-

2. Radial Turbomachinery Perfo rmance

The best measure of efficiency is the polytropic total—to—

statIc efficiency from inlet to outlet “flange .” This assumes

that the outlet head Is of no utility, which is generally true

except for jet engines. The losses can be measured as (1 — 

~cp~
•
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For a single—stage compressor , the efficiency degrades as

the backward sweep of the rotor blades at out let decreases , and

hence as rp increases , due to the increasing amount of flow dec—

eleration required in the rotor. Further , as r4,’ and hence blade

speed Increase , Mach number effects eventually further degrade

the efficiency. For simplicity, it is assumed here that the ef-

ficiency variation is linear with 14i and in~ -mendent of the magni-

tude of blade speed. Available data (e.g. , hef. E—l) suggest

that a reasonable approximation is

1 - = 0.2 (
~

-
~
) (E-~:)

for single— stage compressors. For multistage compressors , the

outlet d y n a m i c  head could conceivably be useful , and different

l in i t i no  va lue s of  
~pc are sur ’ges ted :

- 

~pc 
= L (

~
-
~

) ~ ( E - 6 3 )

where L = 0.2 for 1 s t aoe  
-

L = 0.15 for 2 sta ges
L = 0.13 for 3 stages

L = 0.12 for ~ or mnio~- -c stages.

This relationship is at best approx imate and tentative , and

envelope values need to be established for existing “well—

designed” engines. Given the problems associated with the in-

accuracy with which the efficiency Is known , reported , and even

lefined by the engine manufacturers , such an effort was beyond

the scope o f’ the  p resen t  i n v e s t ig a t i o n .

M u l t i s t ag e  rad ia l  t u r b i n e s  (of the type used in Brayton—

cyc le  eng ine s)  are not used , because multista ge axial turbines

are sr:ialler , lighter , and more efficient.

E- 1414
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Equation E- - ~ can be combined with Eqs. E— 60 and E— 61 to

p rovide relationships between efficiency and specific weight and

specif ic volume :

~ l/2~~ll/l4

P 
(1 )1l/~~ 7/14 [A + (1 - A )  

~~ 
( E - 6 1 4)

.~~/~~~l1/ m n
m

/ . ( E  — 65)_
s ~l — m l , ) -  ~° 

-

- n - uh cnnTh’tsi s i n g  t h a t  tht- se no I a t i - :n s l i  ins are based upon

t he  a s so - - ip t i o n , am o n g  on h e r s  , t h a  t h e  m a x i m u m  permiss ible tip

sp-ee~. i is a l w a y s  e n m - l o y e d , a P t  oh t h e r ’~- f o n e  ir p l i e s  a va lue  of
lou  Ii  ng i~ f — ~m - a cv i. yen s- 4

- -a oe pn’ess-rre ra t io . If the maximum t i n
speed ~s n~ t emp l c -y e , i , the var t -~ ion of s~-eciftc w e i g h t  w i t h  loss
level w ill b e  con sid er-abl y less.

0. W E I G H T , S I Z E , A N D  P E R F O R M A N C E  OF C O M B U S T O R S

1. ~p e c i f i c  Hea t  R e l e a s e

A w i - l e l  a c c ep t e d  r e l a t i o n  c o v e rn ~~ng hea t  r e l e a s e  in h y d r o —

c a r b o n — i  a - n i  i n -  c o nh u st - o r s  is - i n -  t o  C la rke  ( R e f .  i- , —~~) :

- i t -

- = 78~- . io
6 

~ r- , n , ~~~ T. /T. Cl {~~/ f t 2
~~h r — a t m  , (E—61)

- - 3 n
- ‘- 2 ~ 0

wh -sr t . - A
~ 

c r e s s — s e c ’ t o n a

c cx - -ess - - c -b -a a f — c - ’ n f ) I ’  vortex

vor~ o x r e f : ’e -h r . -ca~ - f f ’ l c i e n c y

v o r t e x  voloc’~~ty e ff ’ i - -t ency

Th ~. -o n p e r a tu r ’e  of ’  a” -x cas ,

E
~
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It Is assumed here that the factors c , n~ , n
~ 

and Th a l l  tend U

certain terminal values In “good” desirn , for all combuStors .

The reason for this assumption Is the independence of the primary
vortex , which bux -ns approximately stoichiometrically , from the
othe r c o m b u s t I o n — c h a m b e r  c h a r a c t e r i s t i c s  or s p e c i f i c a t i o n s .  Then

t:r ~‘add 
= 

add - o -

2~A volume - -

(
~
_-
~d 

( 7 )

This applies t o circular or a n n u l a r  c o m b u s t o r s , 
~~ 

be tan g ap-

propriately defined.

2. Com bustor We i g~~

The corbusto r’ is here simplified t o  be a cylIndrtcal pres-

sure casing (subscript c) and an inner cylindrical flame tube

(subscript f t ) ,  ne~~l e e t I n c  any ends , f l a nges , i n j e c t o r s , e t c .
The weight of t h e  - s o n ihu s t - o r’ can t h e n  be w r i t t e n  as

w = Nn .I
~~~~~)dt

P + N
~
d C Kl(~~)dC

t ft ~~ft  , ( E — e S )

where i = number  of c o n T hu s t o r s

t mat~~r ’ial  t h i c k n e s s

K 1 = f lame t u b e / c a sin g  d i a m e t e r  ~‘ - i f ~~o.

The caslnr th ckners t
c 

will 1/c ~ovt ~r ’ned by p ressure  St r esses ,
at least- at h igher  p res sure  r a t i o s ; hence

t c -

E— 146
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The flame—tube wall thickness t ft will be some minimum to allow
for a small oxidation loss and to gi ve sufficient strength
against collapse under the pressure—drop forces and resistance
to f l u t t e r i n g  v i b r a t i o n .

W nd~~
(

~_)[~~~0
c c  

+ K i t Pt P ft ]

- - 

w ._ :: 3(~~) 
[

~~~~~
3 

+ K?] 
(

~~~

_)  , (E—69 )

where r~ ai d  p cc c

The c o mb u s t o r  vo lume V cm be w r i t t e n  ascc

V , ,  Nit 
~~~~~~ 

(~~~

_

~~) 

d~

and h e n c e , f r - o n  E q .  F— 69 ,

= 

~~~~~~~~ 

~d
3

) 

= 2(~~ )(P 3 + x’) . ( E - 7 0)

The combustion—chamber speciric weight is obtained by dividing
E q .  E — n m ~ b y E — 7 0 :

p P3
w d~~ 11~(P 3 + K?) 

(;y~-) 
‘ -7
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I f  t h e  c o n t r i b u t i o n  of  t h e  f l - i n - i- t u b e  t o  t h e  t o t a l  mass  is re—
‘in ’ h-i as s m al l , w h i c h  is u s u a l l y  the  case , and i f  (

~~/d~~
) is

t aken  as cen ~” an t  for c’ood ies i~~r i (a f sn c t l o n  of o u t l e t  t e m p e r a —
t. a r c  pro f I le ) , t he

W - (E - 7 2 )

i’o r icr - r n r i ; n l I r ’  c- mm ~ - n i s f  n s ¶ n ’ m i  t a r  r e L a t i o n  t o  obt  mi t r i e d ,
th e  - ; i t e n ’  i 1 - /n- ~~ L- r ’  D sat - st I’ m t  l u g  f o r ’  he i n d i v i i i r : i l  c a s i n —

-.11 r: - ,~- te:’ - I

- 

(
~~~~~~~~~ fTo 

. (E-7~~)

3. Implications for F u t u r e  Des I9 n s

~- m i t io ns  E — n 7  , E—7 2 , -‘t n - i - — 7 ~ can b e ~r s J  to g a l  r e s e l e c t i o n

o f ’ r n - a  -c ~n l -u , ’ ’ on ,;v s t  cm ’ s or ’ o e v — ~ l n r ~r t  c nror/osals f ’s-n in-an-eve -i

m a t e  n - H i s  or t e - i m n i q u e . ; . P o t h  sped  ‘ i c  hea t  r e l e a s e s  as :‘-mnn ’ t I nn s
of  v o i r n c  tN~~ of mass - r n -c n - n -  - p o r t  t o n s i l  to t he  siu a r e  roo t  of t h e
r e l a t I v e  t - n t - ’ o s m r r ’ e  m o p  a n a l  o t h t - - squ ire n -co t  of - r b s o l ; m t  - i n l e t
t e r n s c - n ’ e mr ’ c  - m i l a i r n e - i  i m ’ ; - I ’ O v c n ’ m e n t  ~n com’d ~u s t o n m — c h ~lr ; 1L ’r ’ v - I - o n e
or’ w et -h can h c r ’ e f ’ r ’e be , IU l - c d  1

’
; -  n - n  e x i s t  i r i s  op cci t ’ t - c a t i a m s

fo r  s- -si .-; v c t  onto -

ta 4 -h v o l u m e  a n t i n - i  ss c u r t  be re/i -~~-ci by mis I ng m my sr-ni 11—
diunn - t er c -m:bu st - -n ’s en ’ an annular’ c- nit -astor w i t h  as m m m c r i i  an -i ’ —

s i d e  - i U~ r ’ i c t - r ’  as  I s  practi c-ible. The p r i n c i p a l  r ea so n  is t h a t
t h e  m l x tr re o 1’ s e c o n r i ; i r ’ y  a i r  a f t - i ’  ¶~ i it ’ primary near—stol chiometrie

s - - r i - - t o  n m - a ’ r r ’ r l ly ac-c / r . r - l i m ;h e l by  lar - ’ e — I l  -~nm s- t c i ’  Hf h r t  h ave  t o
e n i e t r ’ ;

~
4 e t he  c en t e r -  o f ’  t h e  f l o w  to  p r ’ n I n r c e  a rm t t s c e p t a b l e  o m i t  let

t e n t - c  na ’ n r c  n - r e  f i l e .  The s ma l l e r  the  t h i c k n e s s  o f ’  t i n -  flow , * he
less i s t a nc e  m i s t -  be ; - c n i c t n ’ - r t  ci by t h e s e  n ets - i n - I  the lmrr’ger l i r e

nm — r r . l “r ’  ot ’ smaller ~et.s a i m  I -h  can be ased  . Thus  the  mixin g

E — 1 4 f
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length can be reduced approximately by keeping the length—to—

di-inme ter ratio constant .

With regard to material properties , the ratio of allowable

wc r’i- :ing stress to density in the conditions of operatIon is the

s i - m ~r r i f ’ i-cant var iable , othe r  th ings  being equal . Because most of
t h e  mass is in the casing, wh ich Is normal ly  at a relatively low
temperature , improved cooling of the liner or the use of a ceramic

liner (flame tube) should not greatly affect the weight . Im—

p r - /  v- f l : r r - m - - — t m : t -  m m s n t e r t a l s  or des ign  would , however , enab le  the

mix ing air to he dusted h m t~~
— the  hot s t r eam , g rea t ly  reduc in g

m i x  i n s  p r e s s u r e  losses tad overall volume .

C a t a l y ti c so nbm r s t l on would  in the  l imi t be accompl i shed  over
the  wh o le s t r e a m , the temperature of w h i c h  would gr adually rise

to the  tu rb i n e — i r d e t  t e n i n e x ’m l t u r e .  - t i x i n r -  w o u l d  p r e s u m a b l y  not

be involve d . Scaling laws and rate limits are not yet known to

t h i s  c o n t r i b u t o r .  t o n  t h e  p r e s e n t , obvi  on -s l y ,  proposed c a t a l y t i c
c o m b u s t i o n  systems can be compared with the best present systems .

Some representative present data are shown in Table E—l.

The usable data from ‘rable E—i are p l o t t e d  in l-’it - . E—l2 . The

large variability in quality is noteworthy. Some of this varia-

bility is undoubtedly due to poor definition of the data. For

i n s t a nce , some of the  i n d u s t r i a l  gas t u r b i n e s  have combus tors
t h a t  are c on n e c t e d  to the  t u r b i n e  expanders  by r e l a t i v e l y  long
d u c t s .  It is poss ib le  to have a short  combus to r , end in r w i t h  a
“ pe aky ” t empera tu re  p r o f i l e , beca use the t emp e r a t u r e  d i s t r i b u ti o n
wIll become more uniform as the gas travels along the connecting

d u c t .  There may also be ‘~ctual errors in the data.

~Jev e r t he le ss , even if all  i n c o n s i s t e n c i e s  were removed ,
t h e r e  w o u l — i  remain consi lerable v ar-i ation In p e r f o r m a n c e , sho w i n g

- 
I 

- - -  tha t  m o s t  c o m b u s t o r s  are imperfectly develoi ed and that combustor

des isn  Is -an a r t  r a t h e r  t h a n  a s c i e n c e .

E— 14 (?
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TABLE E- 1. COMBUSTION -C HAMBER DATA

1. Russian Data a

~add kJ
Engine Type V~~P3 m3-hr-atxt a 

_______

Aircraft 
- 

30-70 x 106 2.0-3.0 3.5-4.5
Stat iOfl arY & 8-30 ~ 10

6 2.5-3.5 4.5-5.5

2. U.S. D ata b

P 
_ _Pressure ~3’ ~O 3’ ft ’  U

Engine Ratio N p
~j~ 

% °F in. cc~3 ft -hr-atm ft

J 79-15 11.5 10 169 4.7 761 ? 3.86 x io6 ?

I 56A8 9.2 6 136 3 .6 605 5.53 1 .88 x 106 4.36
1 58 8.66 Ann. 128 5.5 580 (D 16) 8.5 x io6 ?

BBC 7.2 1 102 5.1 528 66 0.87 x 1o6 2.39
GTC-85 3.67 1 54 3.7 370 5.0 8.1 x io6 2.62
GMT-305 3.46 2 51 2.2 1100 6.0 0.9 x io6 2 .08
RH-TA 4.0 1? 59 4? 700 14 1.54 x io6 2.21
GE Loco ? 6 37 6.0 500 9.6 1.0 x 106 3.54
W-2000 ? 12 74 2.7 475 4.63 1.5 x io6 5.83

aSource : Ref. E-3 .
bSource : Ref. E-4 .

Figure E— 13 should be a useful device for evaluating new or

proposed combustor sy5tems . It can also be used to establish

the optimum combustor specifications ror a given “qual ity ” of
combustor (line of constant performance) for any one mission .

The mission will provide the tradeoffs for combustor pressure

losses and for volume that will result in an optimum specifica—

tion at a point along each line . There will therefore be a

E- 50
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FIGURE E- 13 . Combus tor volume versus losses.
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locus  of op t ima  for any one mission , showing more precisely the

direction in which combustor development should be advanced.

O n ly  one datum (Ref. E—5) has been obtained on combustor

mass , and t h i s  has been plotted in Fig . E—l~~. The total corn—

bustor mass for a present—day automobile sas turbine of 150 bhp

was siven as 3() ibm , the ca s ing  be in g  30 ibm an-I the  l i n i n g  or
f lame tube  1 ibm . There fo re  the a s s u m p t i o n  t e n t a t i v e l y  n - - t r i o
above t h a t  the  l iner  mass could be neglected in c w’mn-:n’ison w i t h
the c a s i n g  mass scorns ust ified .

i i  sure P—l~4 may be used in the same w a y  as c’ . 5—1 ~~~.

The pr e s s u r e  losses  given  i i i  t h e  d a t a  do r i o t  i n c lu d e  the

compressor’— i i  f fu s e r  losses in CBE c n - ’i n es .  I d e a l ly  t h ey  si r ou l l .
I f a combustion system were developed wh i oh comi 11 b a r -nm t h e  fuel

In an a i r - s t r e a m  m o v i n g  at 600 f t/ s e c . v e ry  1ar ’se - f l  f t - a m  i - r n  lo ss-c o
p r e s e n t l y  charse d to the compressor c ar l - i  b- -s at’ I ic - i -

E . SIZE  AND PERFORMANCE OF HEAT E X C H A N G E R S

The character st I C S  O f
’ m t  crest  f . o th -s - l e n —  i - nm - s r of pea

B r ay ’  cr , c .’ -leo -ore the v c l -  . - , t h e  n- t o o , ‘i n t l  t h e  ste l i — c t  a ’ e
f a t  i—lo t I n e r f  -n ’ : ’ m ì n c e .  I t  ~ -aid be a rs ue d  t h m r t  tb-s h e r s / a l  p - - n ’ —
f-or: - . m c i  at 25~ n-~w or  un - I t h e  n r e sn ’- -r re  losses  at full -ower
w o r l d  be n on ’ - - t p p n ’ c pr i a ’  e .  However , t he  t h e r ’ m ’ m l p-er’f ~- r-r:i nce of’

heat exch tns- - r s  n- orm ’m’ i l l y  inr p r ’oves , a t leas 4 I n B n - n - .’ t o n — cy e l e  ap-
p1 1 ‘at i o n s , -to t he l o n i d  Is r educed , so i -h a t  b y  o f  ~ rt’ i r s  th e full—

power n e r f - o ’n ’t u n c e  the d e st  nor  i s  b e l t s  c o n s e m - ’,- - n l  I y e  wi th r ’ e s n r l
to c r ui s e  c - n -  -m o-n ,’ -

The t r a n s i e n i l  c h a r a c t e r i s t i c s  of hc:~t e x c h a n g e r s  can also
be very I : ’ mr- r ’t an t  for  c e r t a i n  n p p - l i c a t i m s .  A v e h i  d c  e r a - i n c
wh I ch has been opt . I t ed  fo r  voiunm c and we I sht w i 11 f - - n m  I t o have
m In im-in therma l lag in the hea exchanser (wh i ‘h will be the

pr - In - -h al t r a n s i e n t  p e r f o r m a n c e  c h a ract -r ’I s ’ i c  of i n t e r e s t ) .
Thus  ; - n i ’ - my c o n c e r n  ~un be s a f - - l y  - i t  r e c ted  at  c t - ’- ~~l v — s t a t e  f u l l —
load p e r f - r ’m ’ c ~n r c e .

5— 52
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1. Characterization of Heat Exchanger Losses

Ideally, a Brayton—cycle heat exchanger transfers heat from

a hot gas to cooler air of’ equal mass flow and specific heat ,
with no pressure losses In either fluId , and brInging the air

outlet temperature up to the gas inlet temperature , and the gas

outlet temperature to the air inlet temperature , as depicted in

Fig.  E- l5a .

The losses with which we shall be particularly concerned

are the pressure losses in each fluid , and the temperature dif-

ference through which heat must be transferred , as shown In Fig.

E—l5b. The pressure losses can be categorized as “useful” ——
those involved in bounda ry—laye r  f r i c t i o n , whi ch helps to ac-
complish heat transfer , and “useless ”—— the pressure losses coming

from headers and ducts and in stream turbulence , such as In

separated flows and wakes.

We want to present the total losses in a heat exchanger so

that , for varying desIgn parameters , curves of total losses

versus volume and weight may be derived. Unfortunately , pres-

sure and thermal losses are dissimilar , so they cannot be directly

added to produce a useful total loss. Ideally , one would like to

add together the cycle referred losses——the losses produced In a

Brayton -cycle by each component of the heat—exchanger loss.

However , the referred losses would be a function of the cycle
rather than of the heat exchanger alone .

The I n f l u e n c e  of the cycle can be avoided by finding the
loss in availability which each loss produces in each fluid.

In practice , this is approximately equivalent to finding the to—

tal gain in entropy in the heat exchanger. This , then , is the

loss function used here (when divided by the gas constant). Its

derivation and its relationships to other more familiar measures

of heat—exchanger performance and loss are given below .

E-5~4
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- -  FIGURE E-15 . Pressur e and temperature dif ference in heat
e xchangers.

