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PREFACE 

The work r e p o r t e d  h e r e i n  was c o n d u c t e d  by t h e  A r n o l d  
E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  (AEDC), A i r  F o r c e  S y s t e m s  
Command (AFSC), u n d e r  P rogram E lemen t  65807F.  The r e s u l t s  
were  o b t a i n e d  by ARO, I n c . ,  AEDC D i v i s i o n  (a  S v e r d r u p  
C o r p o r a t i o n  Company) ,  o p e r a t i n g  c o n t r a c t o r  f o r  t h e  AEDC, 
AFSC, A r n o l d  A i r  F o r c e  S t a t i o n ,  T e n n e s s e e .  The m a n u s c r i p t  
was s u b m i t t e d  f o r  p u b l i c a t i o n  on December 19,  1977.  

T e s t i n g  of  e q u i p m e n t  and m a t e r i a l s  a t  e l e v a t e d  t e m p e r a -  
t u r e s  r e q u i r e s  f a c i l i t i e s  w i t h  s p e c i a l  f e a t u r e s  and  c a p a b i l -  
i t i e s .  T h i s  r e p o r t  s u m m a r i z e s  t h e  AEDC h i g h - t e m p e r a t u r e  
f a c i l i t i e s  t e s t i n g  c a p a b i l i t y ,  d i s c u s s i n g  b o t h  t h e  p r e s e n t  
and  f u t u r e  c a p a b i l i t i e s  o f  e x i s t i n g  t e s t  u n i t s .  A d e q u a t e  
i n f o r m a t i o n  i s  i n c l u d e d  t o  d e f i n e  t h e  t h e r m a l ,  p r e s s u r e ,  
v e l o c i t y ,  and  g e o m e t r i c a l  b o u n d a r i e s .  These  p a r a m e t e r s  
a r e  i n d i c a t i v e  o f  a c a p a b i l i t y ;  h o w e v e r ,  f o r  t e s t  p l a n n i n g  
p u r p o s e s ,  a p o t e n t i a l  u s e r  s h o u l d  c o n t a c t  AEDC f o r  an e v a l -  
u a t i o n  of requirements, selection of the most suitable 
facility, scheduling, and costs. 

If additional information is desired, contact 

A r n o l d  E n g i n e e r i n g  Deve lopmen t  C e n t e r  
Deputy  f o r  O p e r a t i o n s  (DO) 
A r n o l d  A i r  F o r c e  S t a t i o n ,  T e n n e s s e e  37389 

Phone 615-455-2611, Extension 7621 
or Autovon 882-1520, Extension 7621. 
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1.0 INTRODUCTION 

T e c h n o l o g i c a l  t r e n d s  i n  a i r c r a f t ,  m i s s i l e s ,  a n d  s p a c e  
v e h i c l e s  a p p e a r  t o  be  a d v a n c i n g  i n t o  an e r a  o f  i n c r e a s i n g  
i m p o r t a n c e  on l i g h t w e i g h t / h i g h - t e m p e r a t u r e  s t r u c t u r e s .  The 
NASA/Air  F o r c e  a p p r o a c h  on t h e  N a t i o n a l  H y p e r s o n i c  R e s e a r c h  
F a c i l i t y  (NHRF), f o r m a l l y  t h e  X-24C p r o g r a m ,  w h i c h  u t i l i z e s  
a l i g h t w e i g h t  a l u m i n u m  s t r u c t u r e  c o v e r e d  w i t h  h i g h - t e m p e r a -  
t u r e  c e r a m i c s  a p p e a r s  t o  be a n a t u r a l  f o l l o w - o n  f o r  m i l i t a r y  
a i r c r a f t  w h e r e  h i g h  t h r u s t - t o - w e i g h t  r a t i o s  f o r  b o t h  m a n e u -  
v e r a b i l i t y  a n d  p a y l o a d  a r e  of  i n c r e a s i n g  i m p o r t a n c e .  As t h e  
a e r o d y n a m i c  b o d i e s  f o r  e f f i c i e n t  h y p e r v e l o c i t y  f l i g h t  a r e  
d e v e l o p e d ,  i t  w i l l  be  n e c e s s a r y  t o  p r o v i d e  c o m p a t i b l e  p r o -  
p u l s i o n  s y s t e m s ,  a n d  i t  f o l l o w s  t h a t ,  a s  t h e  p r i m e  v e h i c l e  
o r  c a r r i e r  i n c r e a s e s  i n  s p e e d ,  t h e r e  w i l l  h a v e  t o  be  a 
s i m i l a r  i n c r e a s e  i n  m i s s i l e  a n d  r e e n t r y  v e h i c l e  p e r f o r m a n c e .  
T h i s  i n c r e a s e  i n  p e r f o r m a n c e  r e s u l t s  i n  i n c r e a s i n g  t e s t i n g  
r e q u i r e m e n t s  i n  t h e  a r e a  o f  a b l a t i o n ,  p a r t i c l e  e r o s i o n ,  a n d  
a b l a t i o n / e r o s i o n  o f  n o s e t i p s .  F rom t h i s  s i m p l e  a s s e s s m e n t  
i t  c a n  r e a d i l y  be p r o j e c t e d  t h a t  h i g h - e n t h a l p y  t e s t i n g  w i l l  
i n c r e a s e  d r a m a t i c a l l y  o v e r  t h e  n e x t  10 t o  15 y e a r s .  The 
b e h a v i o r  o f  c e r a m i c s  and  o t h e r  h i g h - t e m p e r a t u r e  m a t e r i a l s  
i n  a p r o p e r l y  s i m u l a t e d  f l i g h t  e n v i r o n m e n t  w i l l  be  o f  e x -  
t r e m e  i m p o r t a n c e  t o  d e s i g n e r s  o f  b o t h  a e r o d y n a m i c  s t r u c t u r e s  
a n d  a d v a n c e d  p r o p u l s i o n  s y s t e m s  b e c a u s e  o f  t h e  h i g h  c o s t  a n d  
human r i s k s  e n c o u n t e r e d  w i t h  f a i l u r e .  

T e s t i n g  o f  e q u i p m e n t  a n d  m a t e r i a l s  a t  e l e v a t e d  t e m p e r a -  
t u r e s  h a s  f o r  t h e  p a s t  20 t o  30 y e a r s  b e e n  o f  c o n t i n u i n g  a n d  
i n c r e a s i n g  i n t e r e s t  on b o t h  m i l i t a r y  a n d  s p a c e  p r o g r a m s .  
The t e s t i n g  t e c h n i q u e s  h a v e  f o r  t h e  mos t  p a r t ,  by n e c e s s i t y ,  
b e e n  t a i l o r e d  t o  e x i s t i n g  c a p a b i l i t i e s  w i t h  n e i t h e r  t i m e  n o r  
r e s o u r c e s  a v a i l a b l e  f o r  c a r e f u l l y  p l a n n e d  new f a c i l i t i e s .  
As an o u t g r o w t h  o f  t h i s  a p p r o a c h ,  a v a r i e t y  o f  t e s t i n g  c a p a -  
b i l i t i e s  h a s  e m e r g e d ,  w h i c h  c a n  a d e q u a t e l y  m e e t  s e l e c t e d  
r e q u i r e m e n t s .  The p u r p o s e  o f  t h i s  r e p o r t  i s  t o  s u m m a r i z e  
t h e  p r e s e n t  a n d ,  i n  some c a s e s ,  t h e  p r o j e c t e d  c a p a b i l i t i e s  
o f  t h e  AEDC t e s t  u n i t s  w h i c h  c a n  p r o v i d e  t h e  e n v i r o n m e n t  t o  
m e e t  h i g h - t e m p e r a t u r e  m a t e r i a l  a n d  c o m p o n e n t  t e s t  r e q u i r e -  
m e n t s .  The t e s t  u n i t s  i n c l u d e d  a r e :  

1.  A e r o d y n a m i c  P r o p u l s i o n  T e s t  U n i t  (APTU) 

2.  H y p e r s o n i c  Wind T u n n e l s  (B) a n d  (C) 

3 .  H y p e r b a l l i s t i c  Range  (G) 

4 .  H i g h - E n t h a l p y  A b l a t i o n  T e s t  (HEAT) F a c i l i t y  

5 .  D u s t  E r o s i o n  T u n n e l  (DET) 
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A specific introduction is included in the follow-on sections 
for each test unit. There are other tunnels, such as Tunnel 
F, which are not included because of the limited run time of 
a few milliseconds. However, Tunnel F can be used as a tool 
for determining heat-transfer coefficients. 

To summarize the full range of capabilities for these 
facilities is difficult because of the large number of vari- 
ables encountered. However, a partial comparison of these 
test unit capabilities is presented in Fig. i.i. 

25O 
F "VKF Continuous Tunnel Capability j 

| 0s, n, W ,eTochn,que i 

Tunnel B ° " ~ ~ ~ ~ ~ ~ ~ ' ~  o 150 [ rTu n nell;-C. 

~ 100 . f -  I 

50 

0 _~-~ 5 lO 15 20 
Velocity. kfl/soc 

I I  I I I I I 
1 10 lO0 1,000 2,000 5,000 10, 000 

Enthalpy (Stagnation - Statict Blullb 

Figure 1.1 Capabilities of AEDC high- 
temperature facilities. 

