
https://ntrs.nasa.gov/search.jsp?R=19840011325 2020-03-21T00:08:56+00:00Z



ASA 
Tech n i ca I 

2255 

1984 

National Aeronautics 
and Space Administration 

Scientific and Technical 
Information Branch 

Steady Internal Flow 
Aerodynamic Loads 

Analysis of Shuttle 
- 

ermal Protection System 

Dennis H. Petley, 
William Alexander, Jr. , 
George W. Ivey, Jr., 
and Patricia A. Ken- 
Langley Research Center 
Hamp to n, Virginia 



CONTENTS 

SUMMARY ......................................................................... 1 

INTRODUCTION .................................................................... 1 

INTERNAL FLOW MODEL U S I N G  M I T A S  ................................................. 4 
P a o d e l i n g  of Conductance ....................................................... 5 
D i s c u s s i o n  of Parameters Which Influence Flow i n  TPS .......................... 9 

FORCE AND MOMENT MODEL .......................................................... 11 
N o r m a l  Forces and M o m e n t s  ..................................................... 11 
G a p  Forces and M o m e n t s  ........................................................ 1 2  
Skin- Frict ion Forces and Moments .............................................. 14 

RESULTS AND D I S C U S S I O N  .......................................................... 15 
Comparison W i t h  T e s t  D a t a  ..................................................... 15 
P a r a m e t r i c  R u n s  of M u l t i t i l e  Model ............................................ 15 

CONCLUDING REMARKS .............................................................. 17 

APPENDIX . EQUATIONS FOR HEAT TRANSFER AND F L U I D  FLOW ........................... 18 

REFERENCES ...................................................................... 20 

F I G U R E S  ......................................................................... 21 

iii 



SUMMARY 

An a n a l y t i c a l  model f o r  c a l c u l a t i o n  of a scen t  s teady- sta te  t i l e  loading w a s  
developed and va l ida ted  w i t h  wind-tunnel data. 
and r e s u l t s  are given. Results  are given f o r  loading due t o  shocks and s k i n  f r i c -  
t ion .  The ana lys i s  included c a l c u l a t i o n  of i n t e r n a l  f l a w  (porous media flow and 
channel flow) t o  o b t a i n  pressures  and i n t e g r a t i o n  of the pressures t o  ob ta in  fo rces  
and moments on an i n s u l a t i o n  t i l e .  A heat- t ransfer  program w a s  modified by using 
analogies between heat t r a n s f e r  and f l u i d  flow s o  t h a t  it could be used f o r  i n t e r n a l-  
flow calculat ion.  The type of i n s u l a t i o n  t i l e  considered w a s  undensif ied reusable  
su r face  i n s u l a t i o n  (RSI) without gap f i l lers ,  and the  loca t ion  s tudied  w a s  t h e  l o w e r  
su r face  of the  orbiter. Force and moment r e s u l t s  are reported f o r  parameter var ia-  
t i o n s  on surface  pressure  d i s t r i b u t i o n ,  gap s i z e s ,  i n s u l a t i o n  permeabil i ty,  and t i l e  
thickness. 

!the a n a l y t i c a l  model i s  described 

INTRODUCTION 

The NASA S t ruc tu res  Team w a s  e s t ab l i shed  i n  February 1980 f o r  t h e  purpose o f  
resolv ing problems of t h e  S h u t t l e  Thermal Protec t ion  System (TPS) as they e x i s t e d  a t  
t h a t  t i m e .  This work w a s  performed t o  support  t h e  NASA Structures  Team i n  t h e  inde- 
pendent s t r u c t u r a l  assessment of t h e  TPS f o r  t h e  f i r s t  launch of the  Space Transpor- 
t a t i o n  System (STS-1). The presen t  a n a l y s i s  of TPS s teady aerodynamic ascen t  loads 
w a s  needed because t h e  e x i s t i n g  a n a l y s i s  d id  no t  agree wi th  wind-tunnel data.  The 
purpose of t h i s  report is  t o  descr ibe  t h e  d e t a i l e d  a n a l y s i s  which w a s  done a t  t h e  
Langley Research Center (LaRC) and t o  present  some s e l e c t e d  r e s u l t s .  The ana lys i s  
w a s  accomplished by formulating a mathematical model f o r  ca lcu la t ions  of s teady aero-  
dynamic loads by adapting t h e  Martin Marietta I n t e r a c t i v e  Thermal Analysis System t o  
perform i n t e r n a l  s teady flow ana lys i s .  The MITAS ( r e f .  1 )  program could be used f o r  
internal- flow ca lcu la t ion  by modifying t h e  i n p u t  t o  t h e  program based on analogies 
between h e a t  t r a n s f e r  and f l u i d  flow. 
m a s s  flows and pressures  of an  a r r a y  of nine LI900 undensif ied t i les  (9  l b / f t 3  
dens i ty ) .  A postprocessor loads c a l c u l a t i o n  program w a s  wr i t t en  t o  c a l c u l a t e  loads  
us ing output  from t h e  MITAS program and o t h e r  inputs .  
c a l c u l a t e  t i l e  loads caused by s t a t i o n a r y  shocks. 

The program w a s  used t o  c a l c u l a t e  i n t e r n a l  

T h i s  model w a s  used t o  

This r e p o r t  c o n s i s t s  of sec t ions  on flow modeling and val ida t ion ,  force  and 
moment postprocessor, and r e s u l t s  of  parametric runs. A program user  guide and a 
copy of t h e  MITAS i n p u t  computer code of t h e  model are a v a i l a b l e  i n  reference  2. 
This computer model w a s  subsequently modified f o r  use i n  gap hea t ing  a n a l y s i s  
(described i n  r e f .  3 ) .  

SYMBOLS 

2 c\A t i l e  area on which shear  stress acts, i n  

2 cross- sect ional  area f o r  flow, i n  

t i l e  element area, i n  

AC 

Ae 1 
2 



P A 

A6 

'd 

Dt i le  

F 

FX 

FY 

FZ 

G 

2 area on which pressure d i f fe rence  acts, i n  

area which is s t r e s sed ,  i n  

discharge c o e f f i c i e n t  

local sk in- f r i c t ion  c o e f f i c i e n t  

t i l e  thickness,  in.  

force ,  Ibf 

fo rce  i n  the x- direct ion,  lbf 

force  i n  the  y- direct ion,  lbf  

force  i n  the  z- direc t ion ,  lbf  

conductance f o r  hea t  t r a n s f e r ,  Btu/hr-OF; conductance f o r  f l u i d  flow, 

2 

lbm/sec-psi 

gC 

H 

KP 

Kr 

KS 

k 

L 

m 

P 

AP 

mass u n i t  conversion, lbm-f t / lbf-sec '  

length of moment arm, in.  

permeabil i ty,  i n  

t i l e  roughness f ac to r ,  i n .  

spr ing  constant  , lbf / in.  

thermal conductivi ty,  Btu/hr-ft-OF 

length of t i le  diagonal,  8.49 in .  

