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NOMENCLATURE 

a 

b/2 
BET 

SF 
e~ 
E/ I 
FRS I 

HRS I 

J SC 

LRS I 

OMS 

PS I A  

qconv 
RCC 

STS 

T AEFI 

T - . . 4  
3UL I 

TPS 

Angle o f  Attack 

Spanwi se distance measured from plane o i  symmetry, 468.3 i n. 

Best Estimated Trajectory 

Local wing chord length, 414.6 an. 'or 50% semi-span, 248.1 

i n  f o r  80% semi-span 

Speci f i c Heat 

Oevel apment F l  i qht Instrumentation 

Body Flag def 1 e c t i  on 

E l  evon def 1 e c t i  on 

Entry Inter face 

F lex ib le  Reusable Surface Insu la t ion  

Total enthal py 

F i  l m  heat t rans fer  coe f f i c i en t  

H i  gh-temperature Reusable 'surface Insu la t ion  

Johnson Space Center 

Orb i te r  1 ongi t ud i  nal 1 ength, 1285 i n. 

0% Pod longi tudinal  length, 258.5 in.  

Low-tempcrature Reusable Su'rface Insu la t ion  

Free stream Mach number 

Orb i te r  Experiment 

Orb i ta l  Haneuveri ng Sy stm 

Pounds per square inch, absolute 

Convective heat ra te  

Rei nfcrced carbon-carbon 

Normal shock Reynolds number based on o r b i t e r  charac ter is t i c  

length 

Free streem Reynolds number based on o r b i t e r  character i  $ t i c  

1 engt h 

Space Transportation System 

Terminal Area Energy Management 

Surf  ace Temperature 

Thermal Protect ion Syztem 

Longi tuda nal Length 



X/c Normal i zed 1 ongi t ud i  a1 1 ength from wi ng 1 eadi ng edge a1 ong 

a semi-span 

X/L Normalized longi  :udi nal length from o r b i t e r  nose. 

X/Lp Normal i zed l ongi t ud i  na i 1 ength from OMS pod forward face 

Y distance i n  inches measured from plane o f  symmetry 

Y/b/2 non-dimensi onal spanwi se d i  stance measured from plane of 

symmetry 

Z Hosi zontal distance 

Subscripts 

co Free S t  ream 

FS Normal Shock 



INTRODUCTION 

The Space Shut t le  Orbi ter  represents the current approach i n  the design and 

development o f  hypersonic entry vehicles. This f r o n t i e r  e f f o r t  can be 

characterized as p lac ing a balanced emphasis on ground character izat ion 

test ing, greater re1 i ance on ana ly t i ca l  based software f o r  predict ions, and 

experimental /analyt i  cal  methodology development f o r  subsystem ver i f i ca t ion .  

Since the f l ow f ie lds  and resul tant  surface heating f o r  a vehic le w i t h  the  

complex geometry o f  the Orb i te r  was not wel l  understood a series o f  ground 

tes ts  were conducted t o  a i d  i n  obtaining be t te r  understanding of the  f low 

phenomena. Ground tes ts  were conducted i n  wind tunnels t o  gain i ns igh t  

i n t o  the  s e n s i t i v i t y  o f  surface heating t o  angle o f  attack and Reynolds 

number. It was deduced tha t  adequate character izat ions could be derived 

for the  hypersonic entry  envi ronment by using ex i s t i ng  fac i  1 i t i e s  w i t h  data 

taken a t  Mach 8, 

Over 2,000 development f l i g h t  instruments (DFI) were i n s t a l  l e d  on the f i r s t  

f l i g h t  Orbiter, Columbia, w i t h  the  major i ty  o f  the  OF1 f l i g h t  data recorded 

during ascent and entry, Addit ional real- t ime instrumentation was used t o  

cont i  nuously monitor the thermal subsystems dur i  ng each f l  ight ,  Successful 

completion o f  the f i r s t  f i v e  f l i g h t s  o f  the  Space Shut t le  Orb i te r  provided 

data from thermocouples, pressure transducers, and radiometers t o  appraise 

aerothermodynami c/TPS performance dur i  ng entry. 

The entry  heating data presented i n  t h i  s repor t  include ss i sc t  wasurement 

locat ions from the avai lab le f l i g h t  data which are compared w i t h  data from 

s imi la r  locat ions obtained from wind tunnel tests. These data are 

presented i n  terms o f  the dynamic f low f i e l d  parameters o f  i n te res t  t o  the 

aerathermodynamist, namely, angle o f  attack, Mach number, and Reynolds 

number. The object ive i s  not only t o  archive the f l i g h t  data, but t o  a i d  

the ara lys t  i n  br idging the gap between wind tunnel and f l i g h t  test ing,  and 

t o  p r w i d e  i ns igh t  i n t o  the r e l a t i v e  s e n s i t i v i t y  o f  swface heat ing t o  

these parameters, 



DISCUSSION 

The key t o  the  development o f  a mult i -mission, low cost, weight e f f e c t i v e  

Orb i t a l  thermal p ro tec t i on  system (TPS) was t h e  development o f  unique 

reusable mater i  a1 s which could wi thstand t n e  h igh temperature environment 

and a1 so be in tegra ted  i n t o  a system design which could provide adequate 

i n s u l a t i o n  f o r  t h e  s t r uc tu re  and i n t e r n a l  systems. The Orb i t e r  TPS 

cons is ts  o f  four  d i  f f e r e n t  materi a1 conf igurat ions;  coated r e i  nforced 

carbon-carbon (RCC) f o r  nose and wing leading edge areas where en t ry  

temperatures exceed 2300°F, high-temperature reusable surface i n s u l a t i o n  

(HRSI) f o r  temperatures between 1200°F and 2300°F, low-temperature reusable 

surface i nsul a t i c n  (LRSI) between 700°F and 1200°F, and f l e x i b l e  reusable 

surface i nsul a t i  on (FRSI ) f o r  areas w i t h  surface tenveratuses not  exceedi ng 

700°F. 

Successful completion o f  t he  i n i t i a l  f i v e  f l i g h t s  o f  Cclumbia have provided 

data from radiometers, thermocouples, and pressure transducers t o  apprai se 

t he  aerothemdynamic envi rnoment and TPS performance, I he ma jo r i t y  o f  t h e  

DFI were dedicated t o  var ious subsystems t o  support t h e  af ia lysis and 

c e r t i  f i c a t i o n  requ! rements f o r  subsequent f l i g h t s .  The l o c 3 t i o n  and 

i d e n t i f i c a t i o n  o f  these instruments can be found i n  Ref. 1, 

The surface heat ing ra tes  presented i n  t h i s  volume are based 01 t h e  thermal 

analys is  of temperature measurements v i a  t he  JSC NONLINIINVERSE computer 

program, Ref. 2. These analyses consisted o f  ca lcu la ted surface 

temperature and heat ing r a t e  us ing embedded thermocouple temperature data, 

With the  use of va r iab le  thermal p roper t ies  (as funct ions o f  temperature 

and pressure) t he  e f f ec t s  o f  r a d i a t i o n  l oss  and i n t e r n a l  conduction i s  

accounted f o r  i n  t he  computation o f  both surface heat ing and in-depth 

:hem1 response. 

The thermal analys is  performed fo r  each l oca t i on  and f l i g h t  was i n i t i a t e d  

a t  e i t h e r  en t ry  i n te r f ace  ( E I I )  o r  a t  the  commencement o f  recorded data and 

terminated a t  2500 seccnds a f t e r  E l 1  o r  t h e  cessat ion of data recording, 

which ever occurred f i r s t .  The t ime step s ize  f o r  a1 1 analys is  was 5 



seconds. F l i g h t  data were sampled a t  one second i n t e r v a l s  and smoothed t o  

f i v e  second i n t e r v a l s  t o  be cons is tent  w i t h  analysi  s requi  rements. For 

reference purposes, t he  c r i t i c a l  mission t imes (E I I ,  TAEM, and touch down) 

f o r  each f l i g h t  a re  provided i n  Table I. The TPS con f igura t ion  and 

mater ia l  th ickness were obtained e i t h e r  from Ref. 3 o r  from undocumented 

personal comnunicati ons w i t h  thermal analyst  a t  NASAIJSC and Rockwell 

In ternat ional ,  Downey, Ca l i fo rn ia .  Baseline thermophysi ca l  p roper t ies  were 

used f o r  a l l  mate r ia ls  and can be found i n  Ref. 4. A l l  heat ing ra tes  were 

ca lcu la ted w i t h  a view f a c t o r  o f  1. The surface emiss iv i t y  on t h e  lower 

windward surface was assumed t o  be 0.85 wh i l e  on t h e  l e e  s ide  t h e  

emiss iv i t y  was assumed t o  be 0.80. 

The TPS performance ana lys is  was in f luenced by t he  l o c a l  pressures used. 

The s e n s i t i v i t y  o f  t he  pressure transducers on t he  lower windward surface 

was su f f i c ien t  t o  enable accurate ca l cu la t i on  of t he  l oca l  surface 

condi t ions (heat ing and temperature) and i n-depth thermal response. On t he  

l e e  side, however, t h e  f u l l  range (0-15 PSIA) pressure transducers d i d  not  
4 accurately respond p r i o r  t o  approximately Mach 25 o r  ReNS =7 X 10 due t o  

t he  low l eve l  o f  st-rface pressure. Thus the  analys is  o f  the  e a r l y  response 

on t he  l e e  s ide  i s  less  accurate i n  a thermal sense. However from a 

p rac t i ca l  viewpoint t h i s  i n s e n s i t i v i t y  o f  t he  pressure sensors introduced 

an e r r o r  o f  l ess  than 5 t o  10 percent on the  surface heat ing and 

temperature. The greatest in f luence  o f  pressure s e n s i t i v i t y  i s  i n  t h e  

p red i c t i on  o f  bondl i  ne s t r u c t u r a l  thermal responses which i s  not  t he  

concern o f  t h i  s repor t .  

On the  lower cen te r l i ne  t he  data f o r  t h e  measurement a t  X/L=0.95 i s  not as 

accurate as f o r  o ther  locat ions. Most o f  the  thermocouples ussd f o r  

surface heat ing and temperature ca lcu la t ions  were 0.015 i nches from t h e  

surface. I n  t h i s  l oca t i on  where there  was a p lug instrumented t i l e  w i t h  

thermocouples a t  d i  f fe ren t  depths, the  f i  r s t  i n-depth thermocouple 

ma1 functioned f o r  a1 1 f l i g h t s .  The next in-depth thermocouple 0.30 inch 

from the  surface, was used t o  ca l cu la te  t he  surface heat ing and 

temperature. The use o f  data from t h i s  depth i n  combination w i t h  the data 

noise approaches the  l i m i t s  o f  t he  inverse program t o  ca lcu la te  surface 

heat ing and temperature. Thus the  data a t  t h i s  l oca t i on  appears t o  be more 

ns isy and not as accurate as the  data a t  other locat ions. 

3 



Values o f  angle o f  a t tack  and t h e  der ived f r e e  stream Mach number were 

obtained from JSCIMPAD Best Estimated Tra jec to ry  (BET) data tapes f o r  each 

f l  i ght. The correspondi ng values f o r  normal shock Reynolds number ( d e f i  ned 

i n  Ref. 5) ,  reference heat ing r a t e  t o  a 1-foot sphere, reference f i l m  

c o e f f i c i e n t ,  and t o t a l  enthalpy were obtained v i a  t h e  MINIVER computer 

program (Ref. 6).  

The heat ing data presented a re  i n  terms o f  normalized f i l m .  heat t r a n s f e r  

c o e f f i c i e n t s  using an approximate f l i g h t  recovery enthalpy o f  0.9 HTs The 

deduced f i l m  heat t r a n s f e r  c o e f f i c i e n t  f o r  f l i g h t  data i s  given by: 

where (Iconv i s  t h e  convect ive heat ing r a t e  from NONLIN/inverse, HT i s  t h e  
t o t a l  enthalpy from MINIVER, and t he  l o c a l  surface enthalpy i s  ca lcu la ted  

as : 

where TSurf i s t h e  surface temperature from NONLINIINVERSE. 

