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TECHNIQUES FOR AEROTHERMAL TESTS OF LARGE, FLIGHTWEIGHT THERMAL PROTECTION PANELS 

I N  A MACH 7 W I N D  TUNNEL 

William D. Deveikis,* Walter E. Bruce, Jr.,** and John R. K-rnst 
NASA Langley Research Center 

Hampton, Virgin ia  

Abstract  

Recently developed experimental  techniques per- 
m i t  evaluat tng  thermal perfcimance and s t r u c t u r a l  
i n t e g r i t y  of f u l l - s c a l e  panel concepts app l i cab le  
t o  r een t ry  and hypersonic veh ic l e s  i n  t h e  Langley 
8-foot high-temperature s t r u c t u r e s  tunnel .  This  
f a c i l i t y  provides combinations of aerodynamic heat-  
i n g  and pressure  loading r ep re sen ta t ive  of f l i g h t  
a t  Mach 7 et a l t i t u d e s  between 25 and 40 km (80,000 
and 130,000 f t )  u t i l i z i n g  a combustion products 
t e s t  medium. Panels  up t o  108 by 152 cm (42.5 by 
60 in . )  a r e  t e s t ed  i n  two-dimensional flow a t  cold- 
wa l l  t d rbu len t  heat ing  r a t e s  from 29.5 t o  250 kw/m2 
(2.6 t o  22.0 ~ t u / f  t2-sec) and a t  average su r f ace  
pressures  from 0.9 t o  15.2 W a  (0.13 t o  2.20 ps i a ) .  
Rate and magnitude of su r f ace  heat ing  and 
d i f f e r en t i a l -p re s su re  loading a r e  independently 
contro l led .  R e a l i s t i c  temperature d i s t r i b u t i o n s  
a r e  r ad i an t ly  preheated i n t o  the  panel p r i o r  t o  
aerodynamic heat ing ,  and scream condi t ions  a r e  
prese lec ted  t o  s u s t a i n  the  preheat su r f ace  hea t ing  
input  dur ing aerodynamic exposure. Luring tunnel  
s t a r t  and shutdowl, panels a r e  sh ie lded ou t s ide  t h e  
stream from p o t e n t i a l l y  damaging t r a n s i e n t  acous- 
t i c s  and bu f fe t ing  and a r e  then r ap id ly  i n s e r t e d  
i n t o  t he  hypersonic flow. In f r a red  radiometry pro- 
v ides  d e t a i l e d  surveys of su r f ace  temperatures.  
These techniques h a ~ e  re turned u s e f u l  d a t a  from 
numerous t e r t s  on metal  neat  s h i e l d s  and panels wi th  
reusable  su r f ace  in su l a t ion .  

In t roduct ion  -- 
Langley Research Center is conducting a t e s t  

program u t i l i z i n g  its &foot  high-temperature s t r u c -  
t u r e s  tunnel t o  provide a r e a l i s t i c  hypersonic heat-  
i ng  and loading er.vironment f o r  eva lua t ing  the  
thermal performance and s t r u c t u r a l  i n t e g r i t y  of t h e  
108 by 152 an (42.5 by 60 in . )  thermal p ro t ec t ion  
paneis shown i n  Figure 1. These inc lude  metal  heat  
s h i e l d s  wi th  i n su l a t ion  packages and panels with 
nonmetall ic reusable  su r f ace  in su l a t ion .  They were 
designed a s  fu l l - s ca l e  nardware app l i cab le  t o  
r een t ry  and hypersonic veh ic l e s  and s o  by na tu re  
a r e  l ightweight  - under 1.4 kg/m2 ( 3  lbm/ft2) - with 
maximum allowable d i f f e r en t i a l -p re s su re  loading a s  
low a s  2.1 W a  (0.3 psi) .  To ob ta in  meaningful 
experimental r e s u l t s ,  it was necessary t o  provide 
uniform two-dimensional flow over t he  t e s t  panel 
su r f ace ,  t o  con t ro l  the r a t e  and magnitude of sur-  
f ace  heat ing  and of d i f f e r e n t i a l - p r e s s u r e  loading,  
and t o  avoid ove r s t r e s s ing  panels under nmrepre -  
s e n t a t i v e  loading produced on s t a r t  and shutdown 
~ e r i o d s  of wind-tunnel opera t ion .  These require-  
ments neces s i t a t ed  developing experimental  tech- 
n iques  t ha t  r e su l t ed  i n  modifying e x i s t i n g  t e s t  
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apparatus and t e s t  procedures and i n s t a l l i n g  s p e c i a l  
devices .  This paper reviews the  t e s t  techniques and 
p re sen t s  examples of t e s t  d a t a  t o  demonstrate t h e  
v a l i d i t y  of t h e  techniques.  

