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SUMMARY 

The capabili t ies of  a computer program obtained from t h e  Spalding group 
a t  the  Imperial  College (London) and fu r the r  developed by NASA are explored, 
and computed r e s u l t s  are compared with data. The comparisons are restricted 
t o  two-dimensional ( 2 - D )  flows; t h a t  is, to  mixing between p a r a l l e l  streams, 
plane o r  axisymmetric. Subsonic and supersonic flows, ducted and nonducted, 
r eac t ing  and nonreact ing,  a r e  considered. Evaluation of models used for tu r -  
bulence and chemical reac t ion  form an important p a r t  of t h e  study. 

Constants i n  the k - E turbulence model, which produces mixing i n  good 
agreement with data, are the  same f o r  a l l  ca l cu la t ions ,  but  good i n i t i a l  pro- 
f i l es  of turbulence k i n e t i c  energy k and d i s s i p a t i o n  rate of  turbulence 
k i n e t i c  energy E are necessary t o  obta in  s a t i s f a c t o r y  r e s u l t s .  To ob ta in  
agreement wi th  data i n  reac t ing  flows, adjustment is necessary over an order- 
of-magnitude range of  a constant  i n  the  eddy-breakup r eac t ion  model. Since 
ca lcu la ted  results i n  agreement with the  data can be obtained only by ad jus t ing  
i n i t i a l  p r o f i l e s  i n  the k - E model and a parameter i n  the r eac t ion  model, a 
t rue  p red ic t ive  c a p a b i l i t y  is not  present .  However, the program is use fu l  f o r  
i n t e r p r e t i n g  and ex t r apo la t ing  the r e s u l t s  of  experiments. 

Experimental data were l a r g e l y  drawn from the l i t e r a t u r e ,  but  new data are 
reported f o r  coax ia l  i n j e c t i o n  a t  matched pressure  ( 1  atm or 101.3 kPa) of a 
cold,  Mach 2 ,  hydrogen je t  i n t o  a ho t ,  Mach 2,  v i t i a t e d  airstream. P r o f i l e s  of 
p i t o t  p ressure  and gas composition obtained from water-cooled probes are reported 
and compared with t h e o r e t i c a l  r e s u l t s .  

I N T R O D U C T I O N  

A v i t a l  p a r t  of the e f f o r t  (ref. 1 )  t o  develop a supersonic  combustion ram- 
jet  engine ( scramje t )  is the  c a p a b i l i t y  f o r  t h e o r e t i c a l  p red ic t ion  of flow prop- 
er t ies  i n  the combustor, where hydrogen is  i n j e c t e d  i n t o  and burned i n  a super- 
sonic  airstream. For complete gene ra l i t y ,  t h e  p red ic t ion  method should be able 
t o  c a l c u l a t e  t u rbu len t  mixing and chemical r eac t ion  i n  a combustor f o r  a r r a y s  
of hydrogen i n j e c t o r s  a t  var ious angles  t o  t h e  airstream. The effects of  t h e  
combustor walls on the  flow should be included, and an a b i l i t y  t o  p r e d i c t  the 
effects of i g n i t i o n  sources and flame holders  ( i n  premixed flow) is needed. 
Shock waves and expansions must be accounted for .  

Practical l i m i t a t i o n s  of var ious  kinds make d i f f i c u l t  t h e  inc lus ion  of a l l  
these  c a p a b i l i t i e s  i n  a s i n g l e  program. The present  program is restricted t o  
mixing of  p a r a l l e l  streams, subsonic  o r  supersonic ,  plane or axisymmetric, react- 
ing or nonreacting, ducted or  nonducted. Since it is  a two-dimensional program, 
three-dimensional effects such as i n j e c t i o n  from arrays or  a t  angles  t o  t h e  flow 
are excluded. I n t e r a c t i o n  with walls is handled by using w a l l  funct ions (ref.  21, 
a device which t r ansmi t s  the  inf luence  of a w a l l  through the w a l l  boundary l a y e r  



i t h o u t  c a l c u l a t i n g  de ta i l s  of the  wall boundary-layer flow. Turbulence is 
modeled using t h e  
a modified form of  the eddy breakup model (ref. 3 ) .  

k - E model (ref. 2) and chemical r eac t ion  is modeled using 

Many r e p o r t s  have been published i n  which experimental  mixing data f o r  t u r -  
bulent  flows have been compared w i t h  p red ic t ions  made by using f in i t e -d i f f e rence  
programs similar t o  the one described here .  Some of t hese  used t h e  k - E t u r -  
bulence model (or one of its 9kousinstr  i n  which the d i s s i p a t i o n  rate E is 
replaced with a frequency or a s c a l e  l e n g t h ) .  
erence 4 gives  a r ep resen ta t ive  sample of such work. 

The c o l l e c t i o n  of papers  i n  ref- 

Few reports are ava i l ab le  which g ive  measured composition p r o f i l e s  i n  tu r -  
bu len t  flames - espec ia l ly  f o r  supersonic  flow. Also, there are no s a t i s f a c t o r y  
models ava i l ab le  f o r  t h e o r e t i c a l  ca l cu la t ion  of  chemical r eac t ion  i n  tu rbu len t  
f lows. Some new data on composition i n  a supersonic  flame are published here, 
and emphasis is l a i d  on t e s t i n g  the  ab i l i t i es  of the chosen turbulence model 
and the  chosen reac t ion  model t o  p red ic t  the  p rope r t i e s  of tu rbulen t  r eac t ing  
flow. 

NOMENCLATURE 

a mass f r a c t i o n  

CEBU c o e f f i c i e n t  i n  eddy breakup model 

Cp,C,1,CE2,Cgl,Cg2 c o e f f i c i e n t s  i n  turbulence model 

D nozzle  diameter, m 

j e t  diameter, m d j  

f acce le ra t ion  parameter i n  turbulence model 

Q mean square f l u c t u a t i o n  i n  mass f r a c t i o n  

h s l o t  he ight ,  m 

h to ta l  enthalpy, m2sm2 

i parameter i n  t r anspor t  equations 

k turbulence k i n e t i c  energy, m2s-2 

Rm mixing length,  m 

RE characteristic length  f o r  d i s s i p a t i o n  of k ,  m 

M Mach number 

h 

m mole f r a c t i o n  
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P 

Pref 

p t , 2  

r 

rl 

T 

U 

V 

Q 

X 

Y 

8 

Fr 

P 

CT 

T 

static pressure ,  Pa 

reference pressure ,  Pa 

p i t o t  p re s su re ,  Pa 

rad ius ,  m 

upper limit of r f o r  mass flow i n t e g r a l  

temperature,  K 

flow v e l o c i t y  i n  p r i n c i p a l  flow d i r e c t i o n ,  ms-1  

flow v e l o c i t y  i n  t ransverse  d i r ec t ion ,  ms-" 

chemical r eac t ion  rate, kgm-3s"' 

d i s tance  along flow d i r e c t i o n ,  m 

d i s tance  normal t o  flow d i r ec t ion ,  m 

d i s s i p a t i o n  rate of turbulence k i n e t i c  energy, m2s-3 

v i s c o s i t y ,  Nsm-2 

dens i ty ,  kgm-3 

Prandt l  number 

shear stress, Nmm2 

Subscr ipts :  

c l  center  l i n e  

e edge 

f f u e l  

Q f luc tua t ion  

h enthalpy 

j je t  

k turbulence k i n e t i c  energy 

m species  

0 i n i t i a l  
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0 oxidant 

t t u r  bu l  en t 

u v e l o c i t y  i n  flow d i r e c t i o n  

E d i s s i p a t i o n  rate 

Chemical no ta t ion :  

A r  argon 

H2 hydrogen 

H20 water 

N2 n i t rogen  

02 oxygen 

DESCRIPTION OF PROGRAM 

The two-dimensional (2-D), parabol ic  computer program is described i n  ref- 
erences 5 and 6 .  
been t a i l o r e d  t o  f i t  the  needs of the use r s .  Solut ions of parabol ic  p a r t i a l  
d i f f e r e n t i a l  equat ions for  t r anspor t  of  momentum, energy, and mass are accom- 
p l i shed  by the  f in i t e -d i f f e rence  technique of Patankar and Spalding (ref.  7 ) .  
These equations are 

It is b a s i c a l l y  the  program the  cont rac tor  de l ivered  but has 

where i = 0 f o r  plane flow, and i = 1 for  axisymmetric flow. 

Two more equat ions are solved for  the t r anspor t  of turbulence k i n e t i c  energy 
k and of the d i s s i p a t i o n  rate of turbulence k i n e t i c  energy E 

4 



Equations a r e  also solved f o r  t h e  

pu aLf + pv 
ax 

C,, 

0.09 

t ranspor t  o f  f l uc tua t ions  i n  f u e l  and oxidant .  