The ob jec t i ve  o f  t h i s  ana lys is  i s  t o  compare Orb i t e r  heat ing r a t e  data from 

f l i g h t  w i t h  wind tunnel  data a t  t h e  same angles o f  a t tack  and Reynolds 

number t o  es tab l i sh  whether t he  s e n s i t i v i t y  o f  heat ing t o  these two 

parameters i s  s i m i l a r  f o r  f l i g h t  and wind tunnel  condi t ions.  It has been 

shown t h a t  normal shock Reynolds number (Ref. 5 and 7 )  can adequately be 

used t o  co r re l a te  wind tunnel  data w i t h  f l i g h t  data f o r  en t r y  veh ic les  such 

as the  Apol lo  and Space Shu t t l e  Orb i te r .  The advantage o f  us ing normal 

shock Reynolds number ( ~ e ~ ~ ) ,  as compared t o  f reestream Reynolds number 

(Re ) ,  i s  t h a t  t he  ReNS, t o  a f i r s t  order, accounts f o r  t h e  r ea l  gas 
a, 

e f f ec t s .  The scal i ng parameter (~e~~ /Re , ) ,  determi ned from the  wind tunnel  

t e s t  environment a t  Mach 8, (Ref. 8-11) i s  0.1121. I nd i v i dua l  comparisons 

o f  f l i g h t  and wind tunnel  heat t r a n s f e r  c o e f f i c i e n t  data (0.9 H ~ )  vs. 

f l i g h t  parameters (c, M_, ReNS) have been prev ious ly  repor ted (Ref. 12-16). 

As an a i d  t o  the  reader t he  c o r r e l a t i o n  between freestream and normal shock 

Reynolds nunbers a t  wind tunnel  cond i t i ons  can be seen i n  Table 11. 



When observing t h e  comparisons presented i n  t h i s  volume and Ref. 12-16 t h e  

analyst  should exercise extreme care i n  ex t rapo la t ing  t h e  wind tunnel data 

t o  f l i g h t  and from t h i s  c lass  o f  vehic les t o  o ther  veh ic le  classes. The 

f low f i e l d  cha rac te r i s t i c s  (dynamics) t h a t  are present f o r  wind tunnel 

condi t ions are s i g n i f i c a n t l y  d i f f e r e n t  from those e x i s t i n g  a t  hypersonic 

f l  i ght condit ions. The subscale models exposed t o  wind tunnel condi t ions 

a re  being monitored i n  3n i dea l  gas environment. The wind tunnel,  i n  order  

t o  achieve t he  supersonic v e l o c i t i e s  requi red f o r  t e s t  purposes, operates 

a t  r e l a t i v e l y  low temperatures and enthal  pies. A t  these t e s t  condi t ions 

t he  f low i s  chemically non-reacting and t he  f low energy i s  i n  e i t h e r  a 

t rans1 a t i  on ( k i  n e t i  c )  o r  thermal state.  During entry,  however, t h e  O r b i t e r  

TFS i s  subject  t o  a chemically ac t i ve  environment. I n  comparison t o  wind 

tunnel condi t ions t h e  f l  i ght condi t ions e x h i b i t  e levated temperatures and 

entha lp ies which causes d issoc ia t ion  o f  molecl les i n  t h e  shock l aye r  and 

t h e  poss ib le  recombination o f  t he  atoms near ?he surface i n  t he  boundary 

layer.  Therefore, t h e  f low energy i s  now d i s t r i b u t e d  i n  t r ans la t i ona l ,  

thermal, and chemical states. Because t h e  Orb i te rs  TPS surface primary 

const i tuents  are o f  moderate ca ta l ys i  s w i t h  respect t o  recombi na t ion  t he  

surface chemistry i s  r e l a t i v e l y  i n e r t .  Thus, t he  en t ry  heat ing i s  

p r i m a r i l y  due t o  d i f fus ions  o f  thermal energy w i t h i n  t he  boundary layer. 

The thermal energy can, a t  t imes o f  peak heating, be r e l a t i v e l y  small 

compared t o  t he  energy w i t h i n  t he  t r ans la t i ona l  and chemica: states. 

While the  ma jo r i t y  o f  t he  TPS surface has a moderate surface c a t a l y s i s  

ra te ,  t he  surface o f  several t i l e s  were c a t a l y t i c a l l y  t reated, as p a r t  o f  

an Orb i te r  Experiment (OEX) t o  assess t h e  e f f e c t  o f  l o c a l l y  enhanced 

surface ca ta l ys i s  on 1 ocal aeroheati ng, The l o c a t i o n  o f  these c a t a l y t i c  

t i l e s  on the  lower surface cen te r l ine  are ind ica ted  i n  Table I 11  f o r  each 

f l i g h t .  I n  t he  X/L d i s t r i b u t i o n s  the  r i s e  i n  heat ing due t q  the  l o c a l l y  

t rea ted  c a t a l y t i c  surface i s  shown as a d iscon t inu i t y .  This i n f e r r e d  jump 

i n  magnitude i s  based on a l i n e a r  i n t e r p o l a t i o n  o f  t he  heat ing from the  

adjacent non-cata ly t ic  t i l e s ,  both forward and a f t  o f  the  c a t a l y t i c  t i l e .  



The heat ing r a t e  d i s t r i bu t i ons ,  espec ia l l y  on t he  lower windward surface, 

tend t o  demonstrate t h a t  the  wind tunnel data are conservat ive r e l a t i v e  t o  

t he  heat ing experienced i n  f l i g h t .  The data der ived from the  c a t a l y t i c  

t i l e s  i l l u s t r a t e  t h e  heat ing lev,? ls  t h a t  could be an t i c ipa ted  using a more 

chemical l y  ac t i ve  surface. Thus, any agreement between unscaled w i  nd 

tunnel and f l i g h t  data may be viewed as f o r t u i t o u s  because the wind tunnel 

t e s t s  d i d  not s imulate these chemical effects. 

It should be stressed t h a t  t h i s  repor t  i s  bas ica l  l y  por t ray ing  experimental 

data only. That i s ,  exper i i~en ta l  data der ived from wind tunnel t e s t s  and 

experimental data der ived from f l i g h t .  These comparisons permit t he  

analyst  t o  extrapolate,  w i t h i n  l i m i t a t i o n s ,  from the  heat ing a t  wind tunnel 

condi t ions t o  t he  aerothermcdynami c  heat i  ng t h a t  ex i  s t s  w i  t h i  n  t he  f l  i ~ h t  

environment. Wi th in  t h i s  ent ry  heat ing data ser ies  no attempt has been 

made t o  co r re l a te  f l i g h t  data w i t h  ana l y t i ca l  pred ic t ions.  While t h i s  does 

l i m i t ,  somewhat, t he  t o t a l  understanding o f  t he  aerothermodynamic en t ry  

environment i t  i s  f e l t  t h a t  t h i s  se r ies  w i  11 prove t o  be inva luable f o r  

f u tu re  analysis. Other invest igators ,  however, have attempted t o  provide 

i n s i g h t  i nto t h i  s ent ry  envi rnoment by co r re l  a t i  ng ana l y t i ca l  method01 ogi es 

w i t h  f l i g h t  data. A p a r t i a l  l i s t  o f  such inves t iga t ions  can be found i n  

Ref. 17-25. 

A complete legend i s  provided on each p l o t  t h a t  i d e n t i f i e s  the  l oca t i on  f o r  

t he  heat ing r a t e  d i s t r i b u t i o n s ,  wind tunnel t e s t  condi t ions, and f l i g h t  

data condit ions. The wind tunnel data are presented as symbols which are 

i d e n t i f i e d  by tes t ,  angle o f  at tack, f r e e  stream Mach number, and normal 

shock Reynolds number. The f l i g h t  data are p r e s e ~ t e d  bj, vector connected 

curves ( s o l i d  and dashed) and are i d e n t i f i e d  by f l i g h t ,  angle o f  at tack, 

f ree  stream Mach number, normal shock Reynolds number, and t ime i n  seconds 

a f t e r  ent ry  in te r face .  



DATA RESULTS 

The en t ry  heat ing presented i n  t h i s  repor t  i s  r e s t r i c t e d  t o  t h e  lower 

surface c e n t e r l i  ne, lower wing surface 50% and 80% semi-spans, s ide  

fuse1 age (Z=400 t race) ,  s ide Payload Bay Door (Z=440 t race) ,  upper l e e  s ide  

center l ine,  and OMS pod ( t r a c e  3), see Figs. 1-4. The heat ing r a t e  

d i s t r i b u t i o n s  a re  presented as h/href vs. X/L on t h e  lower and upper 

cen te r l i ne  and s ide (2.400 and 2 ~ 4 4 0  t races) ,  as h/href vs. X/C on t h e  

lower wing 50% and 80% semi-spans, and h/href vs. X/Lp on t he  OMS pod 

( t r c c e  3). A l l  wind tunnel  data presented are f o r  O0  body f l a p  de f l ec t i on ,  

tiBF1 and elevon de f lec t ion ,  6E. A l l  wind tunnel  data are e i t h e r  taken a t  

f l i g h t  data measurement loca t ions  o r  by l i n e a r  i n t e r p o l a t i o n  t o  t h e  f! i g h t  

data measurement loca t ions  as explained i n  volumes 2-6 (Ref. 12-16). 

The data presented i n  volumes 2-6 tend t o  represent t he  t ime-h is to ry  data 

f a r  each DFI analyzed. I n  contrast ,  t he  data i n  t h i s  volume are presented 

i n  terms of heat ing r a t e  (h/href) d i s t r i b u t i o n s ,  and provides a d i f f e r e n t  

perspect ive f o r  viewing t he  same data. By examining heat ing r a t e  

d i s t r i b u t i o n s  t h e  analys t  i s  more ab le  t o  ga in  i n s i g h t  i n t o  t h e  hea t ing  

character i  s t i c s  f o r  t h i s  veh ic le  and i s  more ab le  t o  develop and assess t he  

s e n s i t i v i t y  o f  t he  heat ing d i  s t r i  b u t i  ons t o  angle o f  a t tack  and Reynolds 

irumber . 
Complete f l i g h t  aata e x i s t s  on ly  f o r  STS-2, STS-3 and STS-5. The en t r y  

heat ing data f o r  STS-1 and STS-4 are ava i l ab l e  f rcm 1065 seconds and 965 

scconds a f t e r  en t r y  i n t e r f a c e  (400 K f t . ) ,  respect ive ly .  I n  volumes 2-6 

t he  f l i g h t  co r re l  a t i o ~  parameters were given on ly  d u r i  rig t he  t imes en t r y  

heat ing data were ava i lab le .  I n  t h i s  volume, however, the  f l i g h t  

co r re la t io r :  parameters f o r  each f l i g h t  are  provided f o r  a l l  en t ry  t imes of 

i n t e res t .  I n  add i t i on  t o  t he  t ime h i s t o r y  and reference cross p l o t s  of a, 

Mm , ReNS' q r e f *  and href t h i s  volbme provides t ime h i s t o r i es ,  and 

reference cross p l o t s  of HT and ReNSiRem , as we l l  as, t ime-h is to ry  p l o t s  

o f  the  body f l a p  and elevon de f l ec t i ons  ( r i g h t  and l e f t )  6BF, 6E-RH, and 

SE-LH. P lo ts  o f  these c o r r e l a t i o n  parameters ;e presented i n  Appendix A. 

As an a i d  t o  t he  reader, t he  page numbers f o r  the  s p e c i f i c  c o r r e l a t i o n  

paranieters can be found i n  Table I V .  



