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ABSTRACT 

A protect ive s h e l l  mechanism f o r  wind tunnel models w a s  developed 
and tes ted .  The mechanism i s  passive i n  operation, r e l i a b l e ,  and imposes 
no new s t r u c t u r a l  design changes f o r  wind tunnel models. Methods of predict ing 
the  re lease  time and t h e  measured loads associated with t h e  release of t h e  
s h e l l  a r e  given. The mechanism w a s  t e s t ed  i n  a s e r i e s  of wind tunnel t e s t s  t o  
va l ida te  t h e  removal process and measure t h e  pressure loads on t h e  model. The 
protect ive s h e l l  can be used f o r  wind tunnel models t h a t  require  a s t ep  input 
of heating and loading such as a t h i n  skin heat t r ans fe r  model. The mechanism 
may have other  po ten t ia l  appl icat ions.  

INTRODUCTION 

Hypersonic wind tunnel models sometimes require  protect ion from pressure 
loads associated with t h e  s t a r t  or uns tar t  of t h e  wind tunnel,  t h e  loads cacsed 
by inser t ion  in to  t h e  t es t  stream, and thermal and aerodynamic loads of t h e  
t e s t  medium u n t i l  exposure of t h e  model i s  desired. A passive system bas been 
developed which sh ie lds  a wind tunnel model from a hot hypersonic t es t  medium 
and then exposes t h e  model t o  a s t e p  input of aerodynamic heating and loading - 
a useful  technique f o r  experimental heat t r ans fe r  studies. 
system i s  novel i n  t h a t  no ac t ive  e l e c t r i c a l ,  mechanical, o r  explosive devices 

The protect ion 

.are required f o r  t h e  removal of t h e  protect ive she l l .  

This paper w i l l  describe t h e  design and performance of a pro tec t ive  s h e l l  
mechanism t h a t  w a s  t e s t e d  i n  a wind tunnel t o  ver i fy  t h e  operation of t h e  
mechanism and t o  measure t h e  t rans ien t  loads associated with t h e  re lease  of 
t h e  pro tec t ive  s h e l l .  

SYMBOLS 

2 h heat  t r ans fe r  coef f ic ien t  (W/m -K) 

I impulse (N/s) 

K heat input parameter (equation 1) 

L model length (cm) 

M Mach number 

Unit Reynolds 

P pressure (kPa 

NR 

- 
P mean pressure 

number per m 

or ma) 
(kPa or MPa) 
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r radius (cm) 

R 

S 

t time ( s )  

T temperature ( K )  

T mean temperature (K) 

X 

(3 standard deviation 

Subscript: 

J 
mol-K gas constant 

surface distance ( see  f igure  5 )  

- 

axial distance along model (em) 

b 

c 

CI 

oc 

P 

0' 

W 

zr 

I 

2 
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00 

base 

cone 

center of impulse 

plenum conditions i n  combustor 

t e s t  section pod 

t o t a l  or stagnation point or f i r s t  exposure of forward s p l i t  
nut t o  aerodynamic heating 

w a l l  

temperature a t  re ta ining r ing  f a i l u r e  

t i m e  t o  re ta ining r ing  f a i l u r e  

p i t o t  or time f o r  cavity between model and s h e l l  t o  f i l l  and a f t  
re ta ining r ing  t o  break 

t o t a l  time required f o r  a l l  of protect ive s h e l l  components t o  be 
downstream of model 

f r ees  tream 

TEST MODEL ASSESIBLY AND OPERATION 

Protective Shel i  Assembly 
Figure 1 i l l u s t r a t e s  t h e  components of the protect ive s h e l l  and the  wind 

tunnel model. The she l l  w a s  made of two longitudinally s p l i t  f iberglass  petals  
formed with support pads as shown i n  the  figure.  The pe ta l s  a re  held i n  place 
by a forward res t ra in t / re lease  nut and an a f t  r e s t r a i n t  band. 
re lease nut, shown i n  d e t a i l  i n  f igure 2, w a s  fabricated of low brass (80% Cu; 

