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A n  experimental  research program t o  de f ine  the 
t e a t  f l w  a t  the e x i t s  of two square cross- 
s e c t i o n ,  contoured f a c i l i t y  nozzles with nominal 
e x i t  Mach numbers of 4.1 and 6 is described. This 
study provided d e t a i l e d  c a l i b r a t i o n  d a t a  f o r  the 
NASA-langley Arc-Heated Scramjet Test F a c i l i t y  
over a range of simulated f l i g h t  condi t ions from 
Mach 5.5 ( a t  a l t i t u d e s  from 98,600 to 128,000 f t . 1  
t o  Mch 7 (a t  a l t i t u d e s  from 108.000 t o  149,000 
ft .).  Dis t r ibu t ions  of p i t o t  p re s su re ,  s ta t ic  
pressure,  and total temperature were measured a t  
the nozzle e x i t s  over t h i s  range of test condi- 
t i o n s .  lhese d i s t r i b u t i o n s  of thermodynamic pro- 
perties were used to c a l c u l a t e  the d i s t r i b u t i o n s  
of  test flow Hach number and mass flow a t  the 
nozzle e x i t s .  Contour map of t he  thermodynamic 
p r o p e r t i e s  and the ca lcu la t ed  q u a n t i t i e s  are pre- 
sented,  and an assessment is made of flow q u a l i t y  
of  square cross-sect ion,  contoured nozzles over a 
nozzle e x i t  Mach number range from 3.5 t o  6 
(s imulated f l i g h t  Hach numbers from 4 t o  71. 
F a c i l i t y  total  m a s 8  flow, Obtained by i n t e g r a t i o n  
of the nozzle e x i t  mass f l o w  contours,  compared 
favorably to measured f a c i l i t y  total  mass f l w .  
?he contour m a p  e r e  a l s o  used to determine the 
mass flow approaching the  i n l e t s  of var ious scram- 
j e t  engines. 
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scramjet  engine con t r ac t ion  r a t i o ;  
engine projected geometric cap tu re  
area r e l a t i v e  t o  engine minimum 
cross sectirm area 
F a c i l i t y  nozzle e x i t  dimension 
( h e i g h t  and width) 
lest flow t o t a l  enthalpy i n  the 
f a c i l i t y  plenum chamber 
% t a l  enthalpy corresponding to the 
simulated f r e e  stream f l i g h t  condi- 
t i o n  
Port ion of f a c i l i t y  test flow which 
passes through the projected scram- 
j e t  geometric capture  area 
Total f a c i l i t y  mass flow rate 
Mach number a t  the nozzle e x i t  simu- 
l a t i n g  scramjet  i n l e t  Mach number 
Simulated f r e e  stream f l i g h t  Mach 
number 
S t a t i c  pressure a t  the nozzle e x i t  
Test flow total pressure i n  t he  
f a c i l i t y  plenum chamber 

*Research S c i e n t i s t ,  Hypersonic Propulsion 

ttResearch S c i e n t i s t ,  Hypersonic Propulsion 
Branch, High-speed Aerodynamics Division 

Branch, High-speed Aerodynamics Division, Member 

t t tSenior  Research S c i e n t i s t ,  Hypersonic 
Propulsion Branch, High-Speed Aerodynamics 
Division 

AIAA 

neasured p i t o t  pressure a t  the e x i t  
of the f a c i l i t y  contoured nozzle 
Spec i f i c  gas cons tan t  
Reynolds number per f e a t  
S t a t i c  temperature a t  the nozzle 
e x i t  
Ihe mean value of a l l  to ta l  tempera- 
t u r e  measurements obtained a t  
loca t ions  mere than 2.5 inches from 
t h e  nozzle w a l l  f o r  a given t e s t  
condi t ion 
Test f l o w  t o t a l  temperature i n  the 
f a c i l i t y  plenum chamber 
Heasured t o t a l  temperature a t  the 
e x i t  of the f a c i l i t y  contoured 
nozzle 
Flow v e l o c i t y  a t  the nozele e x i t  

width of scramjet engine 
Vertical nozzle coordinate  
Ratio of s p e c i f i c  hea t s  
S t a t i c  d e n s i t y  a t  the nozzle e x i t  

Introduction 

Development Of a i r f rame-integerated scramjet 
(supersonic  zombustion eanjetl technology 
cont inues t o  progress a t  NASA's langley Research 
Center. The scramjet program focus is a fixed- 
geometry, hydrogen-burning, sdvanced engine con- 
cep t  (Fig. 1 1  t h a t  has been shown t o  p o t e n t i a l l y  
be a very e f f i c i e n t  
speeds above Mach 4.'" The i n t eg ra t ed  design 
Uses the  underside of the f l i g h t  veh ic l e  a8 p a r t  
of t he  propulsion system; i.e., the forebody pro- 
vides  aerodynamic precompression of the flow 
en te r ing  the i n l e t ,  and the a f t  port ion of the 
veh ic l e  is used as p a r t  of the nozzle expansion 
8UrfaCe. 