Nomenclature 

LP D i f f e r e n t i a l  pressure  

q Heating r a t e  

T Temperature 

t Time 

a Angle of a t t a c k  

Subsc r ip t s  

t T o t a l  condi t ion  i n  combustor 

m Free s t ream 

Tes t  F a c i l i t y  

An a e r i a l  view and a schematic of the  Langley 
8-foot high-temperature s t r u c t u r e s  tunnel a r e  pre- 
sented  i n  Figure  2. The b l o w d m  tunnel  can sim- 
l a t e  t he  aerodynamic hea t ing  and loading t h a t  is 
obtained i n  f l i g h t  a t  a nominal Mach number of 7 i n  
t he  a l t i t u d e  range hetween 25 and 40 km (80.000 and 
130,000 f t )  . I h e  high energy required  f o r  t h i s  
sirnulatior. is obta ined by burning a mixture  of 
methane and a i r  under pressure  and expanding t h e  
r e s u l t i n g  p r ~ d u c t s  of combustion t o  t h e  t e s t  s e c t i o n  
Mach number through an axisynnnetric contoured nozzle 
having an e x i t  d iameter  of 2.4 m ( 8  f t ) .  T- le t e s t  
s e c t i c n ,  t h e  s t ream i s  a f r e e  j e t  w i th  a usaL t e s t  
core  approximately 1.2 m (4 f t )  i n  diameter over  a 
d i s t ance  of 4.3 m (14 f t ) .  Downstream of t h e  t e s t  
s e c t i o n ,  the  flow is  d i f f u s e d  and pumped t o  t h e  
atmosphere by a s ingle-s tage  annular  a i r  e j e c t o r  
which permits  low p re s su re ,  h igh -a l t i t ude  s imula t ion .  
S t a g n a t i m  temperature is  con t ro l l ed  by r egu la t ing  
fuel - to-a i r  r a t i o  t o  g ive  a range of va lues  betveen 
1400 K and 2003 K (2500" R and 3600' R). As 
reported i n  References 1 and 2 ,  aerodynamic pressure  
and heat ing  c o e f f i c i e n t s  obta ined i n  t h i s  t e s t  
medium a r e  comparable t o  those obta ined i n  t e s t  
f a c i l i t i e s  us ing a i r  alone.  A i r  s t o rage  capac i ty  
provides run times up t o  2 minutes.  

During tunnel  s t a r t  and shutdown periods.  
models a r e  s t o r e d  i n  a pod below the  stream t o  
avoid t h e  flew dis turbances  t h a t  a r e  generated a t  
those  times. Once t h e  des i red  flow condi t ions  a r e  
e s t ab l i shed ,  a model handl ing  system rap id ly  i n s e r t s  
a model fn to  t h e  s t r e a n  by means of an e l e v a t o r  t h a t  
can t r a v e l  v e r t i c a l l y  over a d i s t ance  of 2.13 m 
(7 f t )  t o  t h e  s t r e a r  c e n t e r l i n e  i n  1 second. The 
system can p i t c h  models w e r  a range of angles  of 
a t t a c k  up t o  '20.. Other d e t a i l s  of t h i f  f a c i l i t y  
may be found i n  Reference 3. 