The forward s p l i t  



20% Zn) 
brass nut halves were l a p  f inished at t h e  pa r t  plane t o  produce e s sen t i a l ly  zero 
clearance when assembled. A zinc re ta in ing  r i n g  w a s  f i t t e d  in to  a c i r cu la r  
groove a t  t h e  r ea r  of t h e  nut ,  compressed t o  twice the  y i e ld  s t rength of t he  
zinc, and t h e  excess zinc w a s  then machlned f lush with t h e  brass.  A hole w a s  
then d r i l l e d  and tapped i n t o  t h e  af t  face of t h e  assembled nut.  A brass  b o l t  
with a conical head w a s  made t o  nest  ins ide  a matching in t e rna l  conical cavi ty  
i n  the  s p l i t  halves of t h e  pe ta l .  By screwing t h e  s p l i t  nut onto the  b o l t ,  
t he  pro tec t ive  p e t a l  halves were held and compressed together a t  t h e  forward 
end. A t  t h e  a f t  end of t h e  model an adaptor r ing  w a s  i n s t a l l e d  on the  base of 
t he  cone and t h e  pe t a l  halves were held i n  place by an external ,  f rangible  
f iberg lass  band. 

i n  two pieces which were held together by a zinc re ta in ing  r ing.  The 

Model 

cone with a 3.6 em nose radius ,  a length of 61 em, and a base diameter of 38 em. 
The model had a gas driven impulse turb ine  permitt ing it t o  be ro ta ted  between 
1 t o  5 revolutions per  second. A photograph of t h e  assembled model i n  t h e  
t e s t  sect ion of t h e  wind tunnel i s  shown i n  f igure  3. A device w a s  i n s t a l l e d  
a t  t he  base of t h e  model t o  catch t h e  adapter r ing  f o r  reuse and t o  prevent 
damage t o  t h e  adapter r i n g  or t h e  model support s t ing .  

The wind tunnel model w a s  a spherical ly  blunted, 1 5  degree half-angle 

The purpose of t he  ro ta t ion  w a s  t o  make t h e  invest igat ion general i n  
scope so t h a t  t h e  r e s u l t s  could be applied t o  f r ee ly  spinning f l i g h t  bodies. 
Most wind tunnel models do not r o t a t e  and are inser ted in to  t h e  t es t  medium 
at  a zero degree angle of a t tack;  therefore  t h e  re lease  dynamics were invest i -  
gated at  t h i s  condition as well. 

Operational Mechanism 
The protect ive s h e l l  removal mechanism i s  r e l a t i v e l y  simple. When t h e  

model i s  inser ted  in to  t h e  flow, aerodynamic heating t o  the  s p l i t  nut 
t r ans fe r s  heat inward r a i s ing  t h e  temperature of t h e  re ta in ing  r ing.  
t h e  re ta in ing  r ing i s  hot enough t o  l o s e  i t s  s t rength t h e  two halves of t he  
s p l i t  nut separate,  exposing t h e  annulus between t h e  model and i t s  protect ive 
s h e l l  t o  high aerodynamic pressure. A s  t h e  petal-model annulus f i l l s ,  t h e  
pe ta l s  open fur ther  and break t h e  aft  res t ra in ing  band. A s  a result of 
aerodynamic forces ,  t h e  b o l t  and pe ta l s  move away and outward from t h e  model. 
Freestream turbulence, gravi ty ,  and flow misalignment cause t h e  b o l t  t o  be 
removed from the  nose. The pe ta l s  f rac ture ,  and t h e  fragments, t h e  b o l t ,  
s p l i t  nut halves,  and t h e  pa r t s  of t h e  af t  r e s t r a i n t  band are a l l  accelerated 
downstream. 

When 

Instrument a t  ion 
The model had twenty semiconductor pressure transducers (see ref. 1 and 2 

for  a descr ipt ion of t h i s  type of t ransducer) .  The temperatura of t h e  re ta in ing  
r ing  of t h e  forward s p l i t  nut w a s  measured using two spring loaded chrome1 
alumel thermocouples mounted thrdugh t h e  bo l t .  The spin r a t e  of t h e  model 
was measured using a f ixed Hall e f f ec t  proximity sensor and permanent magnets 
ro ta t ing  with t h e  model. 
s p l i t  nut w a s  made and instrumented with four Gardon-type heat f l ux  gages and 
w a s  used i n  separate tests t o  measure heat f l u x  and i t s  d i s t r ibu t ion  on the  
f l a t  faced portion of t h e  nose. I n  another s e r i e s  of tests a sharp cone 
w a s  f i t t e d  t o  the  model and used with t h e  surface pressure transducers t o  
ca l ib ra t e  t h e  tes t  flowfield.  
was used t o  record t h e  protect ive sh ie ld  removal process. 

