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INCREASE0 WPABILITIES OF THE LANGLEY MACH 7 
SCRAMJET TEST FACILITY 

Scott R. Thomas* and Robert W. Guy** 
NASA Langley Research Center 

Hampton, V i r g i n i a  

Abst ract  

An experimental research program which ex- 
p lored the p o t e n t i a l  f o r  expanding the operat ing 
range o f  NASA Langley's Mach 7 Scramjet Test 
F a c i l i t y  i s  described. The f a c i l i t y  uses e l e c t r i c  
arc-heated a i r  as the  t e s t  gas and i s  configured 
for t e s t i n g  a i r f rame- in tegrated scramjet engine 
models a t  condi t ions d u p l i c a t i n g  f l i g h t  v e l o c i t i e s  
and temperatures. Previous scramjet t e s t i n g  i n  
t h i s  f a c i l i t y  was l i m i t e d  t o  a s ing le  simulated 
f l i g h t  cond i t ion  of Mach 6.9 a t  115,300 ft. 
a l t i t u d e .  
s t ra ted  t h a t  the f a c i l i t y  can be used f o r  scramjet 
t e s t i n g  a t  simulated f l i g h t  condi t ions from Mach 4 
( a t  a l t i t u d e s  from 77,000 t o  114,000 ft.) t o  Mach 7 
( a t  a l t i t u d e s  from 108,000 t o  149,000 ft.). 
q u a l i t y  was establ ished from the un i fo rmi ty  of 
measured t o t a l  temperature p r o f i l e s .  
n i t rogen ox ide l e v e l s  i n  the t e s t  stream were deter-  
mined f o r  r e l a t i n g  engine t e s t  data t o  expected 
f l i g h t  performance. 
b i l i t y  o f  the  f a c i l i t y  were a lso improved by a 
novel redesign of the heater downstream elect rode 
and b.y def in ing l i m i t s  fo r  s tab le  a rc  operation. 

The present arc heater research demon- 
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Nomenclature 

f a c i l i t y  nozzle minimum f low area, o r  
t h r o a t  area 
e f f e c t i v e  f a c i l i t y  nozzle e x i t  f low 
area 
f a c i l i t y  nozzle th roa t  diameter 

a rc  voltage 
t o t a l  enthalpy o f  f a c i l i t y  a i r f low a t  
the nozzle th roa t  
a rc  cur ren t  
mass flow r a t e  o f  bypass a i r  which i s  
added downstream o f  the arc  heater 
mass f low r a t e  of main a i r  which flows 
through the e l e c t r i c  arc 
f l i g h t  Mach number 

a i r f low Mach number a t  the f a c i l i t y  
nozzle e x i t  
n i t r i c  oxide 
n i t rogen oxides (except n i t r i c  oxide) 

t o t a l  pressure o f  a i r f l o w  i n  the arc 
heater 
t o t a l  pressure o f  a i r f l o w  i n  the 
f a c i l i t y  nozzle 
arc power 
arc res is tance 
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t o t a l  e l e c t r i c a l  resistance, Rarc + Rbal 
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' to ta l  
T .  t o t a l  t e m e r a t u r e  o f  a i r f l o w  i n  the 
.t, I f a c i l i t y  nozzle 
AP a rc  power f l u c t u a t i o n  

In t roduc t ion  

Development o f  airframe-integrated scramjet 
(supersonic combustion ramjet )  technology cont in-  
ues t o  progress a t  N A S A ' s g l e y  Research Center 
The scramjet program focus i s  a fixed-geometry, 
hydrogen-burning, advanced engine concept ( f i g .  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  propuls ion device a t  f l i g h t  speeds above 
Mach 4.l,= The in tegra ted  design uses the  under- 
side of the f l i g h t  veh ic le  as p a r t  of the propul- 
s ion system; i.e., the forebody provides aerodynamic 
precompression o f  the f low enter ing the i n l e t ,  and 
the a f t  p o r t i o n  of the vehic le  i s  used as p a r t  of 
the nozzle expansion surface. 
the scramjet module i n l e t ,  the freestream a i r f l o w  
i s  compressed by the veh ic le  bow shockwave. This 
feature reduces both the compression requi red from 
the scramjet i n l e t  and the s ize  o f  the scramjet 
module needed t o  produce the requi red thrust .  The 
airf low. inc lud ing  the vehic le  forebody boundary 
layer  flow, enters the scramjet module i n l e t  a t  a 
Mach number less  than the f l i g h t  Mach number because 
o f  the bow-shock precompression; however, the t o t a l  
enthalpy l e v e l  (and t o t a l  temperature) o f  the enter- 
ing a i r f l o w  corresponds t o  t h a t  of the f l i g h t  Mach 
number. 

P r i o r  t o  enter ing 

Experimental work i n  support o f  t h i s  scramjet 
concept includes i n l e t  con f igura t ion  tests ,  d i r e c t -  
connect combustion tests ,  and subscale engine tests .  
I n l e t  t e s t s  have been conducted i n  several Lanpley 
aerodynamic f a c i l  i t ies,3,4 wh i le  the direct-connect 
combustion t e s t s  have been conducted i n  a v i t i a t e d  
a i r  (hydrogen-combustion-heated w i t h  oxygen replen- 
ishment) f a c i l i t y  a t  Langley ( f o r  example, see refs. 
5 and 6.) 
f l i g h t  Mach number of 4 have been conducted i n  
v i t i a t e d  a i r  f a c i l i t i e s  a t  the General Applied 
Science Laboratories (GASL) i n  Westbury, N.Y. and 
a t  
Mach number o f  7 have been conducted i n  the GASL 
f a c i l i t y  and i n  e lect r ic -arc-heated a i r  a t  the 
Langley Mach 7 Scramjet Test F a c i l i t y . 8  These 
engine t e s t  f a c i l i t i e s  a re  d i f f e r e n t  from most 
aerodynamic wind tunnels because they must provide 
s imulat ion o f  engine-airframe i n t e g r a t i o n  effects 
such as vehic le  bow shock precompression and bound- 
a ry  l a y e r  inges t ion  by the scramjet. 
enthalpy corresponding t o  the simulated f l i g h t  Mach 
number i s  duol icated. and tes ts  are conducted a t  

Scramjet engine t e s t s  a t  a simulated 

Engine tes ts  a t  a simulated f l i g h t  

The t o t a l  

t o t a l  pressukes which simulate p r a c t i c a l  f l i g h t  
a l t i tudes .  
pression i s  simulated by t e s t i n g  a t  a tunnel Mach 

The f l i g h t  veh ic le  bow shock precom- 

number less than the Mach number which corresponds 
t o  the tunnel f l o w  t o t a l  enthalpy. F l i g h t  vehic le  
boundary layer  ingest 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  
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nozzle boundary l a y e r  approaching the model top 
surface i s  ingested. 

This repor t  describes an arc  heater research 
t e s t  ser ies which expanded the  t e s t  c a p a b i l i t y  o f  
NASA Langley's Mach 7 Scramjet Test F a c i l i t y .  
e f f o r t  involved operating the f a c i l i t y  over a wide 
range o f  condi t ions t h a t  had no t  been used p r i o r  
t o  t h i s  t e s t  series. I n  the  past, the  f a c i l i t y  
was operated a t  a s ing le  Mach 7 t e s t  condi t ion.  
Speci f ica l ly ,  the p o t e n t i a l  fo r  expanding the oper- 
a t iona l  c a p a b i l i t y  of the f a c i l i t y  for t e s t i n g  over 
a range of simulated f l i g h t  condi t ions a t  Mach 
numbers from 4 t o  7 was demonstrated. This i n -  
creased c a p a b i l i t y  w i l l  a l low a complete t e s t  
program t o  be conducted over t h i s  Mach number range 
wi thout  removing the model from the f a c i l i t y .  Test 
f low q u a l i t y  i s  evaluated from t o t a l  temperature 
p r o f i l e s  and n i t rogen oxide content i s  documented 
so t h a t  fu ture engine t e s t  data from the f a c i l i t y  
can be proper ly  r e l a t e d  t o  actual  f l i g h t  condit ions. 
Solut ions t o  arc  s t a b i l i t y  and a r c  heater O-ring 
problems, which had l i m i t e d  f a c i l i t y  p r o d u c t i v i t y  
i n  the past, a re  discussed. 