r pulsion device a t  f l i g h t  '-/ 

Experimental work i n  support  of this scramjet 
concept includes i n l e t  configurat ion t e s t s ,  
di rect-connect  combustor tests, and subscale  en- 
gine tests. I n l e t  tests have been cond cted i n  
several langley aerdynamic f ac i l i t i e s , ' . 4  while 
the direct-connect combustor tests have been 
conducted i n  a v i t i a t e d  air  (hydrogen-combustion- 
heated with oxygen replenishment) f a c i l i t y  a t  
Langley ( f o r  example, 888 Refs. 5 and 61. Scram- 
j e t  engine tests a t  a simulated f l i g h t  Mach number 
of  4 have been Conducted i n  combustion-heated a i r  
f a c i l i t i e s  a t  the  General App l ed  science Labora- 
tories (GASLI and a t  mgine  tests a t  
a simulated f l i g h t  Mach number of 7 have been 
conducted i n  the GASL f a c i l i t y  and i n  e l e c t r i c -  
arc-heated a i r  a t  the pangley Arc-Heated scramjet  
Test F a c i l i t y  (AHSTFI. Those t e s t a  served to 
demonstrate the performance p o t e n t i a l  of the a i r -  
frame-integrated scramjet  engine concept,  to indi-  
cate areas of engine operat ion r equ i r ing  f u r t h e r  
research,  and t o  def ine f a c i l i t y  improvements 
which would enhance f u t u r e  scramjet  r e l a t e d  re- 
search. 

Ihe engine test f a c i l i t i e s  are d i f f e r e n t  from 
most aerodynamic wind tunnels  because the  t o t a l  
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entha lpy  corresponding to the  f l i g h t  Mch number 
is dupl ica ted ,  and testa are conducted a t  total  
pressures  corresponding to p r a c t i c a l  f l i g h t  
a l t i t u d e s .  In  addi t ion ,  engine-airframe 

precoplpression and boundary l aye r  inges t ion  by the 
scramje t  are simulated. accomplish t h i s .  the  
scramjet i s  mounted i n  the  f a c i l i t y  as shown i n  
Figure 2 .  The f l i g h t  vehic le  bow shock precom- 
press ion  i s  simulated by t e s t i n g  a t  a tunnel Mach 
number less t h a n  the Mach number which corresponds 
to the  tunnel flow total  enthalpy. F l igh t  vehic le  
boundary l aye r  inges t ion  i s  p a r t i a l l y  simulated by 
mounting the  scramjet model so t h a t  the  f a c i l i t y  
nozzle boundary l aye r  approaching the model top  
su r face  is ingested.  

v i n t eg ra t ion  e f f e c t s  such 88 vehic le  bow shock 

The Langley Arc-Heated Scramjet Test h c i l i t y  
has t y p i c a l l y  been r e fe r r ed  t o  i n  previous l i tera- 
ture as the  Mch l scramjet Test Fac i l i t y .  
However, the  e f f o r t  of References 10 and 1 1  
expanded the test capab i l i t y  to a range of Hach 
numbers (from Mach 4.1 to Mach 7 ) j  therefore ,  the 
e a r l y  f a c i l i t y  des igna t ion  is no longer accura te  
and implies a l imi t a t ion  (i.e., Mach 7 t e s t i n g  
only1 vhich is no longer t rue .  With the proper 
f a c i l i t y  contoured nozzles,  a complete test pro- 
gram over a range of Mch nunbers m u l d  be accom- 
pl i shed  without removing the  model from the t e s t  
sec t ion .  merefore, two new f a c i l i t y  contoured 
nozzles,  with nominal e x i t  Mach numbers of 6 and 
4.1, w e e  designed and constructed.  Both nozzles 
had square c ross -sec t ions  a t  a l l  a x i a l  loca t ions .  
This square c ross -sec t ion  design minimized su r face  
area f o r  hea t  l o s ses  i n  the t h r o a t  region and, 
compared to a rec tangular  t h roa t ,  reduced the 
e f f e c t  of (and errors due t o )  the  boundary l aye r  
growth i n  the th roa t  region. 

The present  study was conducted to c a l i b r a t e  
v 

(i.e., de f ine  test flow thermodynamic condi t ione)  
a t  the  e x i t s  of the  new Hach 6 and the Mach 4.1 
nozzles.  It was necessary to obta in  a de ta i l ed  
nozzle flow c a l i b r a t i o n  because scramjet engine 
performance i s  based on  the  p rope r t i e s  of the test 
flow en te r ing  t h e  i n l e t ,  and i f  these p rope r t i e s  
are w e l l  defined, performance can be more accu- 
r a t e l y  determined. Note that the exis tence  of a 
boundary layer  i n  the test flow is des i r ab le  f o r  
t e s t s  of a i r f rame- in tegra ted  scramjets because 
t h i s  allows some simulation of the vehic le  fore- 
body boundary l aye r  as out l ined  i n  Reference 1 .  