Panel Holder 

One of the  most important t e s t  requirements of 
the present program was providing uniform pressure  
loading and uniform aerodynamic heat ing input  over 
the t e s t  panel surface .  This requirement was essen- 
t i a l l y  achieved by developing the  l a r g e ,  s t i ng -  
mounted panel holder shown i n  Figure 3. With t h i s  
f i x t u r e ,  su r face  heat ing and pressure  loading a r e  
changed by varying angle of a t t ack .  The panel 
holder i s  a rectangular s l a b  141 by 300 cm (55.4 by 
118 in . )  with a 20. bevel a t  the  leading edge and a 
cutout t ha t  can accomrmodate t e s t  panels up t o  108 
by 152 cm (42..5 by 60 in . ) .  ( In  the  photograph, 
the  t e s t  panel is a metal thermal p ro tec t ion  con- 
cept  with a corrugated surface.)  The panel holder  
is covered with a p ro tec t ive  e x t e r i o r  i n su la t ion  
blanket of 2.54 cm ( 1  in.) th ick  Glasrock foam t i l e s  
bonded t o  a framework subst ructure  of welded 2.54 cm 
(1  in.)  th ick  s t a i n l e s s - s t e e l  members. Hinged 
p l a t e s  on the  back surface  of t he  panel holder allow 
access t o  the  underside of the t e s t  panel.  A s i n g l e  
row of spheres spaced across  the panel holder width 
and located 13 cm (5  in.)  from the  sharp  l ead ing  
edge t r i p s  t h e  boundary l aye r  t o  provide turbulent  
flow over the  t e s t  surface .  Aerodynamic fences  on 
the  s i d e  edges of the  panel holder extend 8 cm 
(3.0 in . )  above the t e s t  surface  and help channel 
the  flow over the  t e s t  panel. Inasmuch a s  t h e  fence 
height was constrained by a t e s t  requirement f o r  
preheating the panel ( to  be discussed) ,  the  fences 
a l s o  extend 25 an (10 in.)  below the  back surface  
of the  panel holder t o  prevent v o r t i c a l  flow s p i l l -  
i ng  onto the  t e s t  surface  from the  b a c ~  su r face  
a t  a = O O .  

A s  demonstrated by the  oil-flow pa t t e rns  pre- 
sented i n  Figure 4, the  fences diminish t h e  a- 
dependent tendency of the s t reamlines  t o  d e f l e c t .  
The pa t t e rns  were obtained on t h e  t e s t  su r face  of a 
1112-scale model of the panel holder  i n  hot  flow a t  
Mach 7. A t  a = Qa, the surface-pressure d i s t r i -  
bution obtained with the fu l l - sca l e  panel holder 
is uniform a s  shown i n  Figure 5. These r e s u l t s  
were obtained from t e s t s  a t  Mach 7 of a f l a t  c a l i -  
b ra t ion  panel mounted i n  the cutout.  As i nd ica t ed ,  
v i r t u a l l y  no v o r t i c a l  flow e f f e c t  is present ;  a t  
most, the  spanwise change i n  pressure  is about 
2 percent.  Pressure va r i a t i cns  a r e  somewhat g r e a t e r  
a t  a = 10' a s  shown i n  Figure 5(b) - ' 5  percent  
along t h e  cen te r l ine  and up t o  12 percent spanwise 
near  the  t r a i l i n g  edge. P i c t o r i a l  r ep resen ta t ions  
of turbulent  heat ing d i s t r i b u t i o n s  ob ta i r c3  from t h e  
ca l ib ra t ion  panel tests a r e  presented i n  Figure  6 
and show t h a t  t he  heat ing is uniform a t  both 
a - 0' and 10'. The spanwise v a r i a t i o n  is within  
+5 percent,  whereas the long i tud ina l  hea t ing  r a t e s  
c h a r a c t e r i s t i c a l l y  decrease from t h e  leading edge 
by about 15 percent. In  the range of tunnel stream 
conditions shown i n  the carpet  p l o t s  of Figure 7 ,  
average f l a t - p l a t e  surfa-e pressures  from 0.9 t o  
15.2 kPa (0.13 t o  2.20 ps i a )  end f l a t - p l a t e ,  cold- 
wal l ,  turbulent  heat ing r a t e s  from 29.5 t o  250 kw/m2 
(2.6 t o  22.0 ~ t u / f t Z - s e c )  a re  ava i l ab le  us ing t h i s  
panel holder. Local Mach number a t  the  t r a i l i n g  
edge of the ca l ib ra t ion  p l a t e  va r i e s  from about 6.5 
a t  a = 0' t o  about 4.5 a t  a = 15'. 

Dif ferent ia l -Pressure  Loading 

Other important t e s t  requirements f o r  perform- 
ance evaluat ions  of f l ightweight  thermal p ro tec t ion  
panels were di f ferent ia l -pressure  loading c a p a b i l i t y  