SIP height  a f t e r  t i le  i n s t a l l a t i o n ,  in .  

f i l l e r- b a r  thickness a f t e r  t i l e  i n s t a l l a t i o n ,  in .  

moment, in- lbf 

mass-flow rate, lbm/sec 

pressure ,  psi 

pressure d i f ference ,  p s i  

pressure d i f ference  between surface  and SIP,  psi 

pressure  d i f ference  between t i le  gap and f i l l e r  bar, psi 

2 

pressure  a t  b o t t o m  of gap, ps i  

pressure  a t  top of gap, p s i  
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Psur 

PTBL 

4 
A5 

T 

TBL 

Urn 

'e 1 

wf 

W m i  n 

wO 

Wt 

Wti le  

x, y, z 

Ax 

X' 

P 

P 

Pm 

pressure  on t i l e  surface ,  psi 

pressure  a t  t i l e  bond l i n e ,  p s i  

heat-f l o w  rate, Btu/hr  

d i s t ance  from c e n t e r  of one node to next,  in ,  

temperature, OR 

t i l e  bond l i n e  

free- stream ve loc i ty ,  f p s  

t i l e  element width, in. 

width of gap between f i l l e r  ba r  and t i l e  

minimum gap between f i l l e r  bar  and t i l e  

i n i t i a l  gap width 

width of gap between t i les  

t i l e  width, in. 

S h u t t l e  a x i s  system 

l o c a l  ( t i l e )  a x i s  system 

dis tance  from a i r f o i l  leading edge, in. ( f ig .  13 )  

streamwise i n t e g r a t i o n  s t e p ,  i n .  

d is tance  from shock, x - xShOCk, in .  ( f i g .  13) 

local ( t i l e  1 coordinate system 

d i s t ance  from a i r f o i l  leading edge t o  t i l e  leading edge, in. ( f ig .  13)  

dis tance  from t i l e  leading edge t o  f o o t  of shock, in.  

d is tance  from a i r f o i l  leading edge t o  shock locat ion ,  in. ( f ig .  13 )  

dis tance  along Y- a x i s  with respect t o  S h u t t l e  coordinate system 

boundary-layer thickness,  in .  

v i scos i ty ,  lbm/i n-sec 

v i scos i ty  of f r e e  stream, lbm/f t-sec 

dens i ty ,  lbm/in 3 

f ree-s tream dens i ty  , lbm/f t3 
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surf  ace shear  stress unaccounted for  shock, lbf  /f t2 

surface  shear  stress accounted f o r  shock, l b f / f t  

=W 

=W 
- 2 

Subscripts:  

i , j  t i l e  matrix loca t ion  

1 local ( t i l e )  

X x-di recti  on 

Y y- d i rec t ion  

z z- direct ion 

INTERNAL FLOW MODEL U S I N G  MITAS 

A three-dimensional a n a l y t i c a l  model of an  a r r a y  of n ine  LI900 undensif ied t i l e s  
w a s  developed t o  adequately represent  t h e  i n t e r n a l  flow through the  S h u t t l e  thermal 
p ro tec t ion  system. The primary requirement w a s  t o  ob ta in  pressures  i n  t h e  t i l e  and 
i n  t h e  gaps between t i l es  i n  s u f f i c i e n t  d e t a i l  t o  a l l o w  t i l e  loading t o  be de te r-  
mined. MITAS ( r e f .  1 ) w a s  used i n  preference t o  wr i t ing  a custom computer program t o  
save t i m e  and manpower. MITAS (Martin Marietta I n t e r a c t i v e  Thermal Analysis System) 
i s  a genera l  purpose f i n i t e - d i f f e r e n c e  hea t- t rans fe r  program and w a s  app l i cab le  t o  
t h i s  ana lys i s  of i n t e r n a l  incompressible (low subsonic Mach number) flow because of 
t h e  s i m i l a r i t y  i n  the  equations f o r  i n t e r n a l  incompressible flow and the  equations 
f o r  h e a t  t r ans fe r .  

The f i rs t  s t e p  i n  t h e  modeling w a s  t o  e s t a b l i s h  i n  de ta i l  how t h e  MITAS program 
would be used t o  model incompressible i n t e r n a l  flow. The Laplace equation i s  app l i-  
cable  t o  both incompressible flow and h e a t  t r ans fe r .  These types of problems can be 
converted t o  an analog representa t ion  cons i s t ing  of nodes connected by conductors, 
which is  p rec i se ly  the  way i n  which MITAS i s  used t o  rep resen t  a heat- t ransfer  prob- 
l e m .  This  type of representa t ion  - commonly c a l l e d  a lumped node, e l e c t r i c a l  analog 
representa t ion  of a hea t- t rans fe r  problem - also a p p l i e s  t o  i n t e r n a l  incompressible 
flow. The required i n p u t  t o  the  MITAS program is  t h e  desc r ip t ion  of nodes and con- 
ductors  f o r  t h e  electrical  analog represen ta t ion  of t h e  thermal or f l u i d  flow prob- 
l e m .  MITAS could be used d i r e c t l y  f o r  t h i s  flow problem because of the  e x a c t  
correspondence between pressure  and temperature and between mass flow and h e a t  
f l a w ,  Some comparisons of conductors f o r  h e a t  flow and f l u i d  flow are given i n  t h e  
appendix. 

The inpu t  t o  t h e  MITAS program f o r  the  s teady- sta te  flow s i t u a t i o n  is  f i r s t  of 
a l l  the node and conductor d e f i n i t i o n  f o r  the electrical  analog representa t ion  of t h e  
geometric configurat ion.  
oped f o r  a s i n g l e  t i l e ;  then with the s i n g l e- t i l e  r ep resen ta t ion  as a guide, t h e  
network f o r  t h e  mul t ip le- t i l e  model w a s  developed. Three-dimensional modeling w a s  
required t o  ob ta in  i n t e r n a l  pressure  f o r  t i l e ,  s t r a i n  i s o l a t i o n  pad ( S I P ) ,  and 
f i l l e r - b a r  and t i l e - t o - t i l e  gap pressures  from given su r face  pressure  boundary 
condit ions.  