This 

The Langley Mach 7 Scramjet Test F a c i l i t y  

The Langley Mach 7 Scramjet Test F a c i l i t y  
(STF) i s  an e l e c t r i c  arc-heated f a c i l i t y  w i t h  a i r  
as the t e s t  g a ~ . ~ , l O  Figure 2 shows an e leva t ion  
view of the  tunnel c i r c u i t .  Major support sys- 
tems of the STF inc lude a 5000 ps ig a i r  supply, 
a 20 MW dc e l e c t r i c a l  power system, a 1400 ps ig  
deionized coo l ing  water system, a 100 ft. d ia -  
meter vacuum sphere w i t h  a 3-stage steam e j e c t o r  
evacuation system, a 750 ps ig  gaseous hydrogen 
fue l  supply, and a 3000 ps ig  hydraul ic  model in -  
j e c t i o n  system. 
more d e t a i l  i n  reference 9. 

These systems are described i n  

Longi tud ina l  sect ion views o f  the e l e c t r i c  
arc heater and the plenum chamber are shown i n  
f igures 3 and 4, and a schematic o f  the arc heater 
e l e c t r i c a l  c i r c u i t  i s  shown i n  f i g u r e  5. E l e c t r i c  
power i s  provided by two dc power supplies connect- 
ed i n  ser ies w i th  the arc  heater and w i t h  two sets 
of b a l l a s t  r e s i s t o r s  which are used t o  achieve arc  
s t a b i l i t y .  
arrays of ac transformers and s i l i c o n  diode r e c t i -  
f i e r s  can be regulated t o  provide various power 
leve ls  (up t o  20 MW) to the arc heater c i r c u i t .  
The actual  spec i f i ca t ion  of the power leve l  i s  
obtained by se lec t ion  o f  power supply transformer 
output voltages which are  termed " tap set t ings" .  
Each power supply has 33 ava i lab le  tap set t ings.  

0.035 in. diameter s tee l  rod t o  make contact be- 
tween the two coaxial c y l i n d r i c a l  electrodes 
(upstream and downstsream elect rodes) .  
trodes are separated by the e l e c t r i c a l l y - i n s u l a t e d  
main a i r - i n l e t  chamber (f ig. 3). The arc estab- 
l i s h e s  between the electrodes and, except f o r  the 
terminat ion regions, i s  confined along the heater 
c e n t e r l i n e  by the vor tex f low of the main a i r  
stream, which i s  purposely i n j e c t e d  w i t h  a tatyen- 
t i a l  v e l o c i t y  (swi r led i n ) .  This type of arc  
heater i s  termed a vor tex-s tab i l i zed  arc heater." 
The arc terminat ion regions (where the arc attaches 
t o  the e lect rodes)  are continuously ro ta ted  by a 
combination of the a i r  s w i r l  and i n t e r a c t i o n  of 
the arc w i t h  the ex terna l l y -app l ied  magnetic f ie lds .  
The arc r o t a t i o n  spreads the intense heating r a t e  

The power supplies, which cons is t  o f  

The e l e c t r i c  arc  i s  i n i t i a t e d  by using a 

The elec- 

of the arc attachment regions over much greater 
surface areas and thereby prevents the copper e lec-  
trodes from mel t ing i n  these regions. The external 
magnetic f i e l d ,  which i s  produced by the water- 
cooled magnetic f i e l d  c o i l s ,  a lso a ids i n  s t a b i -  
l i z i n g  and conta in ing the arc. b w  

The arc-heated a i r  i s  mixed i n  the plenum 
chamber w i th  an unheated bypass a i rs t ream t o  form 
a r e s u l t a n t  t e s t  stream w i t h  the desired stagnation 
condit ions. 
cause the a r c  heater cannot process the t o t a l  
f a c i l i t v  a i r  f low and mainta in  a s tab le  o w r a t i n o  

This mixing scheme i s  necessary be- 

mode. 
two sets O f  s l o t s  machined i n  the 2nd and 3rd 
plenum r ings  ( f iq .  4). The r a d i a l  i n j e c t i o n  en- 

?he bypass a i r  i s  i n j e c t e d  r a d i a l l y  f r o m  I 

hances mix ing and a lso breaks up the s w i r l  down- 
stream of the arc heater t o  improve f low q u a l i t y  
for engine test ing.  
expanded through a contoured nozzle i n t o  the t e s t  
section. The flow i s  then dif fused t o  subsonic 
ve loc i ty ,  cooled by an a f te rcoo le r ,  and exhausted 
i n t o  a vacuum sphere ( f i g .  2).  

This t e s t  gas mixture i s  

Arc Heater Research Tests 

Several modi f icat ions t o  the STF ( f i g .  6)  
have r e c e n t l y  been completed which w i l l  improve 
fu ture t e s t i n g  c a p a b i l i t y .  
Mach 6 contoured nozzle, t e s t  sect ion modi f icat ions 
t o  provide b e t t e r  f low v i s u a l i z a t i o n  and model ac- 
cess, new computer-operated hydrogen f u e l  cont ro ls ,  
a pyrophoric i g n i t o r  fue l12  system, and improvements 
t o  the f a c i l i t y  d i f f u s e r .  However, the most s i g n i -  
f i can t  improvement i n  terms of f a c i l i t y  t e s t  capa- 
b i l i t y  was the s t r u c t u r a l  strengthening o f  the arc 
heater and plenum chamber. This permi t ted an i n -  
crease i n  maximum f a c i l i t y  stagnation pressure from 4 
30 t o  45 atm. With t h i s  new c a p a b i l i t y ,  a program 
was i n i t i a t e d  t o  determine the f e a s i b i l i t y  o f  con- 
duct ing scramjet engine tes ts  i n  the STF w i t h  
dup l i ca t ion  o f  f l i g h t  v e l o c i t i e s  and temperatures 
over a simulated f l i g h t  Mach number range o f  4 to 7 
a t  several simulated a l t i tudes .  This would requ i re  
f a c i l i t y  operat ion over a wide range o f  arc powers, 
a i r  f low rates, and heater and plenum stzgnat ion 
pressures. Unfortunately, the operat ing character- 
i s t i c s  o f  the arc  h e a t e r / e l e c t r i c a l  system combi- 
na t ion  were known only  for  the previous s ing le  t e s t  
po in t  ( P  = 9.77 MW, pt,l = 28.5 a b . ,  Tt,l = 3925'R, 

etc. as tabulated i n  reference 9 ) .  