In general, when the velocity is in the I0,000- to 20,000- 
ft/sec range (Range G and HEAT), the model will be rather small 
(0.5- to 2.5-in. diameter). For the lower velocities (below 
about 7,000 ft/sec), larger models (up to 4 ft 2 maximum-cross- 
sectional area) can be used. Descriptions of the individual 
test units, which are described in detail herein, should be 
referred to for specific information of interest on model 
sizing (or test airstream size), run duration, discrete tunnel 
Mach numbers available, etc. 

The ideal facilities would have the following capabili- 
ties: 

1. L a r g e  enough  t o  t e s t  f u l l - s c a l e  h a r d w a r e ,  
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2.  S t a g n a t i o n  t e m p e r a t u r e  and  l o c a l  d e n s i t y  l e v e l s  
d u p l i c a t i n g  t h o s e  o f  f l i g h t ,  and 

3.  Run t i m e s  l o n g  enough  t o  p r o v i d e  componen t  w a l l  
t e m p e r a t u r e s  e q u a l  t o  t h o s e  i n  f l i g h t .  

These capabilities are extremely difficult to attain, 
and, as noted in this report, there are several facilities 
that address various aspects of these requirements. The 
selection of which facility is best suited for a particular 
test is strongly dependent on the size of the test article 
and the specific requirement of each individual test. Table 
I.i will aid the potential user in selecting facilities 
which may be compatible with his specific test requirement. 
This table lists examples of the types of equipment or 
materials testing which can be performed and the facilities 
which should be considered. 

Table 1.1 Facility Selection Information 

Class of Vehicle 

Reentry Vehicles 
Full-Scale Vehicle 
FulI-Scole Nose Cone 
Sample of Thermal Profection System 
FulI-Scole Control Surface 
Thermal Response of Internal Components 
Particle Erosion Test 
Ablatlon/Ereslon Test 

Missiles 
Full-Scale Vehicle 
Full-Scale Irdome or Radome 
Full-Scale Control Surface 
Sample of Above Materials 
Thermal Response of Internal Components 
Propulsion System (Full Scale) 
Propulsion System Nozzle Materials 

Space Shuttle 
Samples of Thel real Profaction System 
Components Including Protection System 
Propulsion System Materlals 

Aircraft and/or Stores 
Sample of Materials 
Thermal Response of Components 

t. Facility should be considered for testing. 
2. Facility has conducted similar test. 

Facility 

I AP~ I TunnelsBandC RangeG I HEAT I DET 

1 - ' -  

1 - - -  

1 2 
1 1 
1 1 

1 
1 

1 
2 
1 

1 
2 

1 

1 

2 

! 

2 

2 

2 

2 

1 

2 

l 2 
2 2 

- - -  ], 

! 1 ! 
" ' "  2 

]. - - -  

2 2 
1 ! 

l 1 

--- i ! 

-'" I 

- - -  1 
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2.0 AERODYNAMIC AND PROPULSION TEST UNIT (APTU) 

The A e r o d y n a m i c  and  P r o p u l s i o n  T e s t  U n i t  (APTU) was 
p l a n n e d  and  a s s e m b l e d  a t  AEDC t o  m e e t  f u t u r e  A i r  F o r c e  a n d  
Navy r e q u i r e m e n t s  p r i m a r i l y  i n  t h e  r a m j e t  m i s s i l e  c a t e g o r y .  
F a c i l i t i e s  s u c h  as  t h e  O r d n a n c e  A e r o p h y s i c s  L a b o r a t o r y  (OAL) 
a n d  t h e  L i t t l e  M o u n t a i n  F a c i l i t y  ( L ~ )  p r o v i d e d ,  i n  p a r t ,  
c a p a b i l i t i e s  t o  m e e t  t h e s e  r e q u i r e m e n t s .  F o r  c o s t  e f f e c t i v e  
r e a s o n s ,  t h e s e  f a c i l i t i e s  w e r e  c l o s e d ,  a n d  t h e  u s a b l e  e q u i p -  
m e n t  f r o m  t h e s e  f a c i l i t i e s  was b r o u g h t  t o  AEDC a n d  i n t e g r a t e d  
i n t o  t h e  APTU f a c i l i t y .  

The f a c i l i t y  i s  c o m p r i s e d  o f  a 2 2 , 2 0 0 - f t  3 h i g h - p r e s s u r e  
a i r  s t o r a g e  r e s e r v o i r ,  a n d  8 7 , 0 0 0 , 0 0 0 - B t u  p e b b l e  b e d  s t o r a g e  
h e a t e r ,  a 1 6 - f t - d i a m  t e s t  c e l l ,  and  an a i r  e j e c t o r  e x h a u s t  
s y s t e m  t o  i n c r e a s e  t h e  a l t i t u d e  c a p a b i l i t y .  Most  o f  t h e  
p i p i n g ,  v a l v e s ,  f r e e - j e t  n o z z l e s ,  c o n s u m m a b l e  s y s t e m s  ( n i t r o -  
g e n ,  p r o p a n e ) ,  c o n t r o l l e r s ,  h y d r a u l i c  s y s t e m ,  e t c . ,  w e r e  a l s o  
s u r p l u s  e q u i p m e n t .  

Initial operation of the facility was in 1973. Since 
that time, testing has involved facility shakedown, two ram- 
jet programs, and an aerial cannon/fuel tank investigation. 
Since the facility has several featureswhich are state-of- 
the-art in nature and require development of sophisticated 
engineering approaches and operational procedures, the facil- 
ity shakedown program is a continuing process which must be 
developed as new operating regions are encountered. 

Operation of the facility is based on a simple concept of 
storing energy (both high-pressure air and heater thermal 
energy) over a period of time (hours) and then utilizing these 
energy sources in controlled quantities to produce the desired 
test conditions for a time period of up to several minutes. 
Considerations in the operation of the APTU include refrac- 
tory thermal shock, thermal stress in high-temperature com- 
ponents, and flow dynamics encountered in mixing processes. 
The following sections will develop more fully the APTU oper- 
ating performance and describe the various facility compo- 
nents and associated limitations. 

2.1 TYPES OF TESTING 

The APTU has the potential capability of accomplishing 
several types of tests. Typical types of tests include: 

]3 
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1. F r e e - j e t  p r o p u l s i o n  s y s t e m  d e v e l o p m e n t  a n d  q u a l i f i -  
c a t i o n  t e s t s ,  

2.  D i r e c t - c o n n e c t  p r o p u l s i o n  s y s t e m  c o m p o n e n t  d e v e l o p -  
m e n t  t e s t s ,  

3.  T r u e  t e m p e r a t u r e  a e r o d y n a m i c  t e s t s ,  and  

4.  H i g h - t e m p e r a t u r e  m a t e r i a l s  t e s t s .  

I n i t i a l  p l a n n i n g  f o r  APTU c o n s i d e r e d  p r o v i s i o n s  f o r  I t e m s  1 a n d  
2 t e s t  c a p a b i l i t y  i n  s u p p o r t  o f  r a m j e t  t e s t  p r o g r a m s .  Two s u c h  
p r o g r a m s ,  t h e  A i r  F o r c e  M u l t i - P u r p o s e  M i s s i l e  a n d  t h e  Navy IRR- 
SS~, h a v e  b e e n  c o n d u c t e d  i n  APTU. The l a t t e r  two t y p e s  o f  
t e s t i n g ,  w h i c h  w e r e  a l s o  r e c o g n i z e d  i n i t i a l l y  and  i n  w h i c h  u s e r  
i n t e r e s t  h a s  b e e n  e x p r e s s e d ,  i n c l u d e  d e v e l o p m e n t  o f  s u c h  i t e m s  
as  m i s s i l e  r a d o m e s ,  i n s u l a t i n g  m a t e r i a l s  f o r  r e s e a r c h  v e h i c l e s ,  
and  f u l l - s c a l e  m i s s i l e  i n l e t s .  One a e r o d y n a m i c - t y p e  t e s t ,  w h i c h  
h a s  b e e n  c o n d u c t e d  i n  APTU, was an a i r c r a f t  f u e l  t a n k  v u l n e r -  
a b i l i t ~  t e s t .  

A unique capability of the facility is the ability to es- 
tablish and control for selected periods of time a series of 
conditions (combinations of pre-selected pressures and temper- 
atures). This has been demonstrated for up to I0 different al- 
titude conditions at a fixed Mach number. Controlled transient 
conditions can also be provided. Mission trajectories or duty 
cycles can be simulated for direct-connect testing but must 
currently be limited to a fixed supersonic Hach number for free- 
jet testing. 

S u b s o n i c  t e s t  c o n d i t i o n s  h a v e  b e e n  d e m o n s t r a t e d  w h e r e  
s t r e a m  p r e s s u r e ,  t e m p e r a t u r e ,  and  c e l l  p r e s s u r e  w e r e  c o m p u t e r  
c o n t r o l l e d  t o  m a i n t a i n  t e s t  c o n d i t i o n s .  O r i g i n a l  p l a n n i n g  d i d  
n o t  i n c l u d e  t h e  s u b s o n i c  r e g i o n ;  h o w e v e r ,  t h e  l o w e r  t e m p e r a t u r e  
and  p r e s s u r e  r e g i o n  was e a s i l y  i n t e g r a t e d  i n t o  t h e  APTU o p e r -  
a t i n g  e n v e l o p e  by p r o c e d u r a l  a n d  c o n t r o l  s y s t e m  c h a n g e s .  