A blunt nose with t h e  same geometry as the  forward 

Motion p ic ture  coverage a t  400 and 1000 fps  
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FACILITY AND T3ST CONDITIONS 

The tests were performed i n  t h e  Langley 8-Foot High-Temperature S t ruc tures  
Tunnel, a hypersonic blow down wind tunnel.  
cons i s t s  of t h e  products of  combustion obtained from a mixture of methane 
and a i r  burned under pressure  i n  a plenum chamber. 
an misymmetric, contoured nozzle t o  approximately Mach 7 i n t o  an open-jet 
tes t  sec t ion .  The flow is  decelerated i n  a supersonic d i f fuse r .  Additional 
information about t h e  f a c i l i t y  and tes t  procedures may be found i n  re ferences  
3 ,  4,  and 5 .  
composition, t h e  thermodynamic, t r anspor t  and flow p rope r t i e s ,  used f o r  
ca l cu la t ing  hea t  f l u x  and flow parameters, were ca lcu la ted  from a thermochemical 
computer code (ACE) described i n  re ference  6. There w a s  no p a r t i c u l a r  f l i g h t  
condition simulated although t h e  equivalent e a r t h  a l t i t u d e  i s  l i s t e d  i n  Table I 
f o r  reference.  
including hea t  f l ux ,  sp in  rate, angle of a t t a c k ,  model pressure,  and f r ees t r ean  
pressure.  

The high-energy tes t  stream 

The flow i s  expanded through 

The nominal tes t  conditions a r e  given i n  Table I. The stream gas 

The matrix of  t e s t  conditions provided a range of va r i ab le s  

DATA ACQUISITION AND SPECIAL COMPUTATIONAL TECHNIQUES 

Data Acquisit ion 
The information from model t es t  sensors cons i s t s  of low frequency da ta  

such as t h e  temperature r i se  of t h e  r e t a i n i n g  r i n g ,  and very high frequency 
da ta ,  such as t h e  t r a n s i e n t  sur face  pressures  during t h e  p e t a l  removal process. 
The output of t h e  gages w a s  recorded a t  20 samples per  second on a low 
frequency system f i l t e r e d  a t  2 Hz, and concurrently on two FM tape  recorders.  
The s igna l  from t h e  gages w a s  input  t o  each system wi th  an i s o l a t i o n  ampl i f ie r  
with a gain of  1. The FM recorded s igna l  w a s  f l a t  t o  wi th in  1 db up t o  20 kHz. 
The FM data w e r e  sampled at 50 x l o 3  samples per second t o  prevent a l i a s i n g  
( s e e  ref 7 )  and f i l t e r e d  at 12.5 kHz using a sharp r o l l o f f  constant amplitude 
f i l t e r  (48 db/octave). 
1 0  kHz. 
low magnitude t h a t  t h e  t r a n s i e n t  data were unaffected and because of t h e  2 
Hz f i l t e r  t h e  low frequency da ta  were not a f f ec t ed  a t  a l l .  

Consequently t h e  da t a  should be accura te  t o  a t  l e a s t  
Ground loop e l e c t r i c a l  no ise  a t  60 Hz w a s  present bu t  w a s  of such a 

Flowfield Cal ibra t ion  
The f lowf ie ld  and t h e  conditions a t  t h e  sur face  of t h e  cone i n  p a r t i c u l a r  

were ca lcu la ted  with t h e  use of t h e  gas p rope r t i e s  ca lcu la ted  from reference  6 
and used as input  t o  t h e  program of  re ference  8. Figure 4 presents t h e  r e s u l t s  
of some of those  ca lcu la t ions .  The r a t i o  of cone sur face  pressure  t o  f ree-  
stream s t a t i c  pressure i s  given as a func t ion  of freestream Mach number f o r  air 
and various t o t a l  temperatures of t h e  combustion products. The information 
from reference  9 w a s  used t o  v e r i f y  t h e  computational method of re ference  8 f o r  
air. It i s  evident from f i g u r e  4 t h a t  as t h e  t o t a l  temperature increases  t h e r e  
i s  a s i g n i f i c a n t  d i f f e rence  between t h e  values of t h e  cone t o  freestream 
pressure  r a t i o  f o r  a i r  and f o r  combustion products over t h e  Mach number range 
shown. 