The aerodynamic heat ing on t he  Orb i t e r  i s  inf luenced by geometry, surface 

roughness, mater i  a1 ca ta l ys i  s, gas phase chemi s t r . ~ ,  ;;:yi e o f  at tack,  Mach 

number, and Reynolds number. By s e l e c t i v e l y  i s o l a t i n g  each parameter t h e  

s e n s i t i v i t y  o f  t he  heat ing can be assessed w i t h  respect t o  t h e  o ther  

parameters. Geometry has remai ned unchanged s i  nce t h e  same vehi c l  e 

(OV-102) was used For t he  f i v e  DFI f l i g h t s .  The in f luence  o f  surface 

roughness, and c a t a l t y s i s  can be i s o l a t e d  by comparing t h e  heat ing 

va r i a t i ons  w i t h i n  each f l  i ght and between f l  i ghts. The s e n s i t i v i t i e s  t o  

gas phase chemistry and Mach number a re  d i f f i c u l t  t o  assess because a l l  t h e  

t r a j e c t o r i e s  were so very srmi l a r .  However, t h e  t r a j e c t o r i e s  were 

s u f f i c i e n t l y  d i f f e r e n t  t o  provide i n s i g h t  i n t o  t h e  s e n s i t i v i t i e s  o f  heat ing 

as a func t ion  o f  angle o f  a t tack and Reynolds number f o r  each f l i g h t  and 

f o r  a l l  f l i g h t s  i n  composite. 

In f luence  o f  Reynolds Number - Appendix B 

Ind iv idua l  F l i g h t s  - Constant Angle o f  At tack 

A compari son o f  f l i g h t  and wind tunnel  heat ing r a t e  data (h/href) showing 

t he  in f luence  of ReHS a t  40' angle o f  a t tack  i s  presented i n  Appendix B. 

The page numbers f o r  t h i s  data can be found i n  Table V. Th is  comparison i s  

presented f o r  STS-2, STS-3, acd STS-5 i n d i v i d u a l l y  and covers t h e  range 2 x 
4 - 5 10 < ReNS - < 8 x 10 . This scans t h e  Reynolds numbers ranye f o r  

approximately the  order  o f  magnitude Reynolds number range p r i o r  t o  wind 

tunnel  data through t h e  order o f  magnitude Reynolds number range t h a t  

inc lude  wind tunnel  t e s t  data. 

The f i r s t  48 p l o t s  (15 per  f l i g h t )  present i nd i v i dua l  heat ing r a t e  

d i s t r i b u t i o n s  a1 ong t h e  1 ~ d e r  windward center1 i ne a t  c3ch d i sc re te  Reynolds 

number. For comparison purposes t h e  c loses t  ava i lab le  wind Lunnel data are 

a lso  provided on these p la ts .  I n  add i t i on  t o  showing t he  s e n s i t i v i t y  t o  

Reynolds numbers t h i s  data i s  provided as an a i d  t o  i nves t i ga to r s  i n  

assessing t he  heat ing l e v e l s  f o r  t he  c a t a l y t i c  surfaces over the  range o f  

en t ry  condi t ions.  The f o l  lowi  ng 42 p l o t s  (849-690) compari ng f 1 i ght and 

wind tunnel  heat ing data i r e  segregated i n t o  two Reynolds number ranges, 2 
4 4 - - 5 x 10 < ~e,,,~ < 9 x 10 and 1 x 10 - < ReNS - < 8 x l o 5 ,  f o r  each area ander 

inves t iga t ion .  



The heating r a t e  d i  s t r i  but idn on the  lower center1 i ne remi ned es-ent ia l  ly 

unchanged w i t h  increasicg Reynolds number f o r  STS-2 and STS-3. For STS-5, 

however, the heating ra te  d i s t r i b u t i o n  exhib i ted a dependence on Rejnolds 

number, i ncreasi ng w i th  increasing Reynolds number. The heating fop a1 1 

f l i g h t  data indicates tha t  the f l o i  was laminar through the  e n t i  r e  Reynolds 

nuaber ranqe whea the vehic le was a t  40° angle o f  attack. I n  c ~ n t r a s t  t c  

the f l i g b t  data the wind tunnel Giita exhi b i t  a dependence on Reynolds 

numer and go through t r i l o s i t i o n  frhr laminar t o  turbulent  heating fo r  RetuS 

> 4 x l o5  a f t  u f  X / i  = 0.6. This ind icates the  possible influence o f  

tunnel rtoise on ground t e s t  data. 

The inf luence o f  Body Flap de f lec t ion  can be seen f a r  a11 f l i g n t  data. The 

order c f  rnhgnitude decrease i n  heating on the  a f t  end o f  the Orbi ter  (0.9 - < 

X!L - < 1.0) i s  an ind ica t ion  o f  separated flow. The f low reattaches on the 

Body Flap and causes the heating t o  ificrease by 1 t o  1 112 ~ r d e r s  o f  

magnitude over the heating i n  the separated f low region, see Appmdix 

A26-A30 f o r  body f 1 ap deflections. 

On the lower wing 50% semi-span ( Y / S / 2  = 0.5) the heating ra te  d i s t r i b u t i o n  

f o r  STS-2 and STS-3 remained essent ia l ly  unchanged f o r  the order of 
4 magnitude Reynolds number range p r i a r  t o  wind tunnel data ( 2  x 10 - < ReNS - < 

4 9 x 10 ) ,  however, f o r  STS-5 a dependence on ReHS can be seen, see 050 and 

860, For the order 2 f  z tgni  tude Keynolds number range tha t  contain the  

wind tunnel data there i s  an ind ica t ion  c f  t i r b u l e n t  f low arocnd X / C  = 0.6 

f o r  a l l  f l i g h t s  although the flow was laminar a t  a i l  other stations. The 

wind tltnnel data indicated a deper~dence cjn Reyncl.ds nu;nber and ind ica te  
5 turbulent heating for  ReNS > 6 x 10 a t  a l l  stations. The in f luence o f  

elevon heating as a funct ion o f  elevon def lec t ion  can be seen only f o r  the 

nigher Reynolds numbers. The elevon hinge l i n e  f o r  the  50% seni-span was 

a t  X/C = 0.76. 

On the lower wing 80% semi-span (Y/b/2 = 0.8) the heating ra te  d i s t r i b u t i o n  

was essent ia i ly  unchanged f o r  a l l  Reynolds numbers f o r  STS-2. Only the 
5 dat? at the highest Reynolds number.: (ReNS > 6 x 10 ), ind icate an increase 

i n  heating on the elevon t r a i l i n g  edge. For t h i s  semi -span the elevon 



hinge was a t  X/C = 0.71. The f i r s t  two instruments behind the  leading edge 

for  STS-3 are suspiciously low and probably should not be used fo r  

analysis. The heating ra te  d i  s t r i  b u t i  on f o r  STS-;, neglect i  t!g these two 

instruments, i s  essent ia l l y  the  same as for  STS-2 p r f o r  t o  t ne  elevon 

hinge. The heating on the elevon i i l c s t r a t e s  the  sens i r i v icy  o f  heai ing as 

i F~nctic;. o f  Reynolds number f o r  a 3' elevon de f l ec t i on  on STS-3 t h a t  was 

not obsesved fo r  the  lo def lect ion on STS-2, 

As w i t h  the lower center l ine and wing 59% semi-span, the  heating 9n the  80% 

semi-span fo r  STS-5 snows a dependence on Reynolds number on the d t c a d ~  

p r i o r  t o  wind tunnel data. The h e a t i ~ g  d i s t r i b u t i o n  through the  wind 

tunnel data range, however, remained unchanged on the  wing w i t n  soa!e 

dependence en the elevon heat ing l eve l s  as a funct ion o f  the  def;ectron 

angle. The wind tunnel beating data show 2 aependence on Reynolds number, 
5 increasing w i t h  increasing Reynolds number f o r  ReNS > 5 x 10 . The 13rqest 

increase i n  heating was a t  X/C = G.6 where the  magnitude i n  heat ing 

increased approximateiy by a fac to r  of 2. Transi t ion i n  t he  wind tcnnel 

occur only a t  the  highest Reynolds nuolber. 

On the lower center l iqe  the  f l i g h t  data tended t o  agree w i t h  the  lower 
5 rafige wind tunnel data (ReHS < 3 x 10 ). On the  lower wing 50% semi-span - 

the f l i g h t  data tend $0 agree w i th  lower range wind tunnel data (ReE - < 4 x 
5 - 1 ~ ~ )  forward of X/C = 0.6, w i th  the  5 x 10' and 6 x 19 w ~ n d  tunnel data it 

5 - XJC = 2.6, and w i th  the 5 x 10 wind t i m e 1  data fo r  X j C  > 0.6. On the  803 

semi-span the  f l i g h t  data were i n  close azreement w i t h  the lower range wind 
5 tunnel data (ReNS 5 4 x 10 ) . This represents a close cor re la t ion  between 

f l i g h t  and wind tunnel data f o r  laminar f l d w  conditions. I n  general, 

however, the wind tannel data tend t o  be conservative r e l a t i v e  t n  f l i g h t  

data. It i s  i n te res t i ng  t o  observe t h a t  the wind tunnel ind icates a much 

e a r l i e r  t r a n s i t i o n  t ime (lower Reynolds number) than occurred i n  f l i g h t .  

This may, i n  part ,  be a t t r i bu ted  t o  differences i n  enthalgy, model size, 

wind tunnel noise, and surface chemistry. 



The side heat':., i s  more d i f f i c u l t  t o  cor re la te  since flow i s  more d i r e c t l y  

influenced by the  upstream e f fec ts  o f  the body cur-!ature and wing leading 

edge. The flow on the  lower surface tends t o  be characterized as e i t h e r  

laminar or  turbulent,  whereas, t he  f l o w  along the  s ide i s  characterized 

more i n  terns o f  separation and r e a t t a c b n t  o r  vortex f low dur ing entry. 

Trendwise the  wi?d tunnel data are conservative forward c f  X/L = 0.4 2nd 

tend t o  underestimate the  f l i g h t  data a f t  o f  XfL = a.6, especia l ly  w i t h  

increasing aeynolds number. 

For the  order o f  magnitude Reynolds nuaber range p r i o r  t o  n ind  tunnel data 

the  heating d i s t r i b u t i c n s  aiong the  2=400 t race  snoc an amazing s i m i l a r i t y  

t o  the  windward f l i g h t  data; t h a t  i s ,  re la+ ivo  i n s e n s i t i v i t y  t o  Reynolas 

number fcr STS-2 and STS-3, and increase i n  heating w i t h  increase i n  

Reynolds number f o r  ZTS-5. I n  t he  decade containing wind tunnel data, 

however, both w i  nil tunnel and f l i g h t  data show a s t , w g  dependence on 

Reynolds number. 

Although a lesser  number o f  instruments were avai lab le on the  s ide Payload 

Bay Door (Z=440 trace; the  same observations tend t o  hold as f o r  the  Z W  

trace. Thz only di f ference i s  t h a t  the  wind tunnel data tend t o  be a 

conscrvati ve estimate of the  f l i g h t  data forward o f  XfL = 0.6, and 

underestimates f \  i g h t  data a f t  o f  XjL = 8.6. 

On the l ee  side upper center l ine  the  n ind  tunnel data overestimate the  

f l i g h t  data a t  a l l  Reynolds numbers. On t h i s  surfzce the  flow i s  

ccrcylicated by the  abrupt change i n  shu t t l e  geometry due t o  the cabin 

(uindshield and canopy). Bath f l i g h t  and wind tunnel datz ind ica te  strong 

reattachment on the canopy w i th  an order o f  magnitude reduction i n  heat i  cg 

a f t  o f  the canopy along the Payload Bay aoors. Only l i m i t e d  data are 

avai :able f o r  STS-2. However, a l l  f l i g h t  and wind tunnel data shw a 

strong dependence on Reynolds number. Both wind tunnel 2nd f l i g h t  data 

show s im l l a r  trends forward o f  XfL = 0-2, There i s  a wider var ia t ion  i n  

heating f o r  f l i g h t  data a f t  o f  XfL = 0-2 than would be impl ied from wind 

tunnel data. 



A more coarpl i cated f low phenownon ex i s t s  on the  ONS pod than fo r  t ne  other  

surface areas, The f low i c  d i r e c t l y  inf luenced by the  upstream ef fects af 

the bclty curvature and wing leading edge. The f low along the  fuselage s ide 

and the wi l ;?  upper surface contr ibute t o  the d i f f i cu : t y  i n  describing the  

f low along t h i s  l e e  side surface, The heating r a t e  d i s t r i bu t i ons  f o r  a l l  

f i i ght data are st rocgly  dependent on Reynolds fi~mber. I n  general, the  

wine tannel data d ~ d  not  edict the  f! ight data on the pod, While the  

wind tunne; data showed soate depcdence on Reynolds number it tended t o  

underpredict f l i g n t  3ta b? a fac to r  o f  2 t o  3. 