2.2 FACILITY PERFORMANCE 

The r a n g e  o f  p l a n n e d  f a c i l i t y  p e r f o r m a n c e  c a p a b i l i t y  i n  
t e r m s  o f  an a l t i t u d e / M a c h  number  e n v e l o p e  i n  t h e  s u p e r s o n i c  
r e g i m e  i s  shown i n  F i g .  2 . 1 .  C u r r e n t l y ,  h a r d w a r e  d e v e l o p m e n t  
and  o p e r a t i o n a l  c h e c k o u t  h a v e  b e e n  l i m i t e d  t o  t h e  p e r f o r m a n c e  
r e g i o n  i d e n t i f i e d  f o r  t h e  l o w - p r e s s u r e  m i x e r  (maximum s t a g n a -  
t i o n  c o n d i t i o n s  300 p s i a  a t  1 , 8 5 0 ° R ) .  E x p a n s i o n  o f  t h e  " d e -  
v e l o p e d "  p o r t i o n  o f  t h e  f a c i l i t y  o p e r a t i n g  r a n g e  w i l l  be  a c -  
c o m p l i s h e d  as  r e q u i r e d  t o  s u p p o r t  u s e r  t e s t  r e q u i r e m e n t s .  
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Figure 2.1 APTU test envelope capability. 

The APTU, because it is a blowdown-type facility with 
limited storage of thermal energy and high-pressure air, has 
a limited run time capability at any specific test condition. 
In the free-jet test mode, the factors which influence run 
time are altitude, Mach number, and the desired free-stream 
test diameter. Estimated available steady-state test time 
as a function of these three variables is shown in Fig. 2.2. 
At test altitudes below the 50-percent normal shock recovery 
limit, altitude simulation is accomplished via the engine ex- 
haust diffuser. As test altitudes increase above the 50-per- 
cent normal shock recovery (NSR) limit, diffuser pumping aug- 
mentation with the annular air ejector is required. Hence, 
for a given Mach number, the available test time is seen to 
increase wlth altitude until the 50-percent NSR limit is 
reached at which point further increases in altitude will 
cause test time to decrease because of air consumption by 
the annular air ejector. 
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Figure 2.2 Estimated facility run times for 
the free-jet configuration. 

Figure 2 . 3  relates the maximum mass flow-temperature capa- 
bility of the facility for direct-connect testing, materials 
testing, and other forms of high-enthalpy testing not directly 
related to a specific altitude/Mach number point. Lines of 
constant estimated facility run time, exclusive of air ejector 
requirements, are shown in this figure. Any vacuum simulation 
required above that available via the exhaust diffuser will 
decrease the run times shown in Fig. 2.3. 

z--- Maximum Secondary Assumptions: 
2. 000 ~ Flow Rate Reservoir Pressure: 4, 000 psia 

3 '~ " f / .  ~ Maximum Heater Pressure: 3,500 psia 
~" \ Heater Outlet Temperature: 3, 500°R 

1 500 ._~@,~ \ Secondary Air Temperature: 500°R 
' ~ \ \ RestJ'ictor Film Cooling: f(PAHO, TAHO) 

~ ' ~ \ . / - ' -  Maximum Heater Stored Energy: 80x 106 etu 

i ~" \ ~  ~" Flow Rate 
ooo \ X \  ' ~ ~ ~ Maximum Exit 

I A00 SK_ ~ ~  Restricter Outlet 
Temperature 

0 
500 1.000 1,500 2,000 2,500 3,0QO 

Total Temperalure, OR 

Figure 2.3 APTU maximum mass flow/temperature capability. 
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2.3 FACILITY DESCRIPTION 

The APTU is an intermittent (blowdown) type, true tem- 
perature test facility. Major components of the facility 
are schematically depicted in Fig. 2.4. An artist's con- 
ception of this facility is shown in Fig. 2.5. Functionally, 
the facility produces a high-energy test airstream over a 
wide range of stagnation conditions by blending (in the fa- 
cility air mixer) varying quantities of heated air, which 
has passed through the stored energy heater, with air directly 
from the storage reservoir. The test airstream is acceler- 
ated to the desired test Mach number, typically using an ax- 
isymmetric free-jet nozzle, and is directed on the test article. 
A diffuser/air ejector system is used to capture and discharge 
the test airstream and test article exhaust gases to atmosphere. 
Altitude simulation is provided by the pumping action of the 
diffuser/ejector system. The facility blowdown operation is 
fully automated, and the primary data recording system is a 
high-speed digital data acquisition system, 

EXTENS 

PLUC 

PEBBLE I1! 

PRIMARY 
CONTI~L I 

~R 
~SER 

EJECTOR 
E 

Figure 2.4 APTU facility schematic. 
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Figure 2.5 APTU (artist's conception). 

2.3.1 High-Pressure Air Storage System 

The h i g h - p r e s s u r e  a i r  s t o r a g e  r e s e r v o i r  ha s  a s t o r a g e  
v o l u m e  o f  2 2 , 2 0 0  f t 3 ,  a n d  a p p r o x i m a t e l y  4 5 0 , 0 0 0  l b  o f  com-  
p r e s s e d  a i r  may be s t o r e d  a t  4 , 0 0 0  p s i a .  The r e s e r v o i r  i s  
c o m p o s e d  o f  95 p r e s s u r e  v e s s e l s  w i t h  a v a l v i n g  a r r a n g e m e n t  
w h i c h  w i l l  p e r m i t  t h e  s y s t e m  t o  be  u s e d  a s  a s i n g l e  s t o r a g e  
s y s t e m  o r  d i v i d e d  i n t o  two i n d e p e n d e n t  s t o r a g e  s y s t e m s .  Two 
a i r  s u p p l y  s y s t e m s  a r e  u t i l i z e d :  a p r i m a r y  s y s t e m  w h i c h  s u p -  
p l i e s  h i g h - p r e s s u r e  a i r  t h r o u g h  t h e  s t o r e d  e n e r g y  h e a t e r  t o  
t h e  a i r  m i x e r  a n d  a s e c o n d a r y  s y s t e m  w h i c h  s u p p l i e s  h i g h -  
p r e s s u r e  a i r  d i r e c t l y  t o  t h e  m i x e r  a n d  t h e  a i r  e j e c t o r .  
A i r f l o w  t h r o u g h  e a c h  s u p p l y  c i r c u i t  i s  c o n t r o l l e d  by h y -  
d r a u l i c a l l y  o p e r a t e d  c o n t r o l  v a l v e s .  The a i r  s t o r a g e  r e s -  
e r v o i r  i s  c h a r g e d  by t h e  VKF c o m p r e s s o r  s y s t e m  a t  f l o w  r a t e s  
up t o  87 l b / s e c  a t  4 , 0 0 0  p s i a .  

2.3.2 Pebble Bed Heater 

The t h e r m a l  e n e r g y  s t o r a g e  s y s t e m  i s  a r e g e n e r a t i v e l y  
c h a r g e d  p e b b l e  b e d  h e a t e r .  The e n e r g y  s t o r a g e  m a t r i x  i s  a 
b e d  86 i n .  i n  d i a m e t e r  a n d  24 f t  h i g h  c o n t a i n i n g  1 4 0 , 0 0 0  l b  
o f  3 / 4 - i n . - d i a m ,  h i g h - d e n s i t y  a l u m i n a  (AL203) p e b b l e s  ( F i g .  
2 . 6 ) .  The s t o r a g e  m a t r i x  i s  c o n t a i n e d  by an i n s u l a t e d  
h e a t e r  v e s s e l  w h i c h  i s  a p p r o x i m a t e l y  I i  f t  i n  d i a m e t e r  and  
45 f t  l o n g .  The maximum h e a t e r  t e m p e r a t u r e  and  f l o w  r a t e  
a r e  a p p r o x i m a t e l y  3 , 5 0 0 ° R  and 300 i b / s e c ,  r e s p e c t i v e l y .  
A p r o p a n e - f i r e d  b u r n e r  i s  u s e d  t o  c h a r g e  t h e  h e a t e r  t o  t h e  

]8 



A EDC-TR-7e-3 

desired temperature. The heater outlet is closed by means 
of a hydraulically operated plug valve to allow prepressuri- 
zation of the heater vessel prior to testing (Fig. 2.7). This 
is accomplished by the plug valve seating in the heater exit 
restrictor nozzle. Maximum design working pressure of the 
heater vessel is 5,000 psia. 

H~:~tDr A t r  FYIt 

He 
Ve 

h 

He Bed Maximum Design 
Temperature 3, 750°R 

- ' 1  

After R u n /  ~__.~eau 

/ Before / 

8 / ~ - ~  Maximum / 
/ / . ' / ~  Grate 

l / I /  Tempe, rature 
0 l , r ,  , ~3Z0"R , , 

0 1,000 2,000 3,000 4,000 
Bed Temperature, OR 

Figure 2 .6  Pebble bed heater schematic and operat ion.  

.~-Heater Outlet S hell 

/--Plug Valve Shaft / ) ~ / R\ \ \ 

]~ I /U I ) --T~ctior°atn? d Diffuser 

Figure 2.7 Plug valve/exit  restrictor assembly. 
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2.3.3 Air Mixer 

An air mixer (Fig. 2.8) is utilized to blend high-energy 
primary air from the stored energy heater and cooler secondary 
air bypassing the heater. The secondary air is injected into 
the hot stream through 8 radial jets inclined upstream at a 
60-deg angle relative to the mixer centerline. Primary and 
secondary air valves are modulated to produce the desired 
stagnation pressure and temperature in the mixed test airstream 
upstream of the nozzle entrance. As indicated in Fig. 2.1, 
different mixer hardware is required for the higher stagnation 
conditions. The status of the different hardware is summa- 
rized in Table 2.1. The mixer includes hardware, as shown in 
Fig. 2.8, to uniformly distribute the flow and dampen turbu- 
lence in the mixer. The mixer test airstream turbulence level 
has been established for the low-pressure air mixer and is pre- 
sented in Fig. 2.9. 