The network and corresponding MITAS inpu t  w a s  f i r s t  devel- 

A s i n g l e- t i l e  three-dimensional model w a s  developed f i r s t .  A sketch showing the  
flow paths  through a s i n g l e  t i l e  i s  shown i n  f i g u r e  1. The ceramic coat ing  which 
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covers most of t h e  t i l e  sur face  i s  assumed t o  be impermeable. Flow through cracks 
and chipped areas w a s  neglected. The flow through t h e  s i l i c o n e  rubber bond l i n e  on 
t h e  bottom of t he  t i l e  w a s  a l s o  considered t o  be in s ign i f i can t .  Thus, areas where 
flow can e n t e r  o r  leave a t i l e  are t h e  terminator  gap area and t h e  1/2-in-wide 
unbonded area on t h e  bottom ou te r  edge of t h e  t i le .  Flow can e n t e r  o r  leave t h e  SIP 
through t h e  unbonded area on t h e  bottom of t h e  t i l e  o r  t h e  gap between t h e  t i l e  bot-  
tom and the  f i l l e r  bar,  The connections t o  t h e  sur face  through which a l l  i n t e r n a l  
flow e n t e r s  o r  leaves are t h e  gaps between t h e  tiles. With t h e  flow paths  i n  t h e  TPS 
es tab l i shed ,  t h e  next s t e p  w a s  t o  def ine  t h e  nodes and conductors f o r  t h e  s ing le-  
t i l e  model. "he dimensions of t h e  s i n g l e- t i l e  model are 6 by 6 in. ,  and t h e  th ick-  
ness of t he  t i l e  and SIP are var iable .  The S I P  thickness  w a s  se t  a t  0.16 in .  i n  
t h i s  ana lys i s .  The nodal arrangement f o r  t h e  subject t i l e  i s  shown i n  f i gu res  2 
through 4. Nodes 61 through 96, which are t h e  nodes i n s i d e  the  t i l e  a t  t h e  sur face ,  
are shown i n  f i g u r e  2. Nodes 25 through 60 ( in s ide  t h e  t i l e  a t  t he  bond l i n e  p l ane ) ,  
nodes GI through G24 ( a t  t h e  bottom of t h e  gap between t i l es ) ,  and nodes B201 through 
B224 ( the  boundary nodes f o r  t h e  i n t e r n a l  flow which are located a t  t h e  sur face  over 
t h e  gap between tiles) are s h w n  i n  f i g u r e  3. Nodes 97 through 132, which are i n  t he  
SIP, are shown i n  f i g u r e  4. Conductors w e r e  def ined t o  connect t he  nodes i n  t h r e e  
dimensions. Examples of nodes i n  t h e  xl-y, plane t h a t  w e r e  connected by conductors 
would be 61 t o  62, 61 t o  67, 25 t o  26, 25 t o  31, 97 t o  98, and 97 t o  103. Ekamples 
of nodes t h a t  w e r e  connected by conductors f o r  flow i n  t h e  z , -d i rec t ion  would be 61 
t o  25, 62 t o  26, 67 t o  31, 68 t o  32, 25 t o  97, 26 t o  98, 31 t o  103, and 32 t o  104, 
There are two p a r a l l e l  flow pa ths  from t h e  bottom of t he  gap t o  t h e  bottom of t h e  
t i le:  one flow path through t h e  edge of t h e  t i l e  and one flow path under t h e  edge of 
t h e  t i l e  between t h e  t i l e  and f i l l e r  bar. (See f i g .  1 ,  view A . )  These flow pa ths  
are represented i n  f i g u r e  3 with electrical resistance symbols connecting gap nodes 
t o  t i l e  bond l i n e  nodes such as nodes G 2  and 26, f o r  example. Figure 3 a l s o  shows 
t h e  conductors connecting sur face  boundary nodes t o  nodes a t  t h e  bottom of t he  gap, 
such as the  conductor shown connecting boundary node B202 t o  gap node G2. 

With the  s i n g l e - t i l e  model as  a guide, a model of an a r r ay  of nine t i l e s  w a s  
developed by adding e i g h t  more similar t i les  t o  t h e  s i n g l e - t i l e  model. 
t i l e  t o  another is  through t h e  f i l l e r  bar and through t h e  gaps between t i les.  The 
o v e r a l l  p a t t e r n  of t i l e s  f o r  the  m u l t i t i l e  model i s  shown i n  f i g u r e  5. A s taggered 
p a t t e r n  w a s  chosen because t h i s  i s  t h e  dominant p a t t e r n  of t i l es  on t h e  Shut t le .  The 
n ine  t i les  i n  t he  model are shown numbered 1 through 9. 
a l s o  r e f e r r ed  t o  as t h e  "0000" t i l e  i n  f i gu res  6, 7, and 8. The loca t ions  of t h e  
nodes i n  t he  mu l t ip l e- t i l e  array are shown i n  f i g u r e s  6, 7, and 8. Figure 6 shows 
nodes i n s i d e  t h e  t i l e  a t  t h e  su r f ace  f o r  each of t he  nine tiles. Figure 7 shows 
nodes a t  t h e  t i l e  bond l i n e  and a t  t h e  sur face  and bottom of t he  ad jacent  gaps f o r  
each of t he  tiles. Figure 8 shows nodes i n  t h e  S I P  f o r  each of t he  t i les.  

Flow from one 

Tile 9 is t h e  sub jec t  t i l e ,  

Modeling of Conductance 

Af te r  def in ing  t h e  nodes and conductor connections f o r  t he  n i n e- t i l e  model, t he  
conductance values  f o r  these  conductors w e r e  determined. The general  ca tegor ies  of 
conductance values t o  be determined w e r e  t i l e  material, SIP material, gap between 
t i les ,  t i l e  terminator  gap, gap between t i l e  and f i l l e r  bar ,  and gap between f i l l e r  
ba r  and SIP. 
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The conductance f o r  flow through t i l e  and S I P  material w a s  based on flow 
through porous media ( r e f .  4). The conductance f o r  flow through porous media 
as used i n  t h e  a n a l y s i s  i s  determined as follows: 

The flow through t h e  t i l e  i n  t h e  terminator  gap locat ion ,  t h e  t i l e  bond l i n e  
node a t  t h e  edge of t h e  t i l e  (node 55 i n  f i g .  3, f o r  example), w a s  modeled as f low 
through porous media by using a n  equivalent  flow area. T h i s  equivalent  flow area w a s  
t h e  average of t h e  terminator  gap area ( the  product of terminator  gap width and node 
width) and t h e  node cross- sect ional  area f o r  f l o w  ( t h e  product of 
width 1. 

Dtile/2 and node 

The equations which represent  laminar flow between parallel w a l l s  were used t o  
The v a l i d i t y  of us ing these  equations w a s  represent  flow i n  the  gap between tiles. 

demonstrated i n  reference  5 by comparison of t h e  t h e o r e t i c a l  r e s u l t s  f o r  laminar flow 
between p a r a l l e l  w a l l s  t o  experimental d a t a  f o r  flow i n  t h e  gaps between t i les .  The 
equations f o r  mass flow and conductance, from reference  6, f o r  laminar flow between 
p a r a l l e l  w a l l s  as used i n  t h e  a n a l y s i s  are as follows: 

2 

1 2  1.1. d s  
. 1 "tAc d p  m =- - - -  

where 

t i l e - t o - t i l e  gap width Wt 

- dP 
d s  

flow area, Wt x Gap length  

pressure  g rad ien t  

bs d i s t ance  from c e n t e r  of one node t o  next 

As can be seen from t h e  equation f o r  flow conductance, t h e  conductance v a r i e s  as the  
cube of the  gap width. Consequently, it w a s  necessary t o  account f o r  changes i n  gap 
width caused by fo rces  on t h e  t i les  f o r  t h e  gap between t i les  and t h e  gap between 
f i l l e r  bar  and t i le .  