The tunnel  conditions were assumed t o  b.e constant f o r  t h e  capture diameter 
( 3 8  cm.) of t h e  cone. 
diameter i s  244 cm and previous c a l i b r a t i o n s ,  re fe rence  1 0 ,  have ind ica ted  t h a t  
t h e  f lowf ie ld  is  f a i r l y  uniform over a 102 cm diameter of t h e  center  of t h e  
wind tunnel.  Using t h e  sharp nose cone wi th  t h e  bare  wind tunnel model and by 
varying t h e  pos i t i on  of t h e  support s t r u t ,  t h e  flow Mach number and i t s  r a d i a l  
d i s t r i b u t i o n  w e r e  determined with t h e  use of  t h e  curves of f igu re  4. The flow 

This i s  a reasonable assumption s ince  t h e  f lowf ie ld  
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f o r  t h e  t e s t  conditions of Table I has a mean Mach number of 6.75 with a stan- 
dard devia t ion  about t h e  mean of  0.077 ( 0 )  f o r  t h e  c e n t r a l  2 m core of t h e  
flow. 

PREDICTION TECHNIQUES 

I n  order  t o  p red ic t  when t h e  r e l ease  of t h e  forward s p l i t  nut would 
occur, it w a s  necessary t o  u t i l i z e  a good hea t  t r a n s f e r  pred ic t ion ;  measure 
t h e  a c t u a l  heat f l ux ;  develop a release t i m e  p red ic t ion ;  and c o r r e l a t e  t h e  
parameters. The following sec t ions  w i l l  e labora te  on each top ic .  

Heat Transfer Predic t ion  and Measurement 
The hea t  t r a n s f e r  c o e f f i c i e n t  d i s t r i b u t i o n  about t h e  f ace  and after body 

of t h e  forward s p l i t  nut w a s  ca lcu la ted  using t h e  methods of references 11 
and 1 2  and t h e  gas p rope r t i e s  ca l cu la t ed  by re ference  6. 
t h e  b lun t  nose with t h e  Gardon type heat f l u x  gages and y ie lded  t h e  heat 
t r a n s f e r  c o e f f i c i e n t  d i s t r i b u t i o n  shown i n  f i g u r e  5 t o  an 
The r e s u l t s  shown are f o r  an angle of a t t a c k  of zero; a l l  o ther  conditions of 
angle of a t t a c k ,  sp in  rate, t o t a l  pressure and temperature were measured but  
a r e  not repor ted  here.  The heat t r a n s f e r  coe f f i c i en t  d i s t r i b u t i o n  w a s  
ca lcu la ted  and measured i n  reference 11 f o r  air  a t  a Mach number of 8.0. The 
agreement between t h e  c o e f f i c i e n t  d i s t r i b u t i o n  f o r  a i r  and t h a t  of  t h e  present 
t e s t  as shown i n  f i g u r e  5,  using combustion products w a s  very good. The 
continuous increase  i n  hea t  t r a n s f e r  c o e f f i c i e n t  can be subs tan t ia ted  by 
similar d i s t r i b u t i o n s  found i n  references 13 and 1 4 .  I n  a l l  t hese  references 
and i n t h e  present t e s t s ,  t h e  u n i t  Reynolds number of t h e  flow w a s  high (a t  
least 3 mi l l i on  per  m) and t h e  flow hypersonic. Since t h e  f l a t  f ace  geometry 
of both w a s  i d e n t i c a l  (up t o  s / r b  = 0.81) and t h e  Mach number and Reynolds 
number were s i m i l a r ,  t h e  c o e f f i c i e n t  d i s t r i b u t i o n  up t o  an 
from reference  11 w a s  p l o t t e d  and used i n  f i g u r e  5. The d i s t r i b u t i o n  about 
t h e  r e s t  of t h e  forward s p l i t  nut w a s  ca lcu la ted  using t h e  methods of 
re ference  1 2  and a modified Newtonian pressure  d i s t r i b u t i o n .  
pred ic t ing  heat t r a n s f e r  a r e  reviewed i n  re ference  1 5 ;  i n  general  t h e  methods 
y i e l d  values t h a t  can vary up t o  1 0  percent from each o ther .  The agreement 
between t h e  measured values and t h e  curve from reference  11 gives good 
confidence f o r  t h e  technique used. 