Table 2.1 Status of APTU Air 

Low-Pressure Air Mixer 
(300 psi and 2, 200°R) 

High-Pressure Air Mixer 
(1, 500 psi and Z, 200°R) 

High-Pressure Air Mixer No. 2 
(3, 500 psi and 3, O00°R) 

Vitiation Air Heater 
(5, 000 psi and 5, 4(~°RI 

*TPS: Thermal Protection System 

Vesse I ° arOI I Fabricated Adapter TPS* Core Breaker Screen 

Yes Yes Yes Yes Yes 

Yes No No No No 

No No No No No 

Yes No Yes No --- 

Secondary Air Manifold 
Exit " ~  / - -  Low-P ressure A i r Mixer 
Restrictor- I Shell \ / 

/ [ Extension 7 \ J ~  / Free-Jet Nozzle -~ / !~ 

i o 

Core Breaker 

Screen 

Figure 2.8 APTU low-pressure air mixer. 
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Figure 2.9 Typical frequency spectrum at nozzle inlet 
with low-pressure air mixer configuration. 

L. 

500 

2.3.4 Test Cell 

The t e s t  c e l l ,  w h i c h  i s  16 f t  i n  d i a m e t e r  a n d  a b o u t  42 
f t  l o n g ,  e n c l o s e s  t h e  t e s t  a r t i c l e  s e t u p .  E i t h e r  a f r e e - j e t  
o r  d i r e c t - c o n n e c t  t e s t  h a r d w a r e  s e t u p  i s  u t i l i z e d  d e p e n d i n g  on 
t e s t  r e q u i r e m e n t s .  A t y p i c a l  f r e e - j e t  s e t u p  i s  shown i n  F i g .  
2 . 5 ,  w h i c h  r e f l e c t s  u s e  o f  an a x i s y n e t r i c  f r e e - j e t  n o z z l e  
a n d  a j e t  s t r e t c h e r  t o  e x t e n d  t h e  r e g i o n  o f  f l o w  s i m u l a t i o n .  
D i f f e r e n t  f r e e - j e t  n o z z l e s  a r e  u s e d  f o r  e a c h  d e s i r e d  Mach 
n u m b e r .  T a b l e  2 . 2  l i s t s  t h e  f r e e - j e t  n o z z l e s  c u r r e n t l y  a v a i l -  
a b l e  i n  APTU. The t e s t  a r t i c l e  m o u n t i n g  h a r d w a r e  h a s  a 1 0 - d e g  
a n g u l a r  a d j u s t m e n t  c a p a b i l i t y .  T o t a l  t e s t  a r t i c l e  a n g l e  o f  
a t t a c k  d e p e n d s  on t h e  i n s t a l l a t i o n  c o n f i g u r a t i o n .  A c c e s s  i n t o  
t h e  t e s t  c e l l  i s  p r o v i d e d  by a 1 5 -  by 3 4 - f t  e q u i p m e n t  h a t c h  a n d  
a p e r s o n n e l  d o o r  as  i n d i c a t e d  i n  F i g .  2 . 1 0 .  Mounted  i n  t h e  
t e s t  c e l l  a r e  d i f f u s e r  d u c t i n g ,  a f o r c e - m e a s u r i n g  s y s t e m ,  
o p t i c a l  p o r t s  f o r  t h e  f a c i l i t y  s h a d o w g r a p h  s y s t e m ,  a CO 2 
fire extinguishing manifold system, and a cooling-water sup- 
ply. Connector ports are provided in the test cell for 
lighting, instrumentation leads, and electrical power. 

2.3.5 Diffuser/Ejector Assembly 

A d i f f u s e r / e j e c t o r  a s s e m b l y  c a p t u r e s  t h e  t e s t  a i r s t r e a m ,  
d i s c h a r g e s  t h e  f l o w  t o  a t m o s p h e r e  t h r o u g h  a c o o l i n g - w a t e r  s p r a y ,  
a n d  p r o d u c e s  a l t i t u d e  s i m u l a t i o n  i n  t h e  t e s t  c e l l  ( F i g .  2 . 5 ) .  
The a s s e m b l y  c o n s i s t s  o f  a 4 - f t - d i a m  t e s t  c e l l  d i f f u s e r ,  an  
a n n u l a r  a i r  e j e c t o r ,  and  a 5 - f t - d i a m  e j e c t o r  d i f f u s e r .  The com-  
b i n e d  a s s e m b l y  c a n  p r o v i d e  f r e e - j e t  a l t i t u d e  s i m u l a t i o n ,  d e -  

p e n d i n g  on Mach number  and  t e s t  c o n f i g u r a t i o n ,  up t o  1 0 0 , 0 0 0  f t .  
The d e s i r e d  t e s t  c e l l  p r e s s u r e  i s  c o n t r o l l e d  by m o d u l a t i n g  t h e  
a i r f l o w  t o  t h e  e j e c t o r .  O t h e r  f a c i l i t y  s y s t e m s  i n c l u d e  a GN 2 
s u p p l y  s y s t e m ,  a l i q u i d  s t o r a g e  CO 2 s y s t e m ,  a f u e l  s y s t e m ,  a n d  
a p y r o p h o r i c  i g n i t e r  s y s t e m .  
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Group I 

Mach J Exit 
Number Diameter. in. 

3. O0 10.0 
3. 50 10. 0 
3. 80 I0.0 

* NASA/Lewis Nozzles 

Table 2.2 Available Free-Jet Nozzles 

Group I I 

Mach [ Exit 
Number Diameter, in. 

1.00 27.3 
1.30 28.0 
1.90 25.3 
2.~ 24.8 
2.20 23.5 
2.20 29.5 
2.35 22.7 
2.35 27.0 
2.35 28.6 
2.44 24.0 
2.50 22.3 
2.50 28. 8 
2.70 24.4 
2.70 26.2 
2.70 27.9 
2.72 24. 8 
3.00 21.6 
3,00 27.0 
3.04 24.8 
3. 41 24. 8 
3.85 24.8 
4. 10 24. 8 
4. 38 24.8 

Group I II 

Math Exit 
Number Diameter, in. 

1.50 30.0 
1.90 32.9 
2.00 32.0 
2.20 32.0 
2.20 32.5 
2.35 32.5 
2.44 32.0 
2.50 32.5 
2.50 34.6 
2.55 36. 0 
2.70 32.5 
2.72 32.0 
3.00 32.8 
3.50 32.0 
3.50 32.8 
4. lO 38. l 
5.00 32.0 

Group IV 

Mach Exit 
Number Diameter, in. 

2.50 49.3 
3.00 43.6 
3. 50 43. 6 
5.17 41.P 
6.05 42. P 
7.25 42.7* 

Figure 2.10 APTU test cell. 
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2.3.6 Control System 

The f a c i l i t y  b lowdown o p e r a t i o n  i s  c o n t r o l l e d  by a p r e -  
p r o g r a m m e d ,  a u t o m a t i c  d i g i t a l  p r o c e s s  c o n t r o l  s y s t e m  shown 
b l o c k  d i a g r a m m e d  i n  F i g .  2 . 1 1 .  The s y s t e m  i s  f u l l y  a u t o m a t i c ,  
a n d  t h e  c o n t r o l  a c t i o n s  i n c l u d e  (1 )  p r o c e s s  c o n t r o l s  f o r  f a -  
c i l i t y  a n d  t e s t  a r t i c l e  s y s t e m s ,  (2 )  s e q u e n c i n g  o f  o n / o f f  
i t e m s ,  (3 )  p a r a m e t e r  l i m i t  c h e c k i n g  a n d  m o n i t o r i n g  o f  e v e n t s  
f o r  s a f e t y  p u r p o s e s ,  a n d  (4)  i n t e g r a t i o n  o f  a c t i o n s  i n t o  a 
c o h e s i v e  o p e r a t i n g  s y s t e m .  F a c i l i t y  a n d  t e s t  a r t i c l e  o p e r -  
a t i o n s  a r e  m o n i t o r e d  i n  t h e  c o n t r o l  room u s i n g  a n a l o g  m e t e r s ,  
c a t h o d e - s c o p e  d i g i t a l  d i s p l a y  o f  p a r a m e t e r s  f r o m  d i g i t a l  d a t a  
a c q u i s i t i o n  s y s t e m ,  and  c l o s e d - c i r c u i t  t e l e v i s i o n  w i t h  v i d e o  
r e c o r d / p l a y b a c k  c a p a b i l i t y .  

Card Reader .------,.. Supervisory 
Computer 

Console Controls----- IPDP 11/20) 

l 
I Interlock and 

Sequence Control 
Computer 

(PDP 11/05) 

I Field 
Components ! 

Valves 
P ress ure Tra ns mitters 

Temperature Transducers 
Pes~tions 

Etc. 

Control Room 
Display of 

Facility 
and 

Test Article 
Para meters 

~ Printer 
Disk Memory 
Magnetic Tape 

L I r°s I Regulation 
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Figure 2.11 Controls system block diagram. 