The f l i g h t  data i n  the low Reynolds rbumber range presents an i n te res t i ng  

problem. The Jdta fm STS-2 ?rid STS-3 tend t o  be i n  agreement and s h w  an 

insensSt iv i ty  i n  the laminar he,lting as t funct idn o f  Reynolds nuher,  

However, the heating data from S.rS-5 shows an in f luence or! t ne  l eve l  of 

heating t h a t  i s  d i r e c t l y  dependent on Reyno:ds number, Between the flights 
for  ST5-4 and STS-5 the  water phSoofing ;rocedure was changed. This 
procedure was ef f ec t i  ve i n preventi ng moi s t u w  penet r a t i  on, but may have 

chxnged the surface charac ter is t i cs  fo r  STS-5, i .e,, t he  surface prcper t ies 

such as a n i s s i v i t y  may have been degraded. I n  addit ioa, a t  various 

locat ions on the  ve5ic le t i l e s  were replaced betneen f l i gh ts ,  Thus a t  

leas t  two known factors aay hare inf luenced the neat i  ng on STS-5; possible 

surf ace property change, and possi bl e surf ace wus hness changes. 

Influence of Reynolds Number - Appendix C 

Composite F I  i gh ts  - Constmt Angle of Attack 

The heatins r a t e  d i i  tr i but ion p l a t s  i n  Ap?endix 8 provide E measure o f  

sens, t iv i ty  f ~ r  individua: f l i g h t  and wind tunnel data ovzr two decades o f  

Reyncids numbers for an angle o f  attack of 40'. An a l te rna te  assessment 

can be made by comparing the composite f l i g h t  data t o  wind tunnel data, A 
comparison o f  the composite f l i g h t  and wind tunnel heating d i  scributaons a t  

wind tunnel Reynolds numbers condit ions can be see0 ifi Appendix C. I n  
these p lo t s  both the 35Oand 40' angle o f  attack wind tunnel data are 

provided fo r  comparison purposes t o  the 40' ar?gle o f  zLtacK f l i g h t  data, 

The page cumbers for  t h i s  data can be f w n d  i n  Table V I ,  



On the l a e r  center1 i ne the  heating d i s t r i b u t i o n  f o ?  STS-5 i s  greater than 

tha t  fo r  STS-2 and STS-3, which are .essential ly i n  agreement, a t  each 

Reynolds number. The laminar wind tunnel heating data provides a 

conservative eszimate o f  the  STS-2 and STS-3 f l i g h t  data, and are 2 close 

approximation o f  the  STS-5 f l i g h t  data. While the  AOO angle o f  attack 

f l i g h t  heating data remained laminar f o r  a l l  Reyno'.a: numbers the  wind 

tue ie l  aata ind ica te  turbulent  h e a t i l g  f o r  highe:- Reyn~xlds numhers (Res > 
c 

4 v 10') on the  a f t  pos i t i on  o f  the  vehicle, 

The hezting d i s t r i bu t i ons  f o r  STS-5 are greater than those f o r  STS-2 and 

STS-3 on tne  k i n g  5il% semi-span except a t  the  two highest Reynolds numbers. 

The STS-2 and STS-3 beat ing data are i n  agreement a t  a1 1 Reynolds numbers 

and agree w i t h  the  STS-5 data a t  the  two highest Reyiolds numbers. The 

wind tunnel data tend t o  provide a conservative estimate o f  the  f l i g h t  Cat3 

f o r 1 . 3 5 0 ~ 1 "  - < ! 1 e ~ ~ ~ 4 . 1 9 8 ~ 1 0 ~ .  A tRenS=5 .248x105  t h e w i n d  

tunnel and STS-5 f 7  i g h t  data were i n  close agreement. A t  higher Reynolds 

numbers the  wind t a m e l  data i ndi cated turbulent  heat i  ng. With the 

exception o f  the f i  t s t  two me3sure~uents behind the  ieadi  ng edge on STS-3, 

the f l i g h t  data were i n  agreement f o r  a l l  Reynolds tlumbers f c r  the  w'ng 8096 

semi-spzn. I n  general, f1 i ght and w i  nd tunnel heat ing d i  c t r i  butions were 

i n  close agreeamt u n t i l  the  wind tunnel becw tu rbu len t  a t  Re6 = 7.767 x - 
, -5 

On the side fuselage Z = 400 t race  the  f l i g h t  heating d i s t r i b u t i o n  data 

were i n  close agreement a t  a1 1 Reynolds numbers. The wind txnnel data 

provided a conservative estimate o f  f l i g h t  dzta fo?  0.2 < X/L < 0.4, were - - 
i n  ::asonable aqreement from 9.4 t o  0.6, a ~ d  t t i ided t o  c! tast icai ly 

underpredict the f l  i g n t  data for  X,'L > 0.6. 

On the side Payload Bay Door (Z=440) the f l i g h t  heating d i s t r i bu t i ons  

tended t o  be more scattered. I n  g ~ n e r a l  , the STS-5 data tended t o  be 

higher than STS-2 o r  STS-3. Both f l i g h t  and wind tunnel data trends were 

consistent a t  a1 1 Zeynolds numbers. A f t  o f  X / t  = 0.6 the  wind tunnei data 

c9nsistent:y underpredicLed f l i g h t  data. The wind tunnei data f o r  the two 



forward stat ions tended t o  be a conservative estimate t o  f l i g h t  data f o r  

a l l  but t he  highest Peynoids cumber. For t he  two middle s tat ions (X/L = 

0.5 and 0.6) the cornparism i s  more mixed. However, the  wind tunnel data 

tended t o  agree w i t h  the  data f m  ~t leas t  one f l i g h t  a t  X/L = 0.6. 

As was mectioned previous!y, the wind tunnel heating data tended t o  be a 

conservative estimate for  f : ight data zc a l l  Reynolds numbers on the upper 

cester l ine. I n  secer31, the heating d i s t r i bu t i ons  f o r  f l i g h t  data tend t o  

be i n  close agreement. The greatest sca t te r  i n  f l i g h t  data was a f t  of t he  

canopy, X/L > 0.2. 

Comparison o f  heating d i s t r i bu t i ons  on t t i  OMS pod i s  d i f f i c u l t  t o  make due 

t o  the  va r ia t i on  among the  f l i g h t s .  It ReNS = 2.099 x lo5,  575-3 and STS-5 

tend t o  have s im i l a r  heatina a i s t r i  butions, and the  STS-2 heat ing a t  X/Lp = 

C.2 i s  ntich lower than both wind tunnel and data from STS-3 and STS-5. A t  ' 

5 
 re^^ = 4,198 x 10 the  heating from STS-2 and STS-3 are s im i l a r  and tend t o  

approxiuiate the 40" angle o f  attack wind tunnel data. The heating f o r  

STS-5 i s  1 112 t o  2 times greater than f o r  STS-2 and STS-3 i n  t he  region 

where wind tunnel data ex is ts  and the  f l i g h t  data tend t o  be i n  agreement 
5 a t  X/Lp = 5.692. A t  ReNS = 6.297 x 10 the  heating d i s t r i bu t i ons  fo r  a l l  

f l i g h t  data are s im i l a r  w i th  the STS-5 data greater tban the STS-2 and 

STS-3 data which were i n  close agreement. The wind tunnel data 
5 underpredicted the f l i g h t  data. A t  ReNS = 7.757 x 10 a l l  f l i g h t  data were 

i n  reasonable agreement whi le  the  wind tunnel data under predicted the  

f l i g h t  data. 

Influence o f  Angle o f  Attack - Appendix D 

Indiv idual  F l  i j h t s  - Constant Reynolds Number 

It i s  normally d i f f i c u l t  t o  obta in a f u l l  matr ix  o f  heating data (h/href) 

as a function of angle o f  attack and Reynold= number dur ing f l i g h t  s im i l a r  

t o  t ha t  which can be obtained from wind tunnel tests. During the  

development f l i g h t s  the major i ty  o f  the heating data i s  f o r  a 40" angle of 

attack. I n  order t o  obta in heating data a t  other angles o f  attack f o r  low 



Reynolds numbers oush-over-pull-up (POPU) maneuvers were performed. These 

maneuvers were designed t o  provide an approximate ten  degree var ia t ion  i n  

angle o f  attack over a short t ime span. This permits an assessment o f  the  

influence of angle of a t t ~ c k  a t  essent ia l l y  the  same Reynolds number. 

Comparisons o f  f l  i ght and wind tunnel heat ing r a t e  data (h/href) showing 

the in f luence o f  angle o f  attack fo r  constant Reynolds numbers are 

presented i n  Appendix 0. The page numbers f o r  these data can be found i n  

Table VII. These comparisons are presented f o r  STS-2, STS-3, STS-4, and 

STS-5 ind iv idua l ly ,  and covers 30°< - a - <45O i n  the  laminar regime and 2 5 " ~ ~ ~  

35O i n  the  turbulent  regime f o r  STS-4. 

Heating r a t e  d i s t r i b u t i o n  p l o t s  f o r  STS-2 and STS-5 a t  35O, 40°, and 45' 

angles o f  attack are compared t o  wind iunnel data fo r  normal shock Reynolds 
5 5 numbers of 2 x 10 and 3 x 10 , respectively, Comparisons between wind 

tunnel and STS-3 f: ight data are provided for  40° and 45' angles of attack 
5 a t  ReNS = 4 x 10 . STS-4 data comparisons are presented f o r  a= 30°, 35", 

and 40' a t  ReNS = 8 x lo5, and f o r  turbulent  heating f o r  a= 25O, 30°, and 
,- 

35' a t  ReNS = 2.5 x 10'. The data f o r  STS-3 are not fro. a POPU maneuver, 

but are derived from ;n unplanned angle of attack va r ia t i on  i n  the  entry  

t ra jectory.  

The p lo t s  shown i n  Appendix D show the r e l a t i v e  s e n s i t i v i t y  o f  heating t o  

angle o f  attack. I n  general, the f l i g h t  data are insens i t i ve  t o  angle o f  

attack over t h i s  l i m i t e d  data range. For the lower Reynolds numbers the 

windward surface f l i g h t  heating data remained l a m i n ~ .  It should be 
- pointed out t ha t  on the lower center l ine for  STS-4 a t  the  a= 33.8", ReNS - 

5 8 x 10 f l4ght  condi t ion the measurement data a t  X/L = 0.95 i s  

questionable. 

Influence o f  Angle o f  Attack - Appendix E 
Composite F l i gh ts  - Variable Reynolds Number 

As opposed t o  the POPU maneuvers f l i g h t  data f o r  lower angles of attack 

occurred much l a t e r  i n  t ime a t  high Reynolds numbe-s. I n  the previous 

sections cornp~risons a t  essent ia l l y  the same angle o f  attack and Reynolds 



number could be made. For t h i ~  sect ion the  only var iable tha t  i s  held 

constant i s  the dnglo o f  attack. The f l i g h t  heating r a t e  d i s t r i bu t i ons  are 

presented f o r  the angle o f  attack tha t  occurred l a t e s t  i n  time. The wind 

tunnel data used for  comparison w i th  f l i g h t  data are taken a t  the  highest 

Reynolds number testgd f o r  the corresponding angle o f  attack. 

The comparison o f  f l i g h t  and wind tunnel heating ra te  data (h/href) showing 

the inf luence o f  angle o f  at tack f o r  hign Reynolds numbers are presented i n  

Appendix E. The page numbers fo r  t h i s  aata can be found i n  Table V I I I .  