Tests were made using 

of 0.65. S/rb 

. 

s/rb of 0.81 

Other methods of 

S p l i t  Nut Release Trime Predic t ion  
* Using t h e  computer code SINDA of  re ference  16 and t h e  combined 

measured and ca lcu la ted  heat input d i s t r i b u t i o n ,  t h e  temperature of t h e  
surface and inner  temperatures of  t h e  brass s p l i t  nut and zinc r e t a i n i n g  
r i n g  were ca lcu la ted  as functions of time and pos i t i on .  A t y p i c a l  resu l t  
of t hese  ca l cu la t ions  i s  shown i n  f i g u r e  6.  Figure 6 shows t h e  ca l cu la t ed  
i n t e r n a l  temperature d i s t r i b u t i o n  of t h e  forward s p l i t  nut and zinc r e t a in ing  
r i n g  a t  t h e  zinc r e t a i n i n g  r i n g  f a i l u r e  t i m e .  Based on t h e  resu l t s  of t h e  
c a l c u l a t i o n s , t h e z i n c  should m e l t  i n  about 20 seconds f o r  t h e  conditions shown 
and t h e  s p l i t  nut should then come apa r t .  

Release Time-Heat Load Corre la t ion  
A s impl i f i ed  method of p red ic t ing  s tagnat ion  hea t  f l u x  w a s  developed 

i n  re ference  17.  Ecker t ' s  re fe rence  temperature w a s  used and a L e w i s  number 
of one (no d i s soc ia t ion )  w a s  assumed. The derived expression w a s  compared 
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with t h a t  of Fay and Riddell  (reference 18) and found t o  agree within about one 
percent. 
measured stagnation heat  t r ans fe r  coef f ic ien t  from t h a t  calculated w a s  about s ix  
percent. 

By using t h e  methods of reference 17, t h e  m a x i m u m  var ia t ion  of t h e  

A heat input parameter f o r  use i n  release t i m e  cor re la t ion  m a y  be 
derived from t h e  expressions of reference 17 f o r  stagnation point heat  
t ransfer  coef f ic ien t .  Any var iables  found t o  have l e s s  than a 2 percent 
e f f ec t  on t h e  heat t r ans fe r  coef f ic ien t  were dropped t o  simplify t h e  
expression derived. The heat input w a s  normalized sucn t h a t  the  r e su l t i ng  
parameter w a s  less than 1 . 0  f o r  t h i s  experiment. 
i s  given by: 

The resu l t ing  parameter, K, 

dGTo0*18 (To-Tw) - 
K =  

50,000 

where 

The heat input parameter, K, w i l l  be used t o  cor re la te  t h e  re lease  t i m e  of 
t h e  s p l i t  nut as a function of time. 

RESULTS 

S p l i t  Nut Release Time 
In figure 7, t h e  observed and calculated s p l i t  nut re lease  t i m e s ,  

are p lo t ted  as a function of t h e  parameter K. The calculated re lease  
time as shown i n  the  f igu re  agrees reasonably w e l l  with the  experimental 
data  with t h e  agreement between theory and experiment being b e t t e r  f o r  t h e  
longer duration t e s t s  (lower heat f lux) .  
zinc a l loy  (645K for AG40A) used, t h e  var ia t ions  i n  s t rength and fabr ica t ion  
t r a n s l a t e  i n t o  var ia t ions  i n  t h e  release time of t h e  s p l i t  nut. The observed 
s p l i t  nut r e l ease  times and the  f a i l u r e  temperature, TZr, of t he  zinc re ta in ing  
r i n g  are tabulated i n  Table 11. 
r i n g  at f a i l u r e  varied from 617 t o  625K with a mean value of 6 2 2 ~ .  
t h e  mean s t rength  of t h e  zinc w a s  used as t h e  most probable f a i l u r e  s t r e s s ,  
then the  re ta in ing  r ing  would f a i l  a t  625K which w a s  t h e  measured maximum 
f a i l u r e  temperature. 
and reasonably accurate. 