I 
E_

~~5

‘,—= 3 t,. . , - ~~~~. ‘- ~~~~~~ S - - - -_ - 
~~~~ • - ‘ ‘ ‘~~ -

S 

.



- - - 
-

~~

-----

The entropy gain of a heat exchanger  is arr Ived  at in the
f o l l o w i n g  way (F ig .  E — l 5 b ) :

1. The cold f l u i d  ga ins  en t ropy  by heat  t r a n s f e r  from 2— 3 p .
2. The cold fluid gains entropy during the (equivalent )

t h r o t t l i n g  process  f rom 3p— 3 .
3. The hot f l u i d  loses en t ropy  by heat t r a n s f e r  fr o m  5— 6 p .
L~, The hot f l u i d  ga ins  e n t r o p y  th rough  the ( e q u i v a l e n t )

t h r o t t lin g  process  f rom 6 p — 6 .  -

In t h i s  i d e a l i z a t i o n, p rocess  2 — 3 p  is at c o n s t a n t  p ressure , and
p r o c e s s  3p— 3 is a loss in p res su re  at c o n s t a n t  t e m p e r a t u r e .
L i k e w i s e , process  5 — 6 p  is cool ing  at cons t an t  pressure , and 6 p — E -
is a loss In p re s su re  at constant temperature . An ideal fluid

is assumed so tha t  a c o n s t a n t— t e m p e r a t u r e  change is also one at
c o n s t a n t  e n t h a l p y .  From l ib b s ’ equatio-n ,

Tds = du + pdv dh — vdp

and , assunmin~ a per fe c t gas ,

T ic c d T  - vdp = c d T  — RT~-p p p

Then the change In  e n t ro p y  in the constant—pressure process —3p

can be written as

AS
23 

= 9~n (~~) 
~~~~ ~n (

~~ 
( E _ 7 !~)

and sim Ilarl y for the process 5—6p . The entropy chanre in t h e
c o n s ta nt — t e m p e r a t u r e  chan:- -e 3 p — 3  can be w r i t t e n  as

_____ = 9-n (
~

-
~
-) 

~

- 
- 0)

- 
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and simIlarly for the process 6p-t/ . For a two—fluid heat ex-

changer with unequal heat—capacity flows defined by

c 
m

5
c~~56

ra t
2 ç- P3

the net  n c r - e a s e  in eat  ropy can accord  in~~ly  b e written as

= _ _  i nn 
[

~~~~~~~~~~~~ t

] 
+ ~~~ ) ( )

rat

] 
. (~~-76 )

As a s i m p l i f i c a t i o n, C ,~~ w i l l  be set equal  to 1.0 , and on ly

counterfiow heat exchant- en-s w i l l  ho cons t iered in the succeedins

develo pment . This lea-Is t o  a c on s t a n t  h e - m t  — t r a n s f e r — i r - i v i n s

t e m p e r at u r e  d i f f e r e n c e , 0 , -as shown in  - i - - . E — 1 6 .  Th i s  d i f ’f ’er eno -~e ,

and t he  t e a r - cr at .  u n - c  r i o - c  of  t h e  coi l f l m ~ I i AT , can be used t ~c
d e t e r - - m i n e  t h e  r e L a t i o n s hi p t e t - ; - - e n m  the  en ’r r e r a t u r - s  n ’ a t i  -s I n n
i- - t . F — 6  an .I  t h e  h e a t — c x o h a n - - - - c n ’  e t ’f - - c :  i v~ - n r - s o o  , ‘cs f - s l l o w o

_ _ _ _ _  (E-77)

Dc f i n i n g  m i spec i f t c  t e n m n r ~e r - o t ure rise

~
‘t T

(E — 78 )

and t he  h e a t — e x c h a n g e r  e f f ’ec ’ i veness

1T 1~ 
- T 1

1 
10 + A T 1 ~~~~ r ~c 

L~~~~~~~~
—

~~~~~~~~
] 

= [—~~T . ~
] = + 1] , (E_ ’o)

-.

-4



then

B l _ l — c
A T c  C 

E—
C

and so

- 1
/1 — c

3 6 . Q ( C (E 81)T 2 T 5 l - Q ’  
-

E q u a tI o n  E—8 1 c o n f i r m s  t h a t  (1 — c)/c alone is an i n s u f f i c i e n t

measure of heat—exchanger thermal losses (as represented by en-

tropy Increases).

LENGTH

~- 2 3-~~ - 6

FIGURE E- 16. Temperature d i s t r i b u t i o n  in a co unterfiow heat
exchanger , C rat ~ 1.0.
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The p ’-’essure ra t ios  In Eq.  E— 7 6 can also be conver ted  to a
more familiar form ,

/P  \ fP ~ \ P p

~3A~6) — 

p 2 
— Ap~~3 

p — Ap 56 ‘ 
—

wh ich , since Ap/p should be n :m u c h  less than u n i t y ,  becomes

= 
~ + + 56 

= 1 + E (s--83)p- 2 p 6 \P /

where ~~( A p /p)  is the sum of all of the r e l a t i v e  p ressure  losses .

Equat ion E—7 6 can then be written as

(AS ~~ 
= [1

~~ i~~~ 
9-n [i +

~~~
)] (E-B~~)

or , express iro s t h e  losses as

(

h .)  
= ~n E 1 - 

~~~ H+ ~~~- 9-n [1 +
~~~~ (~~~] 

- (s-85)

A s s u m i n°  t h a t  b o t h  ~ (A p / p ) and Q ’ ( l — c ) / c  are small  com p a r e d  t o
unity, Eq. F—ti 5 simplifies to

(:~~)(i 
- c) 

+ 

~~~~~~~~~~~~~~~~ 

(
~
) (E-86)

H ’ + L~ - ( E — 8 7 )

E—59

-‘ - - -  -- - -S 
~~~~~~~~~~~~~ ~~~~~~~~~~~a

‘F



A sir:tpier form l’or- heat—exchanger thermal losses was used in

assessing the i m p a c t  of losses on f ine cycle (Eq . E—27):

rn
_____ = 2-n ‘~2- 

C T
3

T h i s  I o ne 1 m it -cd — - H ’ a b ov e  by

H’ ( - v
)(l c) = ~~~~~~ - (t-:— 88)

Tm - o t h i s  r o i n t  r-~ - h a y - -  merely d e f i n e - I  t he  h e m r t — - - x c h : i n r -~-r-

~h - -’ r n i m t l  - i n - i  r - n ’ -cn ~s u n - e  - -s ses tnt for-nat which allow t h e m m n  t .o be m i - I d e i .

~e n ow imt ~ r i - -la ce ~-cynol-Is :irct logv t o  r e l a t  :- heat t n’ansfer in

o ~m m v e o t  I v-. - f l o w i n  c h m n r m m m c l n ;  f o  - i n i m rn -- p n ’ ’ - s c - r n ’ e  ic-os m r c o e o —

2. Min imum P r e s s u r e  L o s s  for  Hea t _T r a n s f e r

- ‘ an s i n c r  f l  -w w i t  i n i m . a n ’ -e r ’i ,es of c i r - t n i n n e l s  o f  - t r ’ h i  tr ’- nn — \- cr-°ss
d o - f i r m -  n 1 y

A = c r - - ,n — m -~ec 1 - m al t n - - m i 0 ’ one c h m m n i r n e  1

A , = i :~c- I Ic su r f a c e  r r ’ - - :i of one c h nt n mr-i

= m m mn - mb- - n ’  o n ’ p a r - i l  le I c nn - writ -is

= l - mn m gt h of t a o h - ‘ h m i m m r a ’ l

i - e r  i n - m e t  e n ’  o f ’ e a c h  c h a nn e l

= - m i - i — i _ w t i l  t e n o l - ~~n ’ I t  an ’ - ’ d i f f ’- - remn -e

h = he ~ — t  r m n n m o f  - n ’  - n O - - ’ ’ ’ ’i -i - - n it

a = n - n - - inn  f l o w  v t - t o - c t  ty

Then t~~c’ al l i - - t t — I  r ’ - i r n s f or  r ’ m i t e  ¶~ — - i n -  c h a n ne l  w a l l s  ~s

= } I ; O ~~~~ 0 = hI; i - ( F _ ~~l )

E — (-0
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The p u m p i n g  power r e q u i r e d  to produce  the  hea t  t r a n s f e r’  is

W = 1ltnp = NA uA i

Where  V = v o l umm m t flow = N uA

tip = pressure  d r o p .

The A t -  I s t he “ u se  f u l ”  p r e s s u r e  drop , r e s u l t  t r i g  f r - c n n  b o - u n i d m i r - v —

l ay e r  d r ag :

= r n  = T~~~~ , ( i-f _ - t O )

where -r i s  t l ie  skin— fr’icf i - t n  s h e-j r  s t r e s s .  R ey n o l d s  ana l -vw ‘ - -

b e t w e e n  skin frict ion a r r d  h - o m i t  t n ’ - i r t n - - f c - r ’ i s

f t  = S t m tni t en t t m n n m l - - r  h 
= 

I - W 
~~~~ )p u _ __ 

- - -P

i - : l n l m n t i o - n n s  E — R a  - h n ’  - . n~— h E— ~~l c m n n n  he c - m l  i m m ~ - d  o v l e l - i

= (~)(~)(~: ) .
I t - ~ t. I n c  t hat

U 
= ‘i~~ = ( 1-lach n u n - i - - n ) 2

-y-R’l~

m i n t  I

T , T - /
- 3 2  , c— — ‘ \i —

. -

=

E— (1

I
- 4

- 
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then Eq.  E—92 can be w r i t t e n  as

C 
= 

(np/p)
1 — c  2 -

2 y M
3

If  we make the numera to r  the sum of the  pressure drops on bo th
sides of the channel (assumed equal for simplicity in calcula-

tion), we obtain

I C 
= ~p ~ (E—93 )

L~~~~~~~~~~~~ CJ

This  e q u a t i o n  g iv e s  the  m i n i m u m  pressure  drop to give  a desired
e f f e c t i v e n e s s  at a g iv e n  mean c h a n n e l  Mach number  in convective

hea t  t r a n s f e r  in l aminar  or t u r b u l e n t  f l o w . (Low i’iach numbers
yIeld low pre ssure drops.) There are three variables; another

r e l a t i o n  is needed b e f o r e  the  e f f e c t  of , say , E ( t i p / p )  on c can
be fp -anci . A unique relation will not be given by one additIonal

e lcatien , becau se a f o u r t h  va r i ab le , w h i c h  appears  in the loss
e q u a t i o n  (Eq . E — 8 6 )  bu t  not In R e y n o l d s  ana logy  (Eq . E — 9 3 ) ,  w i l l
appea r  as :i parameter. This additional variable is c~’ E AT /T 3.

3 . Heat-Tra nsfer F l u i d - F l o w  R e l a t i o n s h i p

A continuous function between heat transfer and fluid flow

fr- cm l a m i nar  to  t u r b u l e n t  c o n d i t i o n s  is the  Colburn  modulus ,
ft  ~r 2

~~~[Pr P rand t l  Number  E c p / k ]  as a function of Reynolds
mn-c mber , depicted schematically in Fig.  E—1 7 .  The Colburn  modulus
c--an also be written In terms of the Nusselt number:

ft Pr 2”3 = 
Nu

1/ = f ( R e , p assage shape ) , ( E — 9 ~4 )
RePr

E—62
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~~
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where dh = hydraulic diameter of channel a 14A~~/P

k = thermal conductivity,

and universal relationships with Reynolds number are , for laminar
f lo w ,

Nu = constant  = 3.0 for triangular passages

= 3.6 for square passages

= 14 /4 for circular passages

= 8.2 for parallel plates

and , for turbulent flow ,

N u O . 0 2 3 ( R e ) 0 8 (P r ) 1/3 .

1Q~ 2 x ~~ Re i udp/M —~~~

FIGURE E -17 . Typical variation of Colb urn modulus with
Reynolds number.
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The Nusselt number can be used to relate heat flow to chan-

nel volume by not ing tha t

C o / 2 ) N A h

V = 2V 1 = 2A 9-N = 
~~
‘ dh Ah N

so 

li-a = (
~
)(

~
) = 

(~~~(k~~~T
3)(l 

~ 

~
) d~~~~. (E-95)

E - iu at  lens  h— ~~-i and h — d 5  c o m b i n e  to  g i v e

____  = f ( R e , p a s s ag e  s h a p e)  -
R e P r

Th Ls re i-nt I e nm h I , in c - -mn . t u r i c  ti - -n with Reynolds analogy C E-i - 1-~~ ~~ )

a r id  t h e  1 -- c s  fun c t i o n s ( i ’ O - E — S t )  , e ct .-mb i i she s t h e  - I e n m e r m d e m i c e  of

loss on vo lm nnne n - - n -  u r m i  - - I n e m n t  t r a n s f e r  (V ‘
~~

) -

U n n : ’o r’tunat .ely , it i s  1 m m m n o o c s j L  le  t o  p o r t r m i y  t h i s  re lat  I
in  a u n i v e r sa l , c o n t i r n m n -us  manner , b e c a u s e :

1. R ey n o l d s  -ana logy  (Eq . I- — -)~~) shows  t i n — n ’ t ,he n - m i m i i m n u n - m

p r e s s m n l - e  loss ~~ A i- / p )  i s  re a be d  - - t h e  h eat  t n - a r t s  fe r
t h r o u g h  t h e  Tlmicm h n u m b e r .  The v o l u m e  (V/ Q ) i s  a f u n c t i o n
of  t he R e y n olds  r m n n b  e r  (Eq  - h— ~) h ) - The I-inc in n u m b e r  and
the Reyno lds  num ber can be c o n n e c t e d  on l y  f o r  s p ec i f i c
p r o p e r t i e s  an~I fo r  a s p e c i f i c  h y d r a ul i c  d i a m e t e r  d ii .

2. In t h e  l amina r  r eg ion  the  N u s s e l t  n i u n i b e n ’  i s  C -  - n i s t n n n t  -

Beca use Nu ( c ~/ V ) ( d ~~/k 0 )  , the  h e a t — e x - - l i - i n i c e n  vo lume
becomes  Inde p endent -  of Mach n u m b e r , R e y n o ld s  n u m b e r , and
all f l u i d  pro l-ert lIns e x c e p t  t i n - n  t h e m - n i n i l  c o n d u c t  I v i t v .

E_ 6L 1
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6 - n i t i n u o u s  c u r v e s  of Z ( t i p / p ) vt - n - nm - ann  (V/l~) can be made ,

therefo-r’e, only for specific fluid properties , hydraulic

diannet er’s , ar ~d v a l ue s  of Q ’ or 8.

The on ly  p o s s i b l e  un ive r sa l  r e l a t i o n s  ( i . e . ,  w i t h o u t  a
l a r e n u m b e r ’  - n ’ - nram :meters f o r  d i f f e r e n t  f l u i d  p r o p e r t i e s , hy—
- l n ’ - i n l i c  - l i a m e - - r ’ c , and t e m m n l m e n - a t u r e  r a t i o s  Q ’ )  are those shown in
f i c .  E — l S , in  whi ch t h e  l a m i n a r  heat  e x c h a ng e r s  are shown as a
s e n - l o s  of v e r t i c a l  l in e s , s p ec i f i c  to c h a n n e l  shape , w i t h  the
v o l um e s  i nd e p e n d e n t  of Mach number  and the  losses dec rea s ing
w i t h  Mach  n u m b e r .  The t u r b u l e n t  l i m i t  line Is shown to a d i f —
fer -enit sc ale in-co rp --c r - n t i r i s  nmrnn l ’ more fluId proper t ies  (wh ich
co uld of course be combined i n to  one r a the r  c o m p l e x  property)

and with a limiting volume that is M a c h — n u m b e r  d e p e n d e n t .

Pc-spite all these limi tations , it is Instructive to plot

heat— exchanger losses ve r sus  v o lu m e s , r e c o s n n i : i n ~ t ha t  b o u n d a r i e s

of ideal  heat  e x c h a ng e r s  c m i n n o - -t be c m - o c t  f l e d  because  a heat  ex-
changer des igned to operate under m n n u s a m ~1 c o n d i t i o n s  m l sh t co

past  the  bounda ry , even th -oash  i t  were  f a n  f r om  ideal  in i t s
p e r f c r - n - m a n c e .  The r a t h e r  l i n - n i t e d  r an ge  of  f i u~ - i properties , h y —
draulic liameters , -md t e mn - e r a t u r e  ratios ( Q ’ )  used in hea t  ex-

c h a nge r s  f o r -  - - t - e r m — B r a y t o n — c y c l e  e r n s t  nes  makes  such  a p1 - -tm more

a : ;e i’ u i  t h a n  w e r e  1’- to be a r -c - l i ed  to  al l  t v r - e s  of heat  e x c h a n g e r s .
Two v e r s I o n s  i r e  g I v e n  ( F l - s .  E — l 9  and i - — 0 )  n - : i t . h  conn i e  n ’e p r e s e n t a —

t ly e  h e a t — e x c h a n s e r  - i e s i  gn s .

F t su r - c  E — l 9  shows how t h e  m i n i m u m — l o s s  c o n d i ti o n  is ap-

proached for cons t a n t — I - i a c h — n n u m ’ n b e r -  heat  e x c h a n g e r s  w h o s e  vo l— n m- c s
are in e r t - a c e d  by increasins flow len c-t -ln s . Tin e e f f e c t i v e n e s s  and

- .  t he  p r e s s u r e  drop b o t h  i nc rea se , so t h a t - t h e  t h e r m a l  losses at
f i n - s t  decrease  f a s t e r  than  t h e  p r e s s-a r t - — i n -p losses increase.

The m i n i m u m — l o s s  ~‘ i - n n - i i t i o n s  are generally reached a relat ively

h igh  va lues  of the  1 - r ’ e s c m n n ’ e  less , e . g .  , l 0 — i 5~~, mi nd h i  sit values

of the  e f f e c t i v e n e s s, e .r - . ,  Q O — 9 P- % , b o t h  h i c h f n r  t h a n  v a l u e s
ge n e r a l l y  used f o r  gas turbines. One would cx~ ect , of  - ‘

-p. E— 65
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t h a t  the  economic opt imum wou ld  be found  at smal ler  va lues  cor—
responding to smaller heat exchangers .

Figure E —2 0 p lo t s  losses agains t  relative volume with no
a t t e m p t  to  cor re la te  f l u i d  p r o p e r t ie s .  However , the e f f e c t s  of
hydrau l i c  d iameter  are removed for turbulent flow by normalizing

the hydrau l ic  diameter  w i t h  a value represen ta t ive  of cu r r en t
good p r a c t i c e , 0 .0 0 2  f t .  The po in t s  shown are var ious  gas—
t u r b i n e  heat e x c h a n g e r s .  An apparen t  l i m i t  line has been drawn
In “by  eye ” as an envelope . However , th is may be misleading .

3 Because of the  varied e f f e c t s  of f l u i d  p r o p e r t i e s  and h e a t —
exchanger tempera ture  ra t io  ( Q ’ ) ,  des igns  w h i c h  p lo t  c lose  to
the  apparen t  l imi t  l ine may in f a c t  be poor heat  exchangers ,
whi le  some tha t  are far  removed may in fa c t  be n e a r ly  i d e a l .

Only  Fir .. E— l 8  w i l l  show how close to  the  l i m i t s  the  d e s i g n s
a c t u a l l y  a re .

F. OVERALL ENGINE CONSIDERATIONS

1. E f f e c t  o f  Component Losses on S p e c i f i c  Wei ~~h t

A l t e r n a t i v e  methods  ~ f finding the e f f e c t s  of component
losses on c y c l e  e f f i c i e n c y  and s p e c i f i c  power were  d i s c u s s e d  in

Sec t ion  B— n . One me thod  ey ,r - - l i - - I t l v  i n t r - t n n e s  c m ’ s - -  n e r n t  1’~ss

f n-c t i - o n -s as dc-in-c t i - c r n s  f r  - P m I i’ -- nl - -v  - l - c  e f f i c i e n i - ’ v .  Tm ~h is

sec t ion  we i nco rpo ra t e  in nt o this method the relat i-ns connecting

component  s p e ci f i c  mass w i t h  componen t  losses to f i n d  the in-

fluence coefficients of each component loss on the specific mass

and the spec ific fuel consumption of the complete engine .

Summar ies of the calculations are ~- iven in Table }‘1—2 for

the CBE cycle and In Table E—3 for  the  CBEX cy c l e .  The r e s u l t s
are plotted in F i gs .  E—21 - inn i E—22.

Explanat ions of the values chosen are made below .

a. Base-Case Engines. The Chrysler—derived l mma t u re ! emnei n e ,
150 h p ,  as - i t c s c r ib e d  in R e f .  ~-~— t , was used as a r e f e r ence  case .
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‘rhis is especially so for the CBEX cycle , as this engine is

r’e~ eni ’iative and has a low pressure ratio . Reference E—5 con-

tains a more detailed weight breakdown than is available faT’ any

othe i -  • ‘ri -~~a ’  in t he  open l i t e r a t u r e, so fa r  as is kn~~wr l .

Even  t l s u~’h the  cyc le  co n d i t i o n s  for  t h i s  e ng i n e
d id  riot , match  those  chosen foc  the aa:t 1, ’sis exactly, t h e y
seeme d c lose  enow<-11 f o r  the engine  s p ec i f i c  mass to  be used
a3  the fatse -Case : ~ 4 T - oX i m a t e l y  2 .5 lU~ : ‘tip

No reference sp”ci fic mass has L e ” n  used For the CBE
cyC le , Lecause rt -~ engine of’ similar’ t e c h n olo i~y sou ld  be b eat , 

-

To use an eng ine  designed for  a d i f f e r - - n t  - l u t . y ,  e.~~. , For F . - l i —
co~-~ er’s, w- aid in) r-o iuce a confusing variable I ato- the ~:

SOn S . it ~.s t-as y to see the  r e l a t i v e  e f f e c t s  of u s l r u ” - f f ’~-~ ’e nt
f- C . so—case specific masses , h o w ev er , by s u p e r :m ~~os i n~ , F i s .  E — 2 l  on
2 i - ’  E—22 ‘,~~~ th sfc  sc al e s  ma t- -hin ~ m t  with the CBE base case at
i chosen value on the CBEX scal”  -

b .  Coi ’n p r e s s o r s  a n d  T u r b i n e s .  l~ was assumed tha t  the  b a s e —
me -JP EX ‘:,‘ - ‘le w ou l d  h ave  -i s ri e — s t - ’u~ - c e n t r i  fuga l  compressor ’

:oaJ :i f ’oc r ’ — s ~~ ax~ -
~~ t u r b i n e . ( I n  R e f .  E— 5 a s i n g l e — s t a g e

r a d i a l  t u r b  h~e was ass- n- i ’d. ~ An improvemen t  in  the compressor
e tf tc i OnCV would b i- l r - --u~~h t  a b o ut  , it  was a s sumed , by inc reas

he number of stap~es . This wou - 1 a l l ow r o t o r  t i p  st eeds to  he
v i  ri ~ t he  i m p r o v em e n ’ S est  m a t  ed in  ~~eC I on (i’— 2 , and

w- ’ul-i r e l a - e  the  d y n a m i c — h e a d  l ea v ln -~ T o s s .