These inc lude a new 

Operating condi t ions a t  other t e s t  po ints  could 
not be accurate ly  predic ted because arc  heaters 
are genera l ly  no t  we l l  understood on a theore t ica l  
basis. A1 though the r e s u l t s  of previous research 
on s i m i l a r  types of arc heaters m y  be useful t o  
approximate the trend o f  operat ional  character- 
i s t i c s  due t o  parameter changes, every arc heater 
when coupled w i t h  a p a r t i c u l a r  power supply has 
some unique operat ing charac ter is t i cs .  To deter- 
mine these charac ter is t i cs ,  an experimental research 
program must be conducted w i t h  t h a t  arc heater/ 
power supply combination. 
t e s t  ser ies  was such a program. The purpose of the 
t e s t  ser ies  was t o  demonstrate the p o t e n t i a l  of the 
Scramjet Test F a c i l i t y  t o  produce flow condi t ions 
useful fo r  scramjet engine t e s t i n g  a t  simulated 
f l i g h t  Mach numbers from 4 t o  7 and t o  determine 
the arc  heater /e lec t r i ca l  system operat ional  
charac ter is t i cs .  

The a r c  heater research 

d 



I n  a d d i t i o n  t o  t e s t  setup var iab les  such as 
power supply tap set t ing,  b a l l a s t  resistance, and 
a i r  f low ra te ,  f a c i l i t y  nozzle th roa t  area i s  an 
important parameter when determining arc heater 
operat ing charac ter is t i cs .  The pressure w i t h i n  the 
arc heater and plenum chamber i s  s t rong ly  dependent 
on the f a c i l i t y  nozzle th roa t  area where the t e s t  
stream i s  always sonic o r  "choked;" consequently, 
the s ize o f  t h i s  th roa t  w i l l  s i g n i f i c a n t l y  a f fect  
these operat ing condit ions, prov id ing the main a i r  
f low e x i t i n g  the  downstream elect rode i s  no t  choked. 
Therefore. r e s u l t s  o f  Drevious scramiet tests7,*  ~~ 

*ere .sed' co ~octern i lne '  approxinace speci f icacions 
f o r  f a c i l i t y  ConcoLrea nozzles (i.?., e x i t  Mach 
number, e x i t  area, and, therefore, th roa t  area) 
usefu l  f o r  t e s t i n g  scramjet engine models t y p i c a l l y  
8 in. high by 6.4 in .  wide a t  simulated f l i g h t  Mach 
numbers o f  4, 5.5, and 7. (See f i g .  7.) The 
f a c i l i t y  nozzle e x i t  area a t  each simulated f l i g h t  
Mach number has t o  be large enough t o  accommodate 
t h i s  s ize  model and avoid the p o s s i b i l i t y  t h a t  waves 
o r i g i n a t i n g  a t  the free j e t  nozzle e x i t  might a f f e c t  
measurements of engine thrust ,  pressures, etc. 
Therefore, each nozzle has a d i f f e r e n t  t h r o a t  area. 
During the t e s t  series, the s ize  o f  the nozzle 
throat, both the main and bypass a i r f l o w  rates, the 
power supply tap set t ings,  and the b a l l a s t  r e s i s t -  
ance were var ied  t o  generate a wide range of heater 
t e s t  condit ions. 

Special Test Apparatus 

grams, the  e l e c t r i c  arc  had become unstable and 
s t ruck  tunnel components downstream of the end 
o f  the downstream electrode, r e s u l t i n g  i n  some 
damage t o  those components (plenum r ings,  nozzle 
throat ,  etc.). To e l im ina te  r i s k  t o  expensive con- 
toured tunnel nozzles dur ing the t e s t  ser ies,  
temporary, converging metering nozzles and a con- 
s t a n t  area, uncooled connector duct (coated i n t e r -  
n a l l y  w i t h  zirconium ox ide)  were used. This t e s t  
setup i s  shown schematical ly i n  f igure  8. Since 
the  f low v e l o c i t y  a t  the nozzle t h r o a t  i s  sonic, 
the condi t ions of the flow downstream of the t h r o a t  

For c e r t a i n  condi t ions i n  e a r l i e r  t e s t  pro- 

have no e f f e c t  on those i n  the plenum chamber and 
the arc  heater. Therefore, t e s t i n g  w i t h  converging 
metering nozzles o f  c i r c u l a r  cross-sect icn w i t h  the 
same t h r o a t  areas, bu t  wi thout  the complex expan- 
s ion  contours o f  a tunnel nozzle, a l lows proper 
arc  heater operat ion a t  the desired t e s t  condit ions. 
Metering nozzles w i t h  three d i f f e r e n t  t h r o a t  sizes 
were used ( f i g .  7): a 1.3 i n .  diameter t h r Q a t  f o r  
s imu la t ing  Mach 7 f l i g h t  condi t ions,  a 2.2 i n .  d ia -  
meter t h r o a t  fo r  s imulat ing Mach 5.5 f l i g h t  condi- 
t ions,  and a 5.6 in. diameter th roa t  fo r  s imu la t ing  
Mach 4 f l i g h t  condi t ions.  

Measured Parameters 

Parameters which were measured t o  es tab l i sh  
t e s t  condi t ions included arc voltage and current; 
main and bypass a i r  mass f low rates;  cool ing water 
f low rates t o  a l l  heater components, the plenum 
r ings ,  the plenum, and the throat: i n l e t  and out- 
l e t  cool ing water temperatures t o  the same compo- 
nents: heater pressure; and plenum chamber pressure. 
From these measurements, which were recorded 20 
times per second, heater e l e c t r i c a l  operating 
c h a r a c t e r i s t i c s  were determined, and heater and 
t e s t  f low t o t a l  enthalpies were ca lcu lated accord- 
i n g  t o  the energy balance equations given i n  re fer -  
ence 9. 

During some o f  the tests ,  n i t rogen oxide 
leve ls  and flow t o t a l  temperatures were measured 
a t  the e x i t s  of the metering nozzles ( f i g .  8 ) .  
The n i t rogen oxide leve ls  were determined from 
spectroscopic analys is  o f  samples o f  the t e s t  
f low obtained i n  a sample b o t t l e  using an instream 
probe. For tes ts  w i th  t o t a l  temperatures below 
2500°R, temperature p r o f i l e s  were obtained using a 
9-probe chromel-alumel thermocouple rake. For 
tes ts  w i t h  t o t a l  temperatures above 2500°R, a 
s ing le  c e n t e r l i n e  temperature measurement was 
obtained using an i r i d i u m l i r i d i u m - 4 0  percent 
rhodium thermocouple. Velocity, conduction, and 
r a d i a t i o n  er ro rs  were minimized by the thermocouple 
probe design. l 3  

Test Results 

As a r e s u l t  of these tests, much was learned 
about the operat ing c h a r a c t e r i s t i c s  o f  the f a c i l i t y  
and i t s  p o t e n t i a l  f o r  scramjet engine t e s t i n g  over 
a broadened range o f  t e s t  condit ions. Maps of t h i s  
range, i n  terms o f  t o t a l  pressure and t o t a l  en- 
thalpy, are presented f o r  three po ten t ia l  f a c i l i t y  
nozzles. Operational problems, inc lud ing  heater 0- 
r i n g  f a i l u r e  and arc i n s t a b i l i t y ,  are discussed, and 
so lut ions and l i m i t s  o f  operat ion are presented. 
Arc heater/power supply e l e c t r i c a l  charac ter is t i cs ,  
inc lud ing  arc  voltage, a r c  current, and arc r e s i s -  
tance, are presented and the e f f e c t s  of b a l l a s t  
resistance, a i r f l o w  rate, and pressure on these 
c h a r a c t e r i s t i c s  are discussed. Measured t o t a l  
temperature p r o f i l e s  are analyzed to assess flow 
q u a l i t y  f o r  f u t u r e  scramjet t e s t s  over a range of 
simulated f l i g h t  Mach numbers. 
n i t rogen oxide contaminants i n  the arc-heated flow 
are presented f o r  a range of t e s t  condit ions for 
use i n  r e l a t i n g  f a c i l i t y  scramjet performance t o  
actual f l i g h t  performance. 

