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Fig.  1 Schemat ic of  a scrarnjet  engine.

t"-wall shear stress, ô" - wall heat flux
'ii1 -fuel mass flow rate

o-combustor divergence angJ.e, 8-fue1 injection angle

M:-mach number at  J ln stat ion.
J

The analysis of  such problems usual ly  deals wi th
the one dimensional conservation equations plus the
appropriate equations of state and a pressure-area

relat ionship,  f i rs t  suggested by L.  Crocco,  of  the
^  - Ê r e - lf o rmp rA" / ' - '  =  cons tan t  [ f ] .  Th i s  r e l a t i on ,  a l ong
v/ith the equation of the state and the mass and
momentum conservat ion equat ions only,  y ie lds,  for  a
thermal ly  perfect  gas,  convenient  rat ios for  pressure,

area and temperature [ j . ] .  However i t  might  be of
interest  to not ice that  those re lat ions must be made
compat ib le wi th the energy equat ion IZ] .  fnese

equations can be simultaneously solved if the equation
of  state at  the exi t  of  the combustor (stat ion 4 in
Fig.  1)  is  known, the wal l  pressure dist r ibut ion is
given and if working expressions for the walL shear
and heatf luxareknown[S].The equat ion of  state for

station 4 is obtained assuming that thermodynamical
equi Ì ibr ium has been reached there,  that  the ai r  and
fuel properties are known and then making use of the
exist ing computer codes for  such calculat ions [a] .  t t re
wal l  pressure dist r ibut ion is  chosen to obey the above
referred Crocco's re lat ion,  For the waÌ l  shear and
heat flux, one assumes that the Reynolds Analogy
remaj.ns val id for  react ing f lows.  However,  as the
values for  e and pr /g ( the pressure rat io across the
exist ing shock at  sect ion 3 of  Fig,  1)  are not  known
a pr ior i ,  the usual  technique is  to assume that  in
the neighborhood of section 4 the flow is one
dimensional  and that  the nozzle f low (between stat ions
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SUMMARY

As it is ueLL knoun each component of a scraÌnjet (supersonic combustion
t ,an je t ,  f í5 .  1  i .e . ,  the  a in  ínLet  (0 -1) ,  the  connect íng  duc t  (1 -2) '  the

combustor, (2-4) and the echaust nozzle (4-5), may be anaLysed in sepanate and

erperinenta.L resuLts can be íncorporated uhene needed. This üo/'k relíeüs and díscusses

sane thermodqnamieaL aspeets for fi.aed scratnjet combusto? @Ìetrrip^, ainíng at the

desígn of a test facíLity.
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SUPERSONIC COMBUSTORS

SOME THERÌúODYNAMICAL ASPECTS FOR Â FIXED GEOMETRY

( 1 + y r l t  )  -  ( 1

e  + Y .  m .

4  and  5 ' o f  F i g .  1 )  i s  i sen t rop i c  and  t hen  t o  use  t he
constra ints that  dT.  / f  *  O as A + A",  were T.  is  the

t t t

tota l  (stagnat ion) temperature and that  + l
a D t  

a A l e = c o n s t .

; i l  .  as A *  4. .  Not ice that  as i t  has been
d ô l Ì s e n p r o p l c  . .
shôwn eÌsefvhere.  th is lat ter  constra int  is  suf f ic ient

by i tsel f  to y ie ld the reÌat ionship between e and
p3/p2 lz l .

This work uses a numerical scheme taken from

0perat ions Research to solve s imul taneousÌy th j .s

highÌy non l inear system, a iming at  the design of  a

test  faci l i ty .  Thus i t  obtains the desired solut ions

for  d i f ferent  f ixed geometr ies.