No st m p l e , f u n d a m e n t a l  con s~ r e r ’ - ~~1 t - -n s  c-o i ld be i~-r~ ve

or e s t im a t .  i n s - he  relative we ights of ’ c o mp re ss o rs  of v- o’ yitio

twmbers of’ stare s to perform the same - lit  y . The f’ o l I - w 1 n ~ a~~—
on , s were  made , based on pure  J u l i i ’m i ’ n t.

- - ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~‘_ , 2~~—~~ - -*——- ~~~~~~~~
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CENTRIFUGAL COMPRESSOR

CBEX Base Case
I

No . of stages 1 2 3 4
I sentropic efficiency 0 .78 0.87 0.90 0.91
Com pressor mass 58 ibm
Mass m u l t i p l i e r  1.0 1.8 2.4 2.9
Incremental mass/h p 0 0.31 0 .54 0. 73
Mass/h p 2.5 2.81 3.04 3.23

The s l r v T  c — st  : i ’~e r a d i a l  t a r t -  ¶ no o f ’  the  R e f .  E— 5 engine
w e l ’~h s  95 ibm ( i ’ r’ ’m Table  of ’  the r e f ’e r e n c e) .  The t u r b i n e

mass an~l e f ’f ’~~c i e n cy  f o r ’  v a r ’ i o i s  n u m b ’ T ’ s  o f ’  s t a r e s , based a g a i n
O n  ,~‘ i l - -:’:~’nt r at  her  t han a n a l y si s , -ire  yen be low .

A X I A L -FLOW T U R B I N E S

CBEX Base  C a s e

No. of stages 4 3 2
Isentro pic e f f i c i e n c y  0.88 0 .83 0.78
T u r b i n e  mass  190 150 110
Inc remen ta l  m a s s / h p  0 - 0 . 2 7  — 0 . 5 3
Ma ss / hp 2 . 5  2 . 2 3  2 .97

~n - t  ‘-~ r --i ~ ar’ b a s i s , t h ’  5’PE ‘ u rb on — t- h in en-y e f f i c i e n c i e s
and w e i  ~hts at - ’ ’ l l s t e - l  b e l o w  -

C E N T R I F U f A L  COMPRESSOR

C B E  B a s e  C a s e
—-_ _ _ _ _ _ _ _

No.  of  s t a g e s  2 4 6
Isentro pic e f f i c i e n c y  0.78 0.87 0.90
C o m p r e s s o r  m a s s , i bm 200 360 480
I n c r e m e n t a l  mass /hp 0 1 .07 1.87

A X I A L - FLOW TURBINE

C B E  B a s e  C a s e

No. of s t a g e s  8 6 4
Isen tropic e f f i c i e n c y  0.88 0.83 0.78
T u r b i n e  mass , i b m  400 250 1 50
Inc remental mass/hp 0 -1.0 -1.67

E— 75
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The s i m i l a r i t y  of t he  b a s e — c a s e  i s e n tn ’o p L-  e f t ’ i c i e n c ~~es should

be t a k e n  a,s coiri’ldental. Pot’ these cycles to be compared , the
p o l y t r o pi c  eF f i c i e n c i e s  shou ld  be t h e  same . Here t h e  p o l y t r o p i c
e Ff ’~~cie n cie s  of c o m p r e s s i o n  are  O.~~i9  fo r -  t h e  ~H}- X cycle  --sad
O . 8 5 1~ For ’ the ‘H- c .y o l e . *

c - Combust ors. The base— case cembust - -r m i s s  was  ta~.:~~n

Ft- -v- R e f .  E — h  ( n - n  - 5— 17 )  as- ~9 ib is . 0 1’ th i s , the h c - a s in~ mass

is ~O ibm , and t h e  l i n e r  1 ibm , so ~u st  F y i n ~ the  previous sup—
pa ,  t ion that he contribat ¶~o n i  o f ’  t h e  l i n e r  or’ f la m e  vie to t he
to~ al m o s s  i s  sr r o i  i -

~‘he variat ion of ’  c o m bu st o r  mass  w ¶ th des i ~n f a ct o r s
E— :1 S-: is u s e  I
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ear l ie r  (Sec t ion  E — 3 ) .  For - the  purpo st- a of g e t t i n g  some in d i c a —
tiaras of the influence of h e a t — e x c h a n g e r  desi~~n cho ices  on o v e r - —
a l l  e n s ’ l n s e  s e c i f ic  s ize  and fue l  c o n s u r r i n - t  i o n , howeve r , P h -  ap-
p a r e n t  l i m i t  l i n e  o f ’  12 1 ;. E — ? O  was u s e d .  Heat  e x c h — n r ~ -ers  we :--
assume-I  t o  have  the  :‘c f er ’ens ce  h y d r a u l i c  d i a m e t e r  of 0 . 0 0 2  ft:

h~ ho o t e x c hon — c r ’  a t ’ Re?. E— 5 h i - i somowhat : st r o l l e r  n -o ss ar— ’’s

The h e o t — e x c h s m n s ’ e z -  ~- s ’es  s u r e  l o s se s  of’ the b a s e —c a s e

heat  e x c h a n g e s’  wer e  no t  g l - ,’e n i  in Ref . E — 5 .  For the b a s e — c a s e
en- -~ n s a  t h e  ~-n ’e s sur e  losses  w~-re a s s n ~r : e I  ~~o be 6~ , on -i t he e ’—
n ’ec~ I ;L -ncss  an - u rox n r nuot e i’, 1 ( 0 . 8 9 ) .  (The h e a t — e x c n - s n s ’ e n -  e f ’—
n ’e c t iv e n e s s  i n  R e t ’ . — - s-;as a l so  -J0~~. )  The rt - _~~.- n u e r - _ i t o r  a s s . o n ’ b l v

~‘;- ‘Is ’hi~~-J ul ibm ( n -n - . - — i n  v bet’. E — 5 ) ,  of which th~ core w a s
20 ii - . a : s - I ‘h e  h s s i r n s’ 30 ,ibn’.. Tb- - v o l - i n c  w -~s n i s s a n - - h  ‘ 0 1 - -

n - n - o p - - n - P  i -vs- il to th~ r u t s :  f-u t ’  hi f’fe~’cn~ 5 n  :es o ‘ h - - a n  e x - .’h : t ns ’on ’.

Thc’ t H’-’-n - - i~ s: s : t O r -  P ‘i n , : ‘he n n ’ - c c s s ’. - - - — ; n -  I , ’ , t ’ - - Ct n ’
-,
~er’e - c a l c n . l a - .e I f - or ’  the  1 rise case , - i n s  a th f’s - ‘ n : sccn ’ex

n - v i l e  I a, t h -~’n ‘- - o - i n n ’ si led for  olt en’n’it v’ - he rr — cx - h a n - o n ’
icss i ‘as. The s zes rn-i n i s .c e s  w-CrL ’  * hen es t  h - u .’ e n  f:’ - -  ‘ he - n - n i :
on’  l~~~~ t l i n e  of F l~~ . b — ’ D .  The r e s u l t s  - in c  l s ’ e,i i. n T o L l e  ~3
a ns i I~’i~~. b— 2 .  ‘

e .  D i s c u s s i o n _ of S .  The n h - p n ’ o x r - i  i n s  -~s-c h in t h e

cnslcslst i o n s  ir ’e  s u c h  t h a t  h - ’  c ) n i c i u s~ I n ’ - i w n  -c annot  be in lu l y
- . ii sc- - c ’- :- , P h i  f ’ - i l  - -,-,- i - i - ’ f ’h~~h i ’ s r s seers n~~- be n e s s -  - n o b l e .

1. - ~‘ -  h e a ’ — - -xchann ’- er - h e r - s a l  losses have t h e  s’re-ates’

in - n a ct  on - -n c c i  f i , ’ s ir e  and fu -c i c o n i , s u r n r h  i o n . L c s ; -i t e

t ni’: nnic:-n - t a ia ~~ es of ’  t h - - ~~~
- - ‘ — o x - c h i n — en ’ a n o l v s i  s , ‘ h i - a

I - s r - - n  - n - ’ n ’ - - - i s e  - i s  F -a l - - n .n - sn - n: ‘ lo ts  F a’ : i small -I” ‘tease

:~ ns-iss ( - n i t  5’ —ts:s ’ ’ ) sno w ni in Plo . b— . ’2 must w i t h s t - n s , l

1 - aim - ’ of’ thi ’ : -ic cvn ’acy of’ he n-i i a t if’le I results.

2. ‘l’he i n s f ’ l u - c n i - 2 e  on ’ t i n ’ h  - n u t a C i l i f l ’ r y  e t ’ f ’ I c  i e n c y  is a ’ l eo s t
- ,  

as s’rcat as Is —h w n s  on Fh ~. 1 — 2 2 .  I t  i s  F e l t -  t h - ’i
P h -  m i s s e s  of ’  c - m n r”~~svo : ’ s  a r c h  t n: ’b i r i ’ : ’ s wet” , if  t r y —
‘h ins’, over-’sts rn --ite d . to -d -iCS s’fl v - -al I lea - i  ~ o a
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smaller increase in machine mass with increase in the

number of stages than was estimated . The compressor

and turbine lines in Figs. E—21 and E—22 could there-

fore be steeper , leading to an optimum engine for some

missions having a larger number of turbomachinery

stages.

3. The influence of combustor pressure drop is small. By

vary ing  the pressure drop over more than the range
normally considered as reasonable , from two to eight

percent , an almost insignificant change in the specific

engine mass and in the specific fuel consumption is

produced , at least In comparison with the effects of
changes in the other components.

There are , of course , other influences which cannot

be quantified here . A single—stage compressor in a vehicle en-

gine may be dictat ed not so much by considerations of optimality,

but by the necessity of fitting the ernn;i ne in a compartment of

fixed size. A short combustor may be required because a longer

one would lead to the  requirement , c l ’ art additional shaft bearing
to avoid critical— speed problems. There may be room for more

heat—exchanger core surface , but fitting it in may present an

insurmountable packa rirs o problem or require additional large

ducting volume .

f . Part-Load Com R onent Losses. All the above calcu lations
and discussion were for full—load condItions. It would have

been preferable to have calculated the specific mass for full
load , and the specific— fuel—c onsumption effects for quart-er—
powe r conditions. As discussed earlier (Section B—3) the cal-
culation of part—power performance of components and of the full

engine seems presently too complex to attempt to establish quan-

titative general trends . However , the followiw; qualitative

conclusions , repeating to some extent those in Section B— 3,
seem ,iustificd.
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The findings of component influence coefficients have C

reinforced the previous suggestions that the CEEX cycle Is

preferable for engines which must operate for long periods at
cruise , part—power conditions. The off—design losses of tur-

bines and particularly compressors increase with design pressure

ratio , whereas the off—design losses of heat exchangers decrease

over the range of Interest. The full—power Influence coefficients

indicate that heat exchangers with even higher effectivenesses

than are presently used , say 95% , might be justified. The higher

the heat—exchanger effectiveness , the lower the optimum cycle

pressure ratio , and the lower , therefore , are the turb omachinery

losses at off—design . The two effects reinforce each other to

give a double incentive towards a low—pressure—ratio highly re-

generated cycle.

These considerations are based on the assumed use of

simple constant—geometry turbomachinery . Variable—geometry

compressors or , better , multispool engines largely overcome the

pa r t —load  p rob lems  of h i g h — p r e s s u r e — r a t i o  CBE e n g i n e s .  dlas

bearings could make the use of small multispool ens’ines very at-

tract lye .

There is also the possibility of combining a cruise

enoir r’ with a boost engine in one unit. The low—pressure—ratio

ren~enierative engine for cruise could -Iivert its flow from the

heat  exchange r  to  a t u r b o s u p e r c h a rc ’-er s h a f t  for  boos t , g iv ing  a

high—pressure—ratio engine operatinp- at maximum specific power

rather than maximum eff ’icl ’nc .v .

2 . Improvements to the State of the Art

a. Turbo m achi n er y . Maximum polytropic efficiencies which

have been achieved In the past appear to be about 914 % for axial

turb ines , 93% for axial compressors , 92% for radial turb ines and

87% for radial compressors. These are total—to—total efficien—

d e s , and can be approached as useful efficiencies only with

multistac~e machines (e.g., ten st--ages) or by the use of diffusers
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much more effective than are presently available. Small (e.g.,

1%) Improvements in these levels could be expected

There is need for research on series diffusers , or

other means of l -ow er ’in s ’  t h e  dyn : r :s ic  head by more  t h a n  75%.
D i f f u s e r s  For radia l  t u r b i n e s  could be g r ea t l y  imp r o v e - I .

This contr ibutor be lieves that t b n n - r e  is u s ua l l y  too

m u c h  emphasis on the usc of t h e  m i n i n n u r n  p o s s i b l e  number  of s t ages
i n s  Bra’,”. i —cy cle ens’ i n , e s  - fon:no of’ the e:’f’i - ‘ i cncy c-cnsiderar -: ni ,:

have beets - - v- - t n  at- ave. Another i s , stress-. Hi ‘h—n ernperatur’e

cerami c t,in’L-ine ,c m i s ’h t  be feasible n - s w  I F  t h e y  vu-re contessplatel

F a r  use i tt rrultistas ’e tu rbines h a v i n 1~I si t i n -  s :-ced of 1 , 000 or
1100 ft  /5cc ~~~T i 5 ’ cod of ’  1550 F’ hsec -a: ’  m o r e .

There is a yes ”,’ wi le r ’an ’e in  ‘ u r b on s a c h i n e r v  sn e c i f i c
muss , : tc - c en t a io ’ c - i  b e c a u s e  n im ncr - s f ’s  ‘, L s rb macs  - t n - - 1 ’bst uins-a also

n av e  h io h -c : ’  s ’ a - - c lo al i n : - ~s , w h er e a s  n n sarsv  i n i n S i  : ‘ i - ’nl r n - i - sh I n e s
a s s -  hear”~’ and ‘n t ;,- a lso  hove l - ’,c s t ‘ t - ’c la - s-I i n s ’ s . It ,:eem s

ie, : r ab le  to  h ave  l i s ’ h i t w - u l h t  - n - - l i s t  n - n c t i  - n s  t - c c h : s i  su e s  s p r n s - ~ t o
ssa~nh i : :- -s on ’ 1-owen ’ sta- ’e I ~a - l i n i - s  - Th ’ ’n ’ c a r e  f’ew - n i - ,r nt - a - ’es an-i
m’-sns ’ ,- d i s - t i - c - i n s - s r - -s of hear- ’ ,’ -c - rs t r’ss ’t i - - n i .

b. C o m b u s t o r s .  I ta sc as~ uch yr c - s n - I  l e t ’  ‘ h a t  c -n nul u :to:’ - ha s tori

ia-I rent ’ ‘ r :nan c ’’  se ’s - _ s P - c  be s-c’s ’te :-e i over’ a n’’s n so- - of “ - i u o l i t , y ”
v a l u e s , so ‘hi t ’ ‘ h e r e  i s -  cons  h e n - v I le s-cope F n m— -s~ c- -r a t r s st i  cfl

s;,’ s L - - n ’ . - t o P - b :  s~~h n ~ up t o  th - - l e ve l  0 ” t h -  b e s t . H sce’ ,’ -~ n ’ , t h e
influence oF  h~’ c : r a s - a s n i - u - r s  sy s t e m  - a  t h e  - ‘ r o m e spec ‘ 1  - n icer

ns - I n w-i -c -as s:- .n S i  -a 1; n 1. ls’’ - - - _

‘ ‘ h i - :  u s e  of c e r a m i c s  “ ‘ ‘ ‘  c - “ u b - s n ~~o n ’  l lnic: - s coul -l 1- - i - I t o
a f’ u n ’ sh e r  i r ’spr c ’v - nnn ’- n n i t  in a’ — n r t a u s ’ -on ’s h :’o-;oIu th -a- sse o f ’  d i s c :  in s—

s’ - -s I of t h e  present e~ s F- -n’ r- .i X i  t i ’ . 
rI

~h , ,  
~-r e s s u t ’e— d r o n  r ’ e c n u t r e —

m e nt s  of  c- m b u s t , - n ’ s  are largely lis t s ’ ‘ 1 ha y the nec -i t o  a a n b s i - ’v e
J e t  pe n e t r ’ r- i r i  t b s : ’ - - u h ~ t h e  p r ir-son’ y _‘- ‘‘—sl ust -an’ F l o w .  By - l u s t  in s ’
the m l xi : - - flows together in , f’nr’ ns’ arc” , co r’n’-s -~at c - n ‘ ‘ n ’ —

ic -- n :hi ’mnnte ls , a ga o -i r u t  le ’ I er :n’cr’ -s t a - nn - ’c diss t r i b  it  i o n  c ou l d  he

a ch t e v e - - s short ‘ - r’ 1-moth w ¶ t h a l o w e r ’  p r e s s u l ’~’ d r o p .  If
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the ac t- oral a 1 - nc’ . walls w - - r - ’ ~ : : - t ly  e f f u s i o n  cooled , t h i s  a r r a n r - e —

ment :h aid so- -ri be r n - - i - at l e v i  le .

~
‘e r an : I a co m b us’ on ’s  wou l l a l so  m a k e  eas i er P he t n t  n -, —

d u c t  - -n  o: ’ nw’hc a’. ed t n t - b  i n n  - e x t - w i - l e n ’ s  ( }‘P’ic ss - nn — ~’yc le ‘ in  ~ -roaches

c - H e a t  E x c h a n g e r s .  R o t a r y  c- ’ n ’ : t n n ,  c n’ t- - ’-ni erat r-n - s have

ai re -i d’,- achiev e I h i r h  st v n i - - s n - h , : of - ‘ - nu~ - u 1 - t n ’ -ss , - n h  n i ’ ,’ sm a ll

Is.’ -: r- -n ,t s in ,:-nrf ’ace ./v ol ,-’ - n-at io an ”- seen ass n - - : :  h - i c  be - cause
cons i -leraSi - -rs ’- : -1 , a,— F -o l in ’ ‘clii - i - n - _ h -n ’ - ‘h - s e  of :‘- : , - nf’~ 

- —

t ur inns ‘ in I - ‘ - - s t  . - ‘ a r t  h- -n’ i r - 4 -r’ ~vy n nts - nn’ ~’ n n- ’ t ’-i c i r , s,:-, (_‘n vi

c a n n o t ’ i b i  1 r y  ,c ¶ - h ‘he ‘~a r l-- s - t ion  - i n - n  t c r’s~ - n - - a - - ‘c o n ’ ‘‘ ru !- ,

enrta~- ’,’j - r k i n o  t’ hi. i - Is . ?i’ nif ica: it r a in s  c ~ni i n r a t - s h i v  lie

r e a l i : e-I  Fr ‘n’ , i rn ~~r ’ov ’ - I l i eu  i cr - s  -sa l - i u c s s

- t . h ’ s - n’sui , ’ or ’ n - I p r o v c n n e n t u s to  n - -- ’e n er a t . iv  e he’s’ cx—

c h : n n s g e n ’ ; w - ro l  I r e t  ,lre t l t e r r ~an . ive :‘ — r ’ mss  of ’ n- . -,Y a — sun -F- ac , ,; - s c h

a: n a n - t m - ic- ;  or r u t -n i :  ‘ h-a ‘ - s . :  a h o  n-e dnL’ e ‘
~~~ ‘ , t n i : s s i c

c ar ry o v er  l o s ses  m l  r ’ e - i U c ’  r u a t i  or r’ - I in:. e an : n ’ n ’c s u u : ’ r -  l-~s,;- -:

d - m t  r c o o l e r s .  is s - n , s - sn ,  e a n i l  - n -  , - h i a ’, n ,a i n n  - P  ¶ -a of ’  P h i ’ ’

i a ’ , -’r s o a P e d , r~n n - - ’tn e i -c’ -,’cle  ( ‘ t : - n - : ’  - ‘ u s i n g  n h b - _ n o u n s - - c y c l e )

coul l ic- i ‘ o i o n - — c s a i n t s :  i n  e a r i n e  , n: - ’c f’ - ’ n - a ce:’ , t h e n - n - s a l  ef’ —
t ’i c ’ - : i ’v , a n i , r  ~ar~

!_i we: e:’’’ - - -~n s - ‘a . bh - nc -- ’,’er , 1’’ t a -  a is

p.0 nc r’e , ec’ e r a ’ a low S e r n : - e n - a p . - n n - - - , a l’s:’ - ’ V O I s n - - - h t i n ’  n - su n ’

a ss  t h n ’  - 5 - ~~5 t h e  i : s t c n ’ - - o i en u ’ - i n s  a s h e n ’  - u , - ’  t b - ’  a Ir terr ’-cr’ature

r ise  be s:’n - ± l l .  It .  is t h i s  l ’ t r ’o e  -a i r’ v o l - _ s n - , ’ - h a t  co ni t rols t hc-

S i s- C  ‘ta l I - o w e n -  l - a s s - ’s a” In , ’ en- un -ales- s n’ n ’ P n a n  ies  - n ’ s  de t ’t i is.