The gap s i ze ,  and r e s u l t i n g  conductance f o r  flow through the  gap between t i les,  

These s i d e  fo rces  r e s u l t  from t h e  su r face  pressure  gradient ,  such as 
w a s  ca lcula ted  i t e r a t i v e l y  f o r  t i les  which had s i g n i f i c a n t  s i z e  fo rces  on them due t o  
gap pressures. 
the  gradient  due t o  a shock being pos i t ioned over a t i le .  
gap va r i a t ions  t o  be considered w e r e  t h e  tiles which had t h e  shock posi t ioned on them 
coinciding with t h e  shock being pos i t ioned on the  subject t i le .  

The t i l e s  which required 

Figure 9 shows t h e  
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gaps between t i l e s  i n  t h e  g loba l  model, which w e r e  allowed t o  vary. The ca l cu l a t ions  
of t i l e  de f l ec t ion  w e r e  done only on the  sub jec t  t i l e ,  t i l e  9, and t h e  gap def lec-  
t i o n s  of the  o the r  t i les,  t i l e  3 and t i l e  7, w e r e  s e t  t o  t h e  same values as t h e  cor- 
responding loca t ions  on the  sub jec t  t i le .  
t h e  i n i t i a l  gap opening. Gap pressures  on t h e  s i d e s  of t h e  sub jec t  t i l e  w e r e  i n t e-  
gra ted  t o  ob ta in  a r e s u l t a n t  s i d e  fo rce  i n  t h e  x,- and y,-direct ions.  
t h e  t i l e  about t h e  2,-axis being neglected, t h e  t r a n s l a t i o n a l  motion of t he  sub jec t  
t i l e  w a s  then obtained from a sp r ing  representa t ion  of t h e  SIP according t o  t h e  f o l-  
lowing equations : 

A l l  o the r  gaps between t i les  w e r e  f i xed  a t  

Rotation of 

F X Ax, = -  
KS 

F 

K 
Y AY, = -  
S 

where 

sub jec t  t i l e  x - deflect ion 
1 1 

Ax 

FX fo rce  i n  t h e  x , -d i rec t ion  

Ay ‘1 sub jec t  t i l e  y , -def lec t ion  

fo rce  i n  t he  y , -d i rec t ion  FY 

la tera l  sp r ing  cons tan t  f o r  SIP KS 

The S I P  lateral sp r ing  cons tan t  used i n  t h i s  ana lys i s  w a s  110 lb f / in .  ( re f .  7) .  The 
gaps shown s o l i d  i n  f i gu re  9 decrease from t h e  i n i t i a l  value by t h e  t i l e  de f l ec t ion ,  
whereas t h e  gaps shown hatched increase.  A l i m i t i n g  condi t ion f o r  gap c losure  i s  the  
e f f e c t i v e  gap which e x i s t s  when t h e  two nonsmooth sur faces  are i n  contact .  The gaps 
between t i l e s  w e r e  ad jus ted  based on t h e  ca lcu la ted  pressures  u n t i l  t h e  ca lcu la ted  
gap s i z e s  converged. 

The gap s i z e  and r e s u l t i n g  conductance f o r  flow through the  gap between t i l e  and 
f i l l e r  bar  w a s  c a l cu l a t ed  i t e r a t i v e l y  f o r  a l l  t i les  i n  t h e  g loba l  model. The s i z e  of 
t h i s  gap i s  determined by t h e  r e l a t i v e  normal de f l ec t ion  between the  bottom sur face  
of t h e  t i l e  edge and f i l l e r  bar and a l s o  by a s i l i c o n e  rubber membrane e f f e c t .  The 
s i z e  of t h i s  gap i s  determined by t h e  pressure  forces  which act on t h e  f i l l e r - b a r  
membrane and t i l e ,  causing de f l ec t ions  from t h e  i n i t i a l  pos i t ion .  

The dimensions and de f l ec t ions  which inf luence t h i s  gap are s h a m  i n  f i g u r e  10. 
The equation which w a s  used f o r  t h i s  t i l e  edge de f l ec t ion  due t o  s t r e t c h i n g  or com- 
press ing  t h e  SIP i s  
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where 

pressure  d i f fe rence  between e x t e r n a l  su r face  and SIP AP1 

area on which Apl  acts, loading SIP 

area of SIP which i s  s t r e s s e d  

SIP th ickness  a f t e r  t i l e  i n s t a l l a t i o n  (0.1 6 in .  ) 

PI 
A 

A 61 

A1 

modulus of e l a s t i c i t y  f o r  SIP E1 

The f i l l e r - b a r  d e f l e c t i o n  is caused by t h e  pressure d i f f e r e n t i a l  ac ross  t h e  s i l i c o n e  
rubber su r face  membrane and i s  defined by 

Ap2Ap2 
I 2  

- - 
"2 E2Aa2 

where 

pressure  d i f fe rence  between t i l e  gap and f i l l e r  bar 

area of f i l l e r  b a r  on which Ap2 acts 

area of f i l l e r  bar which i s  s t r e s s e d  

f iller-bar th ickness  a f t e r  t i l e  i n s t a l l a t i o n  

modulus of e l a s t i c i t y  f o r  f i l l e r  bar 

4 2  

P2 

A 62  

I 2  

A 

The des i red  width of the  gap between t h e  f i l l e r  ba r  (FBI and t i l e  is  obtained based 
on t h e  following equation: 

Wf = A I 2  - A I 1  -I- Wo 

where 

width of gap between f i l l e r  bar and t i l e  

i n i t i a l  gap width 

wf 

wO 

A l i m i t i n g  condi t ion f o r  t h i s  gap width i s  

where Wmi 
bar (0.001 in.) .  'Ihe f i n a l  condi t ion which w a s  considered i n  t h e  determination of 
t h e  gap s i z e  w a s  t h e  s i l i c o n e  rubber membrane e f f e c t .  This effect causes a check 
valve a c t i o n  which restricts flow o u t  of t h e  SIP/FB more than it  restricts inflow. 

i s  t h e  e f f e c t i v e  gap which exists when t h e  t i l e  edge touches t h e  f i l l e r  

8 i 



It w a s  assumed t h a t  t h i s  membrane e f f e c t  would dominate t h e  gap s i z e  determination 
such t h a t  f o r  t h i s  ana lys i s  it w a s  adequate t o  assume t h a t  t h e  gap he igh t  f o r  flow 
o u t  of the  SIP/FB would be 
be as ca lcu la ted  from t h e  above equat ion f o r  
f i l l e r  bar and t h e  r e s u l t i n g  flow conductance based on laminar flow between parallel 
w a l l s  w e r e  a l s o  changed based on t h e  ca l cu l a t ed  pressures  u n t i l  t h e  ca l cu l a t ed  gaps 
converged. 