2.3.7 Data Acquisition Systems 

The b a s i c  d a t a  r e c o r d i n g  s y s t e m  i s  a d i g i t a l  d a t a  a c -  
q u i s i t i o n  s y s t e m .  The s y s t e m  h a s  t h e  c a p a b i l i t y  t o  r e c o r d  
b o t h  s t e a d y - s t a t e  and  d y n a m i c  d a t a ,  s a m p l e  e a c h  d a t a  c h a n n e l  
s e q u e n t i a l l y  a t  n o m i n a l  r a t e s  f r o m  3 t o  1 0 , 0 0 0  s a m p l e s / s e c ,  
an d  r e c o r d  e a c h  d a t a  s a m p l e  f o r  352 d a t a  c h a n n e l s  on  m a g n e t i c  
t a p e  i n  d i g i t a l  f o r m .  Dynamic  d a t a  c a n  a l s o  be  r e c o r d e d  i n  
a n a l o g  f o r m  on m a g n e t i c  t a p e  w i t h  a 40-KHz r e s p o n s e  w i d e b a n d  
f r e q u e n c y - m o d u l a t e d  r e c o r d  e l e c t r o n i c s  s y s t e m .  The f a c i l i t y  
i s  a l s o  e q u i p p e d  w i t h  a s h a d o w g r a p h  s y s t e m  w h i c h  c a n  be  d i s -  
p l a y e d  on c l o s e d - c i r c u i t  t e l e v i s i o n  i n  t h e  c o n t r o l  room a n d  
r e c o r d e d  on m o t i o n - p i c t u r e  f i l m .  
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2A FUTURE CAPABILITIES 

F u t u r e  p o t e n t i a l  c a p a b i l i t i e s  i n  t h e  APTU i n c l u d e  l o n g e r  
r u n  t i m e s ,  h i g h e r  t e s t  a i r s t r e a m  s t a g n a t i o n  t e m p e r a t u r e s ,  
h i g h e r  t e s t  a i r s t r e a m  mass  f l o w  r a t e s ,  and  i n c r e a s e d  s i m u l a t e d  
a l t i t u d e  c a p a b i l i t y .  O p t i o n s  a v a i l a b l e  t o  e x t e n d  f a c i l i t y  c a p -  
a b i l i t i e s  i n  t h e s e  a r e a s  i n c l u d e  t h e  f o l l o w i n g :  

1. E x p a n s i o n  a n d  p a r t i t i o n  o f  t h e  h i g h - p r e s s u r e  a i r  s t o r -  
a g e  r e s e r v o i r  s y s t e m  t o  p r o v i d e  l o n g e r  t e s t  t i m e s ,  

2.  M o d i f i c a t i o n  o f  t h e  m a t e r i a l  and  c o n f i g u r a t i o n  o f  t h e  
h e a t  s t o r a g e  m e d i a  i n  t h e  s t o r e d  e n e r g y  ( c l e a n  a i r )  
h e a t e r  t o  p e r m i t  h i g h e r  t e s t  a i r s t r e a m  s t a g n a t i o n  
t e m p e r a t u r e s  a n d / o r  mass  f l o w  r a t e s ,  

3. I n s t a l l a t i o n  o f  a v i t i a t i o n  h e a t e r  t o  p r o v i d e  a i r s t r e a m  
s t a g n a t i o n  t e m p e r a t u r e s  a b o v e  t h a t  o f  t h e  s t o r e d  e n e r g y  
h e a t e r  c a p a b i l i t y  and  t o  f u n c t i o n  as  a b a c k u p  s y s t e m  
f o r  t h e  s t o r e d  e n e r g y  h e a t e r ,  and  

4.  C o n n e c t i o n  o f  t h e  APTU t o  t h e  ETF p l a n t  e x h a u s t  ma- 
c h i n e r y  a n d / o r  i n s t a l l a t i o n  o f  a u x i l i a r y  e j e c t o r  
p u m p i n g  s y s t e m s  as  a m e a n s  t o  i m p r o v e  t h e  APTU s i m u -  
l a t e d  a l t i t u d e  c a p a b i l i t y .  

The a b o v e  i t e m s  a r e  d i s c u s s e d  i n  s u b s e q u e n t  s e c t i o n s .  
I t  i s  i m p o r t a n t  t o  n o t e ,  h o w e v e r ,  t h a t  w h e r e a s  t h e  a b o v e  
w o u l d  p r o v i d e  f o r  b e t t e r  u t i l i z a t i o n  o f  t h e  b a s i c  f a c i l i t y  
s y s t e m s ,  a d d i t i o n a l  f a c i l i t y  h a r d w a r e  ( h e a t e r  e x i t  
r e s t r i c t o r ,  m o d i f i e d  t h e r m a l  p r o t e c t i o n  s y s t e m s ,  a i r  
m i x e r s ,  d e m i n e r a l i z e d  c o o l i n g - w a t e r  s y s t e m ,  e t c . )  w o u l d  
be  r e q u i r e d  t o  u t i l i z e  t h e  e x t e n d e d  c a p a b i l i t i e s .  

2.4.1 High-Pressure Air Reservior Expansion and 
Volume Distribution 

The e x i s t i n g  h i g h - p r e s s u r e  a i r  s t o r a g e  r e s e r v o i r  v o l u m e  
( 2 2 , 2 0 0  f t  3)  c a n  be  u t i l i z e d  e i t h e r  a s  one  r e s e r v o i r  o r  be  
p a r t i t i o n e d  i n t o  a r e s e r v o i r  s y s t e m  o f  a p p r o x i m a t e l y  4 0 - p e r -  
c e n t  p r i m a r y  ( F i g .  2 . 5 )  a n d  6 0 - p e r c e n t  s e c o n d a r y  by c l o s i n g  
a single isolation valve. Studies have shown that facility 
run times can be optimized for most free-jet conditions with 
the 32- and 36-in. exit diameter nozzles by using the existing 
reservoir volume distribution plus two additional volume dis- 
tributions, specifically 20- and 60-percent primary volumes. 
Typical increase in facility run time resulting from different 
reservoir volume distributions are shown in Figs. 2.12 and 2.13 
as  a f u n c t i o n  o f  Mach number  and  a l t i t u d e ,  r e s p e c t i v e l y .  I n -  
c r e a s i n g  ~he  a i r  s t o r a g e  v o l u m e  t o  5 7 , 0 0 0  f t  3 f r o m  t h e  e x i s t i n g  
2 2 , 2 0 0 - f t  ° c a p a c i t y  i s  f e a s i b l e  u s i n g  e x i s t i n g  s u r p l u s  v e s s e l s .  
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Such an increase would extend facility run times by a ratio 
that is a function of the Mach number/altitude test condition. 
Typical gains in run time for storage volume increases to 
35,000 and 57,000 ft 3 are shown in Fig. 2.14. 

1,000 
Al t i tude :  40, 000 ft 

800 Nozzle: 32-in. diam 
500 Storage Volume:. 22,200 ft 3 

40O 

r 
s :  

200 

100 I I I I I I 
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Percent PrilPary Reservoir 

I 
70 

Figure 2.12 Facility run time versus reservoir volume 
distribution for different Mach numbers. 
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Figure 2 .13 Facility run t ime versus reservoir volume 
distribution for different altitudes. 
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Figure 2.14 Reservoir volume comparisons (performance). 

2.4.2 Storage Heater Modifications 

Reservolr Volume, ft 3 

35.220 
57, 220 

Mach Number 

2.0 
3.0 
4.0 
5.0 

The s t o r a g e  h e a t e r  m o d i f i c a t i o n  w o u l d  r e c o n f i g u r e  t h e  h e a t e r  
s t o r a g e  m e d i a  o f  a l u m i n a  p e b b l e s  t o  a c o r e d  b r i c k  bed  o~ e i t * * e r  
a l u m i n a  o r  a m i x t u r e  o f  a l u m i n a  ( l o w e r  h a l f  o f  t h e  b e d )  and  
y t t r i a  s t a b i l i z e d  z i r c o n i a  ( u p p e r  h a l f  o f  t h e  b e d ) .  The c o r e d  
b r i c k  c o n f i g u r a t i o n  w o u l d  p e r m i t  maximum mass  f l o w s  t h r o u g h  t h e  
h e a t e r  t o  o v e r  f o u r  t i m e s  t h e  maximum p e r m i s s i b l e  t h r o u g h  t h e  
p e b b l e  b e d .  A l s o ,  t h e  c o m b i n a t i o n  a l u m i n a / z i r c o n i a  b e d  w o u l d  
p e r m i t  a maximum h e a t e r  t e m p e r a t u r e  o f  4 , 5 0 0 ° R  c o m p a r e d  w i t h  
3 , 5 0 0 ° R  f o r  an  a l u m i n a  b e d .  E s t i m a t e d  f a c i l i t y  p e r f o r m a n c e  
u t i l i z i n g  t h e  t h r e e  d i f f e r e n t  h e a t e r  b e d s  i s  shown i n  F i g .  
2 . 1 5 .  I n  t h i s  f i g u r e ,  t h e  o n e - m i n u t e  t o t a l  f a c i l i t y  r u n  t i m e  
l i n e s  a r e  p l o t t e d  f o r  e a c h  t y p e  b e d  f o r  d i r e c t  c o m p a r i s o n .  