~~~~~ veta  cu i : t r ’  ‘i n  p1  at . i - - n s o f ’  ts P-a in ’ er’coole d cycle , it

r : shh i ’ b ’ n ’ - : f ’e r ’ ’ib l e  n o  v u - -  ‘i n m i t e : ’ : ’ - ’ h a’ e h ’ - ’ t — t n ’ - a n s f e r  F lu - h ,

as i n s  i n s  : n , t , - n ’ n a i — c o -  is ’ i o n s  s : - ’s r’ - : — i n ’ai V - n ,  - - n - - h e , so t } n t t  t h e
:s t r ’ n n s - I n h e n ’ n  - :an ~ 1° of ’  - ‘ i o , ‘. ‘ - x c h r t n o e r -  - ‘ i n  be oi - th n n u s l l v

laos- - I  - c l ’  h i -  -h  a ,  1 , 1’; - - n - n - n  n - i s -  i n g  t b  ,cor k ,Pn , - — f ’ i - a - I  s i - I c .
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3. Present and Future Brayt o n - Eng i ne Specific Mass Versus
S p e c i f i c  Fuel Consumption

The performance of some advanced present and projected

engines were plotted on Fig. E—23. Two stste—of—the—art lines

fo r  1977 ‘tad 2000 were drawn by eye and judgment.

There is little continuity between the lightweight engines

and Phase of medium weight (developed ci’ under development for

automobiles). The same is true for the relationship between

t h e  m e d i u m — w e I gh t  arid t h e  heavywe igh t  engines , wh ich  inc lude
m a s t  on ’ the world ’s nonaircn’:if’t gas—turbine horsepowe r , and

w h i c h  -,c m i d  be off the c h a r t  . In the present state of the ar t ,
there aloes not seem to be a c o n sc i ou s  trr l e o f f  be tween  mass and
s n - c . f l i m s y  h i - - but w-c i -~Ists - a rng i nes  h a v e  L-e ’ t er sf ’s  ‘ s t h a n  t h e  h e a v y —
we ‘, en s g i r s e s  . ‘i’h . r e a sar i  i ca s tS , , in h o t  l i sh tw e i  r h t  e n g i n e s
t e n - id t o  use an a i n ’ c r : -sf ’ — e n g i r n e  ops  r ’o u c h , w h i  ch i n c l u d e s  high
t ’ s r ’ L ’ i n -:’ — i n l e n  t e r m - - n ’ s ’ ore an I w h i - a ’ i i s  c o s t l y  t o  deve lop .

The e f f e c t, ;  o f ’  the  h i a b  i n l e t  t e n n r - e r n r t u n e  overshadow the

- ‘ a r u r a - n e n ’  lo s - snc - s- i n i t r o d sced to save w e i sh t  , such as h i g h — M a c h —
:ss nn , I n e r  -

- -n- .: -essa :’s , turbines , -di ff’nssers , an .i  d o ‘ ‘ 5
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G L O S S A R Y , A P P E N D I X  E

R e F er s  t o  s - i n s t - i c  B n - a s ’ t - a n  cy- : ’le ( c - - n : I l - n ’ -as ’- s - -- n - —
t - u n ’ n e n ’ — e x r - u i n d e r )

R e l ’en ’ ,n t o  n - o r e n e n - - - i t e , 1  - — i s - t o n s  cy c l e  ( c u n n n : - n ’ e s - , —
so r—t -v  n - b I n e — c  x p a n d e r — b n e a t  c x - .- h s v n sg e r ’ )

~_ m b i U  - ‘ent  i ’ : ’-~ d- - be n t  s i n s  i t .

~~~èc I f ’ i  c hn oa ’ -r c - s n s u -- r  an t b - n e s s -s u n - c  o n ’ - b - i -”
n - I -n i n u T  F P - u i - ~i

Fl- - us : — e x c h - t n i n ’ a r ’  b i e ’ i  — a i s t - - u n a i t y  ra ’ t o , tb ’s n’at i -
- ‘

~~ a : ’ t he  :‘r ’a l 1¼ ’ts s

I , : - m n une t a n ’  a n ’ cc-n ib - 
i . -Y o n ’ c u i s  1 no

- anne ’ ‘n of ’ a ‘n-nh- -is ’ c-n ‘‘1 ‘tue - 
s n

d. h h , : : - ’ n ,  h a  n i s u - - ’ e n - o n ’ :s n a s s n a ’ e , t h - - n-ar i a of ’
v~~t a ” - ‘ si sun ’ ’ ’rce an - -a

D i  :- - - s er  a : ’ r’ - :  o n -  -

1 a-’’ nil - ;  - .n I c  n - n ’ , ’un s-~ — 1 can s- f ’ n - ’ t  a ’ I u r n

- — - 
n ’- ’.’i t - t tu on, - L  c - _ n u t  u i n nt , :7.l7-~ t~t~ h -e c ’

h - ‘ - - n a - v-a ’’ ly e  bi e - ’ — ’ r ’ u - t n s : ’er - ‘sief’”hs en’ -a’ ,
- n m .  h i  i t - ’; o n ’ - -s - s - k  ¶ a -‘ F t  i l

- n i ’ h i : i i ~-- ’ c b i - i n ~’e i n  u r - n b  a nn n ’i cb ln e r ’;  s t - _ n o - -
0 ‘ -

I- , . - ‘ 4  Is ’ s n v o n ’ S - I s ,  - w n’ - . i n ;  f lu  - - a sin I sen ’ n ’ - :  :
- -s a u - n n’ - r e s s l  ‘ :n  or ex p  ‘ s n i , : on n - n ’

k ‘ t’h ’ ’- : - n - . ’s I - ‘an h -s’ t i v h  y of’ w- -n ’ i-: i n;-’ ‘tan I -

2 Len ;’h

ma i -I - tsr -

an F l - s w  n- h e
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Mach num ber at heat exchanger e x : t

Nu la lusse l t  number , hd h /k

p P r e s s ur e  of ’  w~ ’ u ’ -: i n n ’, f l u i d

~adJ 
Rate o n ’ heat  - 1- , i - i i t i -  ~n t o the  -,c- ’n h-u i n - n e ’ F1-,ai i in
an actual cycle

R a t e  o n ’ b s - a a t  u n - i - i t t  I sn t o  the ‘-sn -u- I -u m a  Fluid I a
an i dea l  cy - ’ie

Id P ow e r  rest n i r e d  For c a n n a p r e s s i  -Sn  n an j
cy c l e

1.1 b awer n- n- -c- lu- seal by ex n -- n i n sl -sr i in usa i I - a o l  - sy c l e

-- bl eat t s- -_ n nsn ’- a’r r ite -i-n heat ex - :h ini - ’- a:

P. R ar e  a t ’ e n e s - - v  t r an au p o i ’t  ass ’ ‘h i ’sed  -,- : I s h  t h e
w o r - : l n g  n’lui 1 , n. a T

1

F , ,, I n t . er n a l  p -acer  t r a n s f e r - , he - - : s e n ’ -’,y t r’ s nna’ - f ’e r
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Heat transfer rate in heat exchanges

P - Heat  t r a n s f e r  ra te  in heat  e x c h n s n i m ’ner in  anx ,id’ x ,lcieal ideal cycle

p Pressure of the working fluid

Pressure of the working fluid at compressor
inlet

Q’ Specific temperature rise in heat exchanger;
ratio of the temperature rise on cold side to
the maximum cold—side temperature

Q Heat transfer rate in heat exchanger 
~~~

r Compressor  pressure r a t io

R Gas constant of the working fluid

Re Reynolds number , pudh/IJ

s , S Entropy of the working fluid

s f c  S p e c i f i c  f u e l  c o n s u m p t i o n , fuel flow per unit
power output , lbm/hp—hr

St Stanton number , h/puc ,

t Ya te r i a l  t h ickness

T T e m p e r a ti r ’s  -of the w o r k I n g F l u i d

T’ A tenn apt ’rat ure rat .  h o

t T h i c k ne s s  of ’  comb - ,:, n t o s ’  cas i n a g

T’ Sp ecific ~empe:’arure rise in compressor; theC rat io of compress-’:’ temperature rise to inlet
t e m p e r a t u r e .

T h i c k n e s s  of c o m b u s t o r  f lame t u b e

Tmax 1-loxi mum cyc l e  t e m p e r a t u r e

T1 ‘t’enar-ernsture of working f l u l - i  ar corinpn’essor
i n l e t

a F l u l d  velocity; or , tangent ial velo city of’ a
r o t a ti n g  p a r t
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u2 Rotor tip speed

v Specific volume of working fluid

V Volume

V Volume flow rate

Volume  of c on ’nshmst 1 ~a chamber

V~ T o t a l  core s’o lurm e of ’  hea t  e x c h a n g e r

W W e i g h t

W F”amnnarl ng power resm~ reJ for hear t r’u , s a - - f ’ --’n’

W~~ighr  of  c -s- rm rm -u s ’a l o n - , c h am b e r

l’~~~~~1~~~~~~~~ an ’ ua-’h -‘n’ma nhhnerv rotor

-ei shs of ’  t’,a- :-a-ana achln-,ery stotha-n ary parts

Fat.~~o c f s pcc~ n” im: host s of the worrs~~m g f -uint

-
- - - ‘ . n - ny ‘ n n c r - - s u n  ~ ia - a r I a-’ c a n’ s -n- - , :55 urn

C

P r , t s - o s’ In-a reas - -i a- I u s  - - ‘sxn -n snn st ane ‘
~~~ 

-

Entropy Increase due to ress’ms-e , - :seaa--

Entropy Ir,crease due to heat—exchanger - a—
effectIveness

Temperature rIse of co d—s lde ~~~~~ In heatexchanger

c He’h cx ‘h-ia- — en ’ eff’e- ’ .-m- -:,~

Is T sent ro~- i n  3 C i  C O  ‘ ‘-c n a n n - n -  - s - s

Po iy ’ n’ -; I ‘ e f ’ n ’P - s l e n  -
~~

‘ of ’  s -n-a : r ’e ssor

~e ’ t ts ,e t s - ent n ’ s : ’ i  e f ’ n ’ i c n t e n a a y  o f ’  e x p a n d e r

~ep Polytr’s’pic efficIency of expa nsd er

T h e r m o d y n a m I c  e f f I c I e n c y  of an . I -dea c y c l e

F o ly t r o p h c  e f f I c I e n c y

Therm dynam Ic effIcIency , work outp - ‘ ‘he-st
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A P P E N D I X  F
S I Z E  AND S P E C I F I C  FUEL CONSUMPTION R E L A T I O N S H I P S

FOR CLOSED B R A Y T O N — C Y C L E  ENG i NES
A.  Dou g la s Carm i c h a el

A .  IDEAL EN G INE PERFORMANCE

1. The Ideal Cycle

The cl rued P n n ~v: on cycle en - a - i n c  is the closed—cycle version

0 1 ’ t h e  : - s n s — t u n ’b i n e  - : n ~’ i ‘ - The schematic ar ’s’ m ns - ’ment of’ rh-

era~-’lra - - ’ -,:ad a - h e  t i e ai  t - c n n a - n - e r a t u n c — e n t  ropv -di n a si ’ana - s a - i re  shown in

- A :s Inst i c - _ i a -  e .h , t h e  e r n s t  ma. - has sn ex ernal combustion

s - u n- c e ( n a - - - : n ’,e i ’ ) t o  :n~~t :n ’ I v  cn e r - i t y t o  the  w o r k I n g  fluid , anad a

-cooler , sa-s,~ ti p a’ a l t - ‘ - I  by o ~ h en ’  at n -o n-’ water , t - ~ remove waste

I a - e a t  fr - -na - :  ‘
~~

-
~~ 

- w - - r k i  : s - ’ i’ i n s i , h  . A r e g e n e r ’ a - n t -  -i ’  I :  n - a - m a - r a l l y  em p l o y e d
i -a -a n h : s n o ’ e a - b a - ’ c y c l e  e f ’ n ’ i c i enc- v , The re o e nn s~ — r  - n ’ - _ n: a n- -- f ’ - r’s

ia-eat fn’crnn l b a - - ’ srb inc cxi ~~0 i s a ~ sa - ,s~r f l P n - e s 5a’-~ - n -  ex t to n’ -~’~LAce the

heat s - _ i r a n - i  i e d  f ’n ,n r nn I - - he -
‘ en ’ . The w- ’n -P in t f’luI I i n n  t h e  cycle a

La -’- a a - a - I n , o n ” e ma - a t  b a - I  n pm - e :a- sn’n n ’e In , order’ - a n- -Jose the si:e of ’
t h e  s i n n i a - . . H e l l , : ’ :  I :  r,’- e  l in - he la - in t e r  u n i t s  b e c a u s e  on ’ t h e
-- - - ‘.1 heat - r ans  n’~ ‘n’ :’: -’ en-n I e,n , and ta-he n a - - a - a -  nr e ssu r e  n a n n y he n

t i n - a ’  r’a-Inse of’ s -DO s- s - I .

Th~ I tea -si c l - a , ’ - -  - n- r -a : ,’ a - -n~ri cycle n o n :  I s t s  of’ six enernnrv

transfer’ pr ’-cesa n e an , - s - _ s  i n n - h  . c a t e - i  I n n  “ 1 - . i-’—l :

1 - I sent  n ’ . - i C coms l-n ’es n ion “n- si-a 1 t O  1 ‘ 2 (1—2 ‘ )

2. - . ‘ a s t n i n t — p r ’ e s : a n n ’ e  h t — - c x c h a - u i n i g e  ( r - ’ c ,- e n a e n ’ - _ s t  iO n )  a-~~il 
- a - i n n s

t , n ’ bi mnu .’ ~ x h ’ a u st  ‘-ms ( 2 — 3 ’ )

3. C o ns t an ’ — : - m ” - s , a - u n - ’ ’ h e - _ i t — a l-i i t :  -n ( h e a t i n g )  f ’r : -nu n an e x —
ten ’n a -i l h--at so n i c - ’ ( Y— ” )

-
~~~ . I a - -ne n a ’,, r - - — n ’ i c cx :  ‘ ‘i n ,  s - i  -m a -  r n - n - :  

1 2  to  ( ‘ ,_ ~~~

1 — 3

~

- 
~~~~~~~ 
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~~~~~~~~~~~~~~~~~~~
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I
5. Con stant—pro- a-sure heat exchange (regeneration) with gas

lea\’inIg the cona -npm’e ss -om’ (5 ‘ — 6’
6. Constant—pressure heat—ex tract ion (coolirso) ta state 1

(n ~ ’—l )

In the idea - il cycle there are on ’ course  no i r r e v e r sib L l i t t - a s due

t o  b ’ r ’ c t  i ons and due a- hea t  t r a n s f e r  ac ro s s  a f i n i t e  t em p er a t u r e

di n ’f ’ e n - - - r s c e  - b l e n s c e  the  c c n - _ n I - r c a - a - s o r  anti  t u r b i n e  eI ’ n i c i e n ci e s  are

100~~, tis-’r ’e Is no t m ’ e ssure I r o n  across  the  sy s t e m  heat  excharssc- r s ,
a-ms -I the  ef’f’ectiveness of ’ the  regenerat an ’ I s - 100% , i.e., T~ =

an i t’’. = T! for a perfect— a - a - m s w -rkin s flul-L

Per perf’cct at -a-15 with : const a - s n mt sped n’i c heats the era - e n— c- v

t r a n sf e r  r a t e s  as- soc  n t e d  a - - n i t h  t t - ’’  m - -a - ’o -,’e:ss-~’s nina - I t h e i r  c- ’n - r ~- as —
nond ir a - c c -a -n a - n p -- a - s e n t  s are :

--nn ;pn’ esso m : ~~~ , n o , (T 2 ,  — T1
)

n~~. e n a - e m , o r .  ~~~~~~~~~~~~ 
~2 ’~

heater: = n~a-s , (T 5 — ‘2 3 ! ) = :nnc , (T~ — T 5, )

‘Fairb I m e :  - ,:,- = n c  (T — T5,

Resens - ’:’ it - -a r :  n a - s-c (T~ , — T -  , ) = n:nc (7 a - , — T 2 ,

- b ole :-: 
~ it na - n - a , ,  (‘I’ - , — T,

w n e n ’ e  a - .  I: the m-s ss 1 1 - o w rate of the w - a ’ r I - a - i n n c -  f l u i d , an- h c Is

‘he s -r - - - a i f ’ 1a h e n i t a t  ~a - o n a - s t a n t  1- r ’ ~’Ss l a -r e  . The ener  ‘v t n - a m a - a n  t’er
H ‘ h i-- c o n t e x t  of a - b a - I at re:- -r ’t , are t hen  - a - n - n - r ~a: I

c - ,rn L- In , -
- I on: a: ’ - b- - a e ro- r - -I,’ t r’nr’ i sfer rat

1 . The a- sc i ye I n t - - n-mi n i r- ’-wer m mans fem , P - , oh ah i s hem t
e na - e r ’~~,- n ’ - n n i sb ’cnn’e-J fr  o-_ , ;: ‘st—he ’jt— nn-i-n i t ~~o ma - to n ’ e — h ’ ’ n t —
‘md - I : t i —n is;

= W , . + = r~c , [ ( T 2 ,  - T
1
) + (T 3 , - T 2 1 ) ]

(0 _ i )

= :~a-c ,~ (T 3, - T 1) = mac (T 5,  - T1)

F- 5

I
I

4 - S.
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2. The power addition , 
~add ’ 

is the rate of heat addition:

~add 
= rnc~~(T i4 

- T5, ) . (F-2)

3. The po wer ’  o u t p u t , P0 :

P 0 
= - W

c 
= r~a-c~~[ ( T ~ 

- T5 , ) - (T 5,  - T1)1 . (F - 3 )

L I .  The in t - e r ’ nna e-dla te  power  t r a n s f e r , F , is the energy

t r a n s f e r  r a te , e x c iu d i  n a - aL a c t i v e  In t en ’n a l  p- awe: ’  t r a n s f e r ,

a c ros s  ot h e r  in t e r n a l  s u rf a c e s :

P x 
= + n ’nc ~~[ ( T  - T 5 , )  + (T 6 , - T1)1

= nn :C
P

[ ( T LI - Tfl , ) + (T 2 ,  — T 1) ]

5. The t o t a l  in t e r n a l  r ower  t r - a - mmss -f’er , F .~~, is then

p
it- 

= 

~ i n s t + ~ - 
( F — s )

6. The reference , or i n l e t , r a w e r ’  t r a n s f er , F~~, ~~

F 1 
= n T1 

.

2 .  I d e a l  C y c l e  P e r f o r ~~~~ç~

The i , l e a l  cy c l e  e f f i c i e n c y  of a c l o s e — I  B r ’ my t - -n c y c l e  is

F T , — T T - / ‘I’ \ / t’ , , \

fl . = 
~~~~~ 

= 1 — ~-n~~~~~~ Oo  = 1 
~

- -
~

-- - = 1 — ‘~Ao~) (I” 7)
- - ‘ a l l  ‘ L I  ~~~ ‘ ‘ 5 ’

w h i c h  - c - i n s  a l : n -° be e x p r ~asSe  I i n s  t ar ’ m n : s of ’  t he  spec f t  -a f u e l  e on—

:a-,
~ rna~- ’,lon (sf’s) a-i: ;

F— 6

- -1
S.
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I
sfc  0.13 8 ibm /hp—hr  (F-8)

~id

fox ’ a r e p r e s e n t a t i v e  f u e l  having a -s l ower  h e a t i n g  va lue  of
18 , ~ 00 B t ; u / l b n n n .  The s p e c if i c  ‘-ocr  o u t m o s t  is

P 0 
— 

(T:t 
— T5,) — (T 2 ,  — T1) 

— 
(t’LI ~,\ (  T~, “\- 

T 
- 

~~,ms-__ - - .