Expanded Test C a p a b i l i t y  

cated t h a t  the f a c i l i t y  t e s t  condi t ions of i n t e r e s t  
could be obtained w i t h  the fo l low ing  arc heater/ 
e l e c t r i c a l  system conf igurat ion:  equal tap set -  
t ings  on both power supplies, a t o t a l  b a l l a s t  
res is tance o f  1.304 ohms, and a new downstream 
electrode design ( t o  be discussed l a t e r ) .  The 
v e r s a t i l i t y  of t h i s  conf igura t ion  was demonstrated 
through successful f a c i l i t y  operat ion over a wide 
range o f  t e s t  condi t ions a t  arc  powers from 2.3 t o  
12.7 Md. The t e s t  condi t ions which resu l ted  i n  a 
s tab le operating mode and which are useful t o  
reproduce dur ing f u t u r e  engine and component tes ts  
are shown i n  f igures  9, 10, and 11 fo r  the 1.3 in .  
diameter th roa t ,  the 2.2 i n .  diameter throat, and 
the 5.6 in. diameter throat ,  respect ive ly .  Total 
enthalpies above and below the ranges of data 
shown are poss ib le  i n  the f a c i l i t y ,  bu t  are not  
present ly  of i n t e r e s t  i n  the scramjet program. 

The t e s t  c a p a b i l i t y  o f  most immediate i n t e r e s t  
i s  the f a c i l i t y  operat ing range a v a i l a b l e  f o r  t e s t -  
i n g  the subscale scramjet engine models. Scramjet 
engine tes ts  w i l l  be meaningful on ly  a t  enthalpy 
l e v e l s  s imulat ing f l i g h t  Mach numbers equal t o  or 
greater  than the f a c i l i t y  nozzle e x i t  Mach number, 
which i s  equal t o  the scramjet i n l e t  Mach number. 
These condi t ions are  shown t o  the r i g h t  Of the 
dashed v e r t i c a l  l i n e s  on f igures 9, 10, and 11. 
Test ing i n  t h i s  reg ion represents a f l i g h t  s i t u a t i o n  
where the freestream f low i s  compressed by the 

Measurements of 

Results from a large number of tes ts  i n d i -  
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vehic le  bow shockwave p r i o r  t o  enter ing the 
scramjet. 
t h a t  i s  simulated by the f a c i l i t y  increases as 
t o t a l  enthalpy i s  increased above the leve l  corre-  
sponding t o  the f a c i l i t y  nozzle e x i t  Mach number. 
F l i q h t  condi t ions based on values o f  precompression 
which have been chosen f o r  the  present study and 

are represented by the t o t a l  enthalp ies 
ind ica ted  by the s o l i d  v e r t i c a l  l i n e s  i n  f igures 
9, 10, and 11; these l i n e s  correspond t o  f l i g h t  
Mach number simulat ions o f  7, 5.5, and 4, respec- 
t i v e l y .  
each o f  these simulated f l i g h t  Mach numbers i s  
shown on the f igures. 

The new f l i g h t  Mach number - a l t i t u d e  opera- 
t i o n a l  envelope f o r  the STF (corresponding t o  the 
s o l i d  v e r t i c a l  l i n e s  i n  f igs .  9-11) i s  shown i n  
f i g u r e  12. The demonstrated p o t e n t i a l  o f  the 
f a c i l i t v  f o r  scramiet enoine t e s t i n a  extends 

The degree o f  forebody precompression 

The range of t e s t  s tagnat ion pressure fo r  

from simulated f l i i h t  condi t ions of-Mach 4 ( a t  
a l t i t u d e s  from 77,000 t o  114,000 f t . )  t o  Mach 7 
( a t  a l t i t u d e s  from 108,000 t o  149,000 ft .) .  It 
must be noted t h a t  on ly  heater operat ion has been 
dmonstrated a t  the Mach 4 - 77.000 ft. a l t i t u d e  ~. . ~ ~ ~ ~~~ ~~ 

po in t  shown i n  f i g u r e  12; some minor a i r  p ip ing  
system changes i n  the f a c i l i t y  must be made t o  
obta in  the bvpass a i r f l o w  r a t e  requi red t o  duDliCate 
the c o r r e c t  j ienum t o t a l  pressure 'and enthalpy. 
The shaded symbol on f igures 9 and 12 represents 
the s ing le  p o i n t  operation o f  the STF p r i o r  t o  
these arc heater research tests. 

Operational Problems 

C r i t i c a l  O-ring problem.- A very important 
operat ional  problem, which was e l iminated dur ing 
t h i s  t e s t  series, was the f a i l u r e  o f  a c r i t i c a l  
O-ring a f t e r  every high arc  power t e s t  ( w i t h  an 
arc oower areater  than aooroximatelv 7.5 W ) .  The 
0- r ihg  pro;ides a seal bytween the h igh  pre isure 
coo l ing  water and the f a c i l i t y  a i r f l o w  a t  the down- 
stream end o f  the downstream elect rode ( f ig .  13). 

f i g u r a t i o n ,  the t i p  of the e lect rode was some 
distance from the cool ing water passage, as shown 
i n  f igure  13, and was d i r e c t l y  exposed t o  the  ho t  
a i r f l o w  e x i t i n g  the downstream elect rode (en ter ing  
the plenum chamber). During a hot  tes t ,  the high 
temperature a i r f l o w  caused the downstream elect rode 
t o  thermal ly  expand. The t i p  of the e lect rode ex- 
tended even f a r t h e r  from the cool ing water passage 
and became very hot. Af ter  the t e s t  was terminated, 
the downstream elect rode contracted and dragged the 
hot  t i p  over the O-ring surface. For every high 
power tes t ,  the combination of t h i s  s l i d i n g  mJtion 
and the high temperature of the e lect rode t i p  caused 
O-ring damage which resu l ted  i n  coo l ing  water 
leak ing i n t o  the a i r  passages of the arc heater. 
Therefore, the O-ring had t o  be replaced a f t e r  
every tes t .  

The problem was e l iminated by redesign and 
modi f icat ion o f  the downstream elect rode t i p .  
new design, shown i n  f i g u r e  14, cons t r i c ted  the 
t i p  t o  a smaller i n t e r n a l  e x i t  diameter t o  a l low 
space f o r  a cool ing water passage between the 
O-ring and the hot a i r f l o w .  This cool ing water 
passage a lso moves w i t h  the t i p  as the electrode 
grows thermal ly  and maintains the surface i n  con- 
t a c t  w i th  the O-ring a t  a reasonably-cool tempera- 
t u r e  a t  a l l  times. The modi f icat ion completely 
resolved the problem. 

With the o r i g i n a l  downstream elect rode con- 

The 

A t  the completion o f  t h i s  

t e s t  series, 125 tests ,  50 o f  which were a t  high 
arc  power, had been completed wi thout  O-ring damage. 
A photograph o f  the new downstream elect rode config- 
u ra t ion  i s  shown i n  f i g u r e  15. 

bd 
A r c  i n s t a b i l i t y . -  An arc i n s t a b i l i t y  problem, 

character ized by s ign i f i can t ly - inc reased f l u c t u -  
a t ions  i n  arc pbwer~and arc  attachment f u r t h e r  
downstream than normal, was observed f o r  some t e s t  
condi t ions dur ing  the t e s t  ser ies as we l l  as dur ing 
e a r l i e r  t e s t  programs. 
resu l ted  i n  damage t o  the t i p  o f  the  downstream elec-  
trode; and, i n  a few cases, the  a r c  attached dawn- 
stream o f  the electrode, causing damage t o  the 
plenum r i n g s  or t o  the metering nozzle flange. 
This t e s t  ser ies e f f e c t i v e l y  solved the arc ins ta -  
b i l i t y  problem by de f in ing  run  condi t ions which 
resu l ted  i n  a s tab le  operat ing mode. 