a t  e l eva te0  temperatures and p ro tec t ion  aga ins t  
adverse loading from rap id  pcessure changes on 
tunnel  s t a r t  and shutdown. (Under abnormal circum- 
s tances .  t he  t e s t  s ec t ion  repressur iza tLoa r a t e  can 
be a s  high a s  1 atmosphere per second.) Inasmuch 
a s  su r face  pressure  and co!d-wall hea t ing  r a t e  a r e  
s t r i c t l y  a funct ion of anglc of a t t a c k  under con- 
s t a n t  tunnel stream condi t ions ,  they cannot be 
va r i ed  independently. Nevertheless,  d i f f e r e n t i a l  
pressure  normal t o  the  su r face  can be var ied  inde- 
pendently by c o n t r o l l i n g  t h e  cav i ty  pressure  under 
the  panel. The d i f f e ren t i a l -p res su re  con t ro l  system 
cons i s t s  of spring-loaded vent  and f i l l  doors,  shown 
a t  t h e  base of rhe panel  holder  i n  Figure  8, and a 
supply of n i t rogen  gas. The vent doors open outward 
and a i d  i n  evacuat ing the  c a v i t y  dur ing tunnel s t a r t ,  
whereas the  f i l l  doors open inward and a i d  i n  repres- 
s u r i z i n g  the  cav i ty  dur ing tunnel shutdown. In  the  
tunne l  stream, panel  loading can be var ied  over a 
range of pos i t i ve  (pushing the  panel i n )  and nega- 
t i v e  (pushing the  panel  out)  values .  By vent ing the  
cav i ty  t o  panel holder  base pressure ,  t h e  maxiuum 
a-dependent p o s i t i v e  values  of d i f f e r e n t i a l  pressure  
a re  obtained, a s  shown i n  Figure  9. For a given a ,  
t h i s  loading can be decreased by pressur iz ing the  
cav i ty  with n i t rogen  gas.  The flow of n i t rogen is 
manually con t ro l l ed .  When the  cav i ty  is pressurized. 
t he  vent  doors a r e  locked us ing pneumatically actu- 
a t ed  pins  which dutomatically unlock a t  a p re se t  
value of d i f f e r e n t i a l  pressure  t o  prevent overload- 
i n g  t h e  t e s t  panel.  

Radiant Preheaters  - 
For t h i s  t e s t  program, a p a i r  of r e t r a c t a b l e  

banks of quartz-lamp rad ian t  hea te r s  was i n s t a l l e d  
i n  the  test-chamber pod f o r  use i n  preheat ing a t e s t  
panel along a programed thermal t r a l e c t o r y  repre- 
s e n t a t i v e  of a f l i g h t  hea t  pulse  p r io r  t o  i n s e r t i n g  
it i n t o  the  tunnel  t e s t  stream. In  t h i s  manner, 
des i r ed  temperature d i s t r i b u t i o c s  a r e  obtained 
through t h e  t e s t  panel  t h a t  a r e  precluded by the  
r e l a t i v e l y  s h o r t  aerodynamic exposure t imes and the 
a v a i l a b l e  hea t ing  r a t e s .  Preheating a l s o  p ro tec t s  
aga ins t  thermal ove r s t r a in  t h a t  might fo l low the  
sudden exposure of a cold t e s t  panel t o  the hot 
stream. Each bank of hea te r s  cons i s t s  of 10 gold- 
p la ted ,  water-cooled ' f l e c t x  u n i t s  arranged a s  
i l l u s t r a t e d  i n  Figui . Each u n i t  conta ins  16 
tungsten-f i laront  qua r t z  lamps r a t ed  a t  2000 watts.  
Both banks or hea te r s  a r e  divided i n t o  three  e lec-  
t r i c a l  power zones. Each zone is operated by an 
ign i t ron  power supply contzol led  by a programed 
closed-loop system t h a t  fo l lows a predetermined sur- 
f ace  temperature t r a j e c t o r y .  The ign i t rons  opera te  
on three-phase e l e c t r i c a l  power. Their  maximum out- 
put t o  t h e  hea te r s  is 1000 ki lowat ts .  Uniformity of 
s k i n  temperatures produced by the  r ad ian t  h e a t e r s  
is wi th in  '34 K ('63' R) a t  1089 K (1960' R). 

A s t e e l  framework ca r r i age  mounted on r a i l s  
t r anspor t s  t h e  hea te r  banks by means of hydraul ic  
motors. F u l l  t r a v e l  time i n  each d i r e c t i o n  is 
1 second. I n  the  extended pos i t ion ,  t h e  hea te r s  
cover the  a rea  of t he  t e s t  panel surface .  Space 
l imi t a t ions  i n  the  test-chamber pod allow a lamp 
height  a b w e  the  panel  holder t e s t  ~ u r f a c e  of only 
10.2 cm (4 in . ) .  