CE1 C,2 Cgl Cg2 CEBU 0U,(Jk cr, Other 0 values  

1.43 1.92 2.80 2.00 0.53 1.0 1.3 0.7 

Turbulence v i s c o s i t y  is  computed from 

The chemical r eac t ion  r a t e l  is computed from 

Q -CElJupg1’2(;) ( 9 )  

C,, = 0.09 - 0.04f 

CE2 = 1.92 - 0.0667f 

where 

Y r a d i a l  width of  mixing region 

AU axial  d i r e c t i o n  ve loc i ty  d i f fe rence  ac ross  width of mixing region 

lThe a b i l i t y  to  calculate r eac t ion  rates was not included i n  the  program 
as received from t h e  cont rac tor ;  equi l ibr ium chemistry was used the re .  
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Equation (9) for the chemical r eac t ion  source term 12 is the  same as the  
one given i n  r e fe rence  3, which was concerned w i t h  premixed flow, To use i t  f o r  
d i f fus ion  flames, the  value o f  was taken t o  be t h e  root  mean square o f  
t h e  f l u c t u a t i o n s  i n  f u e l  or oxidant ,  whichever was smaller. T h i s  assumption was 
necessary,  s ince  Q must vanish i f  either f u e l  or oxidant is not present .  
Unfortunately,  t h e  recommended value CEBU = 0.53 was not  found t o  g ive  t h e  
b e s t  fits of ca l cu la t ed  r e s u l t s  with data. It was necessary t o  vary its value 
over a range of  a t  least an order  of magnitude. This po in t  is discussed later 
i n  the  paper. 

The program provides f o r  s e l e c t i o n  of two-dimensional o r  axisymmetric geom- 
e t r y ,  Boundaries t o  the flow may be chosen t o  be e i t h e r  walls o r  free bounda- 
ries; a symmetry axis can be spec i f i ed  f o r  axisymmetric flow. A choice can be 
made between H2 i n j e c t i o n  or premixed H2 and a i r ,  Chemical reac t ion  can be sup- 
pressed,  the gases can r eac t  a t  a f i n i t e  rate, or  they can react completely t o  
the ex ten t  t h a t  they a re  mixed. A choice can be made between a pressure  d i s t r i -  
but ion which v a r i e s  only i n  t h e  flow d i r e c t i o n  and one i n  which there a r e  nonuni- 
form t ransverse  pressure p r o f i l e s .  Any des i red  i n i t i a l  p r o f i l e s  of turbulence 
k i n e t i c  energy and its d i s s i p a t i o n  rate can be specified,  o r  they can be calcu- 
lated i n  the program by using a mixing length  model. Free-stream l e v e l s  of k 
can be spec i f i ed  independently i n  the  two streams. I g n i t i o n  can be delayed t o  
any poin t  downstream of the i n i t i a l  s t a t i o n .  

Although provis ion  is made f o r  the inpu t  of  i n i t i a l  p r o f i l e s  of seven va r i -  
ables, only p r o f i l e s  of temperature,  a x i a l  ve loc i ty ,  p ressure ,  and H2 mass frac- 
t i o n  are requi red ;  t he  o the r s  ( k ,  E ,  and v )  are op t iona l .  Up t o  80 p r o f i l e  
po in t s  may be spec i f i ed .  The i n i t i a l  p r o f i l e  po in ts  can be used exac t ly  as 
spec i f i ed  or i n t e r p o l a t i o n  is ava i l ab le  t o  produce any des i red  number of  po in t s  
up t o  80. 
of  t he  power-law opt ion can concentrate  grid po in t s  a t  either boundary or  i n  
the  center  of  the g r i d .  Linear i n t e rpo la t ion  can apply over the  whole gr id ,  o r  
i n  two sec t ions ,  where t h e  d i v i s i o n  between sec t ions  is  a t  t h e  H2 j e t  boundary. 
Tota l  mass flow of H2 i n j ec t ed  is an input  and is used t o  a d j u s t  the  i n i t i a l  
g r id  i n  the  H2 region t o  i n s u r e  tha t  the ca l cu la t ed  mass flow of H2 equals  t he  
inpu t  value. One other  opt ion c a l c u l a t e s  1/7-power-law ve loc i ty  v a r i a t i o n s  i n  
t h e  two p a r t s  of  t h e  flow. 

In t e rpo la t ion  can be l i n e a r  o r  by means of a power-law opt ion.  Use 

I n  normal operat ion the  t ransverse  g r i d  covers t he  mixing region between 
the H2 j e t  and the  eo-flowing stream and extends a s h o r t  d i s tance  i n t o  t h e  free- 
stream flow. A s  the  mixing region expands, departure  from zero of  property 
g r a d i e n t s  (either ve loc i ty  or temperature) near a boundary causes the g r i d  t o  
expand by en t r a in ing  free-stream f l u i d ,  bu t  the t o t a l  number of g r i d  po in t s  is 
i n v a r i a n t ;  t h a t  is, the  gr id  s t r e t c h e s  over a larger reg ion  of space t o  accommo- 
date the  a d d i t i o n a l  f l u id .  If the g r i d  reaches a wall, boundary condi t ions  are 
reset t o  f ix  t h a t  boundary a t  t h e  wall and no more f l u i d  is ent ra ined  through 
t h a t  boundary. A corresponding procedure is used i f  the gr id  reaches an a x i s  
of  symmetry. O f  course,  the  ca l cu la t ion  can begin with t h e  g r i d  a l ready  a t  the 
boundaries. One o ther  i n t e r e s t i n g  mode of  operat ion provides f o r  c a l c u l a t i n g  
with spec i f i ed  v a r i a t i o n  of pressure  i n  t h e  p r i n c i p a l  flow d i r e c t i o n ,  no en t r a in -  
ment of f l u i d ,  w a l l  boundary condi t ions ,  and w i t h  v a r i a b l e  ( ca l cu la t ed )  flow 
area. 
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Thermodynami e p rope r t i e s  are based on data from the  J A  F tables (ref,  8)  

Temperature is obtained by i t e r a t i o n  
local value of  s t a t i c  enthalpy.  Density is ca l cu la t ed  from 

and are made a v a i l a b l e  i n  the  p ro  ram by means o f  the least 
power-law fits described i n  refer ce 9. 
t o  match the  kn 
the  gas l a w ,  
on a Control Data Corporation 6600 machine t o  go 30 j e t  diameters downstream 
from the  i n j e c t i o n  poin t  when 61 t ransverse  gr id  poin ts  are used, 

quares-adjusted 

Computer s torage is lllOOOg and the run time is about 5 minutes 

It is d i f f i c u l t  t o  assess the accuracy of t h e  f in i t e -d i f f e rence  procedure 
used t o  solve the d i f f e r e n t i a l  equat ions.  A short  q u a l i t a t i v e  discussion of  
accuracy appears i n  reference 7 (p.  1561, but  f o r  p r a c t i c a l  purposes it was 
found t o  be more s a t i s f a c t o r y  t o  compare with r e s u l t s  obtained from other cal- 
cu la t ions  or with measured data. An important requirement f o r  hydrogen in j ec -  
t i o n  s t u d i e s  is tha t  the mass flow of  hydrogen in tegra ted  over the c ros s  sec t ion  
a t  any given s t a t i o n  be cons tan t ;  t h i s  hydrogen mass flow is found t o  vary less 
than 1 percent .  

DESCRIPTION OF TEST CASES 

The seve ra l  test cases  described here were se lec ted  t o  demonstrate the  
a b i l i t y  of  t h e  program t o  make u s e f u l  p red ic t ions  of t he  mixing and r eac t ion  of  
hydrogen and oxygen under a v a r i e t y  of condi t ions .  Table I lists the  character- 
is t ics  of  those selected. 

TABLE I.- CHARACTERISTICS OF TEST CASES 

- 
'est 
!ase 

- 
1 

2 

3 

4 

5 

6 

Supersonic 
flow 

Yes 

Yes 

NO 

Yes 

Yes 

Yes 

Geometry 

Axisymmetric 

Axisymmetric 

Axi symme t r i c  

Axisymmetric 

Plane 

Plane 

S t a t i c  
;empera t ure 

h n e r  

25 1 

276 

300 

255 

254 

294 

3uter 

1495 

1140 

300 

21 9 

1270 

294 

Boundary 

Inner  

Axis 

Axis 

Axis 

Axis 

Wall 

Wall 

- 
Outer 

Free 

Free 

Free 

Free 

Free 

Wall 

ieaction 

Yes 

Yes 

Yes 

No 

Yes 

NO 

Source 

Present repor t  

Reference 10 

Reference 11 

Reference 12 

Reference 13 

Present report  
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Test Case 1 

For test case 1 (Beach, appendix A ) ,  t h e  geometry of the  supersonic  nozzle 
and H2 i n j e c t o r  is i l l u s t r a t e d  i n  sketch ( a ) :  

J 

Sketch (a)  

t hickn es s 0.0015 m 

The hydrogen was piped from high pressure  b o t t l e s  and was expanded through 
a supersonic nozzle  (not shown) near t h e  end of  the  i n j e c t o r  pipe.  A test gas  
which simulated hot  a i r  was obtained by burning H2 and a i r ,  rep lac ing  the  oxy- 
gen, and then expanding through a supersonic  nozzle. Data cons is ted  of p i t o t -  
p ressure  p r o f i l e s  and composition p r o f i l e s .  Data a t  each of  the  four  s t a t i o n s  
were taken i n  sepa ra t e  runs.  Values of x /d .  for t h e  composition p r o f i l e s  are 
larger than those fo r  the p i to t -pressure  p r o h e s  because of the  geometry of t h e  
sampling probes.  This and o the r  d e t a i l s  are discussed i n  appendix A. The tes t  
condi t ions  f o r  t h i s  case are 

Mach number, M . . . . 
Temperature, T,  K . . . 
Veloci ty ,  u ,  m / s  a . . 
Pressure,  p ,  MPa . . . 