Maximum arc power f l u c t u a t i o n s  normalized by 
the corresponding mean arc powers are shown i n  
f i g u r e  16 as a func t ion  o f  arc res is tance- to - to ta l  
res is tance r a t i o  f o r  various run  condit ions. 
Curves are  presented f o r  data obtained using the 
o r i g i n a l  downstream elect rode w i t h  the 1.3 in .  
diameter t h r o a t  and us ing the new cons t r i c ted  
downstream elect rode w i t h  a l l  three metering 
nozzles. 
u ra t ions  exh ib i ted  considerable scat ter ;  therefore, 
on ly  curves which were fa i red  through the mean of 
the data are shown. 
t i o n s  were r e l a t i v e l y  constant for a l l  e lect rode-  
th roa t  combinations below an a r c - t o - t o t a l  res is tance 
r a t i o  o f  0.65. However, the power f l u c t u a t i o n  w i t h  
both e lect rodes increased dramat ica l l y  a t  higher 
res is tance r a t i o s .  For the operat ional  range 
explored i n  t h i s  t e s t  series, the arc was considered 
t o  be s tab le  if arc res is tance remained below approx- 
imate lv  65 oercent o f  the t o t a l  res is tance ( b a l l a s t  

This problem occasional ly  

Data obtained w i t h  some of these config- 

The normalized power f luctua-  

~. 

res is tance p lus arc  res is tance) .  A t  greater arc-to- 
t o t a l  res is tance r a t i o s ,  the arc was less s tab le  
and the runs were o f t e n  e r r a t i c  w i t h  la rge  arc  power 
f luc tua t ions  sometimes causing damage. Thus, the 
data emphasize the  importance o f  mainta in ing suf f i -  
c i e n t  b a l l a s t  res is tance ( r e l a t i v e  t o  the arc r e s i s t -  
ance) f o r  s t a b i l i z i n g  the 'a rc  and minimizing power 
f luctuat ions.  For a l l  run condi t ions,  the output 
power f luc tua t ions  were smaller when operat ing w i t h  
the new cons t r i c ted  downstream elect rode design 
than w i t h  the o r i g i n a l  downstream elect rode design 
and a lso decreased as metering nozzle diameter was 
increased. The arc was contained w i t h i n  the  down- 
stream elect rode and no damage t o  the downstream 
electrode, plenum r ings ,  o r  metering nozzle f lange 
occurred due t o  an arc i n s t a b i l i t y  problem a f te r  
the new design downstream elect rode was placed i n  
service. 

Solut ions t o  the O-ring problem and the arc 
i n s t a b i l i t y  problem were very important r e s u l t s  o f  
the t e s t  series. 
s t a n t i a l l y  increases the p o t e n t i a l  p r o d u c t i v i t y  o f  
the STF fo r  any type o f  t e s t  program by e l im ina t ing  
O-ring f a i l u r e  and, therefore, the need t o  serv ice 
the  arc heater between tests .  Defining the l i m i t s  
of arc s t a b i l i t y  and es tab l i sh ing  systematic set-up 
procedures t o  assure s tab le  operat ion e l iminates 
the expense of re fu rb ish ing  hardware which was 
occasional ly  damaged by the  arc  and has increased 
the dependabi l i ty  and consistency o f  the  f a c i l i t y ,  

Arc Heater E l e c t r i c a l  Charac ter is t i cs  

Solving the O-ring problem sub- 

W 

During the t e s t  series, power supply tap 
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set t ing,  b a l l a s t  resistance, a i r  mass flow rates,  
and th roa t  s ize were svs temat ica l l v  var ied t o  
define the e l e c t r i c a l  bpera t ing  c h a r a c t e r i s t i c s  
o f  the arc  h e a t e r l e l e c t r i c a l  system combination 
i n  the range o f  i n t e r e s t .  The amount of b a l l a s t  
res is tance i n  the arc heater c i r c u i t  was var ied 
between approximately 1.304 and 1.594 ohms. As 
expected, lower b a l l a s t  res is tance resu l ted  i n  
higher arc  power a t  a p a r t i c u l a r  power supply tap  
s e t t i n g  as shown i n  f i g u r e  17. The increased arc 
power permits lower f l i g h t  a l t i t u d e s  t o  be simu- 
la ted;  however, s u f f i c i e n t  b a l l a s t  res is tance must 
be present i n  the arc heater c i r c u i t  t o  mainta in  
s tab le operations. 
ohms was determined t o  be s u f f i c i e n t  t o  mainta in  
s tab le arc  operat ion wh i le  achieving any operating 
cond i t ion  i n  the  range o f  i n t e r e s t  w i th  the new 
downstream elect rode design ins ta l led .  Therefore, 
a l l  e l e c t r i c a l  data shown here were obtained using 
t h i s  value of b a l l a s t  resistance. 

A b a l l a s t  res is tance o f  1.304 

A general c r i t e r i o n  adopted f o r  s e t t i n g  up the 
m a j o r i t y  of the tes ts  i n  the ser ies was t o  mainta in  
the t o t a l  enthalpy o f  the f low e x i t i n g  the arc 
heater a t  the previous l e v e l  (=  3500 BTU/lbm) r e -  
gardless of the arc power l e v e l  o r  the desired t e s t  
flow t o t a l  enthalpy. Therefore, the requi red 
"nominal" a i r  mass f low r a t e  through the arc heater 
f o r  a p a r t i c u l a r  arc power leve l  was determined by 
r a t i o i n g  the attempted arc power t o  the previous 
s ing le  p o i n t  operation power leve l  (9.77 M W ,  see 
r e f .  9) and usina a oroDortiona1 main a i r  mass f low 

- . I  

ra te.  However, on some tests, the main a i r  mss 
f low r a t e  was increased as much as 100 percent above 
the nominal value t o  examine the ef fect  o f  main a i r -  
f low r a t e  on arc heater oerformance. Fiaure 18 
i l l u s t r a t e s  the e f f e c t  ok both main a i r  h o w  r a t e  
and f a c i l i t y  nozzle t h r o a t  s ize  on arc resistance. 
The data i n  t h i s  f i g u r e  were obtained w i t h  each of 
the three metering nozzles wh i le  mainta in ing con- 
s t a n t  tap  se t t ings  of 16 on both power power sup- 
p l i e s .  
Generally, increased main a i r f l o w  r a t e  y i e l d s  
increased arc  res is tance whi le  increased f a c i l i t y  
nozzle t h r o a t  area (which r e s u l t s  i n  decreased 
plenum and heater stagnation pressures) leads t o  
decreased arc resistance. This type of data demon- 
s t ra ted  t h a t  the nominal main a i r  f low ra tes  fo r  
the various arc power leve ls  were su f f i c ien t  t o  
generate the operational condi t ions of i n t e r e s t  
w i t h  the 1.3 in .  diameter metering nozzle. Main 
a i r  flow ra tes  areater than the nominal values were 

1 bm The nominal main a i r f l o w  r a t e  was 1.22 7 

not  des i rab le  because the  r e s u l t a n t  increase i n  arc 
res is tance q u i c k l y  led  t o  less  s tab le arc behavior. 
However, dur ing t e s t s  w i t h  the l a r g e r  throats ,  in -  
creasing the  main a i r f l o w  ra tes  above the nominal 
leve l  was poss ib le  (since arc  res is tance was lower) 
and, i n  fact, was necessary t o  achieve maximum arc 
power a t  the  highest power supply tap Sett ing. 
Nominal values o f  main a i r  f low were genera l ly  used 
w i t h  the l a r g e r  th roa ts  a t  power supply tap  se t t ings  
bel ow 33. 