Acoustic and Buffet  P ro tec t ion  

Recent experience ind ica t e s  t h a t  d e l i c a t e ,  
f l ightweight  models cannot endure the  a i rborne  



acous t i c  d is turbances  associa ted  wi th  t he  subsonic- 
flow por t ion  of tunnel  opera t ion  and the  s eve re  
bu f fe t ing  dur ing abnormal s t a r t  and shutdown events .  
The s e v e r i t y  of t h i s  problem is  demonstrated i n  
Figure 11 which shows a r i v e t e d  c o r ~ g a t e d  Rene 41  
thermal p ro t ec t ion  panel t h a t  was des t royed du r ing  
an abnormally rapid  shutdown. (The panel was 
designed f o r  an u l t ima te  d i f f e r e n t i a l - p r e s s u r e  
loading of 21  W a  ( 3  ps i ) . )  Consequently. f o r  
p ro t ec t ion  aga ins t  such d i s tu rbances ,  a p a i r  of 
acous t i c  b a f f l e s  was a t tached t o  t h e  c a r r i a g e  of the  
r e t r a c t a b l e  r ad i an t  hea t e r s  t o  c w e r  t h e  panel 
holder t e s t  su r f ace  and r ad i an t  hea t e r s  du r ing  tun- 
n e l  s t a r t  and shutdown. As i l l u s t r a t e d  i n  Fig- 
ure  12 ,  the b a f f l e s  a r e  t r apezo ida l ly  shaped 
enclosures  made of an aluminum p l a t e  covered on the  
ou t s ide  wi th  l aye r s  of f e l t  and on the  i n s i d e  wi th  
sprayed-on acous t i c  foam. The d a t a  of Figure 1 3  
show t h a t  t he  b a f f l e s  a t t e n u a t e  t h e  acous t i c  energy 
over t h e  t e s t  su r f ace  by approximately 11 dec ibe l s  
over t h e  range of tunnel s t a r t  and shutdown com- 
bus tor  p re s su re s  between 1.4 and 4 .1  MPa (200 and 
600 ps ia) .  I n  s e r v i c e ,  these  b a f f l e s  perform very 
we l l  and have repeatedly  protec ted  a corrugated  
Rene 41  panel ( s imi l a r  t o  panel  shown i n  Fig. l l ) ,  
a Haynes a l l o y  panel,  and a panel of reusable  sur-  
f a c e  in su l a t ion  (Fig. 1 )  aga ins t  acous t i c  d i s tu rb -  
ances a s  we l l  a s  bu f f e t ing  du r ing  abnormal shutdowns. 

To provide add i t i ona l  p ro t ec t ion  aga ins t  acous- 
t i c  d ie turbat ' les  and bu f fe t  loads ,  t he  normal tunnel  
opera t ing  pro* edure has been modified t o  reduce 
t h e  s t a t i c  prezsure dur ing s t a r t  and shutdown. 
Although the  modified procedure consumes more a i r  
and hence s a c r i f i c e ,  ava i l ab l e  aerodynamic exposure 
time (approximately 15 seconds),  i t  works veTy w e l l  
i n  prac t ice .  For example, t he  r i v e t e d  Haynes a l l o y  
?anel  (Fig. 1 )  survived two normally c o n t r o l ' e d  
shutdowns v i thou t  b e n e f i t  of the  a c c u s t i c  b a f f l e s .  

Tes t  Procedure 

The sequence of events  dur ing a t y p i c a l  wind- 
tunnel t e s t  of a panel is i l l u s t r a t e d  i n  Figure 14 
which shows a spanwise cross-sec t ional  view of the  
t e s t  chamber. A t e s t  begins by extending the  
acous t i c  b a f f l e s  and r ad i an t  hea t e r s  over  the  panel  
su r f ace  (Fig. 14 (a ) )  and energiz ing t h e  hea t e r s .  
The hea t e r s  then follow a programed thennal t r a -  
j ec to ry  tha t  hea t s  t h e  panel su r f ace  a t  a prescr ibed 