Hydrogen j e t  

2.00 

25 1 

2432 

0.1 

1 .ooo 
0 
0 
0 

Free stream 

1.90 

1495 

1510 

0.1 

0 
0.241 
0 e 478 
0.281 
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Test Case 2 

For test case 2 (Cohen and Guile ,  r e f .  101, t h e  geometry of  t he  supersonic  
nozzle and H2 i n j e c t o r  is i l l u s t r a t e d  i n  sketch (b ) :  

Injector lip thickness = 0.00054 rn 

Sketch ( b )  

The hydrogen was piped from high pressure b o t t l e s  and was expanded through 
a supersonic  nozzle (not  shown) near  the  end of  t h e  i n j e c t o r  pipe.  A test gas  
which simulated ho t  a i r  was obtained by burning H2 and a i r ,  replacing t h e  oxy- 
gen, and then expanding through a supersonic nozzle.  Data consis ted o f  p i t o t -  
pressure p r o f i l e s ,  composition p r o f i l e s ,  and temperature p r o f i l e s  as given i n  
re ference  10. The test condi t ions f o r  t h i s  case are 

Mach number, M . . . .  
Temperature, T, K . . .  
Veloci ty ,  u, m / s  . . .  
Pressure ,  p ,  MPa . . .  
Mass f r a c t i o n  : 

aH2 * .  * e ' e 

a& . . . . . . . . .  
a H 2 0 . .  . . . . . . .  
aO2 . . . . . . . . .  

Hydrogen je t  

1.46 

276 

1877 

0.09 

1 .o 
0 
0 
0 

Free stream 

1.86 

1140 

1265 

0.09 

0 
0.260 
0.590 
0.150 
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Test Case 3 

For test case 3 (Kent and Bilger, ref .  111, the  geometry of the a i r  nozzle 
and H 2  i n j e c t o r  is i l l u s t r a t e d  i n  sketch (c )  : 

L = 0.305 m 
d. = 0.00762 m 
Injector lip thickness = 0.00020 m 

J 

Wind tunnel 

Sketch (c )  

The c i r c u l a r  H2 i n j e c t i o n  nozzle was ex te rna l ly  and i n t e r n a l l y  contoured 
to  produce a very t h i n  edge a t  the e x i t .  Turbulence i n t e n s i t y  i n  the  square- 
sect ioned wind tunnel  was claimed t o  be about 0.2 percent .  Data cons is ted  of  
p r o f i l e s  of dynamic pressure ,  composition, temperature,  ve loc i ty ,  and turbulence 
i n t e n s i t y  as given i n  reference 11.  The test  condi t ions f o r  t h i s  case are 

Mach number, M . . . . 
Temperature, T ,  K . . . 
Veloci ty ,  u,  m / s  . . . 
Pressure,  p ,  MPa . . 
Mass f r ac t ion :  

Hydrogen j e t  

0.135 

300 

178 

0.1 

1 .o 
0 
0 
0 

Free stream 

0.043 

300 

15.1 

0.1 

0 
0.232 
0.768 

0 
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Test Case 4 

0.1 

1 .o 

For test case 4 (Eggers, ref, 121, the  geometry of t h e  supersonic nozzle  
and H2 i n j e c t o r  is i l l u s t r a t e d  i n  sketch (d) :  

0.1 

0 

ickness = 0.00055 m 

V T  
Sketch ( d )  

The hydrogen was piped from high pressure b o t t l e s  and was passed through 
the  nozzle a t  subsonic  speed (M = 0.88) i n t o  t h e  supersonic airstream (M = 1.32). 
Data consis ted of v e l o c i t y  p r o f i l e s  and composition p r o f i l e s  as given i n  refer- 
ence 12. There was no burning because both t h e  hydrogen and the  a i r  were cold .  
The test  condi t ions  f o r  t h i s  case are 

Mach number, M . . . . 
Temperature, T,  K . . . 
Veloci ty ,  u ,  m / s  . . . 
Pressure ,  p ,  MPa . . 
Mass f r a c t i o n  : 

aH2 . * * * - * * e 

a02 * ' * * a - 
aN2 * * * ' ~ . . * ~  aH20 . . . . . . . . . 

0.88 

255 

1074 

21 9 

394 

0 0.232 
0 1 0.768 
O I  0 

I 
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Test Case 5 

For test case 5 (Burr s and Kurkov, ref,  131, the geometry of  the  
l a y e r s  is i l l u s t r a t e d  i n  sketch (e>: 

jector lip thickness = 0.0076 m 

1048 m 

h = 0.004 m 

Sketch (e>  

Hydrogen was in jec ted  a t  sonic  speed through a s l o t  i n  the  lower wall of 
A test gas which simulated hot a i r  was obtained by burning the test  sec t ion .  

H2 and a i r ,  rep lac ing  the oxygen, and then expanding through a supersonic  noz- 
z l e .  Data cons is ted  of p i to t -pressure  p r o f i l e s ,  composition p r o f i l e s ,  and t o t a l  
temperature p r o f i l e s  as given i n  reference 13. The test  condi t ions for t h i s  
case are 

Mach number, M . . . 
Temperature, T,  K . . . 
Velocity,  u ,  m / s  . . . 
Pressure, p ,  MPa . . . 

Hydrogen je t  

1 .oo 

254 

1216 

0.1 

1 .ooo 
0 
0 
0 

Free stream 

2.44 

1270 

1764 

0.1 

0 
0.258 
0.486 
0.256 
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Test Case 6 

For test case 6,  t he  geometry o f  the supersonic  duct is i l l u s t r a t e d  i n  
sketch ( f )  : 

a! = 3.366' 

Sketch ( f )  

A i r  a t  Mach 1.5 flows i n  a two-dimensional duct  with walls i n f i n i t e l y  d i s -  
t a n t  on two s i d e s .  The d i s t ance  between the  o t h e r  two walls decreases l i n e a r l y  
between two given p o i n t s  along the flow direct ion;  everywhere else the  walls are 
p a r a l l e l .  
g a t e s  ac ross  the flow and reflects from the  opposi te  wall. I n  similar fash ion ,  
a r a r e f a c t i o n  with o r i g i n  a t  t h e  end o f  the  con t r ac t ion  propagates i n t o  the  flow, 
T h i s  is not  an experimental  test case; comparison is made wi th  r e s u l t s  obtained 
from a shock- f i t t i ng  program ( r e f .  14). 

A shock wave with o r i g i n  a t  t h e  beginning of t h e  contract ion propa- 

The test  condi t ions f o r  t h i s  case are 

Mach number, M . . . .  
Temperature, T ,  K . . .  
Velocity, u ,  m / s  . . .  
Pressure,  p, MPa . . .  
Mass f r a c t i o n  : 

aH2 . . . . . . . . .  

a H 2 0 . .  . . . . . . .  
aO2 . . . . . . . . .  
aN2 . . . . . . . . .  

Airflow 

1.50 

294 

516 

0.1 

0 
0.232 
0.768 

0 
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CALCULATED RESULTS 

i t h  one except ion t h e  experiments descr ibed i n  the  tes t  cases have 
appeared i n  the literature and are not descr ibed here i n  detai l ,  The data of 
tes t  case 1,  i n  which hydrogen was in j ec t ed  i n t o  a co-flowing, supersonic ,  ax i -  
symmetric, heated airstream, were taken by using the  equipment and procedures 
described i n  appendix A.  
p r o f i l e s  was used only fo r  c a l c u l a t i n g  test case 6, which was chosen e spec ia l ly  
t o  demonstrate t h i s  capab i l i t y .  
case 6.) 

The opt ion  f o r  computation of t ransverse  pressure  

(There are no experimental  data f o r  test 

The purposes of comparing experimental  and ca l cu la t ed  r e s u l t s  were t o  
v a l i d a t e  the use o f  the program under a v a r i e t y  of condi t ions  and t o  determine, 
through experience,  any special s e n s i t i v i t i e s  or l i m i t a t i o n s  t o  its use .  The 
a b i l i t y  of the turbulence model t o  provide eddy v i s c o s i t i e s  leading t o  good pre- 
d i c t i o n  of mixing under a wide v a r i e t y  of condi t ions was of e spec ia l  i n t e r e s t  - 
as was a l s o  the a b i l i t y  t o  account f o r  the effects of chemical reac t ion .  