This r e p o r t  documents the  c a l i b r a t i o n  of both 
the Mach 6 and Mach 4.1 nozzles. Nozzle e x i t  
contour maps of measured thermodynamic p rope r t i e s ,  
ca l cu la t ed  Mach number, and ca lcu la t ed  mass f l o w  
are presented. The contour maps are used to de- 
termine t h e  mass flow approaching the i n l e t s  of 
various scramje t  engines. 

ma rangley  Arclleated arsr)et Tast Faciliq 

The var ious  components of the  langley  Arc- 
Heated Scramjet Test  F a c i l i t y  tunnel c i r c u i t  are 
shown i n  Figure 3 and the f a c i l i t y  is descr ibed  i n  
d e t a i l  i n  Reference 12. The primary purpose of 
t h e  f a c i l i t y  is to provide a test flow with true 
ve loc i ty .  s ta t ic  temperature. and stat ic  pressure  
over a simulated f l i g h t  Mach number range from 4.7 
to 7, so that the  performance of hydrcqen-burning 
scramje t  engines m y  be assessed. - 

A long i tud ina l  s e c t i o n  view of the e l e c t r i c  
arc hea te r  and the  plenum chamber i s  shown i n  
F igure  4. Ihe arc is es t ab l i shed  between the  
e l ec t rodes  and. except foe the  termination re- 
gions,  i s  confined along the  hea te r  c e n t e r l i n e  by 
t h e  Vortex flow of the main air stream, which is 
p u r w s e l y  in j ec t ed  with a t angen t i a l  ve loc i ty  
( s w i r l e d  i n ) .  The arc-heated a i r  ( total  tempera- 
t u r e  approximately 8500%) is mixed i n  the plenum 
chamber with an unheated bypass a i r s t ream to form 
a r e s u l t a n t  test stream with the des i red  atagna- 
t i o n  condi t ions  (lOOOOR CT C4000DR~ Pt (660 
ps ia ) .  The bypass air is d j e c t e d  r a d i a l l y  from 
t h e  plenum r ings .  This r a d i a l  i n j e c t i o n  enhances 
mixing and also he lps  t o  break up the  s w i r l  down- 
stream of the arc hea te r  to improve flow q u a l i t y  
for engine t e s t i n g .  
expanded t h r o w h  a contoured nozzle i n t o  the test 
sec t ion .  The f l o w  is then d i f fused  to subsonic 
ve loc i ty ,  cooled by an a f t e r c o o l e r ,  and exhausted 
i n t o  a vacuum sphere (Fig. 3). 
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This test gas mixture is 

Razzle c a l i b r a t i o n  

schematics of the Mach 6 and Mch 4.1 nozzles  
are presented i n  Figure 5 .  These nozzles have 
square cross-sections throughonti t h e  e x i t  plane 
of the Mach 6 nozzle is 10.89 inches by 10.89 
inches and the  e x i t  p lane  of the Mach 4.1 nozzle 
is 11.114 inches by 11.174 inches. Nozzles of 
t h i s  type (where there is  contouring on a l l  four  
su r faces )  have not been used i n  any previous tests 
a t  the  AHSTF. Succe88 i n  f u t u r e  engine t e s t e  
d i c t a t e s  a thorough knowledge of flow condi t ions  
a t  the  e x i t s  of these f a c i l i t y  nozzles. This flow 
d e f i n i t i o n  required d e t a i l e d  measurements of p i t o t  
p ressure ,  Static pressure ,  and total  temperature 
so t h a t  Mach number and mass flow per u n i t  area 
could be ca l cu la t ed  and f l o w  uniformity assessed. 

Instrumentation 

Rake surveys a t  the  e x i t s  of both f a c i l i t y  
contoured nozzles provided d i s t r i b u t i o n s  of p i t o t  
p ressure ,  static pressure ,  and total temperature. 
The survey probes used i n  t h i s  study are shown 
schemat ica l ly  i n  Figure 6 .  
sure probes and t h e  s ta t ic  p res su re  probes were of 
s tandard  design. Since none of the probes were 
water-cmled, t h e  p i to t  probes used i n  t h e  Mach 6 
nozzle c a l i b r a t i o n  were of larger diameter t o  
withstand the  higher hea t ing  r a t e s .  A l l  probes 
were cons t ruc ted  from steel. Iridium versus 
Iridium/40 percent  rhodium thermocouple probes 
were used f o r  surveys of the Mch 6 nozzle a t  t e s t  
condi t ions  where the flow to ta l  temperature was 
near Mach 7 simulated condi t ione  (approximately 
4 0 0 0 W .  This probe was made of steel and a l s o  
cca ted  With zirconium oxide to surv ive  the high 
temperature test condi t ions .  Chromel-alumel 
thermocouple probea were wed f o r  a l l  surveys of 
the  Mach 4.1 nozzle. This probe design was 
s u f f i c i e n t  to withstand test condi t ione  'lp to 
simulated Mach 5.5 t o t a l  temperatures 
(approximately 2 7 0 0 W .  