This comparison i s  presented f o r  a l l  f i ve  f l i g h t s  a t  angles of attack from 

40' down t o  20' i n  5' increments. I n  t h i s  ser ies of p lo t s  the Reynolds 

numbers increase by an approximate fac to r  of two for  each 5 O  decrease i n  

angle o f  attac :. Although f l i g h t  data were selected only on the basis o f  

angle o f  a%tack, the Mach numbers and Reynolds numbers were f a i r l y  

consistent between f l i g h t s .  The Mach number and Reynolds number range a t  

each angle o f  attack were: 

I n  general, excel l e n t  agreement can be seen between the wind tunnel and 

f l i g h t  data f o r  angles o f  attack o f  40' and 35' on the  windward attached 

flow surfaces. A t  the lower angles o f  attack, the f l i g h t  Reynolds numbers 

are much higher than the highest wind tunnel Reynolds number tested. It i s  

recomnended tha t  the reader exercise some degree o f  caution i n  comparing 
5 the 8.0 Mach, 7.7 x 10 normal shock Reynolds number wind tunnel data t o  

t he  f l i g h t  data. For instance, a t  303 angle o f  attack th2  Reynolds number 

i s  approximately three and a ha l f  times greater a t  f l i g h t  than a t  wind 

tunnel conditions. 
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Along the lower center l ine the  heat ing d i s t r i b u t i o n  a t  40' angle o f  attack 

i ndi cates t h a t  the 1 ami nar heat i  ng was consi stent between f 1 i ghts. The 

data f o r  STS-1 show the  t r a n s i t i o n  from laminar t o  turbulent  heat ing a f t  o f  

X/L = 0.4. A t  35' angle o f  attack only STS-2 remained laminar; the other 

f l i g h t  data were e i t h e r  i n  t r a n s i t i o n  o r  turbulent.  The f l i g h t  data a t  30° 

angle o f  attack were essent ia l l y  turbulent, and were f u l l y  turbulent  f o r  

angles o f  attack below 30°. Wind tunnel arid f l i g h t  data tend t o  be i n  

agreement f o r  both laminar and turbulent  heating a t  a l l  a n ~ l e s  o f  attack 

except 25' and 20' where the  wind tunnel data remained laminar and was an 

order o f  magnitude lower than the  turbulent  f l i g h t  data. 

Along the lower wing 50% semi-span the  heating d i s t r i b u t i o n  a t  40' ang:e o f  

attack indicates tha t  the 1 ami nat- heating was consistent between f l  i ghts, 

The wind tunnel data ( i n  t rans i t i on? )  were approximately two times greater 

than the f l i g h t  data. The 35' angle o f  attack data are extremely 

in terest ing;  we have captured the  instance where the  heating fo r  two 

f l i g h t s  (STS-4 and STS-5) were f u l l y  turbulent  whi le  the heating f o r  the 

other three f l  i ghts remai ned 1 ami nar. This d i  fference between 1 ami nar and 

turbulent  heating appears t o  i l l u s t r a t e  the  s e n s i t i v i t y  o f  heating t o  

Reynolds number f o r  t h i s  angle o f  attack. The laminar wind tunnel data 

tends t o  agree w i th  the  laminar f l i g h t  data, F J ~  angles o f  attack 30' and 

5elow the f l i g h t  data were f u l l y  turbulent  and approximately f i v e  t imes 

greater than the  laminar wind tunnel data. 

Along the lower wing 80% semi-span the heating d i s t r i b u t i o n  a t  40' angle o f  

attack indicates tha t  the f l i g h t  data were laminar (STS-1 and STS-3 may be 

attempting t o  t r i p )  and varied s l i g h t l y  between f l i g h t s .  The wind tunnel 

data ( i n  t rans i t i on? )  were s l i g h t l y  above the f l i g h t  data. The 35' angle 

o f  attack f l i g h t  data are i n te res t i ng  i n  t ha t  the data f o r  STS-1 and STS-2 

were laminar, f u l l y  turbulent  f o r  STS-4 and STS-5, and i n  t r a n s i t i o n  from 

laminar t o  turbulent  heating f o r  STS-3 s im i l a r  t o  the  behavior on the 

w i  ndward center1 i ne a t  t h i  s angle o f  attack. Thi s var i  a t i  on i 11 ustrates 

the heating s e n s i t i v i t y  t o  Reynolds numbers. The wind tunnel data tends t o  

be consistent w i th  the laminar f l i g h t  data. The f l i g h t  data f o r  angles o f  

attack o f  30' and below are f u l l y  turbulent  and i n  agreement a t  each angle 



o f  attack. The wind tunnel data l i e s  below f l i g h t  data f o r  these lower 

angles o f  at tack. The wind tunnel data appear t o  be i n  t r a n s i t i o n  a t  30' 

and 25' angles o f  at tack, and laminar f o r  20' angle o f  attack, 

Along the  s ide  fuselase Z=400 t r a c e  a t  40' angle o f  a t tack t h e  heat ing 

d i s t r i b u t i o n s  f o r  a l l  f l i g h t  and wind tunnel data were i n  agreement forward 

o f  X/L = 0.4. A f t  o f  X/L = 0.4 t h e  f l i g h t  data shows some v a r i a t i o n  and 

l i e s  above t he  wind tunnel data. A t  35' angle o f  a t tack t he  f l i g h t  data 

were f a i r l y  cons is tent  between f l i g h t s .  The f l i g h t  data tend; t o  agree 

w i t h  wind tunnel data forward o f  X/L = 0.4 and l i e s  above t h e  wind tunnel 

data a f t  o f  X/L = 0.4. The f l i g h t  data f o r  30' angle o f  a t tack was f a i r l y  

consistent except f o r  STS-4 forward o f  X/L = 0.4 which ind ica ted  attached 

flow. The wind tunnel data l i e  below the  f l i g h t  data espec ia l l y  a f t  o f  X/L 

0.3. A t  25' and 20" angles o f  a t tack t ! ~ e  heat ing d i s t r i b u t i o n s  f o r  a l l  

f l i g h t s  were i n  agreement. The f l i g h t  data a t  these lower angles o f  a t tack 

are probably an i n d i c a t i o n  o f  attached f low and t h e  wind tunnel data ; ie  

below the  f l i g h t  data. 

Along the  s ide Payload Bay door Z=440 t r ac?  a t  40' angle o f  a t tack t he  

heat ing d i s t r i b u t i o n s  f o r  t he  f l i g h t  data have some v a r i a t i o n  between 

f l i g h t s ,  bu t  show a consistent trend. While t he  wind tunnel data are below 

the  f i i c j h t  data, both wind tunnel and f l i g h t  data f o l l ow  the  same t rend  

through X/L=O.b. A f t  o f  X/L=0.6 t h e  wind tunnel data are an order o f  

magnitude lower than f l i g h t  data. A t  35' angle o f  a t tack a l l  f l i g h t  data 

are i n  agreement and probably i nd i ca te  attached flow. The f l i g h t  data are 

apparently t u rbu len t  and approximately f i v e  t imes greater  than the  wind 

tunnel data except a t  X/L=0.8 where t he re  i s  an order o f  magnitude 

va r i a t i on  between wind tunnel and f l i g h t .  The f l i g h t  !?eynolds numbers are 

approximately tw ice  the  wind tunnel Reynolds numbers. For angles o f  a t tack 

o f  30' and below the  f l i g h t  data ara bas i ca l l y  i n  agreement f o r  a1 1 

f l i g h t s ,  and increase s l i g h t l y  w i t h  decreasing angle o f  at tack. For these 

lower angles o f  a t tack t he  wind tunnel data are below the f l i g h t  data and 

are a t  much lower Reynolds numbers. 



Along the upper l e e  side center l ine a t  40' angle o f  attack the heat ing 

d i  s t  r i  b u t i  on from f 1 i ght data are essenti a1 l y  i n agreement, especi a1 l y  

forward o f  X/L=0.3. The wind tunnel data are above the  f l i g h t  data. A t  

35' angle o f  c t tack the heating d i s t r i bu t i ons  f o r  a l l  f l ' gh ts  are i n  

excel l e n t  agreement except f o r  C.3<X/L<0.4. - - 111 general, the  wind tunnel 

3nd f l i g h t  data are i n  agreement, except a t  X/L=0.17 where the f l i g h t  data 

are not as st rcngly attached, and a t  X/L=0.4 where the  f l i g h t  data were 

iower than wind tunnel d?ta. A t  30" aagle o f  attack the  f l i g h t  data are 

essent ia l ly  i n  agreement. The f l i g h t  data indicates the  flow was more 

strongly attached a t  X/L=O.l and more separated a t  X/L=0.6 than wind tunnel 

data. I n  general, the wind tunnel data tends t o  approximate the f l i g h t  

data. A t  25' hngle of attack the  f l i g h t  data are i n  close agreement. The 

wind tunnel data l i e  below the f l i g h t  data except f o r  the  two forward 

stat ions and a t  X/L=0.7. The f l i g h t  data were strongly attached forward o f  

X/L=0.7. A t  25' and 20' angles o f  attack the f l i g h t  data were f a i r l y  

consistent, and the wind tunnel data were lower than f l i g h t  data. I n  

reviewing these p lo t s  the reader should reca l l  t ha t  no data e x i s t  f o r  STS-1 

and STS-2 f o r  0.3 - < X/L 0.5. I n  general, there i s  remarkable 

r e p e a t i b i l i t y  o f  the f l i g h t  data i n  t h i s  separated f low region, and good 

agreement u n t i  1 a = 20' when the Reynolds numbers are d r a s t i c a l l y  

d i f fe ren t .  

The flow along the OMS Pod i s  more d i f f i c u l t  t o  characterize i n  terms o f  

the heating d i s t r i bu t i ons  than f o r  other locations. This may be due i n  

par t  t o  geometry and Reynolds number effects, as we l l  as, other e f fec ts  

tha t  are not eas i l y  i den t i  fiea. Bet ter  comparisons can be made a t  the 

lower angles o f  attack than a t  the higher angles o f  attack. For instance, 

a t  22.5' and 25' angles o f  attack the heating d i s t r i b u t i o n  f o r  both f l i g h t  

and wind tunnel are i n  close agreement, although some var ia t ion  i n  heating 

ex is ts  between f l i g h t s .  A t  30" angle o f  attack the f l i g h t  data tend t o  be 

i n  agreement from f l i g h t  t o  f l i g h t ,  but the heating ra te  X/Lp t rend i s  the 

opposite o f  t h a t  shown f o r  the wind tunnel data. The wind tunnel data l i e  

below the f l i g h t  data, A t  35' angle o f  attack the  general t rend o f  both 

f l i g h t  and wind tunnel data i s  s imi lar .  The greatest var iat 'on between 



f l i g h t s  occurs forward o f  X/Lp=0.3. Since t he  d i s t r i b u t i o n s  f o r  STS-4 and 

STS-5 tend t o  agree; and t h e  heat ing fo r  STS-1, STS-2, STS-3, and wind 

tunnel tend t o  agree t h i s  may be a surface roughness eefect. A t  40" angle 

o f  a t tack t he  heat ing d ' s t r i  but ions f o r  STS-3 show no v a r i a t i o n  as a 

func t ion  o r  X/Lp and s l i g h t  v a r i a t i o n  p i t h  X/Lp f o r  STS-2 and STS-5. The 

heat ing data f o r  STS-1 and STS-4 are incons is ten t  w i t h  o ther  f l i g h t  data. 

The wind tunnel data t.end t o  l i e  below the  data f o r  t h e  STS-2, STS-3, and 

STS-5. 



CONCLUDING REMARKS 

ea t ing  r a t e  d i s t r i b u t i o n s  from f l i g h t  and wind tunnel  data have been 

presented f o r  t h e  lower windward avid u?pe;- l e e  s ide  center1 i ne, lower wing 

50% and 80% semi-spans, s ide fuse1 3go Z=400 t race,  s ide Payload aay Door 

Z=440 trace, and OMS Pod t r ace  3. These d i s t r i b u t i o n s  are presented i n  

terms o f  normalized f i l m  heat t r a n s f e r  c o e f f i c i e n t s  as a func t ion  o f  

angl e-of-attack, and normal shock Reynolds number. 