Test Case 1 

Because test  case 1 (Beach, appendix A )  t o  a s u b s t a n t i a l  degree s imulates  
a por t ion  of the reac t ing  flow i n  a hydrogen-fueled supersonic  combustor, and 
because the measured data are previously unpublished, the ana lys i s  is more com- 
p l e t e  than those  for  the  o the r  cases. I n i t i a l  p r o f i l e s  a t  x / d j  = 0.33 are 
given i n  f igu re  1 f o r  temperature, p i t o t  p ressure ,  v e l o c i t y ,  composition, turbu- 
lence k i n e t i c  energy, and its rate of d i s s i p a t i o n .  Static pressure  was assumed 
t o  be 1 atmosphere throughout the flow f i e l d ;  the  composition cons is ted  of hydro- 
gen i n  the  j e t  and v i t i a t e d  a i r  outs ide .  The i n i t i a l  s ta t ic  temperature and 
v e l o c i t y  p r o f i l e s  were based on the  known t o t a l  temperatures i n  the  jet  and 
free stream and on the measured p r o f i l e  of p i t o t  pressure.  

The flow ca lcu la t ions  began a t  x /d j  = 0.33, the poin t  a t  which measure- 
ments c l o s e s t  t o  the i n j e c t o r  were made. It should be noted t h a t  t h e  i n t e r i o r  
and e x t e r i o r  diameters of the i n j e c t o r  were 0.0065 and 0.0095 m,  r espec t ive ly ;  
the l i p  th ickness  was 0.0015 m. A small r e c i r c u l a t i o n  region probably was pres- 
e n t  near the l i p .  If any shock waves were generated by i n t e r a c t i o n  between the  
je t  and the surrounding flow, t h e i r  effects on the ca l cu la t ed  flow p r o p e r t i e s  
are not  accounted fo r .  Since t h e  jet and free-stream s ta t ic  pressures  were 
c a r e f u l l y  matched i n  the  experiments, it is believed t h a t  no s i g n i f i c a n t  effects 
caused by such shock waves were present .  

Axial v a r i a t i o n s  of p i t o t  p ressure  and hydrogen mass f r a c t i o n  are shown 
i n  f igu re  2. The reasonable agreement between theory and experiment is a good 
ind ica t ion  t h a t  mixing is ca lcu la t ed  c o r r e c t l y .  Since mixing is produced by 
turbulen t  d i f f u s i o n  i n  the d i r e c t i o n  t r ansve r se  t o  the a x i s ,  and s ince  the  mag- 
n i tude  of the d i f f u s i o n  term is propor t iona l  t o  the  tu rbu len t  v i s c o s i t y  modeled 
by equation (81, it is important to  have a good procedure f o r  determining the 
i n i t i a l  p r o f i l e s  of k and i ts  d i s s i p a t i o n  rate E .  Experimental p r o f i l e s  of 
k and were not ava i l ab le ;  t he re fo re ,  P rand t l ' s  mixing length  theory was 
used i n  the manner described i n  appendix B. 
d i s s i p a t i o n  l eng th  parameter RE 

Unfortunately,  adjustment of t he  
is necessary t o  achieve good agreement with 
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the data. To i l l u s t r a t e  t h i s  po in t ,  curves are sho re 2 f o r  three 
values  of  RE. 

Since the l o c a t i o n  of s t reaml ines  i n  a reacti flow can depend s t rong ly  
on the amount of  f u e l  tha t  reacted, it is a l s o  important t o  examine the radial 
v a r i a t i o n  of the integrand i n  the mass conservat ion r e l a t i o n :  

Mass flow = pur d r  

I n  f i g u r e  3 experimental2 and t h e o r e t i c a l  values  of 
are compared. Tlie complete-reaction curve corresponds t o  an i n f i n i t e l y  fast  
r eac t ion ;  t h a t  is,  a l l  f u e l  and oxygen tha t  mix are completely burned. The 
quan t i ty  
i d e n t i f i e d  by a value of CEBU were ca lcu la ted  by using equation ( 9 ) .  The 
no-reaction curve was obtained by using f rozen  chemical composition. 
agreement is obtained by using CEBU = 0.10; the  other  curves  appear on the 
p l o t s  to  give the  reader a f e e l i n g  for t h e  range of values  t o  which the calcu- 
l a t i o n s  are s e n s i t i v e  and t o  i n d i c a t e  roughly the degree t o  which r eac t ion  is 
complete. More p rec i se ly ,  f o r  t h i s  case (CEBU = 0.101, the computed r eac t ion  
e f f ic iency  (def ined as the ra t io  of  hydrogen burned t o  hydrogen macroscopically 
mixed) is 0.20 a t  X / d j  = 20.0, and 
0.32 a t  x /d j  = 26.2. 

pur a t  four  a x i a l  s t a t i o n s  

CEBU is the constant  that  appears i n  equation ( 9 ) ;  thus ,  the curves 

Best 

x / d j  = 6.56, 0.28 a t  X / d j  = 13.8, 0.30 a t  

It w i l l  become apparent as o the r  test  cases are discussed tha t  CEBU is  
not a constant ;  its value must be determined by ana lys i s  of measured data l i k e  
that  shown i n  f i g u r e  3. P r o f i l e s  of  p i t o t  p ressure  and composition ca l cu la t ed  
u s i n g  CEBU = 0.10 a r e  shown i n  f igu re  4.  No-reaction and complete-reaction 
curves are shown f o r  comparison. 
i nd ica to r  of the degree t o  which r eac t ion  is  complete, and these show reasonable 
agreement with t h e  CEBU = 0.10 curves.  The data po in t s  f o r  H20 do not  agree 
as w e l l  and c o n s i s t e n t l y  i n d i c a t e  more water formed than was predicted by the  
CEBU = 0.10 c a l c u l a t i o n .  However, the  p i to t -pressure  data do not r e in fo rce  
t h i s  observat ion;  they ind ica t e  less r eac t ion  than the  CEBU = 0.10 ca l cu la t ion .  
A p l aus ib l e  explana t ion  f o r  t h i s  result  is t h a t  add i t iona l  r eac t ion  takes place 
i n  the gas sampling probe. A s  discussed i n  reference 15, i f  t h i s  r eac t ion  
occurs,  t he  gas sample composition is g r e a t l y  a l t e r e d ,  but  t h e  p i t o t  p ressure  
is not s u b s t a n t i a l l y  a f fec ted  ( 3  percent to  12 percent maximum). 

The data p o i n t s  f o r  02 are t h e  most s e n s i t i v e  

It should be noted t h a t  t h e  eddy breakup model assumes one g loba l  r eac t ion  
(02 + 2H2 -+ 2H20) and makes the rate propor t iona l  t o  the rate a t  which large 
tu rbu len t  s t r u c t u r e s  break down i n t o  small ones. A model based on a system of  
chemical k i n e t i c  equat ions would be able t o  produce H20 faster i n  the  cen te r  
of a flame where temperatures and concentrat ions are high and would produce it  
slower a t  the  edges. Such an a b i l i t y  might produce ca lcu la ted  curves which 
agree better with t h e  data. , 

7 

2Density and ve loc i ty  p r o f i l e s  were ca l cu la t ed  from the experimental data 
on p i t o t  p ressure  and composition. 
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It should a l s o  be remembered t h a t  i n  tu rbu len t  flames l i k e  the  one being 
Since the  eddy breakup model i s  examined, unmixedness can play a major r o l e .  

based on the concept of unmixedness, it is l i k e l y  t o  be super ior  i n  some s i t u a -  
t i o n s  t o  chemical k i n e t i c  models which do not  account for  unmixedness. It would 
be desirable t o  have a model which can account fo r  both chemistry and unmixed- 
ness ,  but such a model is beyond the scope of t h i s  r e p o r t .  

Test Case 2 

Calcula t ions  were made for  test case 2 (Cohen and Guile ,  ref. IO) because 
the  test condi t ions  were similar t o  those of  test case 1.  I n  both experiments 
hydrogen was a x i a l l y  in j ec t ed  a t  supersonic  speed i n t o  a supersonic  stream of 
v i t i a t e d  a i r .  Geometry was similar and composition p r o f i l e s  were measured down- 
stream i n  both cases. The most evident  d i f f e rences  were i n  the  temperatures of  
the  airstreams (1140 K fo r  t h i s  case and 1495 K for  test case 1)  and i n  the  
s i z e s  of  t he  je ts  ( d j  = 0.0200 and 0.009525 m ) .  