‘ -1 1 ‘‘ i  1 / ‘ ~~‘‘

It Is cv i den t t h at  t h e  idea l  : -e r f emr ’n : sn s ce , in the above  te rms ,
ca n s be e x n , a r ’ e ssed  i n n  t e r m s  of ’  o n l y  t enna - pe r ’ :’s t - s n ’ e  r a t i o s  (T LI /T l and
T2,/T1); the pressure ratIo of the cycle a m n - ,l the specific heat

r a t i o , ~ , are r i o t  i ’ e a -u i r e d  to  d e f i n e the  per f ’-c r’ r - a- ince of ’  the ideal
cyc le . P u n - t a - n c r ’ , in d e f ’ i n s i n n , t  t w o  power t n ’ a n r a s a - f e r ’  r a n  I~~s - — — t h e
tot a-il ira - terra-al a - n e w e r ’  tr’ars s i’er n a - i t  I -~

H t n  
— 

‘ x + • •
~~~~~~ 

(T LI — T 1) + (T 2 ,  — ‘1’ .)

F 0 
- —

~~ 
= 

~~~~T -  T n , ) - (T 2 ,  - T1)

(F— iD )

~
T 11 (

‘
~
‘ \/ ‘ \1 7 T 2 ,

- 

~~~~~~~~A a - ’~2
7) j  

- -

an-I  t h e  p - v - - n - —n dai t i ra t i o  ( a  na - s- - a s t i r - n -’ on’ max i nns urni tenn m ra-erature )

~ int~~ ~~~~ = La- - (F - i l)

it can he seers that- the ideal per f’ ‘armnance c a - m n  be n - r e s e n t  ed in

‘, -- r ’ n ’n ’- o f  t h e  1- - ° ~a - -a ’ I ’ t r a i n s a s f e r  n’nVa - L as --  rather ba n m i  the  - we t - e mn pe i ’a —
t u r - -c n - a t  i - - s

F— 7

I
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The pe r f ’ormance of the ideal Brayton cycle is presented in
P i g .  F—2 , in terms of sic and s p e c i f i c  power  o u t p u t  (P 0/P 1) ,  as
a f u n c t i o n  of the t o t a l  i n t e r n a l  power  t r a n s f e r  r a t io
with the power—added ratio as a parameter. The values of the

latter of 3 , LI , and 6 corres pon d to  t e m p er a t u r e  r a t i o s  (T LI /T l )

of ~~, 5 , and 7, -an’ for T1 
= 52 0 °R , m a x i  n - nun s te :naperatur’-as of

2080°R , 2600°R , a-na --I 36L40°R. Values of the pressure ratio

are also na - h o w ni  f o r  any macna -atomic gas (y = 5/3).

3. ~~p~J~~~jons of Idea l Cycle Performance

The p e m ’ f ’ o m - m n a - _ r n c e  ch ’ n r a c t e r i s ’  i n s  of ’  the  i 1-cal b r ’ a - m y t o n  cy c le

p r e s e n t e d  in F i - . F— 2 i n d i c a - i t e  t h a t  the  bes t  re r ’ fo i ’r i ’~ma - ce  ( l o w
sf c  and high power ou t p u t  r a t i o  P /P .  ) o c c u r s  a t  hi a -b aer “ilues of

t u r b i n e  i n l e t  t en a -n p er ’a t u r e  [ i . e . ,  hi ch 
~~a i i  + P .

~~~
) / P

~~
1. How-

ever , at p a r t i - a n u l a r  v a - m i n e s  o n ’ t u n ’ b i m a e  i n - _ l e t  t e m a l - e r ’ n l t ure , t he
1-c- w e s t  S f ’ ,’ o c c u r s  at  hI  a-h I n a - t e n - n a - a l  n - -o s-oar t r a n s f e r  rat  I a P .  ‘Pa - t  o ’
w h i l e  th -a ’ h i gh e s t  ~- - ‘w e r  o u tn u t  oc c u r s  a t c i se -

- - the i c - W O S t

in ’c e r r a - ’i l power  t s - ’ an s f e r ’  n’ n m t i o .  I f  t h e  -_ si : e  a m a - I  we l -nt  of ’  t b s - c
e ne rgy  t n — i n s  f’er c o m a - n r - a n a - e r a - t s  c a r s  be r e r m e s a - e n t e - J  i r a  -in a p r — r ’ o x  ‘-, - _ n a -’a - t e
manner  ha- ,’ the  t o t  a-si in t e r n a l  p - _ w- ’r t r a n s n ’-o m ’ r ’ a t t - F . ~~/F 0 , t h en
t h e r e  i a -an in s : - -mt -i nn ’ ‘ r ’ n , l e o f f  b e t w e en  s b a-n e (an - I  ‘cs~ w e i gh t  a- inn
s n  - fo r  the  i i - - a l  e n - i  ne .  In t h I s  -c a n t e x t  , the n - a n ‘ : - n ’ a - - i n a - - a e
- c h i n - a c t e r i s ’ i a n -  f-a r she tea l  e r a - t I n e  a - a l s o  l a - a - t i  - a t e  a- h -’ ’  t h e  l - r ’e s—
sure n - - nt i - - o n ’ t h - - e n - i m s e  is l i k e ly  t o  be re l-i t iv e l ’,- l o w ( ‘~.4 . O )
for most an t- l I ‘“It. i n n s , ‘ h-c 1-arc-er’ I - - a r t  I - - m i  o f  t h e  a c t i v e  m a -  e m n : a -~l
p -ov er  t r - s n s n ’-a - r h - - i  a c compi  I s - I s - ’ I in  t h e  r e g e n e r ’a - i t  on’ r a t  her
than  in t he  c - _ n ’ , t - r ’e s s - c n ’ .

M ea n t  of ’ tb -a- c h - _ t r ’ - n c t - -- ’r I s t i  a - s  1 - r - ’ s e f l t - - a n - l  I r a  I - i c - .  F — 2  - ir e  eaa - - —
sent  I -d ly  I n s - I e t n e n h e n ’. o f ’  -~a - i - ;  p r ’c per ’ le n- n  ( w i n  b a - i  n he s e m i s - t a  r at  nt  s
a - _ f  a per: ’~a- a t  t a - - a s ) ,  w i t h  the  p r e v i o u s l y  n a - n - a - _ m a - t i  - - n e d  e x c e p t  ion  of

t r e s s - _ a - r e  rat - i o .  C inc e  the  c y c l e  i s-n c l o s e d , he p e r f - a m : a - a - n m n c e  of
the cycle , in I i  I f e r e n a t  t - e r ’m nn s , ca - i ns be a f ’f ’ec n e I by t h a - n ’ choice  of’
o r k i  n i - f l - s i - I .  I n  I - -art i c u l a r , the  t ower o n n t  p u t  p er  a - a - m a - I t  n ra - ass
b ’iow r’-ite can be i nn ’n’ ’ : n s s e I  by s e l e c t i ng  a v - a - n - i - a - i r a -c- f l u b - i  w i t h
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high specific heat (low molecular weight and/or many internal

degrees of freedom); the pressure ratio requ ire I - n a - i n s be reduced

by selecting a working fluid with a high ratio of s n - ec i f ’ a -c

heats (few ina-ternal degrees of freedom). Currently, hel ium is
the preferred vu a - k I n n - _ a - fluid , and , as a resu lt , ai- ~v I a t  I oris f’ roma
p e r f e c t  gas proper ties , wh ich tend to introduce losses in open—

c y c l e  e r a - c - Ir a - es, are n a - c t  signIficant. das pro:—e s’ties of course

in f lu~. cc the  det  a l ied -desic- n of the e n g i n e  c-am sp -onents , h ot

these effects cannot be dec i : sced  f rom the  e v a lu a t i o n  of ideal

cycle perfo i’ns-_mnce .

The ideal per’n ’-armance suggests that major inra ;-n ’cve ::,en a -ts Ira -

c losed  Br ’ a - ay t  -an c yc l e s  m us t -  r e s u l t  f r o m  t h - s e  ch ’~n ’ a - s c ’ e n - i  s t i c s
w h i c h  ~~~~~~~ t h e  n e - a n e s s a n r y  i n a - t  er- mini p o w a r ’  t r a n sn ’er t o  h e  acb ’Jeve-
i n a- a -s f -n i ’s:’’ , si ze an. i  w o t - ” I . r — — h i c’he:’ t cr r :per’ -a t - _ u - -a cap - n h  ity  ran
h ea ter ’  , t a - a - rb  i ra - c  , ana l r ’ec - - an aner ’at  e m-’ , anal 1 t s O a ’ ’ai mi i t~~-d he at a- , n - -ins f’~
r at e s  per’ ca - na - i t  v-a l u n - a - c a m a  we I c - ba - t i n  t ba - e  m ’ -a ’gencr ’cr  or , hea ’ en ’ , i a - a - n b

cool  en- ’ .

B .  R E L A T I O N S H I P  B E T W E E N  A C T U A L  P E R F O R M A N C E  A N D  I D E A L  P [ R F O R M A N C E

1. c~~~p~ n e n t  Losses

m a -  a rc a--il enpI b ~~ i r r e vt ’r ’ n - n i h i  lIt  I es ass-c c I - s ’c e - at a - : i t t a -  ~‘ n ’i c t i a a - m .
nra--al he -a t ha n ’ -’i n a - s  n ’en t h i s ’u o g h  f ib . 1 t o  t’an- ,” - -n ’a --i tum e di, f ’n ’e r a - n a -  es mar l - ,’
t h at t h e  i d e a - n t p e r : ’ or ’m aa - l r a -ce w I l l  na - c t be a c h i e v ed . These  i n - —
r ’ e ’~’ - a n ’ n n i i ’ i l i t a e s  n s a -m y be acco~~n . t c d  f - s n -  by the  c o n v e r a t i o r a a l  c -r n -~~r - t s
-of i s - e n ’ c -p c ‘m f f 1- a t e r s -a - y n on’ t h e  conn :r ’ressor  and a - - a - n -  b i n - i c-’ , e~’f’e —an —
t i v e r a - e s s  fo r  b- n e  r ec-Iener at  or , a n a - i  p ressu re loss ira -  a- ba - c ta - en ’
e x c h - -a - n C a - e r s  and  - l u - s t i n g .  A T— s din-i ra-rams f - a r  a p m a c a -  I ‘a - i l - c y c l e  - 

- s

I ’r e sen t e l  t n  s ’S -a - . F — 3 .  The v a n ’ I ~us l o s s e s  co ,n 1 -a-an cb a - ts s’ani -c cr1 ce-i
a - m s f o l l o w s .

a .  C om ,p r e s s o r  L o s s .  The a - onn- l --n’~a ssor r - aq a s l res more  t h a n  n - he

i i e a l ,  powe r :ra -~a - ut - , ar ~ I m h ’~ loss  Is u s n c a a - i l v  c l s ’ a - n ’ a - c t e r l  ne d  by t h e
I c - _ - : n t r ’  -p i -c  e f ’ f i c i - - - n s c y
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T2, — T 1

so that the additional temperature rise is

(1 — n )
T20 — T2, = (1 — — T1) = 

C CT2, — T1)

The additional power required , which can be loosely viewed as a

power loss , is

(1 — n )
= mc (T2 — T2,) = 

~comp ,id 
(F—l2)

where P Id is the ideal compressor power input.comp ,

b. R~generator and Heater Pressure Loss. The regenerator

and the heater pressure loss require additional compressor power

to pump the i~as through the system. If the pressure loss ~s

small compared with the compressor exit temperature , the addi-

tional temperature rise is

l~~~ HT - T  ~ — T2 2c 
~~~~~ 

p2 2c

and the additional compressor power required is

~loss ,H 
= 

~~p (~~; 
i) 
(
~
P
H) T2~ 

. (P—l3)

c. Regenerator Loss. The necessity for heat transfer
through a non—zero temperature difference is a source of loss

F—l 2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _



I

In the regenerator. This is usually characterized by the heat—
transfer effectiveness:

T
3 - T 2

~~~~T T

If the difference between the heat actually transferred and the
theoretically maximum value is viewed as a loss , one obtains

~loss ,r 
= iic~~(T5 

- T
3
) = (1 — 

~~~reg,i 
= 

1 ~ 
~reg 

(F— la)

where 
~reg 

is the actual heat transfer rate in the regenerator ,
and 

~reg,i 
is the corresponding heat transfer rate in an ideal

regenerator .

d. Turbine Loss. The turbine produces less than the ideal
power , and the loss is usually characterized by the Isentropic
efficiency

T~~— T 5
T~ - T5T

~o that the additional temperature rise is

(1 —

T
5 

— T5T = 

~T 
(T~ — T

5) 
= (1 — nT~~

T)4 — T5T)

and the power loss from the turb ine is

~

loss,t 
= ~~~ (T

5 
— T5T) = 

~T ~turb 
— 

~T~~turb ,I 
(F— l5)

F—l3
1

_ _

A :
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where 
~turb 

is the actual power output of the turb ine , and

~turb ,i 
is the corresponding output of an Ideal turbine.

e. Regenerator and Cooler  Pressure Losses.  These pressure

losses detract from the turbine output power , and if they are

small compared to the turbine exit pressure , the additional

temperature rise is

T
5 

- T5, = Y 1 ~E T
5

and the corresponding power loss is

~1oss ,E 
= ; l)(!~) T5c (F-16)

f. Heater Losses. The combustor—heater system uses the

oil fuel and atmospheric air to provide the heat energy to be

transferred to the working fluid of the Brayton cycle. The

main loss in the heater results from the energy carried away by

the hot gases released to the atmosphere up the stack. This

loss is minimized by cooling the exhaust gases by means of air

preheaters and by pressure charging. Other smaller energy losses

result from heat transfer to the environment at the external

surfaces of the heater and by incomplete combustion.

The energy loss in the  heater is not charged to the

thermodynamic cycle but to the complete power plant . The heater

efficiency r
~h Is defined as

Heat Transfer to the Cycle Heater 
=

Energy in the Fuel

where HV is the fuel heating value , and rn~. is the flow rate of
fuel.

F—114
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I
g.  Coo le r  Losses .  As with the regenerator , there Is an

irreversibility in the cooler associated with heat transfer

through a non—zero temperature difference. The effect of this

loss is to raise the minimum temperature of the cycle (T1) and ,
as such , it is not charged directly to the cycle here . The ef-.

feet on cycle performance , In terms of energy transfer param-
eter , is to reduce the value of 

~~add 
+ 

~int~ ”~i 
for a given

maximum temperature .

h. Mechanical Losses. There are friction losses in the
bearings and seals of the unit that do not appear in the simple

thermodynamic model of the cycle . These losses tend to be small

and are accounted for by the mechanical efficiency, defined as

- 
Mechanical Power Output

‘im Thermodynamic Power Output

i. Auxiliary Power Consumption. Power is required to
circulate the combustion gases through the heater and to pass

the coolant fluid through the cooler. These losses are neglected

here .

2. Impact of Losses on Performance

The specific fuel consumption of a practical engine is

given by

sfc = 0.138 ibm/hp—hr , (F—l7)

and the specific power output Is given by

P PO _ add
— ‘in , (F—1 8)

I I

where ‘i is the cycle efficiency, and 
~add 

is the actual heat

added to the working fluid.

F— 15
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Although the cycle efficiency, Including the losses , can be
determined in a straightforward way , it is useful to Isolate the

effects of the ideal efficiency and the various losses , as fol-
lows:

— 

(T~—T5)— (T2—T1)
T )4 -T 3

— 

(T
~

_T
5~~

) _ ( T 2 t _T 1) _ ( T
5

_T
5c

) _ ( T2c _T 2 t ) _ ( T 5c
_T 5t ) _ ( T 2

_T 2)
- (T~-T3~ )-(T3-T3,

)

By using the substitution

T3 — T 2
~ T 5 - . T 2

this can be written as

(T ~ — ‘r . 1 — — T 1 ) — C T 5 T,~ , ) — — — (T
5~ — — CT 2 — T ,~~)

- (T ~ - T 3j  - - ~ ) { ( T~ - + - T~~, ) - CT 3, * T~~,fl  - c [ ( T 5 - T r~~ + (T sr - T~~,f l

If it is assumed that the various temperature differences

CT2 — T20 ) ,  (T2c — T2 , ) ,  etc., appearing in the denominator are
small compared with the heater ideal temperature rise (T~ — T3,),
and if the previously def ined  losses are introduced , this equa-
tion may be written as

- 

~1d - — 
~1d~~ 

- c ) J  
(
~
‘loss ic 

)(“
comP i id) — - ~1d C i (P b 3 3  t) (P t b l )

comp ,id acl d ,ld ~turb 1 ~
‘add ,1d

- ______ ______ - El ~~~ ~~~~~~~~~ (P .
~~~

_

~d) (F—l9)

— — - £)] 
(

P1OSS E)(PRc id 
)

~
‘RC ,id ~

‘add ,1d

F-l6
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~ 
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I ’ - where and P~~ are the energy transfer rates in regenerator
- . plus heater , and regenerator plus cooler , respectively . In

this expression , the terms 
~~~~~~~~~~~~~~~~~~ ~~loss ,t”~turb ,i~~’

etc., are all of the nature of a ratio of power “lost” to power

- 
transferred in a particular component , and are thus a measure of

component inefficiency. In addition to associating cycle ef-

ficiency decrements with the various components , Eq. F—l9 also

indicates that the impact of component losses on cycle efficiency

can be reduced in two ways: increases in component efficiencies

or increases in the rate of heat addition 
~~~~~~ 

The latter is

synonymous with increased maximum cycle temperature , and it is

only through its e~~ -’~ t on reducing the impact of component

losses that the rn~iximum temperature has an effect on cycle ef-

ficiency.

The specific power output (Eq. F—18), upon substitution of

the cycle efficiency, can be written as

P n
= 
~~ id~add ,id~~ loss ,c loss ,t~~ loss ,H~~ loss ,E1 (F—20)

which shows that the regenerator effectiveness has no effect on

specific power output (since the maximum temperature is main-

tained by greater heat addition).

The performance characteristics for Brayton enrine s having

representative values of component efficiencies are presented in

F1~~. ~‘ —~4. It has been assume d that the polytropic efficiencies
• of the compressor and turbine aie 0.90, the regenerator effec—

C - .  tiveness is 0.90, the heater efficiency is 0.9, and the pres—

- . sure loss in the system is 5% of the maximum cycle pressure.

- . The mechanical efficiency would be expected to be close to

unity, and is so assumed here . The assume d component efficiencies

are extremely good , would require careful design , and are un—

• likely to be improved in the future . The selected regenerator

F-l7
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F- 18

*

_ _  _ _  - 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~;_ ~~~~~~~~~~ -- — — 
-_• -—_-

~~
- _-_--- _ _ .—--- —- ~—-- ——— -——- —.— — ~ —-—- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.. -...



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~~~. —---.• - .~~~~~~~~~~~~~ -

T

effect iveness and overall pressure loss are under the control of
the designer and would be selected from tradeoff studies of

weight and volume against fuel consumption , but are representa-
tive values for helium systems .

The comparison of the practical and ideal performance char-

acteristics presented In Fig. F—14 shows that the predicted sfc

for the practical engine is dramatically reduced by the ir—

reversibilities in the various components. For example , at

~~add 
+ = 3.0, losses increase the sfc from a level of

about 0.2 to a minimum of about 0.32 , corresponding to a reduc—

tion In efficiency from 69% to ~3%. The effect of increased

heat addition in reducing the impact of component losses on sfc

Is clearly indicated by the higher values of the energy addition

ratio. For a given pressure ratio , the irreversibilities also

reduce the specific power output , as evidenced by the first

point on the corresponding curves , which are at the same pres-

sure ratio. For the same ratio of internal power transfer to

power output , howev er , the actual engine achieves a slightly
higher specific power output——at the expense of increased speci-

fic fuel consumption .

The influence of the losses on the performance characteris-

tics is presented in Fig. F—5 for a value of 
~~int 

+ P1)/P0 of

3.0 (corresponding to a maximum cycle temperature of 2080°R if
• T1 = 520°R). This figure shows the regenerator effectiveness

has the most significant influence on sfc . The other losses

are approximately of equal importance. As indicated previously,

• 
!. power output is not influenced by regenerator effectiveness. It

is to be noted here that the compressor pressure ratio applies

to both ideal and actual cycles , but that the internal power

transfer ratio applies only to the actual cycle .

3. Pa rt-Power Considerations

• - The closed—cycle Brayton engine would normally operate at

fixed temperatures and pressure ratios over the normal operating

-. F—l9
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I
power levels. Changes In required power would be controlled by

varying the mass flow rate of gas in the components by raising

or lowering the pressure (density) level in the system. The

basic efficiency of the engine should remain at a value close

to the design—power value . It would be expected that there

would be only small increases in sfc at part power , depending

on the output speed schedule as a function of powe r for the

driven load . Perhaps an area of investigation would be the

part—load performance of the combustor unit , but this is not

expected to be significant .
4

4. Implication of  T h e r m o d y n a m i c  Analysis o f  P r a c t i c a l  E n g i n e s

The closed—cycle Brayton engine , in common with other

closed—cycle engines , has a high ratio of internal energy trans-

fer to power output , compared with open—cycle engines. Since

much of the energy transfer is by heat exchangers , the volume

and weight of the engines may be expected to be high . Since

the pressure level in the system is a design variable , the volume

and weight of practical engines can be minimized to some extent

by choosing high internal pressure levels. Nevertheless , any

further major improvements must result from other ways to reduce

the size , weight , and performance loss associated with the

internal energy transfer.