The surface heat ing ra tes  and temperatures presented as f i l m  heat t r a n s f e r  

c o e f f i c i e n t s  a re  based on t he  thermal ana lys is  of f l i g h t  temperature 

measurements us ing t h e  JSC NONLINIINVERSE computer program. 

The heat ing d i s t r i b u t i o n s  were presented f o r  Reynolds numbers and angles of 

a t tack scans f o r  each l o c a t i o n  t o  show t h e  s e n s i t i v i t y  o f  heat ing t o  these 

parameters. 

The heat ing r a t e  d i s t r i b u t i o n s ,  espec ia l l y  on t h e  lower windward surface, 

demonstrate t h a t  t h e  use o f  wind tunnel  data i s  good f o r  p r e d i c t i n g  t he  

design environment and genera l ly  agree w i t h  o r  overpred ic t  t h e  f l i g h t  data. 

On some regions o f  t he  Orb i te r ,  t he  wind tunnel data underpredicted t he  

f l i g h t  data; such as t h e  a f t  reg ion o f  t h e  Payload Bay door and t he  f r on t  

of t he  OMS pod. 

The data presented i n  t h i s  volume are intended t o  prov ide an overview t o  

the  heat ing f o r  the  f i r s t  f i v e  s h u t t l e  f l i g h t s ,  and a i d  t h e  analys t  i n  

b r i dg i ng  t he  gap between wind tunnel  and f l i g h t  t es t i ng .  Volumes 2 through 

6 conta in  de ta i l ed  heat ing in fo rmat ion  f o r  each instrument loca t ion .  Tbese 

volumes ccn ia in  heat ing r a t e  data (h/href) presented i n  terms o f  angle of 

at tack,  Mach number, and normal shock Reynolds number. Time h i s t o r y  p l o t s  

o f  surface heat ing r a tes  and temperatures are a lso  presented i n  these 

vol umes. 
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WINDWARD LOWER SURFACE 

- 

- 

1 I 
X8 = 1620 X, = O a 6  

IRQACE INSTRUMENTATION ON COLOMBIA 
€MI-$PANS). 

FlOURE 1.- LOCATlON Of  OFi LOWER st 
(CENTERLINE AN0 WINO 60% AN0 00% 8 



SIDE FUSELAGE 

FIGURE 2.- LOCAT ION OF OFI INOTWUMENTATION ON THE FUSELAGE SIDE 
AND PAVLOAO BAY OOOR 810E SURFACE. 
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TABLE I1 

Corre lat ion Between Free Stream and Normal Shock Reynolds 
Numbers a t  AEDC-B Wind Tunnel Conditions f o r  0.0175 Scale O r b i t e r  

(L=0.0175 x 107 = 1.8725 ft) 

MOTE: ReNS/Re, = 0.1 121 



TABLE I I1 

Catalytic Tiles on the Lower Centerline By Flight 

' 0 4 ~ ~  TOO HIGH - IGNORE FOR STS-1 

Z~~~~ TOO HIGH - ANOMALY 

C ~ ~ ~ ~ ! . ~  TIC SURFACE 
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PAGE NUMBERS FOR APPENDIX B 

Heating Rate Camparison - Inf luence o f  ReNS ( a= 40') 

Dis t r ibu t ion  - h/href vs 

X/L - Lower Center l ine  

I 

I X / C  - Lower Wing 50% Semi-span 0.2 - 0.9 

I X / L  - Side Fuselage (2.400 Trace) 

i 

I 1.0 - 8.0 

X/C - Lower Wing 80% Semi-span I 0.2 - 0.9 
1.0 - 8.0 

0.2 - 0.9 
1.0 - 8.0 

1 x 1 ~ - S i d e P a y l o a d B a y D o o r  (Z=440 
i 
I Trace j 
1 

/ x / L ~  - OMS Pod (Trace 3 )  0.2 - 0.9 
I 1 1.0 - 8.0 

0 . 2 - 0 . 9  
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Heating k a t r  Comparisons a t  ' l ind Tunnel Reynolds Numbers ( a =  40°) 









APPENDIX A 

CORRELATION PARAMETERS 







STS-3 (107 FT LENGTH) FLIGHT PARAMETER COMPARISON 
- 575-3 508-1580 SEC 

TINE - SECONDS 
1 l/i4/84 

1hS€ T I N  @7746fW.W@ M C .  



STS-4 (107 FT LENGTH) FLIGHT PARAMETER COMPARISON 
--- S T ~ - - 4  iU0-13d0 SEC 

TIHE - SECONDS 
ll/l4/84 

BLSE TIM 16040423.@00 SEC. 





STS- I  (107 FT LENGTH) FLIGHT PARAMETER COMPARISON 
- -  5 T S - 1  288-1468 SEC 

200 400 608 808 1008 i 288 1488 1680 

T I H E  - SECONDS 
11/14f04 

BASE TIME 00040?44.0H !XC. 



STS-2 (107 FT LENSTH) FLIGHT PARAMETER CORPARISON 
-- 515-2 288-1488 SEC 

1111444 
'T'IflE - SECONDS B ~ S E  TIM a756~3~.1&00 GC. 



STS-3 1107 FT LENGTH) FLIGHT PARAMETER COMPARISON 
S T S - 3  280-1380 SEC 

T1RE - SECONDS 
11/14/84 

BASE TIM Q7745684.WO SEC. 



STS-4 (187 FT LENGTH) FLIGHT PARAMETER COMPARISON 
575-4  266-1386 SEC 

200 400 608 800 1000 1200 1408 

11/14/84 
TIHE - SECONDS BnSE TI= 1 ~ 0 4 0 4 a 3 . o ~  SEC. 









STS-3 (107 FT LENGTH) FLIGHT PARAfiETER COMPARlSON 
. S T S - 3  286- 1360 SEC 

468 688 888 198fh 1 299 1488 

TIME - SECONDS 





335 8SL1-851 5-515 

NOSIUWdW03 d3L3WWUWd 1H'l)I'ld (HL3N31 LA LO!) S-SLS 









335 ROC1-00? b - 51s -- 
HOSIdWdW03 d3L3WWdWd IH311A (HI3N31 Id LOT) t-SLS 



135 CSEI-BSI - 3-5 1s 

NOSIWdW03 d313WWdWd IH3I?A (H13N31 Id L0f) S-SSS 



? 
IU 
t-' 

STS-1 (107 FT LENGTH) FLIGHT PARAMETER COMPARISON 
515-1 266-1468 SEC 

880 1888 

TIPlE - SECONDS 
11/14/04 

BhSi TIM 0194D744.88~ SEC. 



STS-2 (107 F T  LENGTH F L T  .I? PARAMETER COMPkRffjON 
- ST 5-2 200-1488 SEC 

11/14/84 
TIRE - SECONDS BASE TIME a76soas.000 SEC. 



STS-3 (107 FT LENGTH) FLIGHT PARAMETER COMPARISON 
515-3 288-1380 SEC 

T I M  - SECONDS 
1./14/84 

BhSE T I l E  @774%84.W# X C .  



STS-4 (107 FT LENGTH) FLIGHT PARAKTER COMPARISON 
5 T 5 - 4  208-1380 CEC 

11/14/84 
BASE tllY 16040483.00# SEC. 



Sl'S-5 (167 FT LENGTH) FLIGHT PARAMETER COflPARISON 
575-5 158-1358 5EC 

i8/14/84 
@fist: VIM B ~ C O Y S I . ~ ~ ~  sic. 





















































STS-1 (107 FT LENGTH) FLIGHT PARAFQETER COMPARISON 
STS-  I 2BB-1460 SEC 





STS-3 (187 FT LENGTH) FLIGHT PARAflETER CORPARISON 
- 5 7 5 - 3  2 M - i  380 Sf C 

RACH NUHBER 





STS-5 ( 187 FT LENGTH FLIGHT PARAflETER COMPAW ISON 
575-5 159-1368 SEC 

5 19 1s 29 26 38 

MACH NUfl8ER DML tllr 876~601.- i i / t4 /84  WE. 































STS-S ( 107 FT LENGTH 1 FLIGHT PARARETER C O W  A R I S O N  
575-5 158- 1 358 SEC 

R A T I O  RElN8)/RElINF) 
11/14/@4 

MU VIM 8?19#OL .we Mc. 





























STS-4 (107 FT LENGTH) FLIGHT PARARETER COMPARISON 
- S T S - s  288-1388 SEC 

RM"l'O RE(N$)/RE(INF) 
1 1 ~ 1 4 4 4  

Bn(t TIM t6.*M(IJ.0.# SEE, 















STS-1 (107 FT LENGTH) FLIGHT PARAMETER COMPARISON 
STS-1  288-1468 SEC 

R A T I O  RE1NS)/RE(INF) 













STS-2 (18'7 FT LENGTH) FLIGHT PARAHETER CONPARISON 
- OkEf 280-1 489 SEC 

15 28 gS 38 35 48 45 58 

11/14/84 
ANWE-OF-ATTACK - DEQ USE TINS 8 ~ ~ ~ 0 3 1 . 0 ~  IC. 



STS-3 ( 187 FT LENGTH 1 FLIGHT PARAMETER COMPARISON 
- O R E f  289-1388 SEC 









STS-2 (187 FT LENGTH) FLIGHT PARANETER COMPARISON 
OREF 280-1488 SEC 





STS-4 (107 FT LENGTH) FLIGHT PARAflETER COMPARISON 
- OWEF 288-1308 SEC 

















STS-2 ( 107 FT LENGTH FLIGHT PARAMETER COPIPARISON 
HREF aee-i4ae wc 

1s 20 25 38 35 48 45 58 

ANGLE-OF-ATTACK - DEO 
11/14/84 

BASE TIN B 7 6 W X . W  I C .  
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Y
 

C
U

 
I
 









STS-5 (107 FT LENGTH) FLIGHT PARAHETER CONPARISON 
HREF 158-1358 SEC 

F 
- LW-26.00 KG - - - - 

.PHA-30.00 BEG - - 
- - - 
- - 

LPM-40. W MC 

- - - - 
- - - - - - - - - 

I. L L  













APPENDIX B 

HEATING RATE COMPARISON - 
I WLUEKE OF REYOLDS NUMBER 

(40° ANGLE OF ATTICK) - INDIVIDWU. FLIGHTS 





STS-2 LOWER CENTERLINE DISTRIBUTION 
j h 4 Y B  Q L P ~ 4 S . @ , I I ~ d , C E  !I> e l  .6JdE 5 ...-. - - ,  575 S k L P * 4 4 . 4 , M * 2 5 , b , P E - l i S  m 3 . 4 2 3 6  4 , f g  385, 





STS-2 LOWER CENTERLINE DISTRIBUTION 
OH498 ALP~4d.@,PI *8 ,R€-NS * I . G S B E  5 575-2 kLP*40.9,fl*26.1,RE-tlS - 4 . 9 5 5 E  4 ,T .  345. 

l l / 1 3 4 4  
BASE TINE * a?SSMX.OW SEC. 









STS-2 LOWER CENTERLINE DISTRIBUTION 
OH498 hLP*4@. @,Pl*B,RE-'45 * I .  as@€ 5 STS-2 nLP-48.2,11-24.8,RE-t1S -9.007E 4 , T *  535. 



STS-2 LOWER CENTERLINE DISTRIBUTION 
Oti49e ALL*48 .8 ,R*8 ,RE-hS *1.058E 5 51s-i? kLP~39.7,fl*24.3,RE-NS -1.087E 5,Tm 578. 

11/13/84 
BPS€ TIM 275S0236.@0@ K C .  



W 
I 
t-' 
0 

STS-2 LOWER CENTERLINE DISTRIBUTION 
OH490 FILP~4B.B,r l -8 ,R€- t (S  bC.0gSE 5 - - 575 -2  kLP-44.1,fl-SB.l,PL'-HS .2.@lYE 5,r0 825. 





STS-2 LOWER CENTERLINE DISTRIBUTION 
OH498 ALP*40.8,m.B,R~-NS 198E 5 575-2  kLP.41 . S , f l a l C . B , I ) E - t l 5  -3.978E 5,Tm 995. 