Scaminn In f r a red  Radiometer 

In f r a red  radiometry i s  employed f o r  o b t a i n i n s  
d e t a i l e d  coverage of su r f ace  temperatu-es and l o c a l  
hot-spot i n t ens i ty .  Thermal r a d i a t i o n  is detec ted  
by means of a scanning radiometer l oca t ed  j u s t  out- 
s i d e  t h e  t e s t  stream a t  a d i s t ance  above t h e  t e s t  
panel t h a t  y i e l d s  a s p a t i a l  r e so lu t ion  of the  sur-  
f ace  nominally 1.3 cm (112 in . )  i n  diameter.  The 
radiometer scans streamwise i n  2.5 mi l l i seconds  and 
sweeps spanwise i n  5 seconds t o  cover a 76.2-cm 
(30-in.) square wi th  150 scan l ines .  I t  uses  a 
photovol ta ic  indium-antimonide l iquid-ni t rogen 
cooled d s t e c t o r  having a response of 1 0  microseconds. 
The system opera tes  i n  a wavelength band centered  
about. 2.4 micrometers and is c a l i b r a t e d  us ing a 
s tcndard  black body reference  source t o  s ense  
temperatures i n  the  range between 650 K and 1300 K 
(1170' R and 2340' R) . Oucput of t he  de t ec to r  i s  
recorded on high-frequency analog FM tape .  The 
d a t a  a r e  then d i g i t i z e d  and computer processed.  
System c a l i b r a t i o n  is co r rec t ed  f o r  t he  emit tance  
of t h e  t e s t  su r f ace  dur ing d a t a  processing.  

r a t e  and soaks i t  a t  a s p e c i f i e d  temperature f o r  
t imes up t o  28 minutes.  During t h i s  time, s e l e c t e d  
thermocouple ou tpu t s  a r e  monitored on v i s u a l  read- 
o u t s ,  and when the  panel  subs t ruc tu re  temperature 
approaches a s p e c i f i e d  va lue ,  e i t h e r  310 K o r  420 K 
(560' R o r  760' R) t h e  t unne l  is s t a r t e d .  (These 
subs t ruc tu re  temperatures r ep re sen t  t he  hea t ing  t h a t  
might occur i n  t he  panel  e a r l y  and l a t e ,  respec- 
t i v e l y ,  i n  reent ry . )  Once t h e  des i r ed  flow condi- 
t i o n s  a r e  e s t a b l i s h e d ,  t h e  procedure is  t o  deener- 
g i z e  t he  h e a t e r s ,  r e t r a c t  t h e  acous t i c  b a f f l e s  and 
h e a t e r s ,  i n s e r t  t h e  panel  i n t o  the  stream, and 
simultaneously p i t c h  i t  t o  a predetermined angle  of 
a t t a c k  t h a t  w i l l  s u s t a i n  t h e  preheat  s u r f a c e  tem- 
pe ra tu re  (Fig. 14 (b ) ) .  Usually, hea t e r  r e t r a c t i o n  
and panel  i n s e r t i o n  occur wi th in  5 seconds. During 
aerodynamic exposure, d i f f e r e n t i a l - p r e s s u r e  l oad ing  
may be  var ied .  A t  t h e  end of t h e  aerodynamic 
exposure,  t h e  procedure i s  reversed.  

Effec t iveness  of Tes t  Techniques 

The techniques descr ibed he re in  have been suc- 
c e s s f u l l y  implemented t o  eva lua t e  t h ree  thermal pro- 
t e c t i o n  p a n e l t o n c e p t s  t o  da t e .  Two were r i v e t e d  
meta l  (Rene 41 and Haynes a l l o y  25) panels  w i th  
i n s u l a t i o n  packages and one u t i l i z e d  bonded t i l e s  
of reusable  s u r f a c e  i n s u l a t i o n  (LI 1500). Each 
panel  was subjec ted  t o  a prescr ibed number of r ad i -  
a n t  preheats  and aerodynamic exposures. In  a l l  
c a ses ,  i t  was r epea t ed ly  demonstrated t h a t  f l i g h t -  
weight panels can be s a f e l y  i s o l a t e d  from t h e  
adverse  acous t i c s  and t r a n s i e n t  loading a s soc i a t ed  
wi th  s t a r t u p  and shutdowu of t h i s  t e s t  f a c i l i t y .  
Moreover, a s  w i l l  be  shown, t h e  0.echniques a l low 
exposure t o  d e s i r e d ,  con t ro l l ed  e s t  condi t ions .  