$ - - The largest heat exchanger in the system is likely to be

the regenerator because regenerator effectiveness has such an

important influence on efficiency. A potential topic for re—
search and development is the technology of compact , high—

pressure regenerators.

The specific fuel consumption of the engine and the power

output are improved by raising the turb ine inlet temperature T~ ,
since it re~1uces both the ratio of internal energy transfer to

power output and the impact of the losses associated with it.

The level that can be utilized in a power plant is essentially

a materials and fabrication problem . The heater provides a very

F-2l
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serious challenge because of the combined effects of corrosion

due to the products of combustion , high stress due to the helium

pressure , and high operating temperature .

The part—load performance of the closed—cycle Brayton

engine is likely to be better than almost any other engine

because the power will be controlled by varying the pressure

level in the system. The thermodynamic , aerodynami c , and heat—

transfer parameters will remain unchanged as power is reduced.

The extent to which the benefits of a closed—cycle Brayton

engine can be realized and further improvements can be made

obviously depends on the factors which control the size—weight—

loss relationships of the various components. Accordingly , the

next three sections deal with these relationships for the

three major types of components in closed—cycle Brayton engines:

axial compressors , axial turbines, and heat exchangers .

C . WEIGHT , SIZE , AND PERFORMANCE OF AXIAL-FLOW COMPRESSORS

The axial—flow compressor achieve~s compression by imparting

angular momentum to the fluid by means Uf a rotating blade—row ,
the rotor , and removing it in a stationary blade—row , the stator.
The fundamental weight— and/or size—~erformance relationship is

dictated by the fact that although the energy transfer rate in

a stage (a rotor—stator pair) can be increased with little in-
crease in stage weight or size , more turning , and hence accelera-

tion and deceleration , of the flu~d is required , thus leading to

higher flow losses. Hence , for a p iven state of technology and

• a given application , possible desir~ns range from a few “highly

loaded” stages of lowe r’ efficiency to several “lightly loaded”

stages of higher efficiency. TI~ limits on this relationship

are examined here , both to serve as a benchmark for axial—flow
compression devices , and to identify those physical variables
that most influence the relationship .
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• 1. Outline of the Method

The weight—performance relationships for axial—flow compres-

sors are governed by aerodynamic and mechanical design inter-

actions. In order to determine appropriate relationships , an
analytical procedure is developed here that is similar to the

design process used for axial—flow compressors . The procedure

centers around a single compressor stage , depicted schematically

in Fig. F-6

,— CASING

• _ _ _ _

ROTOR STATOR

RIM

DISC

FIGURE F-6. Com pressor-stage arrangement.

Briefly, it is assumed that the achievable performance of

a compressor stage is largely determined by the value of the

aerodynamic loading parameter (~ h0/u
2) at the tip radius , where

~h is the stagnation enthalpy rise across the stage and u is
the tip speed. In order to achieve this performance , it is

• necessary that the static pressure rise and fluid decelerations
not exceed some empirically determined limits , and these limits

F-23
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are used to establish the basic geometrical characteristics of

the blades. Other factors which are known to influence perform-

ance but not stage weight , such as Mach number , Reynolds number ,
and tip clearance , can be introduced to further refine the

performance estimate.

Given the basic geometrical characteristics of the stage ,
more detailed dimensions and weights are determined from an

estimate of s tea dy and vibratory stress levels as functions of

material properties. The stage weight is calculated for a stage

having a prescribed geometry , shown in Fig. F— 6. The rotor

blade row and blade root section are supported on a constant—

stress disc. The stator blade row is carried by the outside

casing, and there is a rotatin~ spacer between  success ive  d iscs .
It is assumed that the rotor and stator blade rows are unshrouded

(i.e., the blades are supported at only one end).

2. Aerodynamic Design Considerations

The desiori of axial— flow compressors  u t i l i z e d  b lade —element
performance data (termed cascade data) derived experimentally.

These data , to-ether with the equations of mot~ on and conserva-

tion of energy , enable  the~ des igner to select the optimum geometry
?or t he  d e s im .  As pa r t  of t h i s  s e l e c t i o n  ~ro ‘c~~s, ~ h’ical

• loadin ~ pa ramete rs  ar c e v a l u a t e d  in  order to e s t i m a t e  the in—

~1uence of the  static pressure rise on the boundary layers on

the b lades  and t he  compressor  w a l l s .  Two load ing  parameters
are used in t h i s  s tudy :

1. The pa rame te r  Ap / q  at the  ro tor  t i p
2.  The blade di~’fusio n f ac t o r  to select  the  b lade  s o l i d i t y .

The stage lo ad i r s i  pa ramete r  Ap/ q is a measure  of the  blade
row stat i c pres sure r ise Ap compared w i t h  the  in le t  v elo cit ’
head q .  h xp e r im e n t a l  s t u d i e s  have i n d i c a t e d  tha t  losses I -c
as the  value of Ap/q  is inc reased .  It is very difficult t ’-

‘1ch~ eve hit-h values  of Ap/q  because  of bounda ry  l ayer  sep ‘a—
t ~ on.

F-214
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• I The tip sections of the compressor stages are assumed to

have representative vector diagrams corresponding to the rotor

relative inlet angle ~ of 60 deg and Vx/u of 0.5. By using a

range of values of Ap/q and these design assumptions , the basic

design features of the compressor stages are established .

The other loading parameter , the diffusion factor ,* is used

to determine the solidity of the blades. The diffusion factor

is an empirically derived parameter that is intended to allow

the designer to establish the conditions of the boundary layers

on the blade surfaces. High values of diffusion factor corres-

pond to large losses. A representative value of 0.~45 is selected
for this study . This value , to~-ether with vector d~ a~-r.am data

d e t e r m i n e d  by u s i ng  t he  l o a d i ng  parareter Ap/q , e n a b l e s  t h e
s o l i d i t y  of the b lades  to  be e s t a b l i s h e d .  S o l i d i t y  is the ratIo
of the  b l ade  c h o r d  len th  c to the  c l r c u m f ’ e r e n t  ~a l  d i s t a n ’ e  S

be tween  the  b lades  and d e f i n e s  t h e  way the hloles arc : ‘ lc . :ci

Into the stage .

The design limitat i ons at the r o t c  t~~ p were uo~~i • o i~~f ’ i n e
conditions it the mid— and h u b — s e c t  ions of  • he ~‘l~~i”s .
at low v a l u e s  of h u b/ t i p  r a t i o  s v ’~ • cases , ‘ 

~~~~‘ P l a d e  , I es l-n s
can be u n a c c e n t at l e  because  of ’ y e r ’y h -h i i  t• f’lcc’ no n
t he  r o t o r ’  b l ade  r~~w at  t h e  hub . To over c .ne t h  pc b l e r~ , an
uppe r  l i ni t  of t he  p a r am e t e r  (g 0

,T A P  ‘u~~) of 1.0 s set  at  the

- 
hub . ~.‘hon  t h i s  l i m i t  is e x c e e d e d , the  P1 ade oeom~’’ ry s m o l t —
f l e d  to r e d u c e  t h e  b lade  l oad in -s t o  co r ’r ’~scond o the  l i m i t  a t

• the  hub . In t h i s  s t u d y,  as in p r a c t i c e , l i t a t  ions at  t he  r o t o r
hub r e d u c e  t h e  p ressure  r i s e  a t t a i n a b l e  in low h u b / t I p  r a t i o

- • designs.

The resulting performance data for the axial— flow cor~pr’es—

• sor stages are summari :ed in Table F—l (the p.~lytropic eff iciency
is obtained from Ref. F—i). The polytropic efficiency (n~
dh isen /dha tua1) is the basic measure of stage performance , and L

*The diffusion factor is defined as
l— (cos~ 1/cos~ 2)+[cosB 1(tan ~ 1— tanB 2)/2o],

where a Is the solidity, 
~~ 

is the inlet fluid angle , and 
~2 

is
the outlet fluid angle.
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is related to overall isentropic efficiency as shown in Fig. F—7.

Table F—l , then , defines the achievable efficiency of axial com-

pressor stages as a function of the aerodynamic loading param-

eter (g0JAh/u
2) and the tip solidity required to attain this

performance.

The blade height and tip radius for the compressor rotor

are determined from the continuity equation , assuming that the

average value of axial velocity is the same as the value at the

tip radius.

TABLE F -i . COMPRESSOR PERFORMANCE AND DESIGN DATA

Rotor A p/q 0.44 0.47 0.50 0. 54 0.58
0 .307 0 .334 0 .362 0 .405 0 .45 1

Tip Solidity 0.77 0.83 0.93 1.14 1.56
P o l y t r o p ic  E f f i c i e n c y  0.925 0.92 0.88 0.84 0.80
Lower Limit of Hub/Ti p 0.55 0.58 0.60 0.64 0.67

3. Mechanical Design Considerations

The construction of the compressor stage is idealized in

Fig. F—6 . The main purpose of the mechanical design study is to

determine the stage weight  and volume . To do t h i s , the  method
of des igning  each component  is f i r s t  e s t ab l i shed , the n the
weights  are ca l cu l a t ed .  The aerodynamic  design data for the
compressor b lades , t oge the r  w i t h  the d imens ions  and ve loc i t i e s ,
provide the input information for the mechanical design process.

a .  Blade Des ign. Rotor blades are subject to steady gas—

bending loads and steady centrifugal loads. Unsteady loads oc-

cur because of asymmetry and instability in the flow to and from

the blading . The blade chord and the number of rotor blades are

determined by evaluating the steady blade stresses , the oscil—

lating stresses , and the properties of the blade material.
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The roto r  bladt s are assumed to have  uniform chord

length and thicknesses tapering front ‘4% of’ chord at the tip to 9%
at the hub . The c e n t r i f u g a l  s t resses  are p r e d h ’t e d  for the as-

sumed geometries of the rotor’ bi~ des by the expression (Ref. F—2 )

°CF = 71.8 x lO 6
Pmu~

(l — A 2) , (F—2l)

where is the centrifuga l stress , lbf/in~

is the material density, lb/ft 3

u~ is the rotor tip speed , ft/sec

A is the hub/tip ratio rh/rt .

The s t e a dy  - s  L u  i r i ~ ot i ’ :’ss i s p r e d i c t e d  u si n g  t h e

von i n  ~ef. P—~

g JAh 2
= o.082’4 P(s/c)ti~ ( ~~~~~~~~ 

o) u~ (
~
-) , (F—22)

where aB is the bending stress , 
lbf/in~

~ is the gas density, lb/ft
3

(s/c)tj~ 
is the reciprocal of tip solidity

2 is the blade length , ft

u
~ 

is the tip speed , ft/sec

c is the blade chord , ft.

From this expression , the product 
~°B 

c2) is established. - •

The allowable oscillating bending stress is assumed to

be a factor “a” times the steady gas bending stress , where “a” is

termed the amplification factor. The value of the amplification
factor “a” used in turbomachinery designs reflects the fact that
the asymmetry of flow in the region of the blade is likely to

F-28
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I
excite higher resonant amplitures in the blading when the blades

have low natural frequencies. This effect is indicated in the

form of the expression for the amplification factor (Ref. F-.3)

a = 140 n/f , (F—23)

where n is the rotational speed , rev/se c

f is the fundamental natural frequency, Hz.

The natural frequency of compressor blading of the

geometry assumed here is given approximately by (Ref. F~ LI)

f = l.08~ ’~— 2-~ , (F— 214)

where f is the natural frequency, Hz

E is Young ’s modulus , lbf/in.

is the material density, lb/ft 3

c is the blade chord , ft

9. is the blade length , f t .

The fatigue properties of materials are often presented

in Goodman diagrams , where the fatigue strength (for lO~ cycles)

is plotted against the applied steady stress. For this study a

• 

-.  
representative Goodman diagram is utilized in which the al-

lowable fatigue stress due to oscillating loads is assumed to
‘-  vary linearly from a value of 0.75 of the yield stress cy at

• 
.‘ zero applied steady stress to zero fatigue stress when the steady

stress reaches the yield stress °y • Thus , if the allowable

fatigue stress is aaB , eri e obtains

a — a
- CF ( F 2 )

B ( a +1) 
. —

F2 9
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Equations F—22 through F—25 may be combined to estimate the

design value of blade chords :

= 

‘4.07 
() (

~oJ~h
o) u~ 9.14n 

~~~~~~~~~~. 1/3 

(F-26)

This relatively simple expression is obtained by assuming a >>

0.75. The total weight of the compressor blades , assuming that

the stator blades are similar to the rotor blades , is estimated

from the expression

= 0.514 Pmc9.3’t/(s/
’c)tip (F— 27)

where is the total blade weight , lb.

b . Compressor Disc. The rim of the disc carrying the rotor

blades is assumed to be equivalent to an unsupported annular ring

having a depth 1/5 of the blade height and the width equal to the

blade chord c. The weight of the spacer is assumed to be in-

cluded with the rim .

The weight of rim is given by

• = 1.257 
~m~~”h 

(F— 28)

where W R is the rim weight , lb

rh is the hub radius , ft.

The load on the disc imposed by the blades and the un—

supported rim is utilized to determine the minimum thickness of

the wiiformly stressed disc , tD•

F—30
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1

tD = 
2.15 

0D [(s/c)
~~~ 

+ A (l - A )(llx - 
] 
, (F-29)

where tD is the disc minimum thickness , ft

is the disc stress , lbf/in~

This equation may be substituted into the equation for the weight

of a uniformly stressed disc (see , for example , Ref. F—5)

21T(a x l1414 )r~t g r 2g (o x 11414) 1D 
2 

t D o L  o D _
~j , (F—3 0)

u
~

where WD is the disc weigh t , lb

is the disc stress , 1bf/in~

UD is the disc speed at the minimum thickness radius , ft/sec

g0 is the gravitational constant , 32.2 ft—lbm/lbf—sec 2.

c. Compressor Casing . The casing is designed as a thin—

walled cylinder with the load provided by the pressure dif-
ference p across the casing wall. The casing thickness is
expressed as

t = rt ~~~~ 
(F—3 1)

• where tc Is the casing thickness , ft

p Is the maximum pressure difference , lbf/in?

is the casing stress , lbf/in~

The casing weight was estimated by assuming that the width of

the stage Is twice the blade chord :
r

A 

F-3l
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~~m 

~~
— r~ c . (F—32)

4. Compressor Stage Weight

The weight of the compressor stage is the sum of the corn—
ponents:

WTOTAL = WB + WR + + W~ . (F-33)

The weights of the blades , rim , disc , and casing, given by Eqs.
F— 27, F— 28, F— 3 0, and F—32 , respectively , may be combined to
give the total stage weight. The blade chord c , given by Eq.
F—26 , and the disc thickness tD, given by Eq. F—29, may be
substituted into the expressions to provide the total stage
weight . Two additional equations are required in order to be
able to express the stage weight in terms of the fundamental
aerodynamic and material property parameters : the continuity
equation

rn = pV~ (r~ - r~ ) pu~ ~ r~ (1 - A 2) , (F-314)

where rn is the mass flow rate , lbm/sec , and the definition of
the blade height

9. = r
~ 

— rh = r
~
(l — A) . (F—35)

The total stage weight can be expressed as

cu~ \1 D / ‘ 1/3
WTOTAL = [A + B(e - 1)] 

uV2 ~~~=

E

ou) 
, (F-36)

I where

F—32
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A = 

~~~~~~~~ 
~ - A ) + 1.257 x(l - A ) + 14~ p/ac

B = 0.627 ~~~~~~~~ 
+ ~~l - A) (llX - l)~

p
m
(6A — lY

= 2318140 °D

D = p (1 - x )
14
~~ [ 2/~ 2 

]3/2
m p (l — A )

E =

y

G = 71.8 x l0 6 p ( l — A 2)

The power absorbed by the compressor stage is

P = 1.14 114 rn~h
- . C 0

where P~ is the power , hp

in is the mass flow rate , lb/sec

is the stagnation enthalpy rise , Btu/lb.

This expression may be rewritten as
L

./g JMi \ 2
= 5 .6 ’4 7 x l0 m (~ 2 

0

) 
U
t 

. (F—37)

tip

A 
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The weight per unit power of the stage is therefore given by