Arc heater e l e c t r i c a l  operating c h a r a c t e r i s t i c s  
are presented i n  f i g u r e s  19 through 23. 
p a r t i c u l a r  b a l l a s t  res is tance and power supply tap 
se t t ing ,  these c h a r a c t e r i s t i c s  are a funct ion o f  
main a i r  mass flow r a t e  and heater pressure. 
Heater pressure i s  affected by main a i r f l o w  r a t e  
and by both th roa t  area and bypass a i r  flow r a t e  
when the f low a t  the e x i t  o f  the downstream elec- 
trode i s  no t  choked. Therefore, fOP s i m p l i c i t y ,  
the e l e c t r i c a l  c h a r a c t e r i s t i c s  shown are for a 

For a 

b a l l a s t  res is tance of 1.304 ohms and nominal a i r -  
f low rates. Nominal main a i r f l o w  r a t e  has pre- 
v ious ly  been defined. Nominal bypass a i r f l o w  r a t e  
i s  t h a t  requi red a t  each arc power leve l  t o  achieve 
the t e s t  t o t a l  enthalpy corresponding t o  the simu- 
l a t e d  f l i g h t  Mach number. 

Power supply tap se t t ings  and the nominal 
main a i r  mass f low rates requi red t o  achieve 
various arc power leve ls  are shown i n  f igures 19 
and 20, respect ive ly ,  f o r  the three nozzle th roa t  
sizes. A t  a aiven tao se t t ina .  arc Dower decreases 
as metering nGzzle diemeter increase;. 
highest tap s e t t i n g  (tap 33 on both power supplies), 

A t  the 

only 11.08 MI4 o f  arc power was obtained w i t h  the 
5.6 in .  t h r o a t  whi le  12.74 MW was obtained w i t h  
the 1.3 i n .  th roa t  a t  the same main a i r f l o w  rate.  
Higher arc power w i th  the la rger  th roa ts  had t o  be 
achieved by increas ing main a i r f l o w  r a t e  above 
the nominal value and increasing arc res is tance 
as shown i n  f i g u r e  18. 

Arc voltage, arc current, and arc res is tance 
as funct ions o f  arc power for the run  condi t ions 
defined i n  f igures 19 and 20 are shown i n  f igures  
21, 22, and 23, respect ive ly .  
these parameters genera l ly  increase w i t h  increas ing 
arc power. Operation w i t h  l a r g e r  th roa t  sizes and, 
therefore, reduced plenum and heater pressure, 
resu l ted  i n  lower arc res is tance and arc voltage 
but a higher arc current  a t  a p a r t i c u l a r  arc power 
leve l .  

The magnitude o f  

For a given t e s t  setup condit ion, i.e., main 
a i r  f low r a t e  and arc  power supply tap set t ing,  
the arc heater e l e c t r i c a l  proper t ies ( f igs .  19-23) 
change w i t h  increas ing th roa t  s ize  u n t i l  a choked 
flow i s  estab l ished a t  the e x i t  of the downstream 
electrode. Once the e lect rode flow i s  choked, a 
f u r t h e r  decrease i n  the plenum pressure as the 
th roa t  size i s  increased has no e f f e c t  on the 
heater e l e c t r i c a l  and f l u i d  mechanical propert ies. 
During the present t e s t  series, the flow was choked 
only when using the 5.6 i n .  diameter throat .  HOW- 
ever, a s i g n i f i c a n t  pressure drop was observed 
between the  downstream electrode and the plenum 
chamber dur ing operat ion w i t h  the 2.2 in. diameter 
throat, and, therefore, a choked f low would be 
expected w i t h  a t h r o a t  s ize  between the 5.6 in .  
diameter and the 2.2 in .  diameter. The var ia t ions  
i n  e l e c t r i c a l  proper t ies observed ( f igs.  19-23) 
when changing t h r o a t  s ize from 2.2 in. diameter t o  
5.6 i n .  diameter are much less than those observed 
when changing th roa t  s ize  from 1.3 in. diameter t o  
2.2 in .  diameter. This ind ica tes  t h a t  the ef fect  
o f  increas ing t h r o a t  area on arc heater e l e c t r i c a l  
charac ter is t i cs  becomes less  s i g n i f i c a n t  as the f low 
from the downstream elect rode approaches a choked 
condit ion. 

Total Temperature P r o f i l e s  

Total temperature p r o f i l e s  were measured a t  
the e x i t s  of the metering nozzles dur ing the t e s t  
series to determine i f  the flow u n i f o r m i t y  was 
s u f f i c i e n t  t o  warrant cons t ruc t ing  f a c i l i t y  con- 
toured nozzles f o r  t e s t i n g  scramjets a t  simulated 
f l i g h t  Mach numbers of 4 and 5.5 (a nozzle f o r  Mach 
7 f l i g h t  s imulat ion e x i s t s ) .  
un i formi ty  stems l a r g e l y  from the f a c i l i t y  a i r  
i n j e c t i o n  conf igura t ion  where the unheated bypass 
a i r  i s  i n j e c t e d  i n t o  the arc-heated f low a t  the 
e x i t  of the downstream electrode. To achieve a 
sa t is fac to ry  t e s t  flow, a high degree o f  mixing 

Concern about flow 
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must occur i n  the plenum before the f low i s  expanded 
i n  the  f a c i l i t y  nozzle. 

During a previous t e s t  series,g p i t o t  pres- 
sure and stagnation po in t  heat ing-rate surveys a t  
the e x i t  o f  the f a c i l i t y  contoured nozzle were used 
t o  obra in a t o t a l  enthalpy p r o f i l e  and es tab l i sh  
the uni formi ty  o f  the f low for Mach 7 scramjet 
engine t e s t i n g  (see f i g .  12 i n  r e f .  9). 
present t e s t  series, on ly  center l ine  t o t a l  tempera- 
tures were measured a t  the e x i t  o f  the 1.3 in. 
diameter metering nozzle. 
leve ls ,  these temperatures were somewhat lower than 
those derived from the enerw balance measurement 

I n  the 

A t  Mach 7 enthalpy 

of t o t a l  enthalpy. Although- thermocouple r e s u l t s  
are subject  t o  numerous er ro rs  a t  the Mach 7 t o t a l  
temperature leve l  (z  4O0O0R), the f low i s  probably 
well-mixed since the center l ine  'temperature i s  less 
than the bulk temperature estimate. 

To explore the f low uni formi ty  o f  the f a c i l i t y  
t e s t  stream f o r  t e s t i n g  a t  simulated Mach 5.5 f l i g h t  
condit ions, t o t a l  temperature surveys were measured 
a t  the e x i t  of the 2.2 in. diameter metering nozzle 
th roa t  usina a chromel-alumel thermocouole rake. 
Tests were made w i t h  the rake ro ta ted  from 0' t o  
135" i n  45O increments t o  obta in  p r o f i l e  data 
across the e n t i r e  nozzle e x i t  area. Total tempera- 
tu re  p r o f i l e s  obtained w i th  a f low t o t a l  pressure 
representat ive of f l i g h t  a t  an a l t i t u d e  o f  91,000 
ft. ( f i g .  241, ind ica te  t h a t  the f low u n i f o r m i t y  
was except iona l l y  good. Therefore f a c i l i t y  opera- 
t i o n  a t  t h i s  simulated Mach 5.5 f l i g h t  cond i t ion  
i s  adequate f o r  scramjet test ing.  Bulk t o t a l  tem- 
Derature der ived from the enerqv balance technique 
was i n  excel l e n t  agreement wi th-  the thermocouple 
measurements. 