COMBUSTOR ANALYSIS

As ment ioned above the use of  one-dimensional

conservat ion equat ions along wi th the appropr iate

equat ions of  state consist  in a known technique for

the analysis of  supersonic combustors.  Hence,choosing

the control volume shown in Figure 1, one may write
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whe re  y  i s  t he  spec i f i c  hea t  r a t i o ,  R - t he  spec i f i c
gas constant ,  ü - t t re mass f low rate,  A - the cross-
sect ional  area,  f - the fuel  to a i r  f low rat io
( t= 'úf / '&,  ) ,  the subscr ipts f ,  w,  2 and 4 stands for
fuel ,  wal l  and stat ions 2 and 4 respect ively,  and

^ t- f' =[ - 
,f-r*cosc dA, + plAacos9 + ptutfAfcosB ] .
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N o t i c e  t h a t  e q u a t i o n s  ( 1 )  t o  ( 3 )
w e r e  o b t a i n e d  w i  t h o u t  t h e  u s e  o f
t h e  e n e r g y  e q u a t i o n .  H o w e v e r  i t  m i g h t  b e  o f
interest  to not ice that  these reÌat ions must be made
compat ib le wi th the energy equat ion.  Thus,  to make
equat ion (3)  compat ib le wi th the energy equat ion i t
is  necessary that :

approach [1ì  gne may choose f , "  = C, ta where
Ct = O.gg and ha = ht2 *  tnaa i  Crr-n" tH,

wherre.  for . . the f rydrogen fuel ;  C^ = O,9 and
^ H f  =  1 . 4 3 2 9 + 1 ô 8  j K g  - t ' ,  '  t

Assumins , '.*t ttì". ($) = í!n)t  â A ' . = " o r " t  \  a A '  
r s e r t r o p i c

as A + A one can obtain the equat ion

( 4 )

t q / i ) / ( h
W r

where ï = ft/A
W w

h
f f

f _ :
h - -

*
t 2  . 2

t . . . cosc  dA ,w w

where' a, = 
f 

d" uo* and where the subscript

stands for  stagnat ion condi t j .ons.
De f i n i ng  nex t  [ 1 ] :

o =g_ /  yz -
. ] . A A

w <

where õ / e" is the average heat flux along the
combustor wal l ,  then th is parameter can be
nondimensional ized by ôh,  wr i t ten as:

On = na, * f taa * O.S fncAHf _ 
4

Q1,/arr  = 0.80502x1O-3

ï l i i . -n"  
,  is .  the enthalpy of  the ai r  at  the average

warr  temperature,  n _ the combust ion ef f ic iency,

1Hf 
- the fuel  lower f ;eat ing value and the Í .actor  o,5

rs used to y ie ld aÌ ì  average for  the overal l  combustor,
[ f ] .  fxper imentaÌ  data taken f rom a var iety of  fuels
and combustor geometr tes over a wj .de range of  in i t ia l
condi t ions al low Qr/Ah to be pÌot ted vs the
paraneter fn"ot"  [ f ] .  One aproximat ion to those
corelat ions J ie lds:

e + y u ( 1 , - e )  
-

( p .  / p ,  ) [ r " ' * 1 1 ,  / t " ) Ì r r i ] -  ( L - e )  / t u

ta"/4 f/(r-- ')

f ï  y " . p . /F \

t a ' 7e ;1 / ( r - ' l  
-  

f ,  
( s )

as ment ioned ear l ier .
This leads to the solut ion for  a g iven heat

f lux in the combustor which corresponds also to a
unique value for pz /p, .

SOLUTION PROCEDURE

The highly non l inear character is t ics of  the
sc ram je t  ba lance  equa t i ons  (equa t i ons  (1 )  t o  ( 9 ) )make
i t  very d i f f icul t ,  i f  not  impossib le,  the use of
standard solut ion methods.  Thi .s led the authors to
employ an Operat ion Research Technique to soLve the
above equat ions.  Thus i t  was used the Hooke and Jeeves
opt imizat ion algor i thm to minimize the goal-  funct ion
def ined as the sum of  the absolute val ,ues of  each
equa t i on  i n  t he  sys tem [S ] .  I f  t he re  i s  a  so l u t i on  o f
the system, then the minj-mum of  the goal  funct ion i .s
zero;  reciprocal Ìy,  i f  there i .s  a rn in imum and i t  is
zero,  then each term of  the goal  funct ion must aÌso
be zero and therefore the whole system is solved.

NUMERICAL RESULTS

As i t  was al read;r  ment ioned, th is work Íntends
to help the setting up of some design pararneters for
a ground test  faci l i ty  used to evaluate conbustors
operat ing in a supersonic regime.