Wmin and t h e  gap he igh t  f o r  flow i n t o  t h e  SIP/FB would 

Wf .  The gaps between t h e  t i l e  and 

Flow through the  gap between t h e  S I P  and f i l l e r  bar  w a s  modeled as flow through 
a s l o t .  The discharge c o e f f i c i e n t  Cd f o r  t h i s  s l o t  w a s  assumed t o  be 0.5. The 
flow crpss- sect ional  area f o r  tiles with s i g n i f i c a n t  s i d e  de f l ec t ions  w a s  var ied  
cons i s t en t  with the  s i d e  de f l ec t ions  ca lcu la ted  f o r  t he  de f l ec t ions  of t he  gap 
between t i les  mentioned previously.  

Discussion of Parameters Which Influence Flow i n  TPS 

The parameters which inf luence  flow i n  TPS can be grouped i n t o  the  following 
categories:  

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8. 

In  each 

Surf ace pressure d i s t r i b u t i o n  

Ti le- to- t i le  gaps 

Te r d  na tor  gaps 

In t e rna l  t i l e  flow 

T i  le-to-SIP flow path 

Gap between t i l e  and f i l l e r  ba r  

I n t e r n a l  S I P  flow 

Gap between SIP and f i l l e r  ba r  

of these  ca tegor ies ,  a l l  known parameters w e r e  evaluated t o  determine which 

I 

ones were s i g n i f i c a n t  enough t o  be included i n  t h e  flow model. 

The f i r s t  area t o  be discussed i s  t h e  sur face  pressure  d i s t r i bu t ion .  The param- 
eters which were considered f o r  t h i s  category i n  t he  model i n  order  of importance 
w e r e  shock s t rength ,  shock locat ion,  shock smearing, abso lu te  pressure,  and absolu te  
temperature. Shock loca t ion  w a s  def ined as t h e  loca t ion  of t h e  f o o t  of t h e  shock on 
t h e  t i le ,  and shock s t r eng th  w a s  def ined as t h e  pressure  d i f fe rence  between t h e  f o o t  
and t h e  peak. 
spread, which is  normally governed by boundary-layer thickness.  Absolute temperature 
in f luences  v i scos i ty  and dens i ty  of gas,  whereas abso lu te  pressure  produces mainly a 
dens i ty  e f f ec t .  

Shock smearing has  t o  do with the d is tance  over which t h e  shock i s  

In  t h e  category of tile-to- tile gaps, t h e  parameters considered w e r e  minimum gap 
width, i n i t i a l  gap width, SIP sheaf s t i f f n e s s ,  t i l e  thickness ,  and gap pa t te rn .  The 
i n i t i a l  gap occurs i n  t h e  unloaded condition, whereas t h e  minimum gap i s  t h e  gap 
which represents  t i l e- t o- t i l e  contact .  SIP shear  s t i f f n e s s  a f f e c t s  t h e  s ide- force 
de f l ec t ion  c h a r a c t e r i s t i c s  of t he  t i l e ;  these  s i d e  de f l ec t ions  are important i n  
determining gap var ia t ions .  The t i l e  thickness  and t i l e  pattern a f f e c t  t h e  geometry 
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of these  flow paths. The model w a s  l imi ted  t o  one gap pat tern :  a staggered p a t t e r n  
of square tiles. 

In  t h e  category of the  terminator  gap, t h e  only parameter considered w a s  t h e  
terminator  gap width. 

In  t h e  category of i n t e r n a l  t i l e  flow, t h e  parameters considered w e r e  t i l e  
thickness and ti l e  permeabil i ty . 

In  t h e  category of t i le- to- SIP flow path, t h e  parameters considered w e r e  e f f e c t  
of t i l e  s i d e  de f l ec t ion  on the flow path ,  dimensional to lerancing on t h e  SIP and 
f i l l e r  bar, and the  t i l e  t o  SIP discharge coe f f i c i en t .  The dimensional tolerancing,  
s i d e  de f l ec t ions ,  and discharge c o e f f i c i e n t  descr ibe  the flow through t h e  s l o t  
between the  S I P  and f i l l e r  bar. 

In  t h e  category of flow through t h e  gap between t h e  t i l e  and f i l l e r  bar,  t h e  
parameters considered w e r e  membrane e f f e c t s  of t h e  f i l l e r - b a r  s i l i c o n e  coating,  i n i -  
t i a l  gap s i ze ,  SIP  and f i l l e r - b a r  s t i f f n e s s ,  and minimum gap e f fec t .  The membrane 
e f f e c t  is  a tendancy of t h e  edge of t h e  f i l l e r - b a r  coat ing  t o  r o l l  up a g a i n s t  t h e  
bottom of the  t i l e  producing a checking e f f e c t  on flow i n  the  d i r e c t i o n  from t h e  S I P  
t o  the  gap between t i les .  ?he same i n i t i a l  gap s i z e  and minimum gap s i z e  w e r e  spec- 
i f i e d  f o r  a l l  t i l es  i n  t h e  g loba l  model. The minimum gap s i z e  represents  the  con- 
d i t i o n  where the  edge of t h e  t i l e  is i n  con tac t  with t h e  f i l l e r - b a r  surface  membrane. 
The s t i f f n e s s e s  of t h e  S IP  and f i l l e r  bar  w e r e  represented with an e f f e c t i v e  modulus 
of e l a s t i c i t y  . 

In  the  category of i n t e r n a l  S I P  flow, the  parameters considered w e r e  SIP  
permeabil i ty,  and SIP def lec t ions .  The permeabil i ty of t h e  S I P  w a s  obtained from 
reference  6. These da ta  had t o  be adjus ted  t o  account f o r  d i f f e rences  between tes t  
condit ions and expected f l i g h t  condi t ions  ( the  S I P  expands under load i n  f l i g h t ) .  

In t h e  category of the  gap between SIP and f i l l e r  bar, which i s  a gap between 
t h e  s i l i c o n e  membranes of t h e  SIP and f i l l e r  bar ,  t he  parameters considered were a 
discharge c o e f f i c i e n t ,  the  e f f e c t  of t i l e  s i d e  de f l ec t ion ,  and t h e  e f f e c t  of dimen- 
s i o n a l  tolerance.  

The more s i g n i f i c a n t  ca tegor ies  i n  t h e  model w e r e  su r face  pressure  d i s t r i b u t i o n ,  
the  gap between t i l e  and f i l l e r  bar ,  t i le- to- ti le gaps, and i n t e r n a l  SIP flow. Less 
s i g n i f i c a n t  w e r e  t h e  terminator  gaps, i n t e r n a l  t i l e  flow, and t i le- to- SIP flow path. 
The least s i g n i f i c a n t  category considered i n  t h e  model w a s  t h e  gap between S IP  and 
f i l l e r  bar. 