The e f f e c t i v e n e s s  of t h e  techn,ques is demon- 
s t r a t e d  i n  Figures 1 5  througii 1 8  which show d a t a  
obta ined du r ing  a r a d i a n t  prrheatfaerodynhmic heat-  
i n g  t e s t  of t h e  corrugated Renr 41 panel (Figs.  1 
and 3).  As i l l u s t r a t e d  by t h e  i n s e r t  i n  Fig- 
u r e  15 (a ) ,  t h e  corrugated  s k i n  was r ive t ed  t o  sup- 
po r t  members 10.2 cm (4 in . )  long which, i n  t u r n ,  
were fas tened t o  hat -sec t ion  subs t ruc tu re  members. 
Skin and suppor t  members were 0.05 cm (0.020 in . )  
t h i c k .  A 5-cm (&in.)  t h i ck  Insu la t ion  package of 
microquartz l a y e r s  r e s t e d  on che subs t ructure .  The 
d a t a  of Figure  15 a r e  measured temperatures from 
thermocouples on t h e  s k i n  and on a support  member. 
The programed thermal t r a j e c t o r y  r a d i a n t l y  preheated 
t h e  panel  s k i n  a t  a r a t e  of 2.8 Kfsec (5' Rfsec) t o  
1089 K (1960' R) and soaked it u n t i l  t he  subs t ruc-  
t u r e  temperature leached 310 K (560' R). The panel  
was then i n s e r t e d  i n t o  t h e  tunnel  stream. As i nd i -  
ca t ed  by the'thermocouple response on t h e  s k i n ,  
which was obtained Rear t h e  cen te r  of t he  panel,  
t h e  con t ro l  of preheat  i npu t  by the  r ad i an t  h e a t e r s  
was very good. 

For t h e  aerodynamic hea t ing  p a r t  of t h i s  t e s t ,  
t h e  panel  was i n  t h e  s t ream f o r  1 minute. Stagna- 
t i o n  pressure  and temperature were approximately 
pt = 17.2 MPa (2500 ps i a )  and Tt = 1890 K 
(3400' R). From t h e  c a r p e t  p l o t  of Figure 7 ( b ) ,  t he  
angle  of a t t a c k  required  f o r  s u s t a i n i n g  the  preheat  
s k i n  temperature a t  these  condi t ions  is approxi- 
mately 9'. As shown by t h e  thermocouple d a t a  from 
the  wind-tunnel t e s t  i n  Figure 15(b) ,  t h e  s k i n  tem- 
pe ra tu re  recovered the  preheat va lue  a f t e r  a 
5-second i n t e r r u p t i o n  of heat  input  p r i o r  t o  i n se r -  
t i o n  i n t o  t h e  stream. Thus, t h e  p re se l ec t ed  angle  
of a t t a c k  was co r r ec t .  The sudden drop i n  support-  
member temperatures shown on tunnel  s t a r t u p  r e s u l t e d  
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from a s p i r a t i o n  during r:st-chamber evacuation, 
whereas the  temperature r i s e  r a t e s  shown a f t e r  
i n s e r t i o n  resul ted  from the inflow of hot gases.  
I n  t h e  tunnel stream, the  uniformity of s k i n  temper- 
a t u r e s  was within ?28 K (! 50. R). 

i n  the  a l t i t u d e  range between 25 and 10  km (80,000 
and 130,000 f t ) .  The s p e c i a l  p r w i s i o n s  f o r  con- 
duct ing the t e s t s  include: 

1. A sting-mounted panel holder  t h a t  accom- 
modates panels up t o  108 by 152 cm (12.5 by 60 in . )  
and provides uniform, two-dimensional turbulent  flow 
a t  cold-wall h e a t i n  r a t e s  from 29.5 t o  250 kw/m2 Z (2.6 t o  22.0 B tu l f t  sec)  and average su r face  pres- 
s u r e s  from 0.9 t o  15.2 kPa (0.13 to  2.20 ps ia)  by 
varying angle of a t t ack .  

Corresponding panel su r face  p res su r?  and 
d i f f e ren t i a l -p res su re  loading d a t a  obtained a r e  
presented i n  Figure 16. The measured su r face  pres- 
su re  of 8.3 kPa (1.2 ps i a )  (Fig. 16 (a ) )  agrees  wi th  
the  value ext rapola ted from the  carpet  p l o t  of 
Figure 7(a) f o r  t he  ac tua l  s tagnat ion pressure  of 
18.2 m a  (2635 ps i a ) .  For t h i s  t e s t .  t he  vent doors 
a t  t he  base of the panel holder were open t o  apply 
maximum pos i t ive  d i f f e r e n t i a l  pressure  which was 
approximately 5 kPa (0.7 ps i s )  a t  the  angle  of 
a t t a c k  of 9'. Note t h a t  t h e  d i f  f e ren t i a l -p res su re  
con t ro l  system maintains an unloaded panel dur ing 
t h e  rapid evacuation of the  t e s t  chamber indicated 
by the  surface-pressure response dur ing tunnel 
s t a r t u p .  

2. A d i f f e ren t i a l -p res su re  con t ro l  system f o r  
varying panel loading and f o r  p ro tec t ing  panels from 
adverse loading dur ing s t a r t  and shutdown periods of 
f a c i l i t y  opera t ion.  