To explore the f low u n i f o r m i t y  of the f a c i l i t y  
t e s t  stream fo r  t e s t i n g  a t  simulated Mach 4 f l i g h t  
condit ions, t o t a l  temperature surveys were measured 
a t  the e x i t  of the 5.6 in. diameter metering nozzle 
using the chromel-alumel thermocouple rake. The 
chance of poor f low u n i f o r m i t y  due t o  inadequate 
mixing of the arc-heated main a i r f l o w  w i t h  the 
unheated bypass a i r f l o w  w i t h i n  the plenum chamber 
was greatest  w i t h  the 5.6 in. diameter t h r o a t  
because t h e  bypass a i r  was i n j e c t e d  i n t o  a choked 
main a i r f l o w  issu ing  from the cons t r i c ted  downstream 
electrode. I n  the case o f  the smaller two throats, 
the flow from the downstream elect rode was no t  
choked. 

Total temperature p r o f i l e s  obtained using the 
5.6 i n .  diameter meterina nozzle are shown i n  
f i g u r e ~ 2 5 .  
o f  Mach 4 f l i g h t  a t  91,000 ft. a l t i t u d e .  

Flow t o t a l  ppessure was representat ive 
The open 

symbol data were obtained w i t h  bypass a i r  in jec ted  
from both i n j e c t i o n  s ta t ions  as shown i n  f i g u r e  14. 
Large t o t a l  temperature var ia t ions  across the nozzle 
e x i t  and asymmetry i n  the p r o f i l e s  obtained were 
noted as the thermocouple rake was ro ta ted  from 00 
t o  135O. To cor rec t  these problems, the i n j e c t o r s  
a t  the upstream bypass a i r  i n j e c t o r  s t a t i o n  ( f i g .  
14) were enlarged and a l l  of the bypass a i r  was 
i n j e c t e d  from t h i s  s ta t ion .  
ted the bypass a i r  t o  be i n j e c t e d  c loser  t o  the 
supersonic f low e x i t i n g  the downstream electrode. 
The corresponding t o t a l  temperature pro f i le ,  ob- 
ta ined on ly  f o r  the 1350 rake o r i e n t a t i o n ,  i s  shown 
by the shaded symbols i n  f i g u r e  25. It ind icates 
t h a t  much improved mixing occurred between the arc- 
heated a i r  and the bypass a i r .  The f low was s t i l l  
less uniform than t h a t  obtained w i t h  the 2.2 in. 

This technique permit- 

diameter metering nozzle; however, the  maximum 
v a r i a t i o n  o f  t o t a l  temperature from the ar i thmet ic  
average value was only  _+4 percent. 
i s  considered t o  be adeouate f o r  scramiet enaine 

This u n i f o r m i t y  

test ing.  
redesigning and f a b r i c a t i n g  new a i r  i n j e c t i o n  
components t o  replace the e x i s t i n g  plenum r ings  so 

More uniform flow should be i t t a i n i b l e  by 

t h a t  a l l  bypass i n j e c t i o n  would take place even 
closer t o  the main a i r  stream e x i t i n g  the down- 
stream electrode. 

The t o t a l  temperature p r o f i l e  data shown i n  f i g -  
ures 24 and 25 s p e c i f i c a l l y  i n d i c a t e  the f a c i l i t y  f l o w  
uni formi tv  f o r  on lv  two ooints  i n  the  STF t e s t  enve- 
lope (fig: 12), i.;., simulated f l i g h t  Mach numbers 
o f  5.5 and 4, respect ive ly ,  a t  a simulated a l t i t u d e  
o f  91,000 ft. However, temperature p r o f i l e s  from 
other  tes ts ,  some s imu la t ing  o ther  a l t i t u d e s  and 
some exo lo r ino  the p f f p r t  of varv ina the o u a n t i t v  

~ ~~,~ _ I ~ . . ~ . ~ . .  

o f  bypass a i r  which i s  injected,- i n i i i c a t e  ' t h a t  
a l t i t u d e  s imu la t ion  has l i t t l e  e f fect  on flow 
un i fo rmi ty .  These r e s u l t s  show t h a t  f low condi t ions 
i n  the STF are adequate for scramjet t e s t i n g  over a 
simulated f l i g h t  Mach number range from 4 t o  7 and 
a range of simulated a l t i t u d e s .  Tests a t  selected 
Mach numbers w i t h i n  the STF t e s t  envelope ( f ig .  12)  
can be accomplished w i thout  removing the model from 
the f a c i l i t y  by simply changing the f a c i l i t y  nozzle. 

Nitroqen Oxide Contaminants 

Nitrogen oxide contaminants i n  the t e s t  stream 
enter ing a scramjet engine not  on ly  a f fect  the i g n i -  
t i o n  o f  the hydrogen-air mix ture"  bu t  a lso  a f f e c t  
engine performance by reducing the oxygen a v a i l a b l e  
f o r  the combustion p r o ~ e s s . ' ~  Therefore, a knowl- 
edge o f  the q u a n t i t y  of n i t rogen oxides i n  the 
f low i s  necessary so t h a t  engine t e s t  r e s u l t s  from 
ground f a c i l i t i e s  can be proper ly  r e l a t e d  t o  actual  
f l i g h t  s i t u a t i o n s  where the n i t rogen oxides would 
not be present. I n  the present tests ,  f low samples 
f o r  several t e s t  condi t ions us ing a l l  three metering 
nozzles were captured i n  a gas sample b o t t l e  and 
analyzed using a mass spectometer. Total enthalp ies 
corresponding t o  Mach 4, 5.5, and 7 f l i g h t  were 
dupl icated w i t h  the proper t h r o a t  i n s t a l l e d .  A t  
each enthalpy l e v e l ,  f a c i l i t y  arc  power and a i r  mass 
flow r a t e  were var ied  t o  achieve a range o f  t o t a l  
pressure and, therefore, a range o f  a l t i t u d e  simu- 
l a t i o n .  I t  must be noted t h a t  some copper oxide 
contaminants from the arc  heater e lect rodes are 
a lso present i n  the flow; however, the l e v e l s  were 
not  measured dur ing these tests .  

The r e s u l t s  o f  these n i t roaen oxide measure- 
writ t e s t s  a re  shown i n  f i g u r e  56. 
ni t rogen oxide l e v e l  increases as Mach number simu- 

Generally, 

l a t i o n ,  i.e., f l o w  t o t a l  temperature, i s  increased 
from 4 t o  7. This t rend i s  m s t  pronounced a t  the 
lower a r c  powers (lower t o t a l  pressure o r  higher 
simulated a l t i t u d e s ) .  For a l l  o f  the data shown 
i n  f i g u r e  26, the t o t a l  enthalpy of the flow 
leav ing the downstream elect rode was e s s e n t i a l l y  
constant. 
i n  the f low was produced i n  the heater. Therefore, 
lower percentages of n i t rogen oxides would be 
expected a t  the t e s t  t o t a l  enthalp ies corresponding 
t o  lower Mach numbers because o f  the d i l u t i o n  e f f e c t  

Also, most o f  the n i t r i c  oxide present 

o f  the higher bypass a i r  f lows requi red t o  achieve 
these enthalpies. 