There are many o the r  parameters inf luencing flow i n  TPS which w e r e  no t  con- 
s ide red  s i g n i f i c a n t  enough t o  inc lude  i n  t h e  flow model. Some re levan t  parameters 
which w e r e  no t  considered i n  t h e  flow model, l i s t e d  by category, are as follows: 

1. Surface pressure  d i s t r i b u t i o n :  shock s t a b i l i t y  and t i l e  su r face  s tep e f f e c t  

2. T i l e- to- t i l e  gaps: compress ib i l i ty  effects i n  t h e  gaps, inf luence  of t i l e  
r o t a t i o n s  on gap s i z e ,  and i n i t i a l  gap v a r i a t i o n  from t i l e  t o  t i l e  

3. Terminator gap: changes i n  t i l e  poros i ty  due t o  the  coat ing  app l i ca t ion  and 
gap machining process and v a r i a t i o n  of gaps from t i l e  t o  t i l e  
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4. I n t e r n a l  t i l e  flow: permeabil i ty of t i l e  coat ing  and bond l i n e  due t o  
imperfections 

5. Tile- to-SIP flow path: the e f f e c t  of r o t a t i o n a l  de f l ec t ions  and 
z ,-def l e c t i o n s  of the t i l e  

6. Gap between t i l e  and f i l l e r  bar: condit ion of t h e  f i l l e r - b a r  t r a n s f e r  coat 
edge, condit ion of t h e  t i l e  bottom surface ,  changes i n  f i l l e r  ba r  and SIP 
caused by proof t e s t ing ,  and dimensional to lerance  from t i l e  t o  t i l e  

7. I n t e r n a l  SIP flow: e f f e c t  of  proof t e s t i n g ,  d i r e c t i o n a l  bias of SIP, and 
wicking of s i l i c o n e  rubber i n t o  the  SIP 

8. G a p  between SIP and f i l l e r  bar: dimensional v a r i a t i o n s  from t i l e  t o  t i l e  and 
changes due t o  t h e  bonding process 

FORCE AND MOMENT MODEL 

The fo rce  and moment model i s  a postprocessor rou t ine  of the  o v e r a l l  MITAS t i l e  
The fo rce  and moment model numerically i n t e g r a t e s  t h e  pressure  flow ana lys i s  model. 

p r o f i l e s  produced by the  MITAS model t o  determine the  forces and corresponding 
moments on the  Shu t t l e  t i les .  The model accounts f o r  the  pressure  d i s t r i b u t i o n s  
across the t i l e  surface ,  a t  the  t i l e  bond l i n e ,  and a t  the  top and bottom of the  gap 
around the  t i l e  perimeter.  The model also inc ludes  s k i n- f r i c t i o n  e f f e c t s .  The 
a n a l y s i s  employs a right-hand coordinate system and resolves  the  fo rces  and moments 
i n  the  x-, y-, and z -d i rec t ions  ( f i g .  1 1  1 .  

The t i l e  w a s  separa ted  i n t o  1-in2 elements producing a 6 x 6 matrix on the  t i l e  
su r face  and a t  t h e  t i l e  bond l i n e ,  and 24 elements i n  the  gap around t h e  t i l e  perim- 
eter ( f i g .  1 2 ) .  The pressures  on t h e  t i l e  su r face  and a t  t h e  t i l e  bond l i n e  w e r e  
assumed t o  be cons tant  per element. In t h e  gap, the  pressure  w a s  assumed t o  fol low a 
l i n e a r  d i s t r i b u t i o n  from t h e  top t o  the  bottom of the  gap a t  each s t a t i o n  around the  
t i le .  The pressures  on the  t i l e  su r face  and a t  t h e  t i l e  bond l i n e  con t r ibu te  t o  the  
normal fo rces  and the moments about the  X- and Y-axes. The gap pressures  around the  
t i l e  perimeter con t r ibu te  t o  t h e  fo rces  i n  t h e  x- and y-d i rec t ions  and t h e  moments 
about t h e  X-, Y-, and Z-axes. The s k i n  f r i c t i o n  con t r ibu tes  t o  the  fo rce  i n  the 
x-d i rec t ion  and moment about t h e  Y-axis. The ca lcu la ted  fo rces  and moments are added 
together  t o  obta in  t h e  r e s u l t a n t  vectors ,  FX, Fy, and FZ and the  r e s u l t a n t  
moments about t h e  X-, Y-, and Z-axes, MX, M y ,  and 

N o r m a l  Forces and Moments 

With t h e  use  of t h e  pressure d i s t r i b u t i o n s  on the  t i l e  su r face  and t i l e  bond 
l i n e ,  the normal fo rce  FZ a c t i n g  on t h e  t i l e  is expressed per element by 

11  



- Therefore, the  r e s u l t a n t  normal - w e l a  i j  
where 1 < i < 6, 1 < j < 6, and 

fo rce  can be expressed by the  summation, 

Ae 1 

The moments about the  X- and Y-axes produced by the  normal fo rces  and summed per 
element are defined by 

where yij = (i - j + 6)(0,7071) and xij = (i + j - 1)(0.7071). 

Gap Forces and Moments 

In  the  gap around the  t i l e  perimeter, the  perpendicular  fo rce  on each e l emen ta l  
face ,  the  moment, and the  moment a r m  are defined by 

W D  W D  
i PGT. - PGB 

1 

e l  t i l e  + PGEI. e l  t i l e  
1 

2 F =  i 

2 
W D  PGB. e l  t i l e  

2 
- P G T ~  - p ~ ~ i  2 +  1 

we lDt i l e  
- 

Mi 3 

where 1 < i < 24. The components i n  t..e x- and y-direct-ons are defined by 

- 'XFi  
FX - - 1.414 

i 
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MX = -F H Yi i 

M = F  Hi 
'i xi 

where 1 < i Q 24 and 

s = +1 (1  Q i Q 6 and 19 Q i Q 24) X 

sx = -1 

s = +I 
Y 

s = -1 
Y 

The moment about t h e  Z-axis p e r  element i s  expressed by 

where 

and 

j = O  

j = 6  

j = 1 2  

j = 18  

(1 Q i Q 6) 

( 7  Q i < 12) 

(13 Q i Q 18) 

(19 < i < 24) 

13  



and 1 < i < 24. The r e s u l t a n t  moment about t h e  Z-axis due t o  the  gap pressures  is  
determined by the  sum 

24 

Skin-Friction Forces and Moments 

The sk in- f r i c t ion  con t r ibu t ion  t o  t h e  f o r c e  and moment ca lcu la t ion  i s  based o n  
t h e  aerodynamic loading on t h e  t i le.  The local shear  stress zw on t h e  t i l e  
s u r f a c e  i s  determined by t h e  t y p i c a l  equation 