3. Acoustic b a f f l e s  t h a t  s h i e l d  the  panel sur-  
f ace  aga ins t  adverse a i rborne  acous t i c s  and buf fe t -  
i n g  dur ing t h e  s t a r t  and shutdown periods of tunnel  
opera-ion and ope ra t ing  procedures t h a t  a l s o  a t t en -  
u a t e  no i se  and buf fe t  lozds i n  the  c r i t i c a l  range 
of tunnel  pressures .  I n  Figure 17, the capab i l i t y  of t h e  

d i f f e ren t i a l -p res su re  con t ro l  system t o  diminish 
aerodynamic loads by pressur iz ing the  cav i ty  is 
demonstrated. During t h i s  t e s t ,  su r face  loading 
was increased by varying angle of a t t a c k  i n  s t e p s  
from 9' t o  12'. For each increase  i n  a, add i t iona l  
n i t rogen was required t o  m i n t a i n  the  no-load condi- 
t i cn .  A s  indicated,  d i f f e r e n t i a l  pressure  was main- 
ta ined wi thin  f1.4 kPa (t0.2 ps i )  once Ap-control 
was es tabl ished.  

4. A r ad ian t  preheat ing system f o r  obta ining 
r e a l i s t i c  temperature d i s t r i b u t i o n s  through t h e  
panel p r i o r  t o  aerodynanir exposure and f o r  protec- 
t i o n  aga ins t  o v e r s t r a i n  r e s u l t i n g  from the  thermal 
shock of suddenly exposing a cold panel t o  aero- 
dynamic heat ing;  hea te r s  a re  control led  t o  fo l low 
a programed thermal t r a j e c t o r y  and a r e  coordinated 
with f a c i l i t y  opera t ions  f o r  minimal in t e r rup t ion  
of su r face  heat ing input .  

Scaniines of surface  temperatures obtained by 
in f r a red  radiometry near the  panel c e n t e r l i n e  a r e  
presented i n  Figure 18. The loca t ions  of suppor t  
members and f lu sh  and round-head r i v e t s  a r e  indi-  
cated. The area  scanned by the  radiometer is 
i l l u s t r a t e d  i n  the in se t .  The love r  t r ace  shows 
t h e  heat-sink e f f e c t  of support  members when the 
panel is inser ted  cold, whereas the  upper t r a c e  
shows the  stagnation-heating e f f e c t  of prot ruding 
round-head r i v e t s  under near equi l ibr ium heat ing 
conditions.  Var ia t ions  i n  surface  emittance and 
s i g n a l  noise  produce apparent temperature va r i a -  
t i ons  along the scanl ines  between r i v e t s .  Agree- 
ment between infrared and thermocouple da ta  is 
within 28 K (50' R). Thus, i n f r a red  radiometry 
is a use fu l  t o o l  i n  t h i s  t e s t  f a c i l i t y  f o r  pro- 
v iding de ta i l ed  heat ing information t h a t  cannot 
readi ly  be obtained by thermocouples. 

5. In f r a red  radiometry f o r  d e t a i l e d  coverage 
of su r face  heating. 

These techniques have been t r i e d  and proven 
repeatedly.  Their  implementation has  shown t h a t  
f l ightweight  thermal protect ion panel concepts,  
both m e t a l l i c  and nonmetall ic,  can be i so l a t ed  from 
p o t e n t i a l l y  damaging t r a n s i e n t  acous t i c  and pres- 
s u r e  loading a s soc ia t ed  with tunnel s t a r t  and shut-  
down. Furthermore, t he  techniques a l low exposing 
panels t o  des i red .  con t ro l l ed  t e s t  conditions.  
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Figure 12. Sketch of r e t r ac t ab le  acous t i c  b a f f l e s  

extended over panel holder.  
(b) During t e s t .  

Figure 14. Concluded. 
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(a) Radiant preheat ing plus aerodynanic heating. 
Figure 13. EfiecL of acoust ic  b a f f l e s  on o v e r a l l  

sound pressure l e v e l .  
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(a) P ~ e t e s t  and p o s t t e s t .  

Figure 14. Cross-sectional view of t e s t  s ec t ion .  
(b) Aerodynamic heating. 

Figure 15. Thermal reSpOMe of Rene 4 1  thermal 
p ro tec t ion  panel. 
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Figure 18- surface temperatures obtained "it+ 
infrared radiometry. 