7O 

~, 5O 

~40 
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Figure 2.15 Estimated APTU performance with throe 
different storage heater melxicas. 
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2.4.3 Vitiation Heater Installation 

The maximum c l e a n  a i r  t e m p e r a t u r e  f r o m  t h e  a l u m i n a  p e b b l e  
b e d  s t o r e d  e n e r g y  h e a t e r  i s  a b o u t  3 , 0 0 0 ° R .  Above t h i s  l e v e l ,  
d i r e c t  i n s t r e a m  ( v i t i a t i o n )  h e a t i n g ,  w i t h  o x y g e n  r e p l e n i s h m e n t ,  
i s  r e q u i r e d  t o  r a i s e  t h e  t e s t  a i r s t r e a m  t e m p e r a t u r e  up t o  
5 ,000OR.  T h i s  r e g i o n  o f  p o t e n t i a l  i m p r o v e m e n t  o f  t h e  APTU f a -  
c i l i t y  p e r f o r m a n c e  map i s  shown i n  F i g .  2 . 1 .  T h i s  c a p a b i l i t y  
c a n  be  p r o v i d e d  by a v i t i a t i o n  h e a t e r  i n s t a l l a t i o n  i n  s e r i e s  
w i t h  t h e  s t o r e d  e n e r g y  h e a t e r .  I n  a d d i t i o n ,  a p r o p e r l y  s i z e d  
v i t i a t i o n  s y s t e m  s e p a r a t e  f r o m  t h e  s t o r e d  e n e r g y  c o u l d  d u p l i -  
c a t e  t h e  f a c i l i t y  p e r f o r m a n c e  c a p a b i l i t y  o f  t h e  s t o r e d  e n e r g y  
h e a t e r  a n d  t h e r e b y  s e r v e  as  a b a c k u p  h e a t e r  s y s t e m  i n  c a s e  o f  
r e f r a c t o r y  p r o b l e m .  

2.4.4 Facility Exhaust Pumping 

C u r r e n t l y ,  e x h a u s t  j e t  pump a u g m e n t a t i o n  i s  r e q u i r e d  f o r  
h i g h - a l t i t u d e  s i m u l a t i o n .  H o w e v e r ,  t h i s  a u g m e n t a t i o n  i s  o b -  
t a i n e d  by u s i n g  l a r g e  q u a n t i t i e s  o f  a i r  f r o m  t h e  h i g h - p r e s s u r e  
a i r  s t o r a g e  s y s t e m ,  t h u s  d e p l e t i n g  t h e  a i r  a v a i l a b l e  f o r  t h e  
t e s t  a i r s t r e a m  a n d  r e d u c i n g  f a c i l i t y  r u n  t i m e s .  An e x h a u s t e r  
s y s t e m  i n d e p e n d e n t  f r o m  t h e  h i g h - p r e s s u r e  a i r  s t o r a g e  s y s t e m  
c o u l d  n o t  o n l y  p r o d u c e  h i g h e r  s i m u l a t e d  a l t i t u d e s  b u t  a l s o  
e x t e n d  f a c i l i t y  r u n  t i m e s .  C o n n e c t i o n s  o f  t h e  APTU t o  t h e  
ETF e x h a u s t  m a c h i n e r y  a n d / o r  u s e  o f  o t h e r  e j e c t o r  s y s t e m s  
w o u l d  p r o v i d e  t h i s  a d d i t i o n a l  c a p a b i l i t y .  
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3.0 HYPERSONIC WIND TUNNELS (B) AND (C) 

Tests of hypersonic vehicle heat shield materials have 
been conducted for many years in arc heaters and range facil- 
ities. Sled tracks have also been extensively used for mate- 
rials testing. These types of facilities have the capability 
of producing high enthalpy levels; however, there can be cer- 
tain disadvantages, such as small test core, short run times, 
contaminated flow, excess vibration, low productivity, and 
high cost. On the other hand, continuous-flow wind tunnels 
are not capable of providing the required enthalpy levels and, 
therefore, are generally not used for materials testing. How- 
ever, in the supersonic Mach number range, the enthalpy levels 
are significantly lower, and recent experience has shown that 
there is a need for materials testing in this flight regime. 

Within the past two years, a new testing technique has 
been developed at the Arnold Center. This new technique 
utilizes the large continuous-flow hypersonic Tunnels B and 
C to duplicate supersonic flight conditions. Normally, these 
facilities are used to simulate hypersonic flow on scaled 
models of aerospace vehicles; however, for materials testing, 
true pressure, temperature, and Mach number are required. To 
provide this environment a large wedge is used to 9educe the 
local Mach number to the desired supersonic level, and the 
tunnel stagnation conditions are adjusted to produce the local 
pressure and temperature that duplicate the desired local flow 
conditions for a given situation. 

3.1 FACILITY PERFORMANCE 

Performance and calibration data are presented in Tables 
3.1, 3.2, and 3.3. The calibration data show flow uniformity 
at Mach numbers 6, 8, and I0. 

Table 3.1 Performance of Tunnels B and C 

Tunnel 
Nominal I~ psia To, oF 

Mach 
Number Min. Max. Max. 

6 20 270" 3qO*'" 
8 50 850"* 890 

10 200 2000 1450 *0*" 

q~ psla Refit x lO "6 

Min. Max. Min. Max. 

0.3 4.1 0.3 4.7 
0.3 3.8 0 3 3.7 
0.3 3.0 0,3 2.4 

• Maximum for short duration 300 psla 
• *Maximum for short duration g00 ptia 

. '~Up to 8q0OF can be supplied at low stagnation pressures 
= Maximum of 1, 800OF at maximum Po of 1, 200 psia 

(available, but nonstandardl 

Po Stagnation Pressure qm Free-stream dynamic pressure 
T o Stagnation temperature Re Free-stream Reynolds number 
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Table 3.2 Open-Circuit Operating Conditions 

Mach Number 

I 175 I 

l 12.5 
250 

I 850 
a 

Tunnel B 

Po~ psia Relft x 10 "6 

0.5 
1.1 
3.1 
0.7 
1.3 
3.7 

Po Stagnation Pressure 

Tunnel C 

I P~ psia_. Relft x 10"6 Mach kumber 

10 30O 0. 4 
10 525 O. ? 
10 700 O. 9 
I0 , 975 1. 3 
10 1725 2. 1 

Re Free-stream Reynolds number 

Table 3.3 Flow Calibration for Tunnels B and C 

Mach Number 

Average 

5.88 
.5. 91 
5.95 
7.85 
7.95 
8.00 
9.88*" 
9.98* • 

10.1P" 

Standard Deviation Re/It x 10 .5 Test Core Diame4er. in." 

±0.02 
±0.01 
+0.01 
+0.01 
+ 0.01 
+0.01 
+0.02 
+0.02 
±0.02 

0. 6 38 
1.0 
4.7 
0.3 ~3 
1.0 34 
3.7 34 
0.4 26 
1. 0 27 
2.4 29 

• Data obtaihed throughout test core from station -16 to +20 in. 
• *Mach numbers are obtained at each test condition with a retractable 

probe. 

During tests which have material ablation or injection 
of foreign gases into the airstream, the tunnels are operated 
in an open-circuit mode. In this mode, atmospheric pressure 
must be attained at some stage of plant compression resulting 
in the test conditions being limited to those listed in Table 
3.2. 

3.2 FACILITY DESCRIPTION 

The  5 0 - i n .  h y p e r s o n i c  t u n n e l s  a r e  T u n n e l  B ( F i g s .  3 . 1  
a n d  3 . 2 )  f o r  Mach 6 a n d  8 a n d  T u n n e l  C ( F i g s .  3 . 3  a n d  3 . 4 )  
f o r  Mach 1 0 .  B o t h  t u n n e l s  a r e  c l o s e d  c i r c u i t  w i t h  a x i s y m -  
m e t r i c  c o n t o u r e d  n o z z l e s  a n d  o p e r a t e  c o n t i n u a l l y  o v e r  a 
r a n g e  o f  p r e s s u r e  l e v e l s  w i t h  a i r  s u p p l i e d  by t h e  m a i n  c o m -  
p r e s s o r  s y s t e m .  S t a g n a t i o n  t e m p e r a t u r e s  s u f f i c i e n t  t o  a v o i d  
l i q u e f a c t i o n  i n  t h e  t e s t  s e c t i o n  a r e  o b t a i n e d  t h r o u g h  t h e  u s e  
o f  a n a t u r a l - g a s - f i r e d  c o m b u s t i o n  h e a t e r  i n  c o m b i n a t i o n  w i t h  
t h e  c o m p r e s s o r  h e a t  o f  c o m p r e s s i o n  a t  Mach 6 a n d  8 a n d  i n  

32 



AE DCoTR-78-3 

c o m b i n a t i o n  w i t h  e l e c t r i c  r e s i s t a n c e  h e a t e r s  a t  ~ a c h  10 .  
Each  e n t i r e  t u n n e l  ( t h r o a t ,  n o z z l e ,  t e s t  s e c t i o n ,  a n d  d i f -  
f u s e r )  i s  c o o l e d  by  i n t e g r a l ,  e x t e r n a l  w a t e r  j a c k e t s .  B o t h  
t u n n e l s  h a v e  i d e n t i c a l  t e s t  s e c t i o n s  e q u i p p e d  w i t h  m o d e l  
i n j e c t i o n  s y s t e m s .  

Figure 3.1 Tunnel B. 