0 The leve ls  of n i t rogen oxide contamination 
shown i n  f igure  26 are  s ign i f i can t ;  reaching a 
maximum of more than 3.5 percent by volume f o r  
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Mach 7 f l i g h t  simulat ion. An attempt was made t o  
reduce these leve ls  by decreasing the  t o t a l  enthalpy 
o f  the  a i r  e x i t i n g  the  heater. 
p l ished by increas ing t h e  main a i r f l o w  r a t e  above 
the nominal value w h i l e  keeping the  power supply 
tap se t t ings  constant and ad jus t ing  the  bypass a i r -  
f low r a t e  t o  mainta in  a constant t e s t  t o t a l  enthalpy 
f o r  a p a r t i c u l a r  throat .  
se t t ings  o f  33, data from both the  2.2 i n .  and the 
5.6 in. diameter th roa ts  showed on ly  a s l i g h t  de- 
crease i n  n i t rogen ox ide l e v e l  as main a i r f l o w  was 
increased, and therefore, heater f l o w  t o t a l  tempera- 
t u r e  was decreased. S i m i l a r  data f o r  the 1.3 in. 
diameter t h r o a t  were no t  obtained because o f  arc 
s t a b i l i t y  problems. Results a re  shown i n  f i g u r e  27 
f o r  tap s e t t i n g s  on both power suppl ies of 16. 
the Mach 7 data (1.3 in. diameter t h r o a t )  show a 
dramatic decrease (56.5 percent) i n  n i t rogen oxide 
content as the  m a i n  a i r f l o w  r a t e  i s  increased (32 
percent). However, i n  fu ture scramjet tes ts ,  t h i s  
la rge  v a r i a t i o n  can be used t o  assess the  e f f e c t  o f  
n i t rogen oxide content i n  t h e  t e s t  a i r  on engine 
performance. 

This  was accom- 

With power supply tap 

Only 
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The a r c  heater research t e s t  ser ies  showed 
the  v e r s a t i l i t y  o f  the arc  heater and e l e c t r i c a l  
system combination of the  Scramjet Test F a c i l i t y .  
For scramjet engine test ing,  the  p o t e n t i a l  o f  the 
f a c i l i t y  was demonstrated f o r  s imulat ing f l i g h t  
condi t ions from Mach 4 ( a t  a l t i t u d e s  from 77,000 
t o  114,000 f t . )  t o  Mach 7 ( a t  a l t i t u d e s  from 
108,000 t o  149,000 ft.). Arc heater e l e c t r i c a l  
operating c h a r a c t e r i s t i c s  were determined f o r  a 
wide range o f  arc  power and heater t o t a l  pressures. 
Total temperature p r o f i l e s  a t  the e x i t s  o f  var ious 
sized metering nozzles were s u f f i c i e n t l y  uniform 
f o r  scramjet engine tes t ing .  Levels o f  n i t rogen 
oxide contaminants i n  t h e  f a c i l i t y  t e s t  stream were 
measured a t  cond i t ions  s imu la t ing  f l i g h t  Mach 
numbers o f  4, 5.5, and 7 fo r  use i n  r e l a t i n g  engine 
t e s t  data t o  expected f l i g h t  performance. 

This  t e s t  ser ies  a lso  provided so lu t ions  t o  
some important operat ional  problems, inc lud ing  
f a i l u r e  o f  a c r i t i c a l  O-ring and arc  i n s t a b i l i t y  
fo r  some run  condi t ions,  which had l i m i t e d  f a c i l i t y  
p r o d u c t i v i t y  i n  the  past. The e l i m i n a t i o n  o f  these 
operat ional  problems r e s u l t s  i n  c o s t  savings by 
minimizing hardware damage dur ing operation, i n -  
creasing dependabi l i ty  and consistency of the  
f a c i l i t y ,  and s i g n i f i c a n t l y  increas ing f a c i l i t y  
p r o d u c t i v i t y  f o r  any type of t e s t  ser ies.  
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F i g .  1 A i r f r a m e - i n t e g r a t e d  superson ic  combust ion  
r a m j e t .  
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%NE"U:P\ I ',E81 
CHAMBER SECTION 

NOZZLE 

F i g .  2 E l e v a t i o n  v i e w  o f  t h e  Mach 7 Sc ramje t  
T e s t  F a c i l i t y .  Dimensions a r e  i n  
feet .  

1 k UPSlRVI~\ lElECTRODt OORNSTRVIM EtECTRODt 4 
P O W R  

CONNECTOR 

F i g .  3 S e c t i o n  v iew  o f  t h e  v o r t e x - s t a b i l i z e d  a r c  
hea te r .  Dimensions a r e  i n  i nches .  

8 

PLENUM 
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COOLING WATER 
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F i g .  4 S e c t i o n  v iew  o f  t h e  bypass a i r  i n j e c t i o n  
r i n g s  and plenum chamber. Dimensions 
a r e  i n  inches.  
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F i g .  5 Arc  hea te r  e l e c t r i c a l  system. 

W 
F i g .  6 Photograph of t h e  f a c i l i t y  a f t e r  modi-  

f i c a t i o n .  
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Fig. 7 Approximate specifications for facility 
contoured nozzles. 
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Fig. 8 Test set-up for the arc heater research 

test series. 
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Fig. 10 Facility operating range with a 2.2 inch 
diameter throat. 
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Fig. 11  Facility operating range with a 5 . 6  inch 
diameter throat. 
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Fig. 9 Facility operating range with a 1 .3  inch 
diameter throat. 
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C S H E 4 l E R  OPERATING ENVELOPE 

PRWIOUS OPERATING \uy 
CONDll lON 

A L l I l U O E .  
n 

Fig. 1 5  Photograph of the new, constricted 
downstream electrode t i p .  

A- -1 _.A 
4 5 6 1 8 

M, 

Flg. 12  New STF scramjet engine t e s t  envelope. 

Fig. 13 Schematic of the  original downstream 
electrode t i p .  

OLD ELECTRODE DESIGN 
APIP NEW ELECTRODEDESIGN ,, 

Dthraat  = 1 . 3  in Dthraat = 1.3 in 

,,r D t h r M t  =2.2 in .M 
'"- ------' 
.m // Dthrmt =5'6 in 

0- I 

Rare/ Rtotal 
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Fig. 16 Normalized a rc  power f luc tua t ions  as  a 
function of arc-to-total  resistance 
r a t io .  
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R b a l  lohmri  

1.304 

1.594 

Fig. 1 7  Effect of ba l las t  resistance on arc w 
Fig. 14 Schematic of the new, constricted power. (1.3 inch diameter th roa t  and 

downstream electrode t i p .  nominal airflow ra tes . )  
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F i g .  18 Variation of a rc  resistance w i t h  a r c  

(Power supply tap se t t ings  of 
heater airflow r a t e  and nozzle throa t  
s ize .  
16 and Rbal = 1.304 ohms.) 
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Fig. 21 Arc voltage versus a rc  power. 
(Rbal = 1.304 ohms, nominal airflow 
ra t e s . )  
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Fig. 23 Arc resistance versus a rc  power. 
(Rbal = 1.304 ohms. nominal airflow 
ra tes . )  
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Fig ,  24 Total  temperature p r o f i l e s  a t  the  e x i t  

of the  2.2 i nch  diameter meter ing nozzle. 

Fig. 26 Ni t rogen ox ide contaminants i n  the f a c i -  
l i t y  t e s t  stream f o r  the  range o f  simu- 
l a t e d  f l i g h t  condi t ions.  
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Fig. 27 E f fec t  of arc  heater a i r f l o w  r a t e  on 
Fig. 25 To ta l  temperature p r o f i l e s  a t  the  e x i t  of n i t rogen  oxide contaminent l e v e l .  

the 5.6 i nch  diameter meter ing nozzle. (Power supply tap s e t t i n g s  o f  16.) 
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