4 .  I n  both cases the i n i t i a l  value of 
agreement with the measured data. 
6 )  are similar and show t h a t  the amount of  r eac t ion  is small f o r  both cases, 
although more r eac t ion  appears  t o  have occurred i n  the  h o t t e r  flow (case  1 ) .  
For t h e  case 2 f i n i t e - r a t e  ca l cu la t ion  using 
e f f ic iency  is: 0.14 a t  x /d j  = 5.1,  0.15 a t  X / d j  = 8.9, 0.16 a t  x / d j  = 12.7, 
and 0.16 a t  

The p l o t s  i n  f igu res  5 t o  7 should be compared wi th  those i n  f i g u r e s  2 t o  

The d i s t r i b u t i o n s  of  mass flow ( f i g s .  3 and 
was adjus ted  t o  g ive  reasonable 

CEBU = 0.05, t h e  computed r eac t ion  

x / d j  = 17.8. 

The p i to t -pressure  data i n  f igu re  7 and the mass flow d i s t r i b u t i o n s  i n  
f i g u r e  6 agree b e s t  with t h e  no-reaction curves,  b u t  t h e  H20 data and t h e  02 
data ind ica t e  t ha t  some reac t ion  occurred. The value CEBU = 0.05 i s  used t o  
demonstrate the effect of a small amount of r eac t ion  and ca lcu la ted  r e s u l t s  
obtained w i t h  i t  are not offered as a b e s t  f i t  t o  t h e  data. 

Test Case 3 

The experiment fo r  test  case 3 (Kent and Bi lger ,  ref. 11 ) was aga in  a x i a l  
i n j e c t i o n  of hydrogen i n t o  a co-flowing stream of a i r .  
cases, the  Mach number was low i n  both streams. Also, t h e  airstream was cold 
and d i d  not conta in  the  large amount of water present  i n  v i t i a t e d  a i r .  Great 
care was taken i n  the  experiment t o  contour both the  hydrogen and the air  noz- 
z l e s  so as t o  produce low i n i t i a l  turbulence;  turbulence i n t e n s i t y  was claimed 
t o  be about 0.2 percent  i n  both the jet and the  f r e e  stream. 

Unlike the  two previous 

Figure 8 shows the  a x i a l  v a r i a t i o n  of seve ra l  p r o p e r t i e s  f o r  case 3. 
Except for  the momentum f lux  a t  the outer  edge of the j e t  a l l  
the p rope r t i e s  shown are on 'the center  l i n e .  The data extend much farther down- 
stream than i n  cases 1 and 2 (x/d = 160 as compared wi th  x / d j  = 30). Agree- 
ment between theory  and experimen 2 is good. 
the temperature,  and even here the t rends  are co r rec t .  

The largest d iscrepancies  are i n  
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The mass-flow d i s t r i b u t i o n s  shown i n  f i g u r e  9 are s t r i k i n g l y  d i f f e r e n t  
f o r  t he  no-reaction and the  complete-reaction assumptions, Unlike the two pre-  
vious cases ,  test case 3 data agree with the  assumption of complete r eac t ion  
rather than t h a t  of  l i t t l e  o r  no reac t ion .  The disagreement between theory and 
data f o r  r 2 0.05 and x/d 5 80 is thought t o  be caused by the  i n a b i l i t y  
of t h e  k - E turbulence model t o  p r e d i c t  t h e  co r rec t  values  of t u rbu len t  
v i s c o s i t y  i n  the  ou te r  region of  the  flow where ve loc i ty  g rad ien t s  are small. 
Support f o r  t h i s  conclusion is contained i n  t h e  r e s u l t s  of  an experimental  inves- 
t i g a t i o n  i n t o  how large the  errors are i n  the  pred ic t ion  o f  tu rbulen t  v i s c o s i t y  
f o r  var ious flow geometries and i n  d i f f e r e n t  p a r t s  of a flow (ref.  16) .  
r e s u l t s  of the  i nves t iga t ion  show t h a t  f o r  axisymmetric geometry (and plane 
geometry a l s o ) ,  the v i scos i ty  is predic ted  w e l l  i n  the  c e n t r a l  p a r t  of  the  mix- 
ing l a y e r ,  b u t  not i n  the low shear regions a t  the edges. This  kind of  flaw i n  
the model can be t o l e r a t e d  because the  most important v i s c o s i t y  e f f e c t s  occur 
i n  the c e n t r a l  p a r t  of  the mixing l aye r .  

The 

The radial  p r o f i l e s  shown i n  f igu re  10 demonstrate again tha t  the theo re t i -  
c a l  and experimental  r e s u l t s  agree well f o r  t h i s  case.  The agreement is  b e t t e r  
a t  x / d j  = 40 than a t  x /d j  = 120 and is bet ter  f o r  small values  of  r / d .  than 
i n  the outer  p a r t  of  t h e  flow. 
Reaction is near ly  complete, as f i g u r e  9 a l s o  ind ica ted .  The computed r eac t ion  
e f f i c i ency  is about 0.90 a t  both x /d j  = 40 and a t  x /d j  = 120. The p rope r t i e s  
of t h i s  low-speed d i f fus ion  flame are predic ted  w e l l  except  i n  the  o u t e r  flow 
region at large d i s t ances  from the  i n j e c t i o n  poin t .  

Best r e s u l t s  were obtained wi th  CEBU = 0.33. 

Test  Case 4 

This  experiment ( tes t  case 4 (Eggers, ref. 12))  is another  i n  which H2 was 
i n j e c t e d  i n t o  a supersonic  airstream. 
were cold and there was no i g n i t i o n .  Figure 11 shows the  decay of center - l ine  
ve loc i ty  as a func t ion  of d i s t ance  from t h e  i n j e c t i o n  po in t  and a l s o  shows the  
decay o f  the H2 mass f r a c t i o n  along the cen te r  l i n e .  

There was no r eac t ion ,  f o r  both gases 

The p r o f i l e s  of  mass flow are shown i n  f i g u r e  12 f o r  four  s t a t i o n s .  Both 
no-reaction and complete-reaction curves are shown, even though case 4 was a non- 
r eac t ing  experiment. T h i s  is done t o  demonstrate a s i m i l a r i t y  between cases 3 
and 4 as  compared w i t h  cases  1 and 2. The ca lcu la ted  s h i f t  of  radial pos i t i on  
between the  no-reaction and complete-reaction curves is much larger f o r  cases 3 
and 4. This d i f f e rence  is due t o  the large dens i ty  mismatch between the H2 and 
a i r  l a y e r s  f o r  cases 3 and 4. 

Consider the effect of dens i ty  and v e l o c i t y  p r o f i l e s  on the pur  p l o t s .  
If Pu values  were constant across the mixing l a y e r ,  t h e  p l o t  would be a 
straight l i n e .  I n  the  i n i t i a l  s t a g e s ,  before  much mixing occurs ,  the curve 
c o n s i s t s  e s s e n t i a l l y  of two s t ra ight  l i n e s  which correspond t o  the  two free- 
stream condi t ions.  The following t a b l e s  are he lp fu l  f o r  comparing the  pur  
p l o t s  of  t he  fou r  cases: 
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The air/H2 r a t i o s  of Pu for cases  1 and 3 are both near un i ty .  Thus, 
the s lopes  of the two parts of  the  no-reaction curves should be near ly  the  same. 
The r a t i o s  of t h e  s lopes are about 2 fo r  case 2 and about 6 f o r  case 4.  
confirmation o f  these re l a t ionsh ips  can be had by examining f igu res  3, 6 ,  9 ,  
and 12. 

Crude 

A s  was remarked earlier, the  dens i ty  r a t i o s  a r e  larger f o r  cases  3 and 4 
than for cases  1 and 2;  the ou te r  l aye r s  are cold a i r  in s t ead  of ho t  a i r .  When 
r eac t ion  occurs ,  dens i ty  drops i n  t h a t  p a r t  of the  cold a i r  near the flame f r o n t  
and the s t reaml ines  expand t o  s a t i s f y  mass conservation. The e f f e c t  would be 
the  same i f  the H2 stream and a i r  stream were interchanged; the  radial s h i f t s  
would still be away from the cen te r  l i n e  and they would be l a r g e r  f o r  larger 
dens i ty  r a t i o s .  

It is apparent  t h a t  Pur p l o t s  can be used t o  determine the  amount of  
r eac t ion  p resen t ,  even with q u i t e  crude values  of measured composition. This is 
a very usefu l  c a p a b i l i t y ,  s i n c e  it is  o f t e n  d i f f i c u l t  t o  be s u r e  t h a t  the mea- 
sured sample p r o f i l e s  a re  r ep resen ta t ive  of the flow being sampled - 

The center - l ine  data f o r  case 4 have been compared previously (ref.  17) 
with c a l c u l a t i o n s  made by using the same k - E turbulence model used here .  
The agreement was better than t h a t  i n  f i g u r e  1 1 ,  but p r o f i l e s  were not  reported.  
I n  the present  ca l cu la t ion ,  c l o s e  a t t e n t i o n  was given t o  obtaining good agree- 
ment with the  p r o f i l e s ,  as shown.in f i g u r e s  12 and 13, but  a t  the c o s t  of some- 
what poorer agreement with center - l ine  data. The agreement is better f o r  veloc- 
i t y  p r o f i l e s  than  f o r  t he  H2 mass f r a c t i o n  p r o f i l e s ,  but  f o r  both,  the r e s u l t s  
are acceptable, and the t r ends  ind ica ted  are co r rec t .  