2 
'G = -  C ' p  u 
w 2gc f 03 

where C; i s  the  l o c a l  sk in- f r i c t ion  coe f f i c i en t .  The sk in- f r i c t ion  c o e f f i c i e n t  is  
assumed t o  follow the  r e s i s t a n c e  formula f o r  a uniformly rough f l a t  plate ( r e f .  6 ) :  

which i s  va l id  when 
adjus ted  t o  
shock on a t i le.  This adjustment i s  accomplished by determining a shear- st ress  
reduction f a c t o r  (? 
th ickness  (ref. 8).  The boundary-layer thickness 6 is  est imated by the smooth 
p l a t e  equation ( r e f .  6) :  

1 O2 < x/Kr < 1 06. 

z ) as a funct ion  of a shock loca t ion  and the  boundary-layer 

(See f ig .  13.) The shear  stress i s  then - 
zw t o  account f o r  local boundary-layer separa t ion  d i r e c t l y  beneath a 

w w  

Given t h e  free- stream condi t ions  (i.e., p,, p,, and U,), t h e  shock loca t ion  
and t h e  running length  x where x G x G x + L, t h e  ra t io  x'/6 can be determined 
so t h a t  t h e  f a c t o r  %/zw can be f%nd (ref? 8). 
ca lcu la ted  and adjus ted  t o  -cw t o  account for  a shock on a t i le.  The d i f f e r e n t i a l  
a r e a  on which T~ acts is  determined by 

- 
The shear  stress, -cw i s  then - 

- 

AA 2(x - x ) AX 
0 

AA = 2(x0 - x + L) Ax 

(x < xo + $) 
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The corresponding d i f f e r e n t i a l  fo rces  and moments are then determined by 

- 
T L h  

144 
W AFx =- 

Thus, t h e  fo rces  and moments due t o  the  s k i n  f r i c t i o n  are 

F = AFX 
X 

M = AMY Y 

RESULTS AND DISCUSSION 

The r e s u l t s  of t h e  ana lys i s  which are presented he re in  are a va l ida t ion  of t h e  
model and t h e  ca lcu la ted  loads f o r  a range of parameters. The model was va l ida ted  by 
comparing ca lcu la ted  pressures  with measured pressures from wind-tunnel tests. The 
load s e n s i t i v i t i e s  of e i g h t  d i f f e r e n t  parameters were determined by ca lcu la t ing  
forces and moments f o r  varying i n p u t  d a t a  t o  t h e  model. 

Comparison With Test D a t a  

The pressure  ca lcu la t ions  of the  flow model w e r e  va l ida ted  by comparison wi th  
test  data. The OS36 ( f ig .  14) and OS55 ( f i g .  15) Shut t l e  t i l e  wind-tunnel test  d a t a  
w e r e  used f o r  comparison with ca lcu la t ions  ( r e f s .  10 and 11, r e spec t ive ly ) .  'Ihe "OS" 
i n  t h e  test  designation s tands  f o r  o r b i t e r  s t r u c t u r a l  test. For t h e  OS36 and OS55  
tests, a r rays  of tiles mounted on S I P  and equipped with pressure  measurement i n s t r u-  
mentation w e r e  placed i n  a wind tunnel  and subjec ted  t o  aerodynamic shock environ- 
ments. The purpose of these  tests w a s  t o  observe damage and measure i n t e r n a l  
pressures  caused by shocks. Figure 16 shows comparison between ca lcu la ted  and mea- 
sured pressures a t  t h e  t i l e  bond l i n e  a t  t h e  diagonal  c e n t e r l i n e  f o r  t h e  OS36 wind- 
tunnel  test. The pressure  a t  t h e  t i l e  bond l i n e  i s  the  pressure  i n s i d e  t h e  t i l e  
adjacent  t o  t h e  s i l i c o n e  rubber bond which a t t a c h e s  the  t i l e  t o  SIP. The rectangle 
a t  t h e  bottom of the  p lo t  i n d i c a t e s  t h e  loca t ion  of the  6- by 6-in. t i l e  which is a t  
a 45' angle  so  t h a t  t h e  o v e r a l l  length  i n  the  flow d i r e c t i o n  i s  8.49 in .  Comparison 
of ca lcula ted  and measured pressures  a t  t h e  t i l e  bond l i n e  f o r  t h e  O S 5 5  wind-tunnel 
test, runs 4:4, 4:5, and 4:6 are presented i n  f igures  17, 18, and 19. The r e s u l t s  of  
t h e  ca lcu la t ions  w e r e  i n  good agreement with t h e  measured da ta ;  therefore ,  t h e  model 
could be used t o  c a l c u l a t e  fo rces  and moments on t i les  f o r  STS-1 and no a d d i t i o n a l  
wind-tunnel t e s t i n g  of t i les  w a s  needed. 

6 
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Parametric Runs of M u l t i t i l e  Model 

A series of runs of the model w a s  made t o  determine t h e  inf luence  of t i l e  param- 
eters on t i l e  steady aerodynamic loads due t o  shocks. The t i l e  parameters which w e r e  
examined f o r  s e n s i t i v i t y  with t h e  a i d  of t h e  model are 

1. I n i t i a l  t i l e - t o - t i l e  gap 

2. Terminator gap width 

3. Gap between f i l l e r  b a r  and t i l e  

4. SIP permeabil i ty 

5. T i l e  permeabil i ty 

6. T i l e  thickness 

7. Pressure e f f e c t  ( a l t i t u d e  e f f e c t )  

8. Boundary-layer thickness 

Aerodynamic fo rce  and moment ca lcu la t ions  w e r e  made f o r  s e v e r a l  d i f f e r e n t  shock 
pressure  p r o f i l e s  over a range of shock loca t ions  from the  leading t o  t h e  t r a i l i n g  
edge of the  s u b j e c t  t i l e .  

The parameters w e r e  s tud ied  with est imated pressure  p r o f i l e s  f o r  t h e  mid- 
fuse lage  zone 6 (MF-6) region of t h e  Shu t t l e  o r b i t e r  ( f i g .  20) and measured pressure  
p r o f i l e s  from the  OS55 wind-tunnel test. 'Ihe pressure  p r o f i l e s  and r e s u l t s  of the  
parametric ana lys i s  are shown i n  f i g u r e s  21 through 27. Figure 21 shows est imated 
MF-6 pressure p r o f i l e s  f o r  shocks of 2 psi  and boundary-layer thicknesses of 2.5 and 
5.0 in .  High and l o w  upstream pressures  were considered, high being 5.4 p s i  and low 
being 1.8 psi .  Figure 22 shows t h e  fo rces  and moments produced by the  pressure  
p r o f i l e s  of f i g u r e  21 f o r  t i l e  thicknesses of 1.0 and 2.0 i n .  and f o r  various i n i t i a l  
t i l e- t o- t i l e  gaps. 
region f o r  t h e  STS-1 ascen t  condi t ion  are shown i n  f i g u r e  23. The f i r s t  t i l e  is  t i l e  
394020-272, 1.47 in. th ick ,  and i s  r e f e r r e d  t o  as t i l e  A.  The second t i l e  i s  t i l e  
394034-087, 1.0 i n .  th i ck ,  and i s  r e f e r r e d  t o  as t i l e  B. Forces and moments f o r  a 
nominal configurat ion of t i l e  A and t i l e  B are shown i n  f i g u r e  24, and the  e f f e c t  of 
i n i t i a l  gap va r i a t ions  on fo rce  and moment i s  shown i n  f i g u r e  25. The ca lcu la ted  
fo rces  and moments f o r  t i l e  A f o r  s i n g l e  parameter v a r i a t i o n s  of terminator gap, gap 
between f i l l e r  ba r  and t i l e ,  SIP permeabil i ty,  and t i l e  permeabil i ty are presented i n  
f i g u r e  26. The ca lcu la ted  fo rces  and moments f o r  t i l e  B f o r  s i n g l e  parameter var ia-  
t i o n s  of terminator  gap and f i l l e r  ba r  t o  t i l e  gap are shown i n  f i g u r e  27. The 
measured pressure  p r o f i l e s  from the OS55 wind-tunnel test  are shown i n  f i g u r e  28. 
The fo rces  and moments produced by t h e  OS55 pressure  p r o f i l e  f o r  s i n g l e  parameter 
va r i a t ions  of i n i t i a l  t i le- to- t i le  gap and t i l e  thickness are shown i n  f i g u r e s  29 
and 30. 