Screen Section--/ Nozzle Section 7 Test Section-/, Diffuser Section 7 

/ /_..,.,.,,.. iQu,r~.,..-7 1 1 

~4j~/ //I LI II IL hi I .  
z.,_ T~k Entrance 

Figure 3.2 Tunnel B assembly. 

Subsonic ~ i  
Diffuser 
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i?~ _J 

Figure 3.3 Tunnel C. 

TEST SECTION "7 
r--INSTRUMENTATION RING / /--MODEL SUPPORT 

" QUARTZ ~ I I~)OW S INJECTION/RETRACTIONy 
SCREEN ~ THROAT 7 /  / S STEM ff 
SECTION-\ \ SECTION-- 7 NOZZI~7 ~SAF~Y ZX~OR/ / / II 

TRANSITION, \ \ / / \v-F, IRING/ / / /,-DIFFUSER SECTION II 
SE 

~ "  - I I  - ~ ; ~ ~ ~ :  ~ o . ~ ;  C=L,NG lr 
. . . . .  • T . . . . . .  . . . . . .  1 " - -  

OP~RATION-ff I ~  ~ l I1~1~'~\ SYSTEM 
FLOOR II II ~ l / II 11t1~1--1 II 

II II ~ I, . .1HI ~MODE~. COOLING . 

TEST SECTION TANK L 

Figure 3.4 Tunnel C assembly. 

3.2.1 Test Sect ion and Tank  

D i r e c t l y  b e l o w  e a c h  t e s t  s e c t i o n  i s  a t e s t  s e c t i o n  t a n k  
( F i g .  3 . 5 )  i n t o  w h i c h  t h e  m o d e l  a n d  i t s  s u p p o r t  c a n  b e  
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r e t r a c t e d .  When t h e  m o d e l  a n d  s u p p o r t  a r e  r e t r a c t e d ,  t h e  
t e s t  s e c t i o n  c a n  b e  s e a l e d  f r o m  i t s  t a n k  s o  t h a t  t h e  t u n n e l  
c a n  r e m a i n  r u n n i n g  w h i l e  t h e  t a n k  i s  v e n t e d  t o  a t m o s p h e r i c  
p r e s s u r e  i n  o r d e r  t h a t  p e r s o n n e l  may e n t e r  t h e  t a n k  t o  m a k e  
m o d i f i c a t i o n s  t o  t h e  m o d e l  o r  i t s  s u p p o r t  s y s t e m .  A f t e r  t h e  
d e s i r e d  m o d i f i c a t i o n s  a r e  m a d e  a n d  t h e  t a n k  e n t r a n c e  d o o r  i s  
c l o s e d ,  t h e  t a n k  i s  v e n t e d  t o  t h e  t e s t  s e c t i o n  p r e s s u r e ,  t h e  
d o o r s  b e t w e e n  t h e  t a n k  a n d  t e s t  s e c t i o n  a r e  o p e n e d ,  a n d  t h e  
m o d e l  i s  i n j e c t e d  i n t o  t h e  a i r s t r e a m  t o  o b t a i n  t h e  d e s i r e d  
d a t a .  U p o n  c o m p l e t i o n  o f  t h e  d a t a  a c q u i s i t i o n ,  t h e  m o d e l  i s  
r e t r a c t e d ,  a n d  t h e  c y c l e  i s  c o m p l e t e d .  T h e  i n j e c t i o n  s y s t e m  
i s  a l s o  u s e d  f o r  m a t e r i a l s  t e s t s  i n  w h i c h  t h e  m o d e l  i s  c o o l e d  
i n  t h e  r e t r a c t e d  p o s i t i o n ,  s e t  a t  t h e  d e s i r e d  a t t i t u d e ,  a n d  
i n j e c t e d  i n t o  t h e  a i r s t r e a m  t o  o b t a i n  t h e  t i m e  h i s t o r y  o f  t h e  
s a m p l e .  T h e  m i n i m u m  i n j e c t i o n  t i m e  i s  a b o u t  t w o  s e c o n d s ,  a n d  
t h e  m a x i m u m  a c c e l e r a t i o n  o r  d e c e l e r a t i o n  i s  a b o u t  o n e  g .  The  
m o d e l  i s  e x p o s e d  t o  t h e  a i r s t r e a m  a p p r o x i m a t e l y  0 . 9  s e c  p r i o r  
t o  t h e  i n j e c t i o n  s t r o k e  l i m i t  w i t h  t h e  m o d e l  i n  t h e  t e s t  p o s i -  
t i o n .  

E a c h  t e s t  s e c t i o n  l s  e q u i p p e d  w i t h  s i x  f u s e d  q u a r t z  w i n -  
d o w s .  T h e  t w o  o n  e i t h e r  s i d e  a r e  u s e d  f o r  t h e  s h a d o w g r a p h  o r  
s c h l i e r e n  s y s t e m ,  a n d  t h e  t w o  o n  t o p  a r e  u s e d  f o r  e i t h e r  
p h o t o g r a p h i c  p u r p o s e s  o r  o v e r h e a d  t e s t  s u p p o r t  a n d  b o u n d a r y -  
l a y e r  s u r v e y  e q u i p m e n t .  T h e  v i e w i n g  a r e a  o f  e a c h  w i n d o w  i s  
a b o u t  1 7 . 2 5  i n .  i n  d i a m e t e r .  Two a d d i t i o n a l  1 2 - i n . - d i a m  
w i n d o w  p o r t s  a r e  p r o v i d e d  i n  e a c h  t e s t  s e c t i o n  f o r  a u x i l i a r y  
l i g h t i n g  a n d  p h o t o g r a p h i c  p u r p o s e s .  T h e s e  w i n d o w s  a r e  l o c a t e d  
o n , t o p ,  ~45  d e g  o f f  v e r t i c a l  a x i s ,  a n d  n e a r  d o w n s t r e a m  e d g e s  
o f  t h e  l a r g e  v i e w i n g  w i n d o w s .  

Windows for Model Inspection 
or Photography 7 ~ ~  

Windows for S hadowgraphI-A 

~ .~ -~ , : : ~ ,~ "~  ~ Air Ducts to Cool Model 
' ~ . ~ 1 ~  ~;:1~! ~ J  for Heat-Transfer Tests 

~ l ~ I , ~ / l l l ~ ~  J ~  ' ~ 1 ~ . _ ~  or Quick Mode, Change 
~jll~'~ Iwr ~ r . > - ~ l ~ ' ~ d B ~  - Pressure Transducers 

Tank Entrance Door for- 
Installation or Model Injection and M o d e l  \ ~  

I nspection - Pitch Mechanism 

Figure 3.5 Tunnel C test section tank. 
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3.2.2 Model Support 

M o d e l s  a r e  g e n e r a l l y  s u p p o r t e d  f r o m  t h e  r e a r  by  s t i n g s  
w h i c h  a t t a c h  t o  t h e  r o l l  m e c h a n i s m  o n  t o p  o f  t h e  s i n g l e - e n d e d  
s u p p o r t  s t r u t .  T h e  s u p p o r t  s y s t e m  w i l l  a c c o m m o d a t e  a v e r t i c a l  
l o a d  o f  1 , 5 0 0  l b  o r  a h o r i z o n t a l  l o a d  o f  1 , 0 0 0  l b  a p p l i e d  a t  
t h e  n o m i n a l  c e n t e r  o f  m o d e l  r o t a t i o n .  The  r e l a t i o n s h i p  o f  t h e  
m o d e l  s u p p o r t  a n d  t h e  w i n d o w s  i s  s h o w n  i n  F i g .  3 . 6 .  I n  e i t h e r  
t h e  r e t r a c t e d  o r  i n j e c t e d  p o s i t i o n ,  t h e  m o d e l  c a n  b e  r o l l e d  
± 1 8 0  d e g  a n d  p i t c h e d  t h r o u g h  a r a n g e  o f  30  d e g  w h e n  t h e  
c e n t e r - o f - m o d e l  r o t a t i o n  i s  w i t h i n  t h e  r e a r w a r d  10 i n .  o f  i t s  
t r a v e l .  T h e  c e n t e r - o f - m o d e l  r o t a t i o n  c a n  b e  m o v e d  s o  t h a t  t h e  
r e g i o n  o f  i n t e r e s t  o n  t h e  m o d e l  r e m a i n s  w i t h i n  t h e  v i e w i n g  
a r e a  o f  t h e  w i n d o w s .  A t  t h e  m o s t  f o r w a r d  p o s i t i o n  o f  t h e  
c e n t e r - o f - m o d e l  r o t a t i o n ,  t h e  a n g l e - o f - a t t a c k  r a n g e  i s  l i m i t e d  
t o  a b o u t  24  d e g .  S t r a i g h t  a n d  b e n t  w a t e r - c o o l e d  s t i n g s  a r e  
a v a i l a b l e  f o r  s u p p o r t i n g  t h e  m o d e l s .  One  s e r i e s  o f  s p l i t  b e n t  
s t i n g s  h a s  p r e b e n d s  o f  3 ,  1 2 ,  3 0 ,  3 9 ,  a n d  48  d e g  w h i c h  c a n  b e  
i n t e r c h a n g e d  w i t h o u t  d i s c o n n e c t i n g  t h e  m o d e l  i n s t r u m e n t a t i o n .  
C o m b i n a t i o n s  o f  a n g l e  o f  a t t a c k  a n d  a n g l e  o f  s i d e s l i p  c a n  b e  
o b t a i n e d  by  r o l l i n g  t h e  m o d e l - s t i n g  a r r a n g e m e n t .  D e t a i l s  p e r -  
t a i n i n g  t o  a t t a c h m e n t  o f  m o d e l s  t o  a v a i l a b l e  s t i n g s  w i l l  b e  
f u r n i s h e d  u p o n  r e q u e s t .  