In order to achieve a s i tuat i .on s imi lar  to
those met in reaL f l ight ,  one has to s imulate the
air f low condi t ions at  the combustor entrance,  that
is ,af ter  i t  went through an obl ique shock t ra j .n.  To
b r i ng  t he  a i r  f l ow  t o  t he  des i r ed  cond i t i ons  ( i . e , ,
to a Mach Number between 3 and 5, to a temperature
around 13OO K and to a pressure of  O.5 atm),  the
faci l i ty  posesses a sue heater  besides a supersonrc
nozzle and a set t l ing chamber.  Not ice,however, that
the ai r  enter ing the combustor is  in the so_cal Ìed
' rv i t iated condi t ionsrr  (as one in jects fuel  to , ,burnr l
t he  en r i ched  a i r  i n  t he  sue  hea te r )  i . e .  i t  has  t he
fo l l ow ing  compos i t i on :  L2% H2O,  69% Nr ,  j _g% Az ,  by
we igh t .

Choosing gaseous Hydrogen at  29g,15K and using
the data Ì j .s ted below in Table 1 one may use the
Hooke rout ine to solve s imuÌtaneousty equat ions (L)
t o  ( 9 ) .  The  pa rame te rs  t o  be  op t im i zed  we re  p '  M . ,
T"/Tr ,  p" /p,  and Af /A,  .  The angì-e a was taken
varying f rom Lo to 5o thus al lowing the combustor
conf igurat j -on to be chosen (or  tested).  The resul ts
are shown in Figure 2.  They were obtainedforarat io
9çug /02u2  =  0 .35  [ 1 ]  and  by  us i ng  t he  NASA code
SP 273 [  a ]  to obtain R* = R. (pu )  and
ï ,  -  ï ,  ( p . )

: . - l -
. . .  
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where X = fncAHf and AH, is  in J/ke.

+ 3.45OZ1,7xl-O-to X +

x .  -  1 . o57881x1_o -2 t  f  ( r )

.f( r+.1.tr{ )

( 5 , |

I  o , ,

Assuming also that the Reynolds Analogy remaÍns
val id in the case of  turbulent  f low wi th heat
addi t ion I  l . ] ,  t f ren one can wr i te:

- r r - l

) f
J 2

i
i

I
t

J
( 8 )

ïu 
n" is the mean recovery enthalpy and I is theaverage gas velocity in the combustor whj.ch can betaken approximately equal to u, if it is assumed thatthe effects of the deceLeration through the shockvraves and the heat addition are compensated by thecombustor d ivergence [3] .  St i Ì l  fof lowing ni t t ig ,s

- ( t--e ) p. lpe
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Table 1.  Parameters used to obtain resul ts

shown in Fig.  2.

n  = O . 8

c  = I , 2 , 3 , 4 a n d 5 0

I  = 9 o o

' íz = 1.3862

P, = 39215.7 Nm{

t 2

l4  = 3.633 (which corresponds to a f Ì ight

regime of  M^=1o.0 '  Zo:  3oooom (f l ight

al t i tude) aã suggested bY Bi l l ig

[ 1 ] ,  f o r  p rope r  i n l e t  cond i t i ons )
-i

9z = 0.38161 kgm

u? = 14O1.O7 msec 
'

T  =  298 .15K
f .

Êl  = 0 ' ($193 kgÍ Í \*

Pf = Pr'?

T = 298.15K ( temperature outs ide the
alr

sc ramJe l  wa r r sJ

C n  =  1 1 1 9 . 5  J ( K g . K ) - '' aa r

A H ^  =  r . 4 3 2 9  x  1 0 E  J . K g - r- f

5

a (GRAJS)

F í g . 2 Design date for  supersonic combustor
+ ^ ^ +  a ^ ^ i 1 i + t ,
u s D u  f a v r r r v J .

A) /  p ,

P n  I a t m ]

M

T  \ / T 2

p, /oz

A /zPb

CONCLUSIONS

An analysj .s  of  the scramjet  engine cycle and

opt imizat ion process was done wi th the purpose

of col lect ing data for  the

vrhich wi l l  be buí1t  in the

Iaboratory.  The numericaÌ
problem has been discussed
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