m t h  the p i t o t  pres- 

rraatlrcd a d  (Ilicnlatid mta 
During t h i s  t e s t  program. nozzle e x i t  flow 

surveys were obtained f o r  a l l  of the test candi- 
tions l i s t e d  i n  Table 1. Ihe mntour  maps of the 
r e s u l t a n t  measured p rope r t i e s  and ca lcu la t ed  flow 
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parameters are very similar f o r  a l l  t e s t  
condi t ions explored f o r  each nozzle. Therefore,  
conmum w i l l  only be presented he re  f o r  the 
nominal test condi t ion f o r  each nozzle. The 
nominal test condi t ions are defined fo r  the 
precompreesion ( M  < M-I shorn i n  Table 1 a t  the 
lowest a l t i t u d e  s imulat ion c a p a b i l i t y  of the 
f a c i l i t y .  For t he  Mach 6 nozzle, t h i s  
corresponds t o  a total  enthalpy of 1077 BTU/lbrn 
( ca l cu la t ed  using a f a c i l i t y  energy balance as 
descr ibed i n  Ref. 12) and a f a c i l i t y  total  
p re s su re  of 584 p s i a .  
t h i s  corresponds t o  a total enthalpy of 690 
BTU/lbm and a f a c i l i t y  total pressure of 177 psia .  

1 

For the Mach 4.7 nozzle,  

Measurements of p i t o t  pressure,  t o t a l  
temperature,  and S t a t i c  pressure were obtained 
With the Mach 4.7 nozzle a t  the nominal t e s t  con- 
d i t i o n .  Measurements of p i t o t  pressure and total  
temperature were obtained w i t h  the Mach 6 nozzle 
a t  the nominal t e s t  condi t ion;  however, instream 
Stat ic  pressures  were not measured a t  t h i n  condi- 
t i o n  because the uncooled probes would not have 
survived f o r  the test time required f o r  these 
measurements t o  s e t t l e  near equi l ibr ium condi- 
t i ons .  Inatead,  r a t i o s  of s t a t i c - t o - t o t a l  pres- 
sure measured a t  the  e x i t  of the Mach 6 nozzle a t  
a f a c i l i t y  total  temperature of 1100% and a total  
p re s su re  of 325 p s i a  were used t o  e s t ima te  the  
s ta t ic  pressure a t  the nominal Mach 6 condi t ion.  
Wall s t a t i c  pressure a x i a l  d i s t r i b u t i o n s ,  which 
were measured a t  a l l  test condi t ions,  showed that 
the nozzle e x i t  s t a t i c  pressure r a t i o  a t  the nomi- 
n a l  Mach 6 t e s t  condi t ion ( 3 9 6 0 ' ~ )  was approxi- 
mately 90 percent  of t he  s t a t i c  pressure r a t i o  
measurements obtained a t  a t o t a l  temperature of 
1100%. This f a c t o r  was used to Correct  the sta- 
t ic pressure da t a  obtained a t  the lower t o t a l  
temperature t o  the  nominal t e s t  condition. 

Measurements of t o t a l  temperature a t  the high 
temperatures and flow velocities involved i n  t h i s  
test program are d i f f i c u l t  t o  obtain with reason- 
a b l e  accuracy. s ince  ve loc i ty ,  conduction, and 
r a d i a t i o n  errors can be s i g n i f i c a n t .  m e  thermo- 
couple temperature measurements were c o n s i s t e n t l y  
lower than the t o t a l  temperature predicted by a 
f a c i l i t y  energy balance technique. Therefore the  
measurements were not used d i r e c t l y ,  but were 
assumed to provide a good ind ica t ion  of the t o t a l  
temperature d i s t r i b u t i o n  and thermal uniformity.  
The measurements of total  temperature were 
normalized by the  average core flow value ( t h e  
core flow value is the  mean of a l l  measurements 
more than 2.5 inches from the nozzle w a l l ) .  For 
both nominal test condi t ions,  t he  core flow value 
was approximately 90 percent  of the t o t a l  
temperature predicted by the f a c i l i t y  energy 
balance.  