STS-2 LOWER CENTERLINE DISTRIBUTION 
0 ~ 1 9 8  ALP*40.B,flnB,RE-NS 05.24BE 5 - .  575-2 kLP-41.6,N-14.8,Rk-NS a4.95PE S , T * 1 @ 3 @ .  ' 







STS-2 LOWER CENTERLINE DISTRIBUTION 
OH498 ALP*JB.0,Pl*8,RE -tlS *7.767E 5 575-2  kLPm39.7,11~12.8,AE-ttS m7.985. 5 ,Tn1095.  

11/13/04 
BhSE TINE 6755023S.OIO SEC. 







'562 *l't 3580'b- SH-3d'6'92*W'8'0~-dlY E-51s - ' S 30Se'lm S~~-~M'~~W'Q'B~=~IV 06tHO 

NOIlfl8Id1SIa 3NI1831N33 d3RO1 E-SIS 





STS-3 L03ER CENTERLINE DISTRIBUTION 
OH498 4LP*40.B,fl=8,RE-NS *1.05t?E 5 - 575-3 ~ ~ P ~ 3 9 . 6 , R ~ 2 5 . 6 , R E - t l S  *6.021€ 4 , T 0  345. 













STS-3 LOWER CENTERLINE DISTRIBUTION 
(lr(49B r i iP*4@.8,M*8,RE 115 a3.14YE 5 - 5 7 5 - 3  kLP#39,3,fl*I?,?,PE,.1(5 a3,888E S , T #  838. 



STS-3 LOWER CENTERLINE DISTRIBUTION 
OH490 klP*4d B,fl*d,R;-f45 mt.198f 5 - S T S - i  kLP*42.3,H~lb.3,PE-t4S e4.914E 5 , t .  965. 

ll/L3/84 
DISC TIM e7746684.W EEC. 







STS-3 LOUER CENTERLINE DISTRIBUTION 
OH498 ALP*4B.B,f l *B,RE-f4S e7 .767E 5 575 -3  kLP*4@.3,fl-13.5,ffE-llS = 7 . @ 4 4 €  5 . t .  988. 







'592 -1't 3958'E* Sl~-31'S'9t*W't'6E*dlY 5-515 S 3050' 1* SlI-3~'B~W'@'Qb~d~W 06bHO 

NOILflBIHISfa 3N17~3LH33 d3fl01 S-SIS 



'582 slob 3L6e't- 5ll-38'8'92-W'€'8k*dlY S-SlS S 3@Sk?'I- S~-3&!'~-lJ'@'@t=dlY 06tHO 

NOILn8181Sf(l 3NIId31N33 d3i701 S-SIS 



'SOE ol'b 3t60'S- W-38'~'92*U'E'Ob*dlY 5-515 - S 3eS0'1* 5~-3t4'8-~'0'Ot*dl~ 86tHO 

NOILn8IUISIa 3NIId3LN33 d3flOI S-SSS 



I"''"'"""""'"""'" 
I 8mT 81 

'SE -1't 38E8'9- S~I-~~'C'~Z*U'L'CL*~~Y 5-515 S 3858'1 S~J-38'I*W'8'@t=dltc 86tl40 

NOILfl8IdLSIa 3NIld31N33 d3l'IO'l S-SLS 



'S8C *L'C 3?86'9* SH-3d'L'S~~M'B'bb*dlV 5 -5AS -- S 3BC,B'I* IN-3!4'8*W'0'0b~dlY B6bblO 

NOIIflBIZISIa 3NIlU3SN33 d3fl01 S-SIS 



'Stt #lob 3C18'8# SM-3U"'92*W0Z'9C*d7w S-SAS ..--.. 5 3858' I* S~-31'8-W'@'@b*dl~ 85W0 







STS-5 LOWER CENTERLINE DISTRIBUTION 
OH490 hLP*4d.B,fl~B,RE-NS * 9 . 0 9 9 €  5 - .  S T $ - 5  &LP-46.4,11~19.@,PE-tlS *2 .087F 5 , t m  755. 

lb/i3f94 
M S E  TIM %7600t91.0@0 S C ,  





STS-5 LOWER CENTERLINE DISTRIBUTION 
OH498 ALP-48.9,f l*8,RE-N5 ~ 4 . 1 3 8 E  5 - 515-5 kLP-48. l , f l -16 .8 ,RE-MS m4.848E 5.1 .  895. 









'566 -1's 3528.89 SN-3d'2'EI=U'9'8E-dlY 5-515 S 3L9L.L- SN-31'8-W'8'8t*dlW 86tHO 

NOI1ll8IHLSIa 3NIId31N33 tl3ll01 S-SIS 



STS-2 LOWER CENTERLINE DISTRIBUTION 





STS-3 LOWER CENTERLINE DISTRIBUTION 

I1/13/04 
Bnbt TIRE @77456@4.W WC. 





STS-S LOWER CENTERLINE DISTRIBUTION 
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S7S-2 WING 50% SEMI-?PAN DISTRIBUTION 

11113/84 
BASE tlM 876Hl36.WO WC. 



STS-2 WING 58% SEMI-SPAN DISTRIBUTION 

11/13/04 
BASE T l l Y  87SC0836.000 CEC. 



STS-3 WING 50% SEVI-SPAN Df STRIBUTION 

11/13/84 
B / r S  TIM 0774SEll.OW SEC. 



STS-3 WING 50% SEMI-SPAN DISTRIBUTION 

i l l 1 3 4 4  
BhSE TIRE 07746684.- SEC. 



'S6t *lot 
'Stt .L't 
'S8C *L't 
'SEE =lab 
'S9E -1't 
'SEi? -lOt 
'592 -1't 
'8tB -1't 

3956'8* SN-3a't'b2*W'0'8b-dlV 5-515 
3E10'8. SH-3d'B'S2=U0Z'9t*d1~ 5-515 
3286'99 SN-3a'L'S2~W00'8t~dlY 5-515 
30E0'9- 511-311'E'92*W'L'CE*dl~ S-SLS 
3E68'5- SN-3a0L'92qU'E'8t-dlY S-SlS 
3Lf9'b- 514-31'8'92*W0E'8t*dl~ 5-51s 
3958'C- St(-3Y'S'9?-W01'6E*dla S-SLS 
3889'2s SN-3d0E'9Z*W'C'0b*dlY 5-515 
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STS-2 WING 80% SEMI-SPAN DISTRIBUTION 

11/13/84 
B6SE T I #  2?558B)C.W0 SEC. 



STS-2 WING 80% SEMI-SPAN DISTRIBUTION 



STS-3 WING 80% SEMI-SPAN DISTRIBUTION 
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STS-5 WING 80% SEMI-SPAN DISTRIBUTION 



STS-5 WING 88% SEPlI-SPAN DISTRIBUTION 

11/13/84 
BASE TIM a?eonot.oee wc. 



STS-2 SIDE FUSELAGE (2=480 TRACE) DISTRIBUTION 
515-2  ALP~48.8,11*25,S,AE-IlS m2.833E 
5rS-2  kLP-10,3,R*25.6,RE-NS m3.@23E 
57s 2 kLP*48.@,r)*25.9,PE-W m4.8LSE 
51s-Z fiLP*4@,0,fl*26.1 ,RE-NS -4.3SSE 
STS-2 kLPm48.3,Rm26a8,RE-IlS -6 .88 lE 
srs-a ~ [ . ~ * 4 e , s , ~ - z s , s , ~ ~ - t ~ s  m6.842~ 
srs-a kcpa4e.a,n-as. 1 .n~- t ts  -e.eseE 
STS-2 hLPm4@.2,fi-24.8,Rf-NS -9 .eWE 





STS-3 SIDE FUSELAGE (2.400 TRACE) DISTRIBUTION 



STS-3 SIDE FUSELAGE (2.400 TRACE) DISTRIBUTION 

11/16/04 
D4SF TIME 6774MOl.WO SEC. 



STS-5 SIDE FUSELAGE (2.400 TRACE) DISTRIBUTION 

lt/1644 
BASE TIRE 87COQ601.m SEC. 



STS-5 SIDE FUSELAGE (2.408 TRACE) DISTRIBUTION 
515-5 kLP-46.4.n-23.5,FE-NS * l . B I l E  5.1. 545. 
STS-5 ALP-40.4,H*19.8,PE-NS -2.0E7E S,Tm 755. 
ST5 -5  kLP.39.5,fl-17. 1,RE-145 -2.9466 5 , f m  848. 
STS-5 kLP=40.l,fl=l€,B,RE-NS ~4 .040E  5,T- 895. 
515-5 kLP-40.1,fl-15.3,RE-NS *5.8506 5 , la  925. 
575-5 kLP*39.2,fl*14.6,RE-tlS *6.826€ 5,Ta 950. 
STS 5 kLP-35.4,fl-L3.9,RE-N5 ~6 .984E  5 , f a  976. 
515-5 kLPs38.6,fl*13.2,RE-NS =8.825E 5.1s 995. 
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STS-3 SIDE PLB DOOR ( 2 ~ 4 4 0  TRACE) DISTRIBUTION 

11/16/84 
BASE TIME 0 7 7 4 5 6 8 4 . ~  SfC. 



STS-3 SIDE PLB DOOR (2.440 TRACE) DISTRIBUTION 



STS-5 SIDE PLB DOOR (2.440 TRACE) DISTRIBUTION 



STS-S STDE PLB DOOR (2.440 TRACE) DISTRIBUTION 







'@LC .A'( 
'SEC a A'b 
'86t ml0C 
'SbE *L'b 
.s\c *l°C 
'567 -lob 
'882 *l't 
'892 *L'C 

3e96'8* SN-31'b'C2-~'Z'et-dl~ Z-SLS 
3988'8* S')-3d'9'CZbU'Z'@t*d'lU C-SAS 
3SZ8'L* SY-3Y'1'S2*U11'9b*dlY C-$15 
3lZe'9* 5~4-3(1'9'5?*~'9'C~*dlY E- SLS 
3~9e'sm ~11-3~~t'ge~w'z~at-d1~ 1-515 
3588'bn $I1-3Y'C'72*b!'8 'eb*dlW C-515 
32Cl1L* SIl-3cl'9'L?-W'9'BC*41~ 2-515 
3L88'i?* 5~I-31,'~'9?-W'R'6Z*dl~~ t-515 



STS-3 UPPER CENTERLINE DISTRIBUTION 



STS-5 UPPER CENTERLINE DISTRIBUTION 
S t S  I nLPm48.3,f l -Z6.3,FE-t15 * 2 . 6 0 8 E  4 ,+=  2 4 8 .  
5TS 5 ~ L P * ~ ~ , L , ~ ~ C ~ . S , P E - I ~ S  a 3 . 8 5 6 L  4 , T *  265. 
575-5  k l P * 4 6 . 3 , n * 2 6 . 8 , R E - I ( i  b 4 . 8 3 7 E  4 , T *  2 1 5 .  
575-5  k L P * 4 8 . 3 , f i * 2 6 . 7 , R E - t l S  05 .093E 4 .1 .  3 6 5 .  
STS-5 kLP*S3.7,11-26.3,RE-I tS a6 .830E 4 . 1 -  335. 
5 7 5 - 5  k L P * 4 a . B , f l * 2 6 . 7 , R E - t 1 5  = 6 . 3 8 2 E  4,Ta 385. 
5 1 5 - 5  f i L P * 4 8 . 2 . R * 2 5 . 8 , R E - M 5  m8.817f  4 , T *  4 4 5 .  
STS-5 f i L P ~ 4 @ . 8 , R ~ 2 4 . 3 , R E - l 1 5  n8 .356E 4,Tn 495. 