Test Case 5 

Test case 5 (Burrows and Kurkov, ref. 13) i s  the only mixing experiment 
considered i n  which H2 was not  i n j ec t ed  along the  cen te r  l i n e  of an axisymmetric 
airstream; i n j e c t i o n  i n  t h i s  case was from a s l o t  i n  a s t e p  on the  w a l l  of a rec- 
tangular  duct .  
is good when a near ly  complete reac t ion  is assumed. 
the f i g u r e  where the f i n i t e  rate and complete r eac t ion  curves d i f f e r  appreciably 
is near the peak of the curve f o r  mole f r a c t i o n  of water. 

A s  shown i n  f i g u r e  14, agreement between theory and experiment 
I n  fact, the  only place i n  



reement is considerably better than tha t  obtained by the  au thors  of 
3 .  Their  ca lcu la ted  p r o f i l e  shapes, inc ludin  the peak of t h e  water 

p r o f i l e ,  matched those of  the data well, but  were misplaced i n  the  cross-stream 
d i r e c t i o n .  
explanat ions:  ( 1 )  that  the use of  equi l ibr ium, r a the r  than f i n i t e - r a t e  chemis- 
t r y ,  was respons ib le  for the  d i f f e rence ;  and (2) t ha t  e f f e c t i v e  v i s c o s i t y  was 
higher i n  t h e  flame region than t h e i r  model pred ic ted .  They obtained exce l l en t  
agreement between theory and experiment when they examined data obtained i n  a 
nonreacting experiment similar to  the  reac t ing  one. 

They discussed the  discrepancy themselves and suggested two poss ib l e  

Test Case 6 

Test case 6 was chosen t o  i l l u s t r a t e  the  program's c a p a b i l i t y  f o r  c a l c u l a t -  
ing t ransverse  p re s su re  p r o f i l e s .  No s u i t a b l e  measured data were a v a i l a b l e ,  but  
a good test case was obtained by analyzing the chosen flow f i e l d  by u s i n g  the  
shock f i t t ing  program described i n  reference 1 4 *  

A i r  a t  room temperature and Mach number 1.5 flows between two plates. A l l  
property p r o f i l e s  are i n i t i a l l y  uniform. Between the  two given po in t s ,  t he  d i s -  
tance between the  p l a t e s  decrease8 l i n e a r l y ;  elsewhere, the d is tance  between 
them is a cons tan t .  A shock wave, wi th  o r i g i n  a t  the  first po in t ,  moves i n t o  
the flow and is reflected from the  opposite w a l l .  I n  similar fashion,  a rare- 
f ac t ion  moves i n t o  the flow from t h e  second po in t .  

The s o l i d  l i n e s  i n  f igure  15 show the shock f i t t i n g  r e s u l t s  and the  o ther  
l i n e s  show the  r e s u l t s  obtained w i t h  the parabol ic  marching program. 
s t eep  pressure g r a d i e n t s ,  l i k e  the  shock waves i n  f igure  1 5 ( a ) ,  a r e  poorly rep- 
resented.  
a r e  obtained,  and both the  shock wave and the  r a re fac t ion  region are e a s i l y  
i d e n t i f i e d .  

Obviously, 

However, t he  general  shape and magnitude of t h e  pressure  p r o f i l e s  

It is i n t e r e s t i n g  t o  note how the  d i f fuse  shock f r o n t s  calculated by t h e  
program cause premature pressure changes a t  t h e  walls. (See f ig .  15 (b ) . )  No 
premature pressure change is ca l cu la t ed  on the lower wall a t  y = 0.01 m or a t  
y = 0.03 m because these  changes were i n i t i a t e d  by sudden changes of  s lope  i n  
the  lower w a l l .  I n  the  program, flow area is caused t o  match duct area by 
ad jus t ing  the  average pressure i n  a one-dimensional approximate t reatment .  This  
is a better approximation i n  subsonic flow than i n  supersonic flow, because the  
f i n i t e  time required f o r  pressure  changes t o  propagate is ignored i n  the one- 
dimensional t rea tment .  For an example of t h i s  e f f e c t ,  see f igu re  15(b) ,  i n  
which pressure a t  a w a l l  should be constant except when a shock wave or  a rare- 
f ac t ion  passes.  The ove ra l l  r a i s i n g  of the pressure  which can be seen i n  the  
ca l cu la t ed  r e s u l t s  is caused by accounting i n  the one-dimensional t reatment  f o r  
boundary-layer growth a t  the walls. Because of the  tendency of  shock and expan- 
s ion  waves t o  be d i f fused  by mixing and r eac t ion ,  detailed ca l cu la t ion  o f  t he i r  
propagation i n  supersonic  combustors may not be warranted f o r  many app l i ca t ions .  
The ex ten t  t o  which t ransverse  pressure  g rad ien t s  can be accounted f o r  i n  t h e  
present  program should be usefu l  i n  such cases .  
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The two-dimensional computer program described here is a usefu l  t o o l  f o r  
a n a l y s i s  of  a v a r i e t y  of  tu rbulen t  flows - namely, mixing between p a r a l l e l  
streams, plane or  axisymmetric, subsonic or  supersonic ,  ducted or nonducted, 
r eac t ing  o r  nonreact ing.  The test cases demonstrate t h a t  t h i s  program can be 
used t o  c a l c u l a t e  p rope r t i e s  of  such flows with reasonable accuracy. 
demonstrate t h a t  good modeling of  both turbulence and r eac t ion  e f f e c t s  is neces- 
s a ry  for c a l c u l a t i o n  of flow p rope r t i e s  i n  tu rbu len t  flames. The empir ica l  con- 
s t a n t s  i n  the  turbulence model were the same f o r  a l l  c a l c u l a t i o n s  (assumed uni- 
v e r s a l i t y  of t h e  model), but t h e  i n i t i a l  p r o f i l e s  of turbulence k i n e t i c  energy 
k and d i s s i p a t i o n  rate of turbulence k i n e t i c  energy E were found t o  s t rongly  
in f luence  the  r e s u l t s .  The eddy breakup model (modified) for  c a l c u l a t i n g  the 
rate of chemical reac t ion  produced composition p r o f i l e s  which i n  most cases 
c lose ly  resembled t h e  measured p r o f i l e s ,  but  was ab le  t o  do so only by ad jus t ing  
an empir ical  cons tan t  t o  cause ca lcu la ted  p r o f i l e s  of mass flow d i s t r i b u t i o n  t o  
match those measured. Adjustment of t h i s  constant  con t ro l l ed  the  amount of  
hea t  released by chemical r eac t ion  and thereby determined the  s p a t i a l  l oca t ion  
of s t reaml ines  i n  the flow through the  change i n  gas dens i ty  p r o f i l e s .  

They a l s o  

The two-equation turbulence model appears t o  be gene ra l ly  adequate f o r  
modeling tu rbu len t  v i scos i ty  i n  axisymmetric and two-dimensional plane flows, 
except i n  regions of  low shear. P lo t s  of mass flow d i s t r i b u t i o n  are very usefu l  
f o r  deciding how much reac t ion  occurred i n  a given experiment. The eddy breakup 
model (modif ied) ,  which is v a l i d  only i f  a flame is d i f f u s i o n  con t ro l l ed ,  gave 
reasonable r e s u l t s  f o r  the  cases reported,  but  should be replaced by a chemical 
k i n e t i c  model, i f  one can be developed, which adequately accounts f o r  the  e f f e c t s  
of turbulence.  

Langley Research Center 
Nat ional  Aeronautics and Space Administration 
Hampton, VA 23665 
February 17, 1978 
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APPENDIX A 

DATA FOR TEST CASE 1 

I n  order t o  provide add i t iona l  data  f o r  the evaluat ion of  a n a l y t i c a l  models 
under development, a mixing-reacting experiment was conducted a t  t h e  Langley 
combustion test s tand .  The experiment cons is ted  of the i n j e c t i o n  of a super- 
sonic  j e t  of hydrogen coaxia l ly  i n t o  a high-temperature, v i t i a t e d  airstream. 

Apparatus and Procedure 

The test gas  for  the experiment was generated by burning hydrogen i n  a i r  
and rep len ish ing  the  volumetric oxygen content .  The heater which accomplishes 
t h i s  is described i n  de ta i l  i n  re ference  18; i t  is capable of producing stagna- 
t i o n  temperatures t o  2800 K and s tagnat ion  pressures  t o  3.1 MPa. Extensive 
f a c i l i t y  c a l i b r a t i o n  has ind ica ted  v i r t u a l l y  100 percent combustion e f f i c i e n c y  
fo r  the hea te r ,  and the  primary test gas cons t i t uen t s  are the re fo re  oxygen, 
n i t rogen ,  and water vapor. 