The loca t ions  of data  measurements of p i t o t  
p re s su re  f o r  t he  Mach 6 nozzle a t  the nominal 
cond i t ion  is shown i n  Figure 7. This is typ ica l  
of the da ta  measurement d i s t r i b u t i o n s  Obtained f o r  
a l l  measurements with each nozzle. As shown by 
t h i s  f i g u r e ,  more da t a  was obtained i n  some re- 
gions of the nozzle then others; t h i s  s p a r c i t y  of 
d a t a  could have yielded S i g n i f i c a n t  inaccuracy i n  
eva lua t ion  of flow uniformity or subsequent calcu- 
l a t i o n s  of flow p rope r t i e s .  However, by design,  
the nozzles are symmetric around both the  vertical  
and ho r i zon ta l  c e n t e r l i n e s  ( a c t u a l l y  any l i n e  
passing through the nozzle c e n t e r s ) .  P r o f i l e s  of 

d a t a  (both ho r i zon ta l  and v e r t i c a l 1  a t  constant  
d i s t ance  f r an  the nozzle wall  show good symmetry, 
which i n d i c a t e s  that the nozzle flow i s  symmetric 
i n  a l l  d i r ec t ions .  f i e r e f o r e ,  f o r  ana lys i s  and 
flow evaluat ion during this study, the flow is  
assumed to be s m e t r i c a l  around both the 
ho r i zon ta l  and v e r t i c a l  planes and the  measured 
data  were mirrored ( r e f l ec t ed1  around these 
c e n t e r l i n e s .  After mirroring, da t a  were spec i f i ed  
i n  the  loca t ions  shorn i n  Figure 7b. This allowed 
a much more complete and accu ra t e  ana lys i s  because 
d i s t r i b u t i o n s  of flow p rope r t i e s  were defined i n  
regions where measured data  e r e  spame. using 
l i n e a r  i n t e r p o l a t i o n ,  evenly Spaced da ta  were 
obtained on a 45 by 45 po in t  g r i d  (approximately 
every 1 / 4  inch1 f o r  use i n  a contour p l o t t i n g  
computer program. 

W 

The mirrored d a t a  were also used to c a l c u l a t e  
nozzle e x i t  d i s t r i b u t i o n s  of Mach number and mass 
flow. P i t o t  pressure and total  temperature were 
determined a t  each ca l cu la t ion  po in t  by multi-  
plying the p i t o t  pressure r a t i o  and t o t a l  
temperature r a t i o  by the appropriate  nominal 
f a c i l i t y  s tagnat ion condi t ion ( f o r  the Mach 6 
nozzle,  Pt , l  = 584 p s i a  and Tt 
Mach 4.7 nozzle. Pt = 177 p s i a  and Tt = 2641'RI. 
me Static pressure a t  each po in t  was determined 
by multiplying the s t a t i c  pressure r a t i o  (cor- 
rected t o  the nominal t e s t  condition1 by the 
nominal f a c i l i t y  s tagnat ion pressure.  

= 3965-R, fo r  the ,1  

For both nozzles t he  Mach number was 
ca lcu la t ed  a t  each po in t  using the  l o c a l  s t a t i c  
pressure and p i t o t  pressure i n  the Rayleigh - 
P i t o t  formula: 

2 5/2 

1 'Pt ,2 = (2J ("1 6- 1 )  

W 

The Mach number was ca lcu la t ed  by i t e r a t i o n ,  s ince 
Pl/Pt,2 was the  known quan t i ty .  

nominal Mach 6 condi t ion,  where the t o t a l  
temperature was 3965%. required modeling of a 
test flow i n  thermodynamic nom-equilibrum. This 
was accomplished by developing a computer program 
which modeled v i b r a t i o n a l  "on-equilibrum flow by 
incorporat ing a sudden freeze c r i t e r i a  as outl ined 
i n  Reference 13 and 14, along w i t h  the  equatrons 
of Reference 15 f o r  molecular v i b r a t i o n a l  energy. 
me equation determined from t h i s  ana lys i s  t h a t  
co r re l a t ed  mass flow as a funct ion of l oca l  ther-  
modynamic condi t ions near Mach 7 total enthalpy 
is: 

The ca l cu la t ion  of u n i t  mass flow r a t e  f o r  the 

with D i n  s lugs / f t3 ,  ut i n  f t / s e c ,  Pt in 
l b f / f t 2 !  P, i n  l b f / f t Z ,  and Ht i n  BTU/dm. ?his 
expression is a curve f i t  of &e c a l c u l a t i o n s  made 
i n  this a n a l y s i s  which is  considered t o  accu ra t e ly  
p r e d i c t  t he  flow condi t ion a t  the e x i t  of the Mach 
6 nozzle w i t h  Mach 7 total  enthalpy. 