Near t h e  solidus point of t h e  

The observed temperature of t h e  re ta in ing  
If 

Thus, t he  prediction techniques used appear t o  be va l id  

Protect ive Shel l  Removal 
The removal process can best  be studied by observing t h e  sequence of 

A s  seen i n  t h e  f igure ,  a f t e r  about 16 t o  18 m s ,  photographs of f igure  8. 
t h e  pe ta l s  have opened enough so t h a t  t h e  load on the  a f t  r e s t r a i n t  band 
causes it t o  f a i l .  The pe ta l s  move outward from the  model and f rac ture ,  the  
s p l i t  nut halves,  t h e  b o l t ,  t h e  f rac tured  pe ta l s ,  and t h e  broken a f t  r e s t r a i n t  band 
are a l l  accelerated downstream. 
s ince it was held there  by t h e  thermocouple assembly, which was  mounted through 
t h e  bo l t  and used t o  measure t h e  zinc re ta in ing  r ing  temperature. When t h e  

In  f igure  8, t h e  b o l t  remains on t h e  nose 
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thermocouple assembly w a s  not used t h e  bolt. l e f t  t h e  nose as expected. 
a l l  of t h e  observed t e s t s  (using eight (8)  1000 fps  and four ( 4 )  400 fps  
cameras on each t e s t )  t h e  removal process w a s  e s sen t i a l ly  t h e  same,requiring 
about 3 5 t o  60 milliseconds ( see  Table 11). 
nents of t h e  protect ive mechanism w e r e  observed even at the  highest  angle 
of a t tack  (a = 9 O )  and lowest ro t a t iona l  speed. The af t  res t ra in ing  band 
always broke before t h e  pe t a l s  f ractured.  
a t tack  ( a  = 9' )  an addi t ional  1/4 spin revolution w a s  required before t h e  
windward p e t a l  f l e w  outward from t h e  model. 
not res t ra ined  by the  thermocouples, l e f t  t h e  nose and t raveled downstream. 
Thus t h e  removal process appears t o  be r e l i ab le ;  however, downstream tunnel 
components must be rugged t o  withstand t h e  bo l t  and nut impacts. 

In  

N o  model impacts by t h e  compo- 

However, a t  t h e  highest  angle of 

In  addition, t he  b o l t ,  when 

The mechanism i s  most su i t ab le  f o r  open c i r c u i t  (usual ly  blow down type) 
wind tunnels but could be employed i n  closed c i r c u i t  wind tunnels which 
use capture nets  t o  screen debris  before re turn  t o  the  compressors. If t h e  
model does not spin,  t h e  mechanism can only be used when the  angle of 
a t tack  i s  zero o r  near zero. 

Transient Loads 
Figure 9 presents a typ ica l  low frequency model surface pressure h is tory  

and f igure  10  a typ ica l  t r ans i en t  pressure h is tory  of t h e  cone surface.  
can be seen from f igure  9 t h e  seams between the  pe t a l s  a r e  not perfect  and 
allow the  pressure between t h e  s h e l l  and model t o  increase above t h e  tes t  
sect ion s t a t i c  pressure but subs tan t ia l ly  lower than t h e  surface pressure on 
the  outer  surface of t h e  she l l .  However, t he re  w a s  no detectable  heating of 
t he  model surface.  A s  t h e  s p l i t  nut opens, t he  i n t e r i o r  pressure increases 
a t  a faster rate; then t h e  protect ive s h e l l  is  removed and t h e  pressure on 
t h e  model quickly reaches t h e  cone surface pressure.  The t r ans i en t  pressure 
h is tory  i s  shown i n  d e t a i l  on f igure  10.  The f igure  shows t h e  background l i n e  
60 Hz noise;  the  frequency w a s  determined by auto-correlating t h e  s igna l  before 
and a f t e r  t h e  s h e l l  removal. The smaller osc i l l a t ions  are caused by broadband 
turbulent boundarylayernoise.  The process of t h e  pressurizat ion of t h e  
cavity between t h e  s h e l l  pe t a l s  and t h e  model requires  about 14 t o  18 m s ,  
being faster f o r  t h e  higher stagnation pressure.  
increases t o  1 . 5  t o  3 times t h e  cone surface pressure with the  pressure rise 
being grea te r  toward t h e  a f t  end of t h e  cavity.  
completed, t h e  load on t h e  aft  res t ra in ing  band causes it t o  break. Immediately 
the rea f t e r ,  t he  pe t a l s  move outward with a consequent sharp drop i n  cone 
surface pressure.  
shock wave, indicated by t h e  sharp spike i n  pressure,  or  there  may be two 
o r  more pressure spikes ( f i g .  l ob ) .  These t rans ien t  pressures may occasionally 
reach 70 t o  80 percent o f t h e p i t o t  pressure, but t h e  most probable value 
observed i s  50 percent or  l e s s  of t h e  p i t o t  pressure with t h e  amplitude of t he  
shock wave decreasing towards t h e  forward end of t h e  cone. 