The test gas  nozzle ,  which is constructed of  s t a i n l e s s  steel ,  is cooled 
by approximately 6 kg/sec of water. 
Mach number is approximately 1.9. 
required t o  achieve t h e  desired 1-atmosphere s t a t i c -p res su re  condi t ion a t  t h e  
nozzle e x i t .  Stagnat ion temperature was nominally 2250 K i n  order  t o  s imulate  
f l i g h t  enthalpy environments i n  t h e  Mach 7 regime. The r e s u l t i n g  s ta t ic  temper- 
a t u r e  and test-gas flow r a t e  were approximately 1500 K and 0.980 kg/sec. 
na l  test gas c o n s t i t u e n t s  were oxygen (20%) water vapor (3821, and n i t rogen  
(42%) by volume. 

The e x i t  diameter is  6.57 cm, and the e x i t  
A s tagnat ion  pressure of  0.067 MPa was 

Nomi- 

The hydrogen i n j e c t o r  a t  the  nozzle cen te r  l i n e  is a 0.95-cm-diameter 
s t a i n l e s s - s t e e l  tube w i t h  a nozzle  i n s e r t  tha t  produces a 5 O  e x i t  half-angle.  
The e x i t  Mach number is nominally 2 ,  and the  l i p  thickness  approximately 1.5 mm 
In  these tests cool ing  was provided by the i n j e c t a n t  which o r ig ina t ed  from a 
supply a t  ambient temperature. Hydrogen s tagnat ion  pressure  was adjus ted  t o  
provide a matched-pressure condi t ion a t  the  i n j e c t o r  and tes t  gas nozzle e x i t s .  
Estimated temperature rise f o r  the hydrogen passing through t h e  i n j e c t o r  was 
150 K ;  t h i s  gave a hydrogen s t agna t ion  temperature of 450 K ,  and a hydrogen 
mass flow rate of  0.0084 kg/sec. 

Pr imary in-stream measurements f o r  t h e  experiment were p i t o t  p ressure  and 
composition p r o f i l e s .  
ence 19. Br i e f ly ,  the probe t i p  is a 20° half-angle  cone w i t h  a 0.79-mm o r i -  
f i c e .  The maximum diameter a t  the base of the  probe t i p  is 0.92 cm. 
uous t r ave r se  of  the flow was made a t  a r a t e  of  0.5 cm/sec. Pressure surveys 
were taken a t  x/d l o c a t i o n s - o f  0.33, 6.56, 13.8, 20, and 26.2; t he  data 
appear i n  f igu res  I t o  4 and i n  table A I .  
gas sampling probe discussed i n  re ference  20. 
the  sampling surface mounted a t  2O t o  t h e  flow; ports 0.5 mm i n  diameter are 
d r i l l e d  2.4 mm a p a r t .  The wedge leading  edge has a 0.38-mrn rad ius  t o  reduce 
s tagnat ion-point  hea t ing .  Gas samples were acquired a t  X / d j  l oca t ions  of 

Details of the  p i t o t  probe design are given i n  refer- 

A contin- 

Gas samples were taken with a wedge 
It has a 20° included angle  wi th  
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PPE 

8.26, 15-5,  21-7,  and 27.9, and the r e s u l t s  are shown i n  f i  res 1 t o  4 and i n  
table 82. The d i f f e rence  i n  a x i a l  l o c a t i  and gas sample 
surveys is caused by the fact tha t  the we t-probe leading 
were a t  the same loca t ion ,  bu t  the sampling p o r t s  are 1.7 em behind the wed 
leading edge. 

Gas samples were co l l ec t ed  i n  75-cm3 cy l inde r s  ( h valves  a t  each end) 
by evacuating them, purging wi th  the sample gases dur a run, and f i n a l l y  
f i l l i n g  them to  an appropr ia te  pressure  l e v e l  with the  sample gases. Total 
sampling time for  a set of nine samples was 8 seconds. Analysis was by gas 
chromatograph, and only dry  samples of n i t rogen ,  hydrogen, oxygen, and helium 
were examined;3 helium was used t o  trace the replenishment oxygen i n  order  to  
d i f f e r e n t i a t e  it from the oxygen i n  air .  Water concentrat ions were deduced 
from the  dry samples by a data-reduction technique described i n  re ference  19. 
A q u a n t i t a t i v e  i n d i c a t i o n  of the v a l i d i t y  of t h i s  approach is given by compar- 
ison o f  the reduced free-stream l e v e l s  of n i t rogen ,  oxygen, and water vapor as 
compared with the bulk values  i n  the  heater. (See f i g .  4. ) 

It should be noted tha t  f a c i l i t y  and instrumentat ion l i m i t a t i o n s  allowed 
only one p r o f i l e  t o  be obtained i n  any given burner f i r i n g .  The nine surveys 
( f i v e  p i t o t  
and some d i f f e rences  i n  test gas and hydrogen flow rates were i n e v i t a b l e .  How- 
ever ,  these d i f f e rences  were s l i g h t ,  w i t h  maximum devia t ions  of  1.1 percent ,  
3.8 percent ,  and 2.2 percent from previously mentioned heater s tagnat ion  pres- 
s u r e ,  s tagnat ion  temperature,  and hydrogen f u e l  flow rate, respec t ive ly .  The 
s tagnat ion  temperatures were not  measured d i r e c t l y  but were computed from heater 
performance data and the measured flow rates of hydrogen, oxygen, and air t o  
the heater. 

four  composition) were therefore  obtained i n  nine d i f f e r e n t  runs,  

Data I n t e g r i t y  

A t r a d i t i o n a l  i nd ica to r  of  data i n t e g r i t y  f o r  mixing flow f ie lds  has been 
the comparison of  mass flows ca lcu la ted  from measured composition p r o f i l e s  with 
flow rates measured during the experiment. 
meaningful comparison is f o r  i n j ec t ed  hydrogen. In t eg ra t ions  u t i l i z i n g  the  
composition, p i t o t  p ressure ,  and an assumed uniform static pressure  of  1 atmo- 
sphere were made a t  the four sample loca t ions .  It was assumed t h a t  the c l o s e s t  
p i t o t  p r o f i l e  t o  each wedge l o c a t i o n  was v a l i d  a t  the  wedge loca t ion .  Errors 
r e s u l t i n g  from the in t eg ra t ion  process ranged from 25 t o  33 percent.  These are 
large e r r o r s ,  a l though magnitudes of 20 percent  are t y p i c a l  f o r  t h i s  type of  
flow f i e l d .  There are seve ra l  p o t e n t i a l  sources  fo r  the discrepancies .  

For these free-jet data, the only 

Data accuracy of  p i t o t  p re s su re  measurements i n  flows i n  l o c a l  thermody- 
namic equi l ibr ium is t y p i c a l l y  very reliable, and r e s u l t s  from the  dry samples 
analyzed by the chromatograph are good t o  wi th in  *1 percent .  However, it is 
poss ib l e  t h a t  the probes complete an on-going r eac t ion ,  and tha t  t h e  cons t i t u -  
e n t s  reaching the sample b o t t l e  are not those  which were present  ahead of  t h e  
probe. If account is taken for  t h i s  effect by the unreact ing of p a r t  of the 

3The water was removed before  ana lys i s  because condensation i n  the sampling 
tubes would i n v a l i d a t e  any at tempt  t o  include it i n  the  ana lys i s .  
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TABLE A2.- SPECIE MASS FRACTIONS 

I 

N2 Ar 

3.190 0.003 
-115 .002 
.160 .003 
.408 .007 
.462 .008 
,465 .008 
.466 .008 
.468 .008 
.469 .008 + 

(a) x / d j  = 8.26 

t 
H20 H2 

1.315 0.423 
.215 ,604 
.263 .517 
.450 .163 
.393 ,008 
.332 0 
.322 0 
.274 0 
.270 0 

I I Mass f r ac t ion  for - 1 
i 

02 N2 A r  

0 0.257 0.005 
0 .177 .004 
0 .216 .004 

,004 .376 .007 
.137 .453 .008 
.198 .461 ,008 
.207 .463 ,008 
.250 .467 .008 
.253 .468 ,008 

r /d  j 

r / d j  

-0.267 

.233 

.483 

.733 

.983 
1.233 
1.483 
1.733 

-.017 

1.225 ,257 1 1.475 I ,247 

. 