Calculat ions of mass flow rate d i s t r i b u t i o n  
for the  Mach 4.1 nozzle were made with p e r f e c t  gas 
assumptions using l o c a l  values  of s t a t i c  pressure,  
static temperature, and Mach number (as ca lcu la t ed  

W 



i n  the previous sec t ion )  and the fo l lov ing  
equation: 

1 s lugs  - 
2 p u = P H (1) /2 

s - f t  1 1 1 1 RT1 v 
where y = 1.4 

R = 1716 f t 2 / s z o R  

is i n  s lugs / f t3 ,  u1 is  i n  ft /r ; ,  p1 is i n  
and l b f / f t  O J  , and T1 is  i n  OR. 

mmie Erit na contotxs 

Contour naps of measured data and aa l cu la t ed  
parameters are presented i n  Figure 8 for  the Mach 
6 nozzle and Figure 9 f o r  the Mach 4.7 nozzle. 
R11 p i t o t  and S t a t i c  pressure  da t a  are normalized 
by f a c i l i t y  s tagnat ion  pressure ( i n  the plenum 
chamber) and t o t a l  tempemture i e  normalized by 
the  core value as explained e a r l i e r .  These nozzle 
e x i t  contours show l inea  of cons tan t  flow para- 
meters. me numerical change i n  flow parameters 
i s  the  same between each ad jacent  l i n e  (contour) ;  
t he re fo re ,  a concentration of contours ind ica t e s  a 
region of higher flow gradien ts .  S ign i f i can t  
g rad ien t s  of all flow parameters e x i s t  across the 
e x i t s  of both nozzles. Hoyever, the  g rad ien t s  are 
more severe a t  the e x i t  of the  Mach 6 nozzle. 
This is emphasized by the cen te r l ine  p r o f i l e s  of 
var ious  flow parameters shown f o r  the Mach 6 and 
Mach 4.7 noezlee i n  Figures 10 and 11, respec t ive-  
ly .  AS ind ica ted  by the mntour  maps (F igs .  8 and 
9). these cen te r l ine  p r o f i l e s  involve the g r e a t e s t  
degree of "on-uniformity of any hor izonta l  (or 
v e r t i c a l 1  p r o f i l e .  In the  Mach 6 nozzle,  gra- 
d i e n t s  e x i s t  almost 3 inches from the nozzle side- 
w a l l s .  However, a uniform core i s  reached i n  the  
Mach 4.7 nozzle i n  less than ha l f  t h a t  d i s tance .  

L, 

Although the measured da ta  and the respec t ive  
contours and c e n t e r l i n e  p r o f i l e s  of flow proper- 
ties ind ica t e  s i g n i f i c a n t  grad ien ts  i n  flow pro- 
p e r t i e s  across the  nozzle e x i t s ,  the flow q u a l i t y  
f o r  the test condi t ions  explored is considered t o  
be of s u f f i c i e n t  uniformity f o r  subsca le  engine 
t e s t i n g  f o r  two reasons. F i r s t ,  f o r  airframe- 
in t eg ra t ed  scramjet engine t e s t i n g ,  an important 
p a r t  of simulation of a f l i g h t  m n d i t i o n  is inges- 
t i o n  of the non-uniform nozzle top  sur face  a i r  
flow to simulate the  inges t ion  of the non-uniform 
flow generated by the  vehic le  fortebody which is an 
inhe ren t  p a r t  of the design. Therefore the  
ex i s t ence  of test flow "on-uniformity is neces- 
sa ry ,  and, properly def in ing  t h i s  flow (which was 
done i n  this study f o r  a l l  test conditions of 
i n t e r e s t 1  allows c o r r e c t  i n t e r p r e t a t i o n  of the  
performance r e s u l t s .  Second, a l l  contours and 
c e n t e r l i n e  p r o f i l e s  of both measured and Ca lCU-  
l a t a d  parameters show that t e s t i n g  would be p a -  
s i b l e  i n  e s s e n t i a l l y  uniform flow i f  the engine 
was centered i n  the nozzle e x i t  plane.  Therefore, 
t e s t i n g  w i t h  and without inges t ion  of the nozzle 
top  sur face  flow can be used to i n f e r  the r e l a t i v e  
importance of "on-uniform flow i n  engine t e s t ing .  

parameters from theee  square c ross -sec t iona l  
nozzles may diminish w i t h  increas ing  nozzle e x i t  
Mach number. Ihe d i s t r i b u t i o n  of flow paranetera 
obtained i n  t h i s  c a l i b r a t i o n  Study could be to 
some ex ten t  f a c i l i t y - r e l a t e d  or dependent on o the r  
parameters such as Reynolds number t h a t  vary be- 
tween the test condi t ions ;  therefore ,  the  d i f f e r -  
ences may not  be completely inherent  i n  the nozzle 
design. Further d e f i n i t i o n  and understanding of 
the  f l o w  q u a l i t y  from t h i s  type of nozzle Should 
be pursued W i t h  computational f l u i d  dynamics ( C F D ) .  