As 

The i n t e r i o r  pressure 

When t h i s  process has been 

There may be one r e l a t ive ly  slow, major amplitude, oblique 

The pressure h is tory  from each of t h e  20 pressure gages w a s  integrated 
with respect  t o  time, then area,  and t h e  impulse imposed on the  model w a s  
calculated from 
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where An are equal surface area segments. 

The e f f ec t ive  locat ion of t h e  impulse r e l a t i v e  t o  t h e  body w a s  a l so  cal- 

The impulse imparted t o  t h i s  model during t h e  pe t a l  removal w a s  
culated.  These values plus t h e  cavi ty  f i l l  and removal times a re  tabulated 
i n  Table 11. 
usual ly  l e s s  than 1 3  N / s  a t  low angles of a t tack  ( 0  t o  3 degrees); however, a t  
l a rge r  angles of a t tack  (6  t o  9 degrees) , t h e  lateral  impulse varied from 
36 t o  53 N / s .  
problem t o  any wind t - i n e l  model or most f l i g h t  vehicles.  

These loads are s t i l l  extremely low and should present no 

Potent ia l  Applications 
In  addi t ion t o  wind tunnel use, t h e  mechanism could be used fo r  t he  

protect ion of axisymmetric high ve loc i ty  research vehicles from p a r t i c l e  
or water impact damage o r  fo r  heat t r ans fe r  research. 
could be a pro tec t ive  s h e l l  f o r  a planetary research probe. 
i s  r e l i ab le ,  passive, and should be functional indef in i te ly .  

Other appl icat ions 
The mechanism 

CONCLUDING RESIARKS 

A protect ive s h e l l  mechanism has been developed t h a t  w i l l  sh ie ld  a 
wind tunnel model and then expose t h e  model to t h e  hypersonic flow f i e l d .  
The mechanism i s  completely passive i n  t h a t  aerodynamic heating of a brass  
forward s p l i t  nut ,  held together by a zinc re ta in ing  r ing ,  caused t h e  r ing  
t o  f a i l  and thus exposed t h e  pe t a l s  of t h e  protect ive s e h l l  t o  aerodynamic 
loading. A s  t h e  cavi ty  pressure between t h e  model and s h e l l  pe t a l s  increases,  
the lo&ding on an aft  r e s t r a i n t  band causes it t o  break. Then, a l l  of t h e  
components of t h e  protect ive s h e l l  mechanism a r e  accelerated downstream and 
out  t he  wind tunnel d i f fuser .  
by a series of wind tunnel tests t h a t  included varying t h e  heat input,  t he  
model angle of a t tack,  and spin rate. The t i m e  required f o r  t h e  re lease  
process t o  begin could be calculated with reasonable accuracy and t h e  
removal process occurred i n  60 m s  or l e s s .  The mechanism worked r e l i a b l y  
with no model s t r i k e s  from s h e l l  components, although at  t h e  highest angle 
of a t tack an addi t ional  1/4 revolution w a s  required t o  separate  t h e  windward 
pe ta l .  
delivered t o  t h e  model w a s  usual ly  less than 1 5  N/s f o r  angles of a t t ack  below 
3 degrees; however at l a rge r  angles of a t tack  ( 6  t o  9 degrees) t h e  impulse 
varied from 36 t o  53 N / s .  
wind tunnel models and has po ten t i a l  appl icat ion t o  high veloci ty  research 
vehicles.  