H20 

0.403 

.394 

.429 

.445 

.380 
,347 
.301 
.263 

.369 

I 1.7251 .244 

N 2  A r  

1.329 0.006 
.303 .005 
.324 .006 
.377 ,007 
.429 ,008 
.456 .008 
.461 -008 
.466 .008 
.468 .008 

0.574 

.094 

, 

.268 

.278 

H20 

1.353 
.312 
.341 
,431 
.440 
,362 
.311 
.274 
.269 

r/d j 

-0.265 

.235 

.485 

.735 

.985 

-.015 

1.23 
1.49 
1.735 

H2 02 

0.353 0 
.428 0 
.374 0 
.205 0 
.037 .078 
.002 ,169 

0 ,217 
0 .250 
0 e 255 

(c )  X/dj = 21.7 

Mass f r a c t i o n  f o r  - 
*2 

I .  288 
.255 
.280 
.357 
.437 
.459 
.463 
,466 
.468 

r/d j 

-0.283 
-.033 

.227 

.477 

.727 
* 977 

1.227 
1.477 
1.727 

(b) X/dj = 15.5 

( d )  X/dj = 27.9 

H2 

0.262 
.323 
.275 
.162 
.527 
.006 
.001 

0 
0 

02 

0 
0 
0 

.024 

.065 

.149 

.183 
,224 
.260 
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f u e l ,  a 5-percent increase  i n  hydrogen mass flow r e s u l t s  from 50-percent l o c a l  
unreactedness and 13 percent from 90-percent unreactedness.  

Another poss ib l e  e r r o r  source is probe alignment.  If the assumption is 
made t h a t  the  wedge probe was on a chord d isp laced  0.16 cm o f f  the diameter, 
i nc reases  i n  computed hydrogen mass flows range from 15 percent  a t  
t o  7 percent  a t  
sampling p i t o t  p re s su res  and composition a t  s l i g h t l y  d i f f e r e n t  l oca t ions ,  but  
they are believed t o  be small. 

x’dd = 8.26 X / d j  = 27.9. It is d i f f i c u l t  t o  assess the e r r o r s  pro  uced by 

The assumption of  uniform s t a t i c -p res su re  p r o f i l e s  is  obviously not  c o r r e c t  
even though t h e  p re s su res  of hydrogen and test gas are i n i t i a l l y  matched. The 
i n j e c t o r  has a con ica l  nozzle, and the l i p  th ickness  of the i n j e c t o r  is large 
enough t o  cause aerodynamic dis turbances.  Nevertheless,  if a uniform inc rease  
of 10 t o  15 percent  is made i n  the s t a t i c  pressure ,  the computed mass flow 
inc reases  only 2 t o  3 percent.  

Other poss ib l e  sources of  e r r o r  include the  heat l o s s  i n  the  heater and 
nozzle (change i n  mass flow is 2 percent  maximum), and the fact t h a t  oxygen 
and helium may not  d i f f u s e  toge ther  ( l e s s  than 2 percent e r r o r ) .  

Unfortunately,  hardware problems el iminated the  p o s s i b i l i t y  of examining 
and co r rec t ing  these p o t e n t i a l  e r r o r  sources. I n  s p i t e  of t h i s ,  the  data are 
bel ieved t o  be r ep resen ta t ive  and meaningful and are appropr ia te  f o r  t h e  eval-  
ua t ions  being made i n  t h i s  r epor t .  
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APPENDIX B 

PROCEDURE FOR DETER ITIAL PROFILES OF k A 

Turbulent v i s c o s i t y  is modeled by using equation (8) i n  combination w i t h  
equat ions (4 )  and (5). The i n i t i a l  p rof i les  of k and E used t o  begin cal- 
cu la t ions  with these equations have a marked inf luence on the  amount of  mixing 
ca l cu la t ed .  S ince  measured p r o f i l e s  of  k and E are seldom a v a i l a b l e ,  the 
following procedure has been devised for use i n  the i r  absence. 

F i r s t ,  an est imate  is  made of  background l e v e l s  of turbulence i n  each 
stream; these are put i n  as constant  values  of  k t o  which shear-generated 
peaks are added. The shear-generated peaks a t  the i n i t i a l  s t a t i o n  are calcu- 
lated by using a mixing-length equation; t he  r e s u l t  of summing the  two con t r i -  
bu t ions  is 

2 
k = ( o.3 a U  ay) + kbackground 

where R, is t h e  d i s s ipa t ion  length scale, 

The length scale R, is chosen equal t o  10 times an appropr ia te  phys ica l  dimen- 
s ion  such as the thickness  of the s p l i t t e r  plate i n  a two-dimensional free shear 
l a y e r  experiment; it is then adjusted t o  ob ta in  best  agreement with observed 
q u a n t i t i e s  downstream. Given the k prof i le  from equat ion (Bl), the  e pro- 
f i l e  is ca lcu la t ed  from equation (B2). 

The v i s c o s i t y  1-1, ca lcu la t ed  from equat ion (81, is  a tu rbu len t  v i s c o s i t y .  
I n  the program the  laminar v i s c o s i t y  is computed and is added t o  1.1, so tha t  
the v i scos i ty  used i n  a l l  t r anspor t  equat ions  is  the  sum of  the  laminar and 
tu rbu len t  v i s c o s i t i e s .  Usually,  the laminar v i s c o s i t y  makes a n e g l i g i b l e  con- 
t r i b u t i o n  t o  the  t o t a l .  

Equation 
mixing length 

F t =  

This  equation 

(B2) is  a d e f i n i t i o n .  Equation (B1) is derived from Prand t l ' s  
equat ion as follows: 

Pam2 (e) 
is appropriate  for flows i n  which the production term for k is 

equal  t o  the  d i s s i p a t i o n  term, and experiments have shown t h a t  for  such flows 
(ref. 211, 

T 5 p ( g )  = 0.3pk 
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By combining equat ions (8) and (B2), 

From 

and 
is a 
with 
able 
more 
p l o t  

equations ( B 3 )  t o  (B5), 
2 

0.3 
km2 = RE 

Equations (131) and (B2) are adequate t o  de f ine  i n i t i a l  p r o f i l e s  o f  k 
E based on the Prandt l  mixing length concept;  the only information needed 
characteristic d i s s i p a t i o n  length  R, and a ve loc i ty  p r o f i l e .  Experience 
t h i s  approach has been good, provided some experimental knowledge is ava i l -  
about the  downstream flow so t h a t  the  value of  !&, can be ad jus ted .  A 
s a t i s f a c t o r y  procedure would be t o  f ind by r e f e r r i n g  t o  a c o r r e l a t i o n  
i n  terms of  known physical  q u a n t i t i e s  so t h a t  f low-field p red ic t ions  could 

RE 

be made r e l i a b l y  without  reference t o  measured downstream p rope r t i e s .  Unfortun- 
a t e l y ,  no such r e l a t i o n  has been found. 
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( b )  Turbulent k i n e t i c  energy and its d i s s i p a t i o n  rate. 

Figure 1.- Concluded. 
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Figure 5.- Axial va r i a t ion  of p i t o t  p ressure  and hydrogen mass f r a c t i o n  on the  
center  l i n e  f o r  case 2. CEBU = 0.05. (H2 i n  j e t ;  v i t i a t e d  a i r  outs ide . )  
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OF A ~0-DI~NSIONAL PARABOLIC COMPUTER OF A ~0-DI~NSIONAL PARABOLIC COMPUTER 
PREDICTION OF TURBULENT REACTING FLOWS on Code 

I 

Hampton, VA 23665 

15. Supplementary Notes 

16. Abstract 

The c a p a b i l i t i e s  of a computer program obtained from the  Spalding group of the 
Imperial College (London) and fu r the r  developed by NASA are explored, and computed 
r e s u l t s  are compared wi th  data. The comparisons are restricted t o  two-dimensional 
( 2 - D )  flows. Subsonic and supersonic flows, ducted and nonducted, reacting and 
nonreacting, are considered. Evaluation of models used f o r  turbulence and chemical 
reaction form an important pa r t  of the study. Constants i n  the k - E turbulence 
model, which produces mixing i n  good agreement with data, are the same f o r  a l l  cal- 
cu la t ions ,  but good i n i t i a l  p r o f i l e s  of  turbulence k i n e t i c  energy k and dissipa- 
t i o n  rate of  turbulence k i n e t i c  energy E 
r e s u l t s .  Since calculated r e s u l t s  i n  agreement w i t h  the data  can be obtained only 
by adjust ing i n i t i a l  p r o f i l e s  i n  the k - E model and a parameter i n  the  r eac t ion  
model, a t r u e  predict ive capab i l i t y  is not present.  However, the program is useful  
f o r  i n t e r p r e t i n g  and extrapolat ing the r e s u l t s  of experiments. Experimental data  
were l a rge ly  drawn from the l i t e r a t u r e ,  bu t  new data are reported f o r  coaxial  
i n j ec t ion  a t  matched pressure ( 1  atm o r  101.3 kPa) of a cold,  Mach 2,  hydrogen j e t  
i n t o  a h o t ,  Mach 2, v i t i a t e d  airstream. P r o f i l e s  of p i t o t  pressure and gas compo- 
s i t i o n  obtained from water-cooled probes are reported and compared with theo re t i -  
cal r e s u l t s .  
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