Mss Plow Rate Integration 

The u n i t  mass flow r a t e  contours,  Figures 8e 
and 9e. were i n t eg ra t ed  across t h e  nozzle e x i t  
plane t o  determine t o t a l  f a c i l i t y  mass flow rate. 
These r e s u l t s  f o r  the nominal t e s t  condi t ions  (and 
f o r  a l l  o the r  cases shown i n  Table 1 )  are compared 
i n  Figure 13 with values of t o t a l  f a c i l i t y  mass 
flow r a t e  as measured with ASHE nozzles and tur- 
bine flowmeters. The agreement lends credence to 
the  accuracy of the mass flow measurements a t  the  
e x i t s  of the  nozzles. 

In  order  to proper ly  assess scramjet engine 
performance da ta ,  it i s  necessary to accura t e ly  
determine the a i r  mass flow t h a t  passes through 
the  engine. This captured a i r  mass flow is typi -  
c a l l y  co r re l a t ed  as a product of t w o  q u a n t i t i e s .  
The f i r s t  i s  the t o t a l  mass flow t h a t  is approach- 
ing the e rq ine  (i.e. passes through the cross 
s e c t i o n a l  plane defined by the  he ight  and width of 
t h e  model). The second quan t i ty  is the  percentage 
of t h a t  total  mass flow (approaching the  engine) 
t h a t  a c t u a l l y  e n t e r s  and passes  through the 
engine, t h i s  q u a n t i t y  is re fe r r ed  to as the  engine 
percent capture.  The cross s e c t i o n a l  dimensions 
of the  cu r ren t  sc ramje t  engine m o d e l  (i.e., per- 
pendicular t o  the  test flow d i r e c t i o n )  are a 
he igh t  of 7.2 inches and width of 7.2 inches or 
less. me width of the c u r r e n t  model is a c t u a l l y  
a var i ab le  and is a func t ion  of sc ramje t  engine 
model cont rac t ion  r a t i o  ( C R I .  me nominal loca- 
t i o n  of the  model r e l a t i v e  to the  nozzle e x i t  
Plane i s  ou t l ined  i n  Figure 14 as a func t ion  of 
Ca. During this s tudy  the flow p rope r t i e s  (i.e., 
thermodynamic and ca l cu la t ed )  uere determined 
across the entire nozzle e x i t ,  including the  
region where the engine is loca ted ,  and the  
percent  of the  t o t a l  f a c i l i t y  mass flow approach- 
ing  the engine f o r  each test case of interest was 
defined. Figure 15 s p e c i f i e s  t h i s  mass f l o w  
approaching the engine as a func t ion  of the t o t a l  
f a c i l i t y  m a w  f l o w  f o r  the  nominal test condi- 
t ions .  lhese value8 are s i g n i f i c a n t l y  h igher  
(more than 15 percent1 than the corresponding 
ratios of pro jec ted  scramjet area to nozzle e x i t  
areas ( f o r  both nozzles1 because of the higher 
ma88 flow rates near the cen te r  of each nozzle 
compared to near the  w a l l s .  1" addi t ion  to the 
mass f l o w  apprwching  the engine, as shown i n  
Figure 15, the engine percent capture  is also 
needed t o  spec i fy  t h e  a c t u a l  mass flow through the 
engine for accurate c o r r e l a t i o n  of performance 
da ta .  
an i n l e t  conf igura t ion  of i n t e r e s t  e i t h e r  experi-  
mentally or mmputa t iona l ly  using the  d i s t r i b u t i o n  
of f l o w  p rope r t i e s  determined i n  t h i s  s tudy  as an 
upstream boundary condition. Getarmination of 
parcent capture  f o r  var ious  i n l e t s  was not a 
s u b j e c t  of the c u r r e n t  study. 

The percent  capture can be ditermined f o r  Mach nurnber p r o f i l e s  a t  the nozzle c e n t e r l i n e  
of the  two nozzles t e s t ed  during t h i s  s tudy  are 
cOOlpared with the MaCh number distribUtion f=Om a 
s imi l a r ,  square cross-section contoured nozzle 
( R e f .  16) with an exit Hach number of 3.5 

(T+,l This f igu re ,  along with comparison of Figures 10 
1630°R, P t , l , =  92 psia) i n  Figure 12. 