The expected removal process was  val idated 

Transient surface pressures w e r e  measured and t h e  net  l a t e r a l  impulse 

The pro tec t ive  s h e l l  mechanism can be used f o r  
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TEST 

1 

2 

3 

4 

5 

6 

7 

8 

TABLE I. TEST CONDITIONS 

Y t O  
S 

19.55 

20.80 

20.05 

20.69 

33.18 

27.67 

27.41 

28.62 

~ 7 

t2-t1 

FREE-STREAA 
DYNAMIC 

PRESSURE 

t3-t1 1 Tzr I I I xcl lL 

0.030 72.0 

12.9 

11.6 

14.2 

51.2 

9.8 

11.1 

42.7 

35.6 

0.030 74.2 
0.025 73.6 
0.033 73.4 
0.030 38.0 
0.036 43.3 
0.037 42.0 
0.030 41.4 

0.30 

0.99 

0.47 

0.68 

0.94 

0.75 

0.15 

0.74 

kPa 

2.83 
2.52 
2.50 
2.50 
1.49 
1.47 
1.50 
1.49 

- 

ANGLE OF 
ATTACK 

deg 
0 
0 
3 
6 
0 
0 
6 
9 

NR 
6 per m x 10 

4.62 
5.00 
4.93 
4.80 
3.02 
2.67 
2.81 
2.88 

* - o / P ~  WAS USUALLY 0.0025 OR LESS 

t - REPEATED AT ZERO ROTATIONAL SPEED 

TABLE 11. SUMMARY OF TEST RESULTS 

ins I ins I K I NIS I 

23 45 

25 65 

617 

622 

622 

622 

625 
. x  

622 
x 

0 - RETAINING RING THERMOCOUPLES NOT USED SO BOLT BEHAVIOR 

? - TIME OF SECOND PETAL REMOVAL 
COULD BE EVALUATED 
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f l  AFT RESTRAINT B A N D 7  

Figure 1.- Protective shell mechanism components. 

Figure 2.- Details of split release nut. 

__ __ 

Figure 3.- Assembled model in test section of wind tunnel. 
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Figure 4.- Variation of cone to freestream pressure ratio with 
freestream Mach number 

0 

--- 
- 

TEST GAS ho, Wlm 2 - K M, NR x lo6 To, K Po.  MPa 

509 6.75 4.92 1808 18.2 COMBUSTION PRODUCTS 
210 8.0 3.05 728 6.31 A I R  (REF. 11) 
CALCULATED FOR THIS TEST FOR slr, > 0.81 

h - 
hO 

rb = 1.905 cm *501---1 .25 END OF NUT 

0 . 5  1.0 1.5 2.0 2.5 3.0slrb 

Figure 5.- Variation of heat transfer coefficient over surface 
forward split release nut. 
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3.0- 

2.5 

2.0' 

1.5' 

1.0 

.5 

n 

r .  cm 

TIME = 20s 
To = 1860 K, Po = 18.3 MPa 

- 
1 

- 

- 

- Z I N C  RETAIN ING 

- 

- 

" - Z 

ISOTHERM 
NUMBER T, K 

1 567 
2 589 
3 61 1 
4 633 
"5 656 
6 61 8 
7 700 
8 1 22 
9 744 
10 7 45 

INC MELT TEMPERATURE 

.41 I I I I I I 1 I 
18 20 22 24 26 28 30 32 34 

t - t , s  1 0  

Figure 7.- Comparison of  t h e  calculated and experimental s p l i t  
nut re lease  t i m e s .  
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Figure 8.- Removal sequence of protective shel l .  

180 



20 

15 

pc ' 
kPa 

10 
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II 

0 

- 

PETAL REMOVAL 
SPLIT NUT OPENS 

MODEL IN CENTER OF STREAM 

BLEED IN FROPI PETAL SEAMS 

- TEST NO. 2 

70 

60 

50 

40 
P. 

kPa 30 

20 

10 

0 

r S H O C K  WAVE PASSAGE 

TEST NO. 6 
(AFT END OF MODEL) 

-AFT BAND BREAK (PETALS 
MOVE OUTWARD) 

-PRESSURE RELEASE 
AND EXPANS ION 

-CAVITY FILL 

ELECTRICAL NOISE (60 Hz) 
PLUS BOUNDARY LAYER 

NOISE 

(AFT END OF MODEL) 

' 0 20 40 60 80100120 
-10 

0 20 40 60 80 100120 
t ,  ms t. ms 

(a) ONE MAJOR AMPLITUDE SHOCK 
WAVE PRESSURE PULSE 

(b) TWO (OR MORE) MAJOR AMPLITUDE 
SHOCK WAVE PRESSURE PULSES 

Figure 10.- Dynamic pressure history of cone surface during petal 
removal. 
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