Estimated MF-6 pressure  p r o f i l e s  f o r  t w o  s p e c i f i c  t i l e s  i n  t h i s  

Severa l  of the  parameters s tud ied  w e r e  found t o  have a very s i g n i f i c a n t  e f f e c t  
on t h e  t i l e  loading. The loca t ion  of t h e  f o o t  of t h e  shock and t h e  steepness of t h e  
shock w e r e  found t o  be s i g n i f i c a n t  i n  a l l  cases where these  parameters w e r e  varied. 
An increase  i n  upstream pressure  from 1.8 t o  5.4 p s i ,  a n  inc rease  of 3.6 psi  i n  t h e  
pressure  d i s t r i b u t i o n ,  caused t h e  maximum fo rces  and moments t o  increase  by approxi- 
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mately 50 percent  as shown i n  f i g u r e s  22(a)  and ( b ) .  When t h e  i n i t i a l  t i l e - t o- t i l e  
gap w a s  decreased from the  nominal value of 0.050 t o  0.015 in . ,  t he  maximum normal 
f o r c e  f o r  t h e  MF-6 high pressure  p r o f i l e  w a s  decreased by 30 percent  as shown i n  
f i g u r e  22(c ) .  The separa ted  shock cases p l o t t e d  i n  f i g u r e  25 and OS55 pressure  
p r o f i l e  r e s u l t s  p l o t t e d  i n  f i g u r e  29 also s h m  s i g n i f i c a n t  e f f e c t s  when t h e  ti le-to- 
t i l e  gap i s  decreased from the  nominal value of 0.05 in .  
s t r o n g  e f f e c t  on normal force,  as shown i n  f i g u r e  26(e) ,  when the  SIP permeabil i ty 
w a s  increased by a f a c t o r  of 4 for  t h e  separa ted  shock, MF-6 p r o f i l e ,  t he  maximum 
normal fo rce  increased by a f a c t o r  of 2. 
loading as shown i n  f i g u r e  30.  
case where t h e  f o o t  of t h e  shock i s  located  a t  

SIP permeabil i ty has a 

Tile thickness has a s i g n i f i c a n t  e f f e c t  on 
The h ighes t  combined loading is  ca lcu la ted  f o r  the  

xs/L = 0.73. 

CONCLUDING REMARKS 

A model w a s  developed t o  c a l c u l a t e  s teady aerodynamic loads f o r  S h u t t l e  tiles. 
The use of the  MITAS hea t- t rans fe r  program t o  c a l c u l a t e  i n t e r n a l  incompressible flow, 
flow through porous media, and channel flow w a s  demonstrated. Calculated pressures  
a t  the  t i l e  bond l i n e  caused by aerodynamic shock on the t i l e  su r face  w e r e  i n  good 
agreement with measured pressures  a t  t h e  t i l e  bond l i n e  from wind-tunnel tests. %e 
model w a s  used t o  c a l c u l a t e  fo rces  and moments on TPS t i l e s  f o r  STS-1. 

The r e s u l t s  of the  ana lys i s  w e r e  used by the  NASA S t ruc tu res  Team t o  obta in  t i l e  
loadings f o r  t h e  STS-1 f l i g h t  of t h e  Shu t t l e  f o r  condit ions where wind-tunnel d a t a  
w e r e  no t  avai lable.  

Langley Research Center 
National  Aeronautics and Space Administration 
Hampton, VA 23665 
January 26, 1984 
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APPENDIX 

EQUATIONS FOR HEAT TRANSFER AND FLUID FLOW 

For hea t  flow, 

kA 

As 
C G =-  

where 

4 hea t  f l u x  

k thermal conductivi ty 

temperature g rad ien t  dT 
ds 
- 

cross- sect ional  area f o r  flow 

As dis tance  from cen te r  of one node to  next 

For flow through porous media ( r e f .  l l ) ,  

AC 

KpPAc G =-  u As 

where 

lit mass-f l o w  rate 

permeabil i ty KP 

u v i s c o s i t y  

P dens i ty  

dP 
ds  pressure gradient  - 
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APPENDIX 

For flow through slots  and o r i f i c e s ,  

i = c d c  A ( 2 ~ g ~ / A p ) l / ~  A p  

where 

i mass-f l o w  rate 

‘d discharge c o e f f i c i e n t  

flow area 

P dens i ty  

mass u n i t  conversion 4, 

AP pressure  d i f fe rence  

Units which are commonly used f o r  heat-flow rate and f o r  temperature can a l s o  be 
compared w i t h  the u n i t s  f o r  the  corresponding mass-f low rate and pressure  which w e r e  
chosen f o r  the  f l u i d  flow model. For the  thermal model, common u n i t s  are 

;I heat-f low rate, Btu/hr 

T temperature, O F  

G conductance, Btu/hr-OF 

For the  f l u i d  flow model, the  u n i t s  chosen w e r e  

i mass-flow rate, lbm/sec 

P pressure,  psi 

G conductance, lbm/sec-psi 

19 
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Section A-A 

Tile to  S I P  flowJ L T i l e  bottom/fil ler-bar passage 

Figure 1.- Shut t l e  s i n g l e- t i l e  flow model. 
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Figure 2.- Subject t i l e  showing nodes i n s i d e  t i l e  at sur face .  
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Figure 4.- Subject t i l e  showing nodes i n  SIP. 



Figure 5.- Nine- t i l e  array. 
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Figure 9.- Tile array showing gap changes due to x,- and y,-deflections. 
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Figure 13.- Location of t i l e  and shock from leading edge for c a l c u l a t i o n  of 
s k i n  f r i c t i o n .  
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Figure 21.- MF-6 pressure profiles. 
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Figure 28.- Centerline pressure prof i l e s  for OS55 and t i l e  45. 
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