._ end 1 1 ,  i n d i c a t e s  that the  Uniformity of flow 
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m n c l d i q  Renarks 

This s tudy provided a d e t a i l e d  test flow 
c a l i b r a t i o n  of t he  NASA ~ a n g l e y  Arc-Heated 
scramjet  Test  F a c i l i t y  over a range of simulated 
f l i g h t  cond i t ions  from Mach 5.5 ( a t  a l t i t u d e s  from 
98,600 t o  128,000 f t . )  to Mach 7 ( a t  a l t i t u d e s  
from 108,000 to 149,000 f t . 1 .  Spec i f i ca l ly ,  the 
test flow was defined a t  the  e x i t  of two square 
c ross - sec t ion ,  contoured f a c i l i t y  nozzlee w i t h  
e x i t  Mach numbers of  4.7 and 6. D i s t r ibu t ions  of 
p i t o t  preseure,  s ta t ic  p res su re ,  and total  tem- 
p e r a t u r e  were measured f o r  f a c i l i t y  condi t ions of 
i n t e r e s t  f o r  t e s t i n g  of subscale scramjet  engine 
models. These measurements were used to c a l c u l a t e  
corresponding d i s t r i b u t i o n s  of Mach number and 
mass flow. Contour maps of measured and calcu- 
l a t e d  p rope r t i e s  were presented fo r  nominal test 
cond i t ions  ( lowest  a l t i t u d e  s imulat ion f o r  each 
nozzle)  as exaaplesr these were r ep resen ta t ive  o f  
the r e s u l t s  obtained f o r  a l l  t e a t  condi t ions.  
mese d i s t r i b u t i o n s  indicated t h a t  t he  flow 
uniformity is s u f f i c i e n t  f o r  scramjet  engine 
t e s t i n g  and permitted t h e  d e f i n i t i o n  Of Mach "MI- 
ber  and mass flow r a t e  approaching scramjet  i n l e t s  
t o  enable  accu ra t e  c o r r e l a t i o n  and i n t e r p r e t a t i o n  
of subseauent test r e s u l t s .  
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Table 1 :  m T  CORDITIONS 

Bln simulated 
M- A l t i t u d e  ht,l (jj-) Tt,l (*R) P t,l %tAl R e m  

(f t)  (Psis) ( l ln/S)  

7 149,000 1232 4470 1 1 8  1.200 1.41 lo5 

7 123,000 1138 41 55 310 3.300 3.71 105 

5 

_- 264 1100 325 6.820 2.24 x lo6 

7* 108.000 1077 3965 584 6.330 7.0 x 10 

_- 

BlU Simlated 

X- Altitude ht,, (GI Tt,, I'RI P t.1 i totdl Re, 1 If+ 
( f t )  (psial (Ibm/e) 

5.5 128,000 755 2859 48 2.250 3.5 lo5 

5.5 106,000 701 2679 125 5.93 8.5 x lo5 

5.5. 98.600 690 2641 177 8.460 1.15 x 106 

264 1 1  00 100 7.620 2.0 x 106 _ _  _ _  
*Nominal Test Conditions 

... 
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Fig. 1 - Airframe-integrated supersonic Fig. 4 - Section view of the arc heater and plenum 
ramjet. chamber. 

(a1 Fl ight  condit ions.  

Boundary 

(bl Simulation i n  ground f a c i l i t y  

Fig.  2 Simulation of f l i g h t  conditions during 
scramjet engine t e s t i n q .  

Dimensions in led 

L Anertmler 

Dimensions in led 
Nozzle 

e.3 
mch 6 nozzle 

Dimensions in inches 

Fig. 5 - Schematics of square cross sec t ion  
f a c i l i t y  contoured nozzles. 

Fig. 6 - Plow measurement probes. Fig. 3 - Elevation view of the Arc-Heated scramjet 
Test F a c i l i t y  (AHSTF). 
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-11,114 * 

1 

11.1 
in 

1 

1: 

l a )  P i t o t  pressure r a t i o .  
l o4 )  

( P t  , 2 / P t  * 1 

-11.174- 

l b )  Total temperature r a t i o .  

1%. 2/Tcore ) 

-11.114 * 
in. 

-11.174 * 

11 

( d )  Hach number. 

-11.174 
J 

le) Mass flow rate  r u n i t  area. 
llbm/s i n 2  x 10 r ) 

Fig. 9 - Flow parameter OontoUrs a t  the e x i t  of 
the Mach 4.1 nozzle. 

IC) s t a t i c  pressure r a t i o .  
l P l / P t , l  x 10% 
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P i g .  10 - Centerline profiles of flow paranetere F i g .  11  - Centerline p r o f i l e s  of flow parameters 
for the Mach 4.7 nozzle (nominal test fer the Mach 6 nozzle (nominal t e a t  

condi t ion) .  condi t ion) .  

Fig.  12 - Cbmparison of center l ine  Hach number 
profiles for three square cross s e c t i o n  
contoured nozzles. 
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F i g .  1 4  - Project ion of the scramjet geometric 
capture area on the nozzle e x i t  plane. 
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Fig. 1 5  - Fraction of f a c i l i t y  a i r  maas flow rate  
approaching scranjet  engine. 
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