STS-5 UPPER CENTERLINE DISTRIBUTION 











STS-5 OMS POD TRACE 3 DISTRIBUTION 
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APPENDIX C 

HEATING RATE COMPARISON AT 

W IN0  TUNNEL CON0 ITIONS - COMPOSITE FLIGHTS 



'SSS -1's 3i!b@'l* SII-3Y'b'E2-U'9'8t=dlY S-SlS ' - ' - - 
'825 01'5 36b8'1- StI-311'B'b2*~'Z'6E-rllY C-SlS - - -- S 3058'1* 5~-3~'8-14'0'SE-dlV 86tW0 
'S8S -1'5 36b9'1* SN-38'I'b2-U't'6L-d1~ 2-515 S 3BS8'1* S~-3kl'8-U'8'8+-dlW 06bHO 



'S9L mlOS 3560'8= 514-38'8'81-MOb'Qb*dlY S-SLS 
" ' - ' ' 

'@EL -1'5 3ZL8'2* SM-3~'~'8~*W'8'6L*dl" E-SlS --- - - S 3668'?. SN-3#'8-U'O'Sf~dlH 06bYO 
'SC8 m1'9 3EC0'2* SII-3cl06'6I*W'2'0*dlY 2-515 --- S 366B';?* S~l.3H'B*W'@'Ob*dlV 06bH0 
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LOWER CENTERLINE DISTRIBUTION 



LOWER CENTERLINE DISTRIBUTION 



LOWER CENTERLINE DISTRIBUTION 



LOWER CENTERLINE DISTRIBUTION 
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WING 50% FCPlI-SPAN DISTRIBUTION 





WING 50% SEMI-SPAN DISTRIBUTION 
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WING 80% SEN-SPAN DISTRIBUTION 



W
W

W
 

=
?

F
 

c- 
v
 O

D 



a
.

.
 

t,'lt. 
u
b
m

c
lr 

W
L

y
W

 
t

-
s

n
 

Q
D

O
rc

 

?
?

?
 

m
m

m
 

. . . 

.
.
.
 

e
rn

- 
z
 

'"
'?

 
... 

0
 

L
o

n
 



WING 80% SEMI-SPAN DISTRIBUTION 
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WING 88% SEMI-SPAN DISTRIBUTION 







SIDE FUSELAGE (2=400 TRACE) DISTRIBUTION 



'339 W@'S=9L8 NIL 3SUa 
*8/91/11 



SIDE FUSELAGE (2=400 TRACE DISTRIBUTION 



SIDE FUSELAGE (2=480 TRACE) DISTRIBUTION 



SIDE FUSEt.AGE (28408 TRACE) DISTRIBUTION 



SIDE FUSELAGE (Z=400 TRACE) DISTRIBUTION 

L) /16/g4 
BASE T I M  ??S!iOkl36.W@ QC. 





*3n 3,.9clmu8 wtr nuc 
b8/#1/l! 



$;ID€ PLB DOOR (2.448 TRACE) DISTRIBUTION 
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SIDE PLB DOOR (2.440 TRACE) DISTRIBUTION 

8 .8  8 ti! 8t4 8.6 8t8 it8 



SIDE P1.B DOOR (2.440 TRACE) DISTRIBUTION 



SIDE PLB DOOP (2.448 TRACE) DISTRIBUTION 
OH74B ALP.4B.@,fi*B,RE-NS -7.3476 5 STS-E ALP-39.8,flml3.2,RE-HS ~7.998E 5,Tm1388. 
OH74B ALP*35.@,H*8,R€-HS ~7 .3476  5 . ,  , , 5 1 5 - 3  61LP*48.8,Pl*13.3,RE-)(S -7.313E 5,T- 985. 

, , , - , STS-5 hLP~38.Qefi~13.8,RE-HS -7.2356 5 , t -  975. 
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'Sk8 31'5 39LOSE* SY-38'@'Ll*W'b'tE-d1~ S-SIS ' - ' ' ' 
'SC8 -1'5 316B'Eg Slt-3d'9'L1*N'C'bF-*dlY t-515 - - - S 36CI'E- SY-38'8*W'B'SE=dlU 86CHO 
'SE6 -1's 3k8eaE* SN-3d'S'LI-U'L'Bt-d7V Z-SIS S 35C1'E- SN-38'8*U'B'@k*d7V 86CHO 

NO1 Ln018ISIa 3NIIN3LN33 U3ddn 



UPPER CENTERLINE DISTRIBUTION 





UPPER CENTERLIHE DISTRIBUTION 
OH398 6LP-4a.B,H*B,RE-MS -6.297L 5 . STS-2 k L P ~ 4 9 . 5 , f i ~ 1 3 . 9 , R E - M 5  e 6 . 1 9 2 f  S D T * 1 9 6 8 +  
OH398 A L P ~ 3 5 . 0 , R * B , R E - h S  m6.297E 5  - - . S T S - 3  kLP-48 .7 .b -14 .2 ,RE-NS - 6 . 1 5 5 E  S D T e  968. - . . - - STS-S k L P * 3 9 . 4 , N . 1 4 . 4 , R E - M  =6.24@€ S e t *  95s. 

l1/13/0* 
BASE 7llY 876601W.W OEC. 
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'596 -A'S 39b2'9m SI1-3l'b'bI*W'b'6C*dlW 5-SlS - - ' ' ' 
'896 m1'9 3941'9. $I1-38'8'c\mW'~'~b*dl~ E-SIS -- - -- 9 3L6?'9~ SY 38'8*W'8*SE*dlW J W 
'8961*1'S 356('9* S~I-~Y'~'EI-W'S'B~*~IY Z-515 '--- 9 3L62'9- SY-38'8*W'@'@b*dlV M 

NOILfl8IULSIa € 33W81 aOd SWO 



'986 *L'S 3C99.L. SN-311'9'EI~U'8'8L-dlU S-SLS - ' ' ' ' 
'666 #A'S 3t5SaL* 5l1-lU'g'El.U'S'CCad7Y t-SLS - - - 7 S 3L9L.L- SH-3M'B*W'B'SC~dlW 3Y 
*868!m~*s 3299'~- SII-~Y*~'~I*W'~-~C~~~Y e-SLS s 3~94.'~- SH-31'8*U'B'Bt~dlV 3' 8 



HEATIN6 RATE CWARISON - 
INFLUENCE OF W E  OF ATTACK 

(COPUTAIQT REYNOUIS WMERS) IM IV IDUAL FLIGHTS 
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STS-5 LOWER CENTERLINE DISTRIBUTION 







STS-4 LOWER CENTERLINE DISTRIBUTION 



STS-2 WlNG 50% SENI-SPAN DISTRIBUTION 





STS-3 WING 50% SEMI-SPAN DISTRIBUTIC~: 

Li( i3fa4 
86% T I M  O774CbU4.&0@ I C .  



1 1 4 3 4 4  
B ~ S E  TIM tcrorra,m wc. 
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STS-2 WING 80% SEMI-SPAN DISTRIBUTION 



W
W

W
 

1
0

*m
 

?-&I- 
?

-*
 

. . 
m

m
m

 
. . . 





STS-4 WING 80% SENI-SPAN DISTRIBUTION 



STS-4 WING 80% SENI-SPAN DISTRIBUTION 





'998 *l'S 3ELC.E. SN-3M'L'9I*W'9'Et~dlY S-51s '- - - ' - S 36tIaE* SN-3U'8*U08'tt-dlW BtLHO 
'058 -1'9 3V91'E- SN-3C1*6'91-W'8'tE~dl~ S-SIS - - S 36t l'E* 5~-3~'8=~'0'S~=dl~ RtLlJO 
"38 -1'5 39Le.E- Sl1-31'8'LI*W'k'GL-d?~ 5-S1S 5 35tl.E- SY-31'8*U'B'BC*dlY 0tLHO 







STS-4 SIDE FUSELAGE (21400 TRACE) DISTRIBUTION 



STS-2 SIDE PLB DOOR (2.440 TRACE) DISTRIBUTION 



STS-5 SIDE PLB DOOR (2.440 TRACE) DISTRIBUTION 

11 l16184 
BASE tllY B?COICDl.W# K C .  



STS-3 S IDE PLB DOGR (2.448 TRACE), DISTRfBUTION 

18/16/84 
8nsc TIM . en4rm4.m wc. 



STS-4 SIDE PCB DOOR (2.440 TRACE) DISTRIBUTION 



STS-4 SIDE PLB DOOR (2.440 TRACE 1 DISTRIBUTtON 



STS-2 UPPER CENTERLINE DISTRIBUTION 



NOIAfl8Id.lSIU 3NIld31N33 d3ddll S-SLS 



'026 -1'5 326t't- SH-311'9'S1=W0E'Cb*dlY E-51S - - -- S 3BFJI't. SV-3H'A.Y'@'Sb*dlb 06CHO 
'B68 *lOS 3CE6.E. SN-3M'L'91*U't'9b*dl~ t-$15 5 3861')- SU-33'B*W'0B'@b*dlV 06EH3 

NOIln81dLSIa 3N11832N33 Uddn E-SIS 





STS-4 UPPER CENTERLINE DISTRIBUTION 

11/13/84 
BASE T I N  166404i23.000 6€C. 
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STS-3 OMS POD TRACE 3 DISTRIBUTION 

l l /  L344 
BASE ?Ill€ e??456@4.~ sic. 



STS-4 OMS POD TRACE 3 DISTRIBUTION 

t1 /1344  
BhM TIRE 1604@423.00@ SEC. 



STS-4 OMS POD TRACE 3 DISTRIBUTION 



APPENDIX E 

HEATING RATE COMPARISON - 
INFLUENCE W ANGLE OF ATTACK 

(VARIABLE REYNOLDS NUMBERS) C W O S  IT€ FLIGHTS 
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LOWER CENTERLINE DISTRIBUTION 
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WING 58% SEMI-SPAH DISTRIBUTION 



WING 50% SEMI-SPAN DISTRIBUTION 
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WING e0% SENT-SPAN DISTRf BUT1 ON 

11/13/84 
Ma T I N  @0048744.W WC. 



SIDE FUSELAGE (2=400 TRACE) DISTRIBUTION 



SIDE FUSELAGE (2.400 TRACE) DISTRIBUTION 



SIDE FUSELAGE (2=408 TRACE) DISTRIBUTION 



'5921-1'9 3SLC'S. SN-38'9's *W1l'SE*dlY 5-515 ' I- - '8811-1'9 36L0'S- Sll-3Y'L.g aW'1'SEmdlY b-SLS - - -- '0L2I-1'9 3tSES5* 514-3Uo8'9 -Id08'S2-dltt E-SAS ' - ' - ' 
'SbEla1'9 3)s)')- SlI-3a'E.g aU'b'S2-dlY 2-SlS - .- - '0bEI*L19 3612'5. 511-3Y',L'9 *W't'S?#dlH I-SlS 5 3/.9L'L* SII-~Y'B~W'~'S~*~~V 6PLHO 



SIDE FUSELAGE (Z=400 TRACE) DISTRIBUTION 
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SIDE PtB DOOR (2=440 TRACE) DISTRIBUTION 
011740 N.P-2B.B.R-8,RE-NS -7.7676 5 STS-l kLP-i@,B,R= 3.6,RE-NS *1.467E 7,T-1458. - , , STS-2  kLP*28.2,tl- 4.8,RE-NS -1.0231: 7,7*1425. 

,-,,, STS-3WLP-28.4,fl* 4.5,RE-NS *1.131E 7,1*1348. 
, ,- , STS-4 @LP*l3.9,fl- 4.4,RE-N5 01.19SE 7,T91270. - - - STS-S @LP*2B.2,fl* 4.4,RE-MS -1.148E 7,T-1335. 



UPPER CENTERLINE DISTRIBUTION 
OH398 ALP.4d.0,fl.B. RE-NS *7 .767€  5 STS-? kLP-39.8,Pl*13.2,RE-N5 -7 .898E 5 , T m l e 8 0 .  - - - - STS-3 f i ~ ~ . - 3 3 . 6 , ~ 1 - 1 1 . 7 , ~ ~ - 1 1 ~  - 9 . 7 2 1 ~  s , T = I ~ ~ B .  

- - -- - - 515-4 kLP=4@.9,11~II .S,RE-)(S 08 .4886  5.1. 998. - 575-5 ULP~38.8,fl*13.5,RE-)tS -7 .669E 5,Ta 985. 



UPPER CENTERLINE DISTRIBUTION 
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OMS POD TRACE 3 DISTRIBUTION 



OMS POD TRfiCE 3 DISTRIBUTION 
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OMS POD TRACE 3 DISTRIBUTION 