WTQTAL = [A + B(e
t 

- ~~~~~~ (F 
~
E

Gu
~
)l/3 

, (F-38)

where

3/2
~l/2= 17710 pm ( l - A ) 14

/3[ 
A z)] ~~oJ~h

o)

The other coefficients A , B, C , E, F, and G remain unchanged.

Equation F—3 8 indicates that the weight/power for a compressor

varies as

~ 

(

~oJ~h
o)

2/3
l/2 l/6 7/5 

. (F-39)

In addition , there is an approximate relationship:

WTOTAL ~~ 7/6 (F—’4O)

It r~an be seen from Eq. F—38 that at high values of U the termst
cu
~ 2and Gut become important and would eventually cause the

compressor weight/power to rise as u
~ 

increases further . This

situation would occur when the centrifugal stress in the rotor

blades approache s the yield stress level and when the centrifugal

loads in the disc are very high . It can be expected that there

is a rotor tip speed yielding minimum compressor stage weight !

power.
F- 314
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The effect of the hub/tip ratio A on weight/power is not

obvious from examination of Eq. F—38. However , calculations for

a representative closed Brayton cycle compressor showing the in-

fluence of compressor tip speed and hub/tip ratio are plotted

in Fig. F—8. It can be seen that for the example selected the

compressor weight/power reduces as the hub—tip ratio increases ,
but that at high tip speeds the differences are negligible .

This curve also indicates that WTOTAL/Pc ~ u
2
~
5 is a low—tip—

speed approximation . The results presented in Fig. F—8 may be

scaled for mass flow rate and gas density (provided the design

level of pressure differences across the casing remains un-

changed). In addition , the weight of the various stages in a
• multistage compressor may be predicted by determining the varia—

• 
- 

tion in density and hub/tip ratio by continuity at a selected

tip speed. This process is illustrated in Table F—2 , where the

weight/power for a helium compressor of 2:1 pressure ratio is

estimated for tip speeds of 1000— , 1200— , and 11400—ft/sec tip

speeds . The value of weight/power is obtained by correcting

the weights of the various stages for density. The weighted

average value of wei.ght/power for the compressor is also cal-

culated.

- . 
TABLE F-2 . MULTISTAGE COMPRESSOR WEIGHT ESTIMATION

• Tip Speed , Stage
-
~~ ft/sec 1st 1/3 2/3 Last

p, lb/ft 3 0.2092 0.2357 0.2683 0.3017
A 0.6 0.657 0.7078 0.7458

1000 No . of stages 18
W / P 0.0176 0.0166 0.0156 0 .0149

A (W/P) corrected 0.0176 0.0144 0.0117 0.0097
(w/P) average 0.0133

1200 No. of stages 12
W/P 0.0117 0.0111 0.0105 0.0100., (W/P) corrected 0.0117 0.0097 0.0079 0.0065

(W/P) average 0.0089
• . 1400 No. of stages 9

W/P 0.0085 0.0083 0.0078 0.0075
1 (w/P) corrected 0.0085 0.0072 0.0058 0.0049
I (W/P) average 0.0066
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5. Approximate Method of Com pressor Weight Estimation

It is possible to provide an approximate method for esti-

mating weight/power for representative compressors if the centri-

fugal stresses in the blades are a small proportion of the

material yield stress and the centrifugal loads and stresses in

the disc are not high . The procedure is to simplify Eq. F—38
using the above assumptions and then to derive a nondimensional

expression from the resulting equation for average stages in

representative compressors. The resulting expression is of the

form
4

(Function of stage loading)(0 .’46+11414p/o )

(WToTAL/Pc)3~~ p3g~ 
= 

1J~~
.5

P
7/6El/6G~

/3

~ l /2~~7/E
m (F-14l)

Since stage loading influences the efficiency of a compressor

stage (as in Table F—l), it is possible to develop an approxi-

mate method for providing the relationship between the polytropic

efficiency and weight/power for representative multistage com-

pressors. This is shown inì Fig. F—9 . The method tends to under-

estimate t~ e weights of compressors with high centrifugal

stresses (i.e., at high rotor tip speeds). In addition , it is

implied that the components are of reasonable size and can be

manufactured. Furthermore , corrections to polytroplc efficiency

for low Reynolds number and high Mach number would have to be

made .

6. Volume/Horsepower for A x i a l - F l o w  Compressors

— The volume of an axial—flow compressor stage is easily

established from the dimensions of the stage as

-‘ V = 2-u r~ c (F’ — 14 2 )

T F—37
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I
where V is the volume , f t 3

I r
~ 

is the tip radius , ft

c is the rotor chord , ft.

• 
I 

It is assumed that the stator blade chord is the same as the

rotor blade chord . The spacing of the blade rows is accounted

I for because the blade chords are measured at the s e tt i n g  ~it gle
of blades (about 35 deg at the hub), hence the spacing between

I 
the blades is about (1 — cos 35°)(chord) or 0.18 ch-~rd.

The horsepower of the stage from Eq . F—3 7 is

( I
gJ .~ih= 550g 0 ( ~2 o) , (F - 1 43 )

tip

hence the V/P
C is given by

22ur r c g 550
= 

.(r
J~ h~
) 

u~ 

(~~~ -~ . )

I The value of r can be substit’~t ci f’~”m Eq. E— 3- ’ , while can

be obta ined from Eq.  E—26 to give

I

1 4 8 . 8  x ~~~ ~l/2[ 
(s/c)

~ i~~~~~ 
2 2 

] 

.

o — 71.8 x 10 p , , , (1—A

I 
V/P

C 
= 

P
7/6

u 5(l +A ) 3/2(l_A )~~~6(_~~~~~1)

1 
U tip

When the centrifugal blade stress is i small prr~portion of the1 yield stress of the material , Eq. F— 145 may be provided in an a~-

proximate form as

I
I
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stage performance——Reynolds number , Mach number , aspect rat io,
and tip clearance——are not considered here .

Given the basic geometrical characteristics of the blades ,
more detailed dimensions and weights are determined from an esti-

mate of steady and vibratory stress levels as a function of

material propert ies. The stage weight is estimated on the basis

of a stage of idealized geometry shown in Fig. F—il. The turb~ ne
stage is of constant mid—diameter. The rotor blades are sup-

ported by a rim on a constant—stress disc , and are unshrouded .

The stator blade row is supported by the outer casing , and has
an interior shroud .

CASING

BLADE 1 ,,~~~~

RIM~~~~~~~~ 
t
d

I c E

• DISC

FIGURE F-li . Idealized turb ine-stage geometry .
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2. Aerodynamic Desjgn Considerations

The range of the loading coefficient l~ considered is from

1.3 (rather lightly loaded) to 2.1 (rather heavily loaded).

From the empirical correlation of Ref. F—6 , the corresponding
range of the flow coefficient 4 is from 0.65 to 0.75, and the

T range of the achievable polytropic efficiency is from 0.91 to
0.914. The optimum solidity (chord—to—spacing ratio) is estab—

lished as a function of inlet and exit angles according to Ref.

F—b . The resulting performance and solidity are summarized in

Table F-3.

TABLE F- 3. TURBINE AERODYNAMIC PERFORMANCE AND DESIGN DATA

Loading Coefficient ~ = i~h~ /u~ 1.3 1.68 1.8 2.1

Flow Coefficient ~ = V x / U m 0.65 0.71 0.73 0.75

So lidity (c/s) 1.29 1.35 1.37 1.41

Polytropic Efficiency 0.94 0.93 0.92 0.91

The power delivered by a stage is

I P5 
= ~~h = u2 .

~
- r If every turbine stage has an equal enthalpy drop, then the power

delivered by an entire turbine is

I . i~~~~h~~~~~

P = ~~~ P5 = mN 5(_-~’2’) u
2 

, ( F — 1 48 )

T 
I urn

where N5 is the number of stages. Thus , as the loading coeffi-

~: cient  (~ h0/u~ ) is increased , the number of stages required for

I
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a given output power decreases. Further , continuity requires
• that

1TP(_2~~

) 

u
m (~_-) 

D~ = rn , (F-149)

where p is the gas density and ~. is the blade height. Thus , for

any selected value of loading coefficient , which also determines
Vx:

’um , Eq. 
p_ L~9 establishes the relationship between blade speed

u~ and mean diameter Dm s provided that Z/D is known . Finally,

by noting that

urn = 7T D~~~ , (F—5O)

where ~ Is the ~“otative speed , Eq. F—149 can also be viewed as a
t-el at I/ ’rlzhi p between blade speed and rotative speed,

3 . Me c h a n i c a l  Design C o n s i d e r a t i o n s

a. Blade Design. The turbine blades  are assumed to  be
c e o r ne t r i c al l y  s i m i l a r  to all cross sections . The tip cross—

sect I rra ~ area is assumed to be two— thirds of the hub cross—

sectional area , and the thickness—t o— chord ratio is assumed to

be 20%.* All dI:nen~ lons of ‘he blade are then fixed by determining

the chord length ‘it  t i n -  hub f : nj r n  the followino utress and material
pr perties c’ , -nsLicr,ations ,

The centrifugal stresses are given , for the blade
z-ect io ns emp l )y i ’d , by the  i-d at ion :

= 3.02 x l0~~ P m /D m ) , (F—51)

2where a = centrifugal stress at the hub , lbf/ln.

= density of blade material , ibm/ft 3

U rn 
= peripheral speed in middle section , ft/sec.

‘Twenty r-~-rcent is a represen tative value of th Ickn-~zs—to—chord
ratio for highly loaded turbine blades.

F— i . )i

A
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The gas bending stresses GB are derived , by the metho d of momen-

tum balance across the blade row , as:

= 0.0187 p14 (s/c)h u~
(Uc h)

2 
, (F-52)

where GB 
= gas bending stress , lbf/in?

p = gas density, lbm/ft 3

(s/c)h 
= reciprocal of solidity at hub

urn 
= peripheral speed at middle section , ft/sec

= blade length

ch 
= blade chord at hub .

The maximum steady stress level is given by

a s = oz + a~ . (F—53)

If one assume s a direct relationship between the aero-

dynami c vibration excitation and the gas—bending forces , the
vibratory stress ~~ can be expressed in the following form ,
where a, the amplification factor , is related to the blade

resonance order :

- .  
a~ = aaB . ( F — 5 ~~)

In closed—cycle turbine applications , blades can be assumed to be

relatively short and stiff , so that the asymptotic value of 2.5
for a at high harmonics can be assumed (Ref. F—3).

As in the  case of compressors , a representative Goodman

r j diagram is assumed for fatigue strength , wherein the allowable

fatigue stress due to oscillating loads is assumed to vary

linearly from a value of 0.75 of the 100,000—hour creep—rupture
strength a at zero applied steady stress to zero fatigue stress

F— 145
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when the steady stress reaches the creep strength. Thus the al—

lowable vibratory stress is

= O.75(a~ — a
~
)

and hence the allowable bending stress is

(F—55)

0 .75 + ~

Equations F— 14 9 ,  F— 5 2 , and F—55 can be combined to determine the
blade chord :

1/2

C h 0.1914[m (~_)0 
— 

u ] . (F-.-56)

The weight of the rotor blades is simply

WE 
~~~~ 

Ah2
~Pm )

where the first factor is the number of blades , and Ah is the
blade cross—sectional area at the hub . If one introduces Eq.
F_L1 9 and some obvious geometrical relationships , this becomes

WE 
= 0.1415 - 

~
_-) 

~~~~~~ 
—
~ 

, (F-57)

where = material density, lbrn/ft3

rn = mass flow rate , ibm/sec

p = gas density, ibm/ft3
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I
I ch = blade chord , ft 

- 

.
~~

Urn = mean blade velocity, ft/sec.

It is assumed that the weight of the stator blades is equal to

• the weight of the rotor blades.

- b. Turbine Disc. The disc rim is assumed to be an inte—
grated ring having a width equal to the chord and a depth equal
to two—thirds of the rim width. The weight of the rim is ac-
cordingly given by

W~ = 0 .67 mDr~~

which , by introducing Eq. F—L1 9 and some geometrical relation-
ships , can be written as

1/2 ( 1  — 2/D )

WR = 0.989 
~m (~) (~ /D)

1
~
2 ~1/2 ~~~~ 

(F-58)

It is assumed that the stator shroud is of equal weight.

The turbine disc is assumed to be uniformly stressed ,
supporting the blades and the rim . The weight of the disc is
thus

I 
WD = 

2
~
oDr~

tD 
[
ex~(~~~~) 

- 1]

I 
where rD = disc radius

UD = disc peripheral speed

j tD = disc thickness

a = allowable material stress leve l

= density of disc material.

I
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_  _



. — - -~~~--------— ‘— ‘— -~ -—--‘ -

The minimum thickness of the disc tD is determined by the re—

quirement that it support the blades and the rim:

2

(W
B + WR

) = ~~m = 21rr
~
tDoD

with the result that , after some manipulation , the weight of the

disc can be expressed as

2
2 14 Ch

w ÷ w
= 

— 

B 

— 

R 

~ 
exPL 926~ a 

m j — ( F— 5 9 )

D 3 D

where lbm/ ft 3 , ft / sec , and lbf/in~ are the units used for density ,

speed , and stress , respectively.

c. Turbine Ca sing . The casing is assumed to be a thin—

walled cylinder with the load provided by the maximum pressure
difference ~p across the casing wail. Thus , the thickness of
the casing is

t = t~p

where r
~ 

is the tip radius and Gy is the allowable stress level

in the casing wall. The casing weight , assuming it is of length
is

W = 14
~~ m ~~~~~~ 

r
~
ch

which can be written , with some effort , as

F—’48
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Wc 
= P

m (~)(~2)(;/ I . (F-60)

4 . Tota l  Stage We igh t  -

The total stage weight is simply

W = 2 W  + 2 W  4 - W  + w  . ( F — 6 l )s B F D c

Inspection of Eqs.  F— 56 through F— 60 shows that  for  a selected
level of stage loading (which also fixed the polytropic efficiency,

the solidity, and the flow coefficient ) and a selected tip speed ,
the only remaining parameter is the blade height-to—diameter

ratio R
~
/Dm~ 

Minimum weights are generally obtained at smaller

values of R //D m~ 
until the tip clearance losses becoae over-

whelming. A minimum value of 2/Dm = 0.05 is accordingly selected

here . It is then a simple matter to estimate the weight of a

multistage turbine , stage by stage , by determining subsequent

values of gas density and Q
~
/Dm for each stage . This process is

illustrated in Table F~ LI , fQr a turb ine using helium , at an inlet

temperature and pressure of 1805°F and 25 atmospheres , respec-

tively, with a mass flow of 83.6 ibm/sec. Nominal pressure ratio

and horsepower are l.~43 and 33,500 , respectively.

5. Wei ~ ht -P erfor m a n ce Characteristics of Multistage Turbines

As I : ’, the case of compressors , the results of these rather
detailed weight estimates can be satisfactorily approximated for

complete multistage units. Inspection of Eqs. F—56 through F—60

shows that the basic dependence of stage weight on material and

fluid properties is

stage Weight 
~
1/2 U1/2 

+ 
~~ 

~ .a] f1( SL) ,

F-149

~

1. ~~~~~ — -  -- — - .__t____- ” - — - --~~ -~~~~~ I 
— 

,.~~L~~~~~1_ _ ~~~~~~~~~ ’ ’! ~. 
- -  ‘ ‘~~~‘—~ ~~~~~~~~~~~~~~~~~~~~ ‘



-I ’

TABLE F-4. ILLUSTRATION OF STA GE WEIGHT ESTIMATION

Working Fluid: Helium
Mass Flow Rate: 83.6 i bm/sec
Pressure Ratio: 1.43
Material Density Pm : 480 i bm/ft 3

Material Creep Strength a
~
: (250-0 .95T)10 3 psi

Casing Al l o w a b l e  Stress o~~ : 14 ,500 psi
Mean B l ade Speed u rn : 1043 ft/sec

First Mi d d l e  Last
Stage S ta ge S tag~

p (atm) 25.0 21.0 17.4

T (°R) 1805 1691 1578

a
~ 
(psi) 20 ,700 23 ,100 26 ,000

~

. (ft) 0.26 0.29 0.32

Ch (f-t ) 0.11 0.104 0.106

2W B ( i b m )  2 5 . 3  2 6 . 3  29 . 4

2W R (ibm) 20.5 18.1 18. 4

W D ( l bm)  88.2 49 .6  4 3 . 8

F—S O
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I

where f1(SL) is some function of stage loading, an d K1 an d K2 are
essentially constants. This dependence Is precise if the tip

I speed is not too high (in the sense that there is an optimum

tip speed just as for compressors), if the centrifugal stresses

are small compared to the vibratory stresses , and if the rim

depth is proportiona l to blade height rather than blade chord .

J 
The stage power is merely rn(~ h/u~ )u~~, and hence

- - 

Stage Weight/Power 
~
1/2 

~
5
~
2 

~ 
+ 

~~ ~
] f2(SL)

The first term in brackets , which is associated with blades , r im ,

and disc , varies from stage to st~”ige due to the change in inlet

density; the second term , which is associated with the casing,

depends on the inlet density to the first stage . Hence total

weight to total power can be written as

.1/2

Total Weight/Power ~~ ;T~~~~~[:1 (i + ) + K~ ~
] f 2 ( s L)

• where p refers to the inlet density 
~~~ ~~~~ 

refers to the exit
density. Noting that

1

__c____ .__ jp_ ‘Y
pout  \~~o u t J

it was found that the detailed results ,‘oull d be adequately

represented by

i

I 
F—5 l
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= rn~1 )  ~ 
(i~~E2)

whe re i~ is the pressure rat. Ic : i i i • i ~ter s • n s  are

eioht /P o w e r ]  =

[r~~ = ib::. ‘see

[~~~] =

[ a ]  = lb :/h~~
r , i —
L ’ :~~j 

— -

~~~~ 
= 1 b / n ~

rc h l s  nelat~~
,,~r~c }i ir- ~s : sr ’lav - - .i on~ r’h oa1 1v ~ io . i- — 12 . The

we -h’- ton Is -• he n - i- ,-r’es~. ::, ‘~~e 
-
~~ h -h ci  - - - ,‘~~s ( h -h

fh.o’ti stress~-c ) ana - i~~-s n -t .  ~n - ~~ ~~~• - 
- c wehnt o? sh’i t ’ ,s ,

hear r. ’~; seals , i n - i  n - ,~ ~ess- ir’ v 5 - - k —- • :t u ce  . T ~~ s

~~~~~~~~~~ ‘he - ::~: n-~n~ s ar e ot :-eas~ n -i le si:e ‘~n r - - - a- ’- t e  ~ ‘ t r r —

FhciLl y, the pol:.” r- • :  o: ’ :’~ c - - n - -~s - is r e  n c l c i e

s e f f - - c t c  a c 5 O C~~ ’ i te i ‘.~~~ tn h’ ~le a c~irace , 1’ \ ~ bl .-idta-

- t o n  ‘s , c c :  I.-: -: ~ev: ~l i - :,’cci-- -~:-s. Ti cs , - hi’ Ia’ iocshlr’

a lcwer b-cu: . ‘at -c i : :  r :  en b-c ~n-1 a:. e~
’—

~s nc- t e i p :~-~vio ’~ .’ y , -
‘ hen - on - — c  1 : - -  no lot i ~nchir

c- -~ ween hi ~‘b ape e  I an— i n - - t i ’ ~ve cpe-ai . E~ u :i:.ions ~
- —~~~~

‘
~ an-i F—50

y e 1 a

- 360C (
~ ~~~~~~— 

~ \“r-: ’\ “ / ‘

whe n-c ~ is n r evo lut i cr c :  I - er  cu t e .  S~ nce -
~ . ‘ :i for  the  f~~ oct

stac- a anproxinotely 0.05 •-i n-,I ‘ J ’ ’j is a t’:nctA cn of’ s(.~:e

loarfl ng (and h~nte eff~c~ ency), ‘h is r-r-1at b~csh~ p can a l so  he
I~ s~~ ay-: i as ~i : “ :rn - t ion t ’ ~‘a l y t r ’  : c e f ”~ c’Ien- y. ~-~-~ i - e
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F I G U R E  F-12 . Weight and performance of ax ial turbines.
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impor- ’ :i:itly, for constant mat erial and fluid properties , it

implies the relationship

~ei0ht

in-i i-:otin~ t h: i t dec:-e:ici t i n  t i c -  s p e c t  f - - we t nir’ by In~’ncrs ing t i p
snee.I r-c ,iutres at: increase ~:: nc tut. ye speed .

E.  W E I G H T , S I Z E , AND PERFORMANCE OF TUBULAR HEAT EXCHANGERS

1. Basic R el at io nsh i~p~

The most compact h~-at. ex ciI :inge:’c have small passages in the
c o un t e -o fic - w : i e -r o r i g e m e n t  . This  w i l l  be ass:c- : - i  in t hi s  a n a l y s i s
for  tn t - c I : : :  h e o t  e x c h a ng e r  s ur ’ : c  c - c s .  the  f l ’~w -cuts  i — I c  i -he  t ubes
c a n  i c ’  cent :’olle -.I by he spacing o: t h e  t u b e s .  The w e i nh t  : In , I
volu me  car: e a st  i v be d e t e r - m i n e d  wh e :  the  r - r o d u c t  LND has been
estab i  I. ahe- .I.

Weinht = ( I , D ) u ~~~t ,

wh e r e  L = leneth or t u b e s

= n um b e r  ot t u b e s

D = je -.1 :imeter’ of the t ub e s

= t ube r :a ’• e n l al - l e n s  I y

= tube thicknes s .

For a neat  e xc h a ng e :-  a r r a ng em en t  w i t h  the  ubes  p laced  at  the
c o rn - ’ns of e q u i l a t e ra l  t r i a nt l e s , si de  3 , t h e  v o l um e  is

Vo lur -r -c = 
~~ (LND)(~) 

D , (F— 614)

where ~/D is t he  spacing-to-diameter ratio of the tubes. It is

F— h 14
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assumed that the wall thickness of the tube is small , so the in-

side diameter may be used to characterize the tube size.

The pooduct LND is established by heat transfer and pres-

sure loss considerations , as follows. The heat transfer is

given lay

= rnAh = ~., At , ( F-6 5)

where rt. = mass flow r i t e

= - - t r h a lp y  change
4

Q = hea’ transfer’ rate

h = heat  t r a n s f e r  c o e f f i c i e n t

A = -u’ca = it

= (log) ne -a n temner- -ature difference.

By d e f i n I ti on , the  heat  t o — n a n  for coeff’ c t en t  can  be w o i t t e n  as

h = 
~~~

‘
•: k ‘H

where  ~ a: is S ri :- N u s s e l t  n u m b e r  an d  k is the  S he :’mo 1 ccra ~luc  S lv i  ty

of ’ the  f l-c l d . hus , one has

Q = it t .  k L ~~~i . ( F — i C )

For laminar flow in the tubes , the Nusselt number ~s, fr’om

Reynolds anal ney ,

tIn = 1 4 . 3 6  , ( F-6 7 )

w h i l e  fo r  t u r b u l e n t  f l o w , the  N u s s e l t  number  is

Nu = 0.023 Re°~~ Pr°~
1
~, (F - 6 8 )
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where Re = Reynolds number

Fr = Prandtl number .

The pressure loss in tubes is given by

= 2 C~ V 2 L/D , (F—69)

whe re C~ = friction coefficient

V = average fluid velocity.

For laminar flow , the friction coefficient is given by

C~ = l6Re~~ , (F—70)

and for turbulent flow , the friction coefficient is

Cf 
= .O79Re

_1
~~ . (F-7l)

From continutty, the fluid veloc ity is

= 

2 ~ (F-72)’
~ pD N

and hence

~~~~~~~~~~~~~~~~~ (F—73)

For laminar flow , the heat transfer is independent of Rey—
nolds number , and hence it is independent of pressure loss. From -.
Eqs. F—66 and F—67 one has - .

Q = 14 . 3 6 r r  k LNAT = 13.7 k LN~T (F—714)

I
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LND _ D 
— 

(F-75)
Q l 3 .7 kA t

It is apparent that the weight/heat transfer rate :-~nd volume/heat

transfer rate are mi nirrr ~ ced when the diameter is minim ized. The

pressure drop can be determined from Eqs. F—69 , F—70, F—72 , and

F — 7 3  as

= 128 rh ii L (F—76)
-np~~D N

For t u r b u l e n t  f l o w , b c - t b  the  hea t  t r a n s f e r  and She pre ssure
loss are f u n c t i o n s  of R e y n o l d s  n u m b e r  and are thus lrater- - ’ nnec ted .

Us in~ eciurit i on s  F — 6 5 , ~ — 6 6 , F— 68 , F—t3 9 , 1— 7 1 , F— 2 , ar —r F—73, :t

is poss ib le  to - i e t e r m i r i e  the  v a lu e  of t h e  p r o du c t  LND inde r - a -n d e n t ly

of L and N , as a l l o w s :

o i
7 27 (,

IJ , 
,) 

( — 7)
S -

This ecuation ind ica tes that we i oh~~.’h eat  t r ’a n s f ’~-r  r’a e ac - I  vo l-cme /

heat transfer r’ate Ic:crease with vlscosi y , -ii:ine ’ er , on- i enthalpv

change and decrease with condu ct i v it y , tempera ture - Ii fference ,

den clt\r , and pressure drop , as ex pe c t - - I .  The cond i t l - n s  -on the

outs ide of the tube rr u :-t be compatible w i t h  those on the tnsi de .

For the regenerator , the cond itions n ay  be :-a-ide t o be compatible
~~. by considering the pressure-drop equation and equat i ng the tube

lengths. This yields

‘2 1 4 7 5  \ /2 d
14 .75 \

1/11 = 1/14 , (F.-78)
inside outside

L where dh is the hydraul ic -liameter of the outside tube -c -ma-t ry .
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One interesting feature of this development Is that It en-
ables all the heat exchangers in the working fluid circuit to be
optimized at one time by selecting the pressure loss In each
individual heat exchanger to minimize the total weight of’ the
cores. That is , Eq. F—77 can be written for any heat exchanger
as

— 0.141
= , (t- ’-79)

where h . is a function of proI’-erties and conditions . The ,- Sal
weight of all the heat exchanger’s is

a ~~t .14i
= 

i=l  
K
1(~~) 

(F- CO)

subject to the condition that

~~ 
(
~i-) = 

(
~i) , (F -81)

i=l i total

where (
~~

r-/p )t t 1  is the total fractional pressure loss in the
cycle. Using Lagrange multiplier’s , it can be demonstrated that
minimum weight occurs when

(
~ ) total 

(F—8 2)\P ~ n K 0 .7 1

The fact that one of the heat exchangers is a regenerator cornpli—
cates this process. However , by specifying t h a t  t h e  pressure
drops on the two sides of the regenerator are the same the process

F-58
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is simplified. If the subscripts r, h , and c refer to the re-

generator (one side), heater , and cooler , respectively, the
optimum pressure drops are as follows:

- 

t 1(n p / p ) = o a (F-83)r 2K . ( ~~ L 2K
L2 +

(c~~)

(Ap, -~ ) 
- -

= 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-‘  a 

[2
~~~~~~~~~~~ 

+ + 1]

- -  ~~, — 

( - ‘u- t~~~al
— - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ,  ( 5)

[2~~
’
~~ )~~~

’
~ + (

~~
) 

‘ 

+1]

2 .  1 1 1  us t rat ive Exampj e

The pn c- -:’:n -c - - c ’ ice I aho’a- was : , n €-J to d e t e r n  The t h e  hea t
- cx c h a n n e r  c a n e  w e i g h t s  for a - ‘I o s e d — c v c l e  iarcgr t on e:’.~~l tar h a ’ ’ In g
the fcl l-wicn lesJgn -c ::diS ic-c s:

:, cr ,kI r a _  F.: i t  -a bet urn

‘I 5tQ °R

T 2t-Th°R

I ~7 compr--os - 200°R

I 
Sp ’p 0.05

P c - i y~~n - t i c  oeffi cIenc ies

L For a m a ss  : l - ~w r’a~~c- of 1 lb ~sec , th-~ t ’ - i l  w t n n  v a T h r e s  are o h —

I F r a n .  E q s .  F — 6 3 ,  F— ’ ,7 , ~— ‘~3, F— ~~- 1 , and F — 8 5 :

1 F—59
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Heater Regenerator Cooler 
. 

-

K = W ( A p / p ) °~
’41 0.43 11.33 0 .978

Optimum (e~p/p) 0.0033 0.0204 0.00595
Weight/mass flow rate 4 .476 55.88 7 .99

Pain. - the ~roper”cy data for the selected design p o i n t ~ but varying
the overall pressure drops and the values of regenerator effec—
t i aa-nc -ss , t he  weights of the heat exchanger cores are scaled
from the base values for pressure drops , enthalpy changes , and
tempe rature -~~~~ fferences. The results are presented in Fig.  F — 1 3 .
i- ’ t riatl t .- , t o t -  weights of the heat exchanger cores for the various

des i gnu arc est i rrra tei and ::re presented w ith other rerforrnance

‘o-:~-n~-~ ~- rca In Thi-le F—ic . The assumptions used to estimate the

hea t exchan -c:- core weights are given with the S-able.

The air’ preheater is essentially a regenerator with air on

one side and combustion product - s on the other. It is assumed

toot the combustion side of’ the heater is rnressuri:ed to four

atracur -heres. The air preheat-er’ w e igh t  is estimated by the
m e t h o d s  presented here , assuming a pressure loss of ic~ for the

Sw -c sides. The est i:nated air preheater we I sht is 10.6 lb/lb

nor’ sec of’ helium . F or ’  the examt nle considered here , this value
c o r r e s p o n d s  to  ab c-ut 0 . 0 3  l b/ o u t p ut .  ho r sepowe r’ .

F . OVERALL ENGINE CONSI DERATIONS

The complete Brayton e n g i n e  includes the components of the
12-rayton cycle , the fossil—fueled heat source , the pipes and

shafts connecting the components , auxiliary systems , and struc-
tural support. The weight , volume , and performance of the main
Ear’ayt~~r: cycle components have been predicted. The prediction
methods can also be applied to the turbomachinery and heat ex—
changers in the heat source. The weight and volume of the auxi— - ‘

liary systems and the structural supports are beyond the scope
of this study.
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I
The existing closed Brayton cycle engines have been built

J 
as a few heavy—duty utility power plants and a small number of

space—type power plants having very low power levels . These

units are not representative of the vehicular applications con-

sidered here . Recent paper studies have been made of closed

Brayton cycle engines applied to ships and tracked vehicles

(Refs. F-7, F-B , and F—9). The performance and weight figure s

from these studies are representative of current technology and

T will be used here for comparison purposes.

1. L i m i t a t i o n s  to Per fo rmance  and S i z e  of C l o s e d  B ray ton  Cyc le
Eng ines

The performance of closed Brayton cycle engines is strongly

influenced by the level of turbine inlet temperatur e , but it is

also affected by the turbomach inery efficiency, effect iveness

of the regenerator , and t h e  pressure  losses in the var ious
c omponents

The level of turbine inlet temperature Is selected from

consideration of material properties , fa b r i ca t ion techni ques ,

and stress levels. Since the heat r ous t  be transferred to the

• work ing fluid in the Brayton cycle through the heater tubes ,

there will be “hot spots ” in the heater tubes at temperatures

- ,  
higher than the turbine inlet t emperature . The use of ceramic—

tube heat exchangers will allow the turbine inlet temperatures
to reach perhaps 2000—2300°F and higher. If metal tubes must
be us-c d In the heater , the turbine Inlet temperature may be
restricted to 1500°F.

The efficiency levels of’ compressors and turb ines at the

present time appear to be at their maximum levels, The designs

of compressors and turbine s are unlikely to be improved above
the best of current practice.

r Heat exchanger geometries developed for some gas—turbine ap—

plications are currently very compact , although further reduction

in the sizes of flow passages would reduce the size and weight

F—6 3
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of the heat exchangers in the engine . The heat transfer pressure

loss correlations for compact heat exchangers have been estab-

lished , and little improvement appears to be possible except

through the reduction in the size of the flow passages.

Tne pressure level in the closed Brayton cycle has an
irorortant influence on the size and weight of the components ,

although performance remains substantially unchanged except at

eatreroely high pressure . The sizes and weights of the turbo—

machinery and the heat exchangers arc reduced by raising the

t-ne ssure level in the cycle. Eventually , at extremely high

pr es su re levels , the components become too small and difficult

to manuf’-icture. The highest acceptable pressure level for mini—

-- no component sices and weights is a function of power output .

in Pe f’ . F — f  ft i s  s ugge st e i  t ha t  t h e  optimum pressure leve l for

—.0 ,000—hr output is 580 psia , risiug to 8~-i0 psia for 200,000—hp

out n-ut

The t in sneed of the turbomachinery also has an influence

on the a~ ze and weight of the machinery . Increases in tip speed

generally result in a reducti —n in size and weight of the machines

unti l s’resses due to centrifugal forces become very high . Since

c- -ntrif-ural stress is the important parameter , the tip speed of

turbomachines can be raised by reducing the density and raising

Sh e  y~ eld stress of the blade  an-i disc materials. Strong, light—

~ - ‘ iI-h materials such as tItanium may be util ised in compressors ,

-s. tie ceram ics may be used in tur-h tmnes. ‘ - i th working fluids of

law mol ecular weight , such as h e l i u m , the  ~‘1ach number problems

a s so c i a t e d  w i t h  ope ra t ion  at hir~h t i~ speed may be neg lec t ed
Le-cause of She h igh velo city of sound in such working fluids.

2 . Performance ,
_ _

S i ze , and W e i g h t  of C l o s e d  Brayton Cyc le  Eng ines

a. The Core Engine. The relation sh~ps between engine per—

f’ ~r roance  of close-I-cycle Brayton engine s may be predicted for a

range of performance and des~ rn parameters. The most critical

d e ci s i o n s  are the ch --~ ce of turbine inlet- temperature and

F—614
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pressure . In th is study a temperature of 1620°F is selected f-or

the turbine inlet. The compressor exit pressure levels are taken

as 600 and 1200 lbf/in~ With these conditions the performance ,

s ize , and w e i g h t  of core e nc in e s  for  t h e  c l o s e d — c y c l e  B r a y t o n

eng ine  have been p r e d i c t e d .  The s ize  and wei ght estimates are

for  t he  compressor , t u r b i n e , r eg e n e r a t o r , and coo l e r .  The h-cat

source , i n c l u din g  the  he l i um h e a t e r , is not consl - ler -e l here ( i . e .,

i t  is  not t I - I r ’ t .  of - he ‘u-~~re en~’ine ”) excent fox’ t h e  a s s u m p t i o n

that the heater efficiency is 90%.

For t h e  f i x e d  t u r b  Sne inlet temperature and two v a l u e s

ef’ compressor ex~ t p r e s s u r e , the  sfc  is c a l c u la t e d  f ’ — r  a range
of re~—~~n - r at or  e f f ’e c t iv e n c ss e s  an-i pressure drons. The ~-:ei gh os
an d  v o lu m e s  of  t h e  hea t  e x c h a n g e r s  and t -u r b c - m a c h i n e o -y arc
-Jic ed f’:r e a c h  con Ii~ ion . The 10’-; s f c  and high engi ne weinht

cc rresr- -ad t h i g h  r - e - -enerutor e f f e c t i v e n e s s  and low n r e s :u r e
- i r ’~~: - . r r ~- cte-i w e i  ~~~~~~ an-i volume of t oe  t u e h o m a c h i n e r y  s

abo .t. l~ of the  core  c r 11 -- hII ’ v a l u e s  at t h e  low s f c  va lue s ,
n i s~~r i g  to  a~ - r r -  x i : t t e l y  l D ~ of the w e i g h t  and vo lume  at the
h t , Thes ’ s f c  v a l u e s .  The r e s u l t s  of t he  or - e d i c t i o n  are p r e se n t e d
in F i g s .  - —l ~-~ - t n d F — l 5 .

A l so  r r e s en t e d  in these  f i g u r e s  are p e r f o r m a n c e ,
w e i g h t , an-i volume va lues  e x t r a c t e d  f ro m  R e f s . ~— 8 and F’—9.

The values f’r’oro these re ferences represent the most recent pre —
dicti rx s I - c r  c l o s e d — c y c l e  B r ayt o n  e n g i n e  p c r ’f ’ o r m a nc e .  In R e f .
F— 8 a tur’b-~ ne inlet temperature of 1750°F was assumed ( c e r - i n ~~c
heater tubes), while in Ref. F—f the turbine inlet tem perature
was 1500°F. The we inht/power of the core engines iven in these
references arc  h ighe r  t han  the  predictions of this s t u d y , at
equtvalent sfc levels , -.,-h il e the  v o l u me /p o w e r  g i v e n  in R e f .  F— B
is very close to the equivalent performance and size predicted
here .

F — 6 5
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b . The Heat S o u r c e .  A co1mr I~:oc t h ea t -  so u i ’ t ’e t o t -  t i t - ‘ l o S o l—

c y a l e  B m ‘ en engi t iC W - U 10 1 k y h a v e  :i t - U rb ch a r g e  c - : 1  us  -

x U  h an t ¶ r ’ m ’ e h - - i t  e m .  The we gh t  ‘p ow e r  a m i d  vo lmmni - - ‘pow~
- -m’ of

P- hca~ sour ’ce is 51 r’omp’ ly d u - e m m i e n t  on the : t m ’ m ’ a m i ~~e m m a - r m t  an-i

-
- I ses of t l ie lie 1 I urn -a - - oral he ti r p i -H  ‘at or. I I ’ t~ I s

ha t  1/H—In. iii L ’ m - m ~-m i — - i l - t i - - t i ub os  w i t h  w a l l  h i c ~- : m i - ss
of 0.01 I n .  n a y  be u so l t a m -  I he liel u mm la-a t or aim - I mi 1’ n m o - i m e : i t , r
- t n-I t P a~ c - - u n t . e  - f l  OW a m - tn cm - a -n t  a u l E m  be 0ev ¶ sod , ic w e i g h t  a

t a v o ] u m - :~-s  of’ the c o m n i p o m m e n t  5 o f  he i m e a t ,  : ; o i m m so at . t i i . - H ,00it—hp
- m n - c  - is l1- wo

a P R E D I C T E D  HEAT S OURCE W E I G H T  AND VOLUME (40 ,000 hp)

Wei ght/Power , Volume/Pow er ,

~

t_

~

_ 
- -

H e l i u m  heater 0.020 0 .0003

A i r  p rehea te r  0 . 0 5 3  0 .0008
T u r b o m a c h i n e r y  0 . 0 0 7  0 . 0 0 0 2
C ow b u s to r 0 . 003 0.0003

T o t a l  0 .083  0 .00 16

The V o l  m m r - m ’ 0 1 t ho -
, c-1 - is~ or  I s 1 -  - m i n t - -i on a a- - H - i n  i i  on

: n . ’ e m a H  t ’ ;  0 1 ’ P x l(Y ’ BI i n n ” ~_h m ’ a’ m mi os

The v a l u es  of mm - il ct sal v - i  aPt / 1 oW eI ’  a m m i  v - ’ :1

-
_ v emi n R e t ’ . F — H  - m m ’ - 0 .  ~ B lb - l l In 1 0 .0 11  f i

c . The Comp l ete En g in e .  The ¶ - m n -  I i c l e- l  w e i g h t  ‘ 1 ~ in I
he vo l ~a-~ n -  - w -r ’  I ’ m’ 1~l m  - a - let - ‘n—tn - w e re ~~l-~ 

-
~ I t i e - I  b y n u mmmm

t . he vu u - s  f r  h- ’ c t m ~~- - t n  a a ’  : 111 1 h - a t  source . P h -  r em I a m m -
se t  1.. e 1 1 n F t  ~~5 . 1 ’ — 1 0 - 

l 1 -  -- — 1 ‘ . l i i ’ p t s -d I tO • - 0  ~ 
1 ah ‘ p o~- - - -

- t n t  - ,r~ l-~: : - ‘ p - w- ’r t e n th e  C - itt -l e 0 o t i 1 no a m ’ e lower- h- mn ‘ ho
. lu-- a - 1  v ’ m n  Inn Ret ’. -‘— 8; :m m -h 0 t ine m’e d~ ct el m m - n t  r e v - - mo - H I s

1. ’ li - -at . s u m - — c .
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VJ E IGHT /POWER , lb b p
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— . — 1 200 lb / in. 2 , 1620° F

0 0.005 0.0 10 0.0 15 0.020 0.025

VOUJME/POWER , Ft
3 - h p
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F I G U R E  F - 1 7 .  Vo l ume J power and sfc for comp le te c l o s e d - c y c l e
Bra y ton eng ines .
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G.  R E S E A R C H  AND D E V E L O P M E N T  A R E A S - - T H E  C L O S E D - C Y C L E  B R A Y T O N
E N G I N E

The mo st- Important i ’ e n ; e : m m ’~t h ,o n~1 -lovelopmen t tasks ar-c as—

soc I a t e L m  w i t  h t h e  h~ gli—tcmp erature 1ie~~t excl mmm r i t ’;ei’s . The helium

he:mtcr is p r ob a b l y  t h e  most c n i t  t c al  c - m i m - - s n e n t  :15 I t  has the

hi -Thest ntmr ~t :ml (or c er a m i c )  t e n p e - i ’u t a r e s , m i n d  t h e r m  is possible

sort-os ion fr-em the combustion t i - -d u c t s .  Thr. - m m i i  p m ’ s - hea t er  and

t h e m - e g e r i e n ’ - m t om ’  o per a t e  n i t  so: :e ’ -, } m a i  lo wer ’  t e r n p c- r ’u t u r e s  t han  the

he ~ urn h e a t er , bu t  t h e y  w o u l d  i - -  m oem e h i g h l y  m - : i t  e l  t h a n  c u r r e n t
Wi it s ¶ n n  i - m i l l , ’ ¶ - - - w s - m ’ — 1 1:mrit system.

‘I he l o w  — t  emp e n a t u r e  tie~~t - exa  h o m a g e  ma n weu ii be within the

c u m re :it  st - -ate of ’  the  a nt  - m u d  w o u l d  na - i u l  n~’ l i t . t i i ’ development. .

The :nn ’l- oma- lmimmen v d e s ig n  m i t t P o ds  f a t ’  t h i s  a t - p i  icat ion mint -

w e l l  e s t  a t - l i  s l m ’- .1 a r i l w e a l - I  net n’ e amn j r’ t - a research effort . The
U s ’  of cc i - t a l c  r m c t t e m ’ i ; i l s  ~~~~~ t h e  tun i c  m u m  mist y be r ’e ]u ir e s i  a t

e x t  r emely  i n l 1-. t m n n ’ b i n m - ’ i n l e t  t e r n p e r a t u x ’e s  . H o w e v e r , t i m e  p r - a t H e n a
we-jid be ‘s - - e  s e v er e  in t h e  he lL i on: :  h e a t  or , since the tubes would

I-c n i t  hi 1n - ’r tt - m o p e r t t m ire s i t t - I  W o U i 1 i  be 111 ~‘ - n m t  act - w i t h  co mtut m :ns t ion

a ‘ -,: ict 5

s o i l s  ‘ m l ’ - re m l  r e-i ‘c’’ the t u ~~I - i t s e  - i t t - i  con - . —

n - m-es s - -m - ‘ o res t : 1  ci. t h e  loss  on ’ i t - l I  nm - : . These  a m a -  n ot  mm n ew

• . - i - -ve i- -- - -mm:c n’ 1 n ~ r a y  ~-ose i-r ob ] eras 1-eca mse of t h e  a i t e a  a r t - I  n’ -et

I oimal a t---’ -‘is of  1. he  u n i t - s

I
‘a

I

-I

LI. ~II’-~ ~~~~~~~~~~~~~~~~ ~~~~ J~ j~~~~~~ -:
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a i\ m nmnl  I t a -  i t  ti f a c t or

A H e a t — t i ’ : m n s t ’er’ scm r t ’m -m ce sir- a

A Blnmd e c m ’ - - m n s — .;e-: t I - m m m l  a m - c a  a t  h-i c

a Bla t - -  c h o m ’ ~I

C .tnec’ I f i  c h- - -~a at 1- - m f l S t  a n t  p r e s s u re  of ‘ h--
p w - t ’l- : ¶ n a  :‘lu l  I

D Ins i de -i i ’ m a e t  er of heat—ex chni m ua- - r’ tot --s

d
h 

Hydr -iu ili c I l n i t n e t  er of mn:mss, a gea- O l i n  S I  - H- - t u b e s
i r s  t i c - m t e x c l n ’~m m — - -a

Me an H I ’ m  n - , -~~ - - m -
F i un’t- ¶ ne r I a Ii ‘ m m - “ -

r

E I’ o :mm n a ’ a is - 1 m lus

f s - t i m -s I ’ s : ns n i t - i l  n a t u r a l  f r e q u e n c y ,  cI , ’ —c i a c - / m n e5 ’

a, I n - a v i t a t l o r s - a l - m a s t  mr 4 , ~? . l7~l ft / s e c 2

h f - - n v  OH v- - h - n t -~~ t m ’a n s f e r  - ‘oe m ’ ’ . c i  -

1W L o w e r ’  h e n i l -  m t  v a l ue  o f ’  H a l  *

J I~~iu-;- rs i - n y u  f a - :t - n r  778 ft  —i l ‘Ft n

k i ’ h m m ’ m a a 1 - - - - m m  1 1 1 - ’ ¶ I v I t  V 01 ’ 
~c P - i’s - ‘rk I n m ”  I’ ¶ u I-i

B I a - t o  he I a t m ’.

C t - ’ n t t H m  of  heat: . ~‘y - n h a n a ’ m -  p~~~e —.
ma Fus s  f l o w  r i t e  ‘‘

rn f 
i -/ t e l  f l nw m o i t  e
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I l u - s e l t  m m n n n b e m ’ , l m l ~~/l’:
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i E q u i v a l e n t  jt m wm’r’ loss in t i m e  e x t - s o u l s - n ’ ;  t h e

H i V Him r ’e ru -  c be t w e n ’ n u  t h e  powe u - n - - luced  by
isentroplc expansion and the ac ’ uai power
p r ’oduced .

P Power output

Pr ’ P r ’and t l  n u m b e r , H
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Blade spa cim ma at mean radiusin
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