Forward Center ~ J . ~  14. O0 - ~  Z6. O0 ~ Aft 74.50 
of Rotation I P- 10. 25 ~ 10. 25~  / Center of RotaUon Tunnel Wall 

4.(]0- 

/ UIdZi 

-~ Flange OO 

48.5(]0 ID 

I I I Center of W ndows and I .. 
Most Forward Point in . . . . .  ;~' _ [ Nonlinal Center of ] I~ of Teeth . . . . .  
/unnel that Model May ~ R - "  ~ ~ ' " "  " 
Extend and Clear Door ~ - - ] - -  . .j~_673 _ . j  . - -  . I~..-~, 

,Opening I ~-lO.O0~ I ~  • I,~"'" 
/ I ! I _ I I~lximum ~rKJle Range is r~', / . 

/ / / . .  ~..'~'~',,o,~,~ I / I L~ ~ l~ 'Max.  -a at Nominal i / 

~)rt Opening 28. 0 0 - ~  Glazed Area . . .  ~ .  

Test Section ~- 
~-50-in. m . . . . . . . . . .  "-. 

Tunnel Well . . . .  
Door Opening Width 30 in. 

• ]6,.500 ~ 

l& 355 

I Fairing on Pitch Strut 
"'~L omltt~l for Clarity 

All Dimensions in Inches 

Figure 3.6 Test section (elevation), Tunnels B and C. 

3.2.3 Instrumentation 

T u n n e l s  B a n d  C a r e  e a c h  e q u i p p e d  w i t h  a c o m p l e m e n t  o f  
p e r m a n e n t l y  i n s t a l l e d  i n s t r u m e n t a t i o n  f o r  m e a s u r i n g  s u c h  
p a r a m e t e r s  a s  p r e s s u r e  a n d  t e m p e r a t u r e .  I n  g e n e r a l ,  t h i s  
e q u i p m e n t  p r o v i d e s  v i s u a l  i n d i c a t i o n s  f o r  m o n i t o r i n g  p u r p o s e s  
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as  w e l l  a s  o u t p u t  s i g n a l s  f o r  t h e  d a t a  a c q u i s i t i o n  s y s t e m s .  
T h e s e  s y s t e m s  c a n  a c c e p t  98 d i g i t a l  s i g n a l s  ( i n c l u d i n g  c o n -  
s t a n t s )  a n d  32 a n a l o g  s i g n a l s .  The n o r m a l  s a m p l i n g  r a t e  i s  
3 , 5 0 0  s a m p l e s  p e r  s e c o n d ,  b u t  o t h e r  r a t e s  c a n  be  p r o v i d e d  t o  
m e e t  s p e c i a l  r e q u i r e m e n t s .  The f o r m a t  o f  t h e  d i g i t a l  s i g n a l s  
c a n  be  e i t h e r  1 7 - b i t  b i n a r y  o r  4 - d i g i t  BCD p l u s  s i g n .  A n a l o g  
s i g n a l s  may r a n g e  f r o m  ±5-mv f u l l  s c a l e  t o  ± 1 0 - v  f u l l  s c a l e .  
T h e s e  s i g n a l s  a r e  c o n v e r t e d  t o  a 4 - d i g i t  BCD f o r m a t .  D u r i n g  
o p e r a t i o n ,  t h e  d a t a  s y s t e m  i s  c o n n e c t e d  o n - l i n e  w i t h  t h e  DEC 
10 c o m p u t e r .  

3.3 TYPES OF MATERIALS TESTS 

3.3.1 Test of Insulating Panels 

A s k e t c h  o f  a w e d g e  t h a t  h a s  r e c e n t l y  b e e n  u s e d  f o r  
m a t e r i a l  t e s t i n g  i s  shown i n  F i g .  3 . 7 .  The b a s i c  w e d g e  a n g l e  
was 3 3 . 6  d e g ;  h o w e v e r ,  d u r i n g  r e c e n t  t e s t s ,  p r e b e n t  s t i n g s  
w e r e  u s e d  i n  c o n j u n c t i o n  w i t h  t h e  m o d e l  p i t c h  m e c h a n i s m ,  
w h i c h  p r o v i d e d  f o r  w e d g e  a n g l e s  f r o m  0 t o  38 d e g .  I n  a d d i -  
t i o n  t o  t h e  m a t e r i a l  s a m p l e s ,  an  i n s t r u m e n t e d  " c a l i b r a t i o n  
p l a t e "  was  u s e d  t o  d e f i n e  t h e  l o c a l  c o n d i t i o n s  on t h e  w e d g e  
f o r  v a r i o u s  w e d g e  a n g l e s .  The c a l i b r a t i o n  p l a t e  was i n s t r u -  
m e n t e d  t o  m e a s u r e  b o t h  p r e s s u r e  a n d  h e a t - t r a n s f e r  l e v e l s .  To 
p r o v i d e  a t u r b u l e n t  b o u n d a r y  l a y e r ,  t r i p  s p h e r e s  w e r e  i n -  
s t a l l e d  3 i n .  f r o m  t h e  l e a d i n g  e d g e  o f  t h e  w e d g e  a s  i l l u s -  
t r a t e d  i n  F i g .  3 . 7 .  

t onwJ. 
~ ~  \ / ~  .._~Samples ~asRe- 

/~, ) quired .~%~ ~ / ~ T  Spacer 

/ ~-2Diarn [~ 8,w '\1.75 i 
~- O.047-]n.-Diam Sphere~ ~-~ . . . .  All Dimensions in Inches 

Figure 3.7 Sketch of test hardware. 
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The u s e  o£  a l a r g e  w e d g e  as  a h o l d e r  f o r  m a t e r i a l  s a m -  
p l e s  a c t u a l l y  p r o v i d e s  two  p o s s i b l e  t e s t  r e g i o n s  a s  i l l u s -  
t r a t e d  i n  F i g .  3 . 8 .  R e g i o n  I i s  l i m i t e d  i n  h e i g h t  by t h e  
d i s t a n c e  o f  t h e  bow s h o c k  a b o v e  t h e  w e d g e  b o u n d a r y  l a y e r  a t  
t h e  b a s e  o f  t h e  w e d g e .  B e c a u s e  o f  t h i s  s e v e r e  l i m i t a t i o n ,  a 
s i g n i f i c a n t l y  l a r g e r  t e s t  c o r e  i s  b e i n g  p l a n n e d  f o r  a f u t u r e  
f a c i l i t y  w h i c h  w i l l  be  d i s c u s s e d  i n  S e c t i o n  3 . 4 .  Much l a r g e r  
s a m p l e s  c a n  be  t e s t e d  i n  R e g i o n  I I ,  a n d ,  i n  f a c t ,  s a m p l e s  up 
t o  25 i n .  i n  l e n g t h  h a v e  r e c e n t l y  b e e n  u s e d .  T h i s  r e g i o n  c a n  
be  u t i l i z e d  f o r  l o w - d e n s i t y  a b l a t i v e  m a t e r i a l s  w h i c h  may be  
r e q u i r e d  i n  l o c a t i o n s  o f  i n t e r f e r e n c e  h e a t i n g  o r  a s  a g e n e r a l  
s u r f a c e  c o v e r i n g .  

Bow Shock 
~ ' ~ ,  Test Re~ions 

'oo I - - .  Figure 3.8 Wedge sketch 
illustrating 
nomenclature. 

I n  R e g i o n  I I ,  d u p l i c a t i o n  o f  l o c a l  s h e a r  s t r e s s  (~1 )  i s  
p r o b a b l y  t h e  m o s t  r e l e v a n t  p a r a m e t e r  f o r  t h e  g i v e n  t o t a l  
t e m p e r a t u r e  l e v e l  ( T t l ) ,  w h e r e a s  i n  R e g i o n  I d u p l i c a t i o n  o f  
t o t a l  p r e s s u r e  ( P t l )  , t o t a l  t e m p e r a t u r e  ( T t l ) ,  a n d  Mach n u m b e r  
w o u l d  be  r e q u i r e d .  T h i s  i s  a c c o m p l i s h e d  by s e t t i n g  t h e  p r o p e r  
t u n n e l  s t i l l i n g  c h a m b e r  c o n d i t i o n s  a s  i l l u s t r a t e d  i n  F i g .  3 . 9 .  
A summary  o f  t h e  s u p e r s o n i c  f l i g h t  c o n d i t i o n s  w h i c h  c a n  be  
d u p l i c a t e d  i n  t h e  AEDC-VKF h y p e r s o n i c  t u n n e l s  i s  p r e s e n t e d  i n  
F i g .  3 . 1 0 .  T h i s  e n v e l o p e  c o v e r s  a s i g n i f i c a n t  p o r t i o n  o f  t h e  
o p e r a t i n g  e n v e l o p e s  o f  c u r r e n t  a i r c r a f t  a n d  m i s s i l e s .  The 
a p p l i c a t i o n  o f  t h e  c a p a b i l i t y  t o  a s p e c i f i c  e x a m p l e  c a n  now 
be  i l l u s t r a t e d .  

- -  Tank Access Door"..% 

Pamb Tamb 
Ambient Pressure Amb,ent Temperature Po' To' and 8 w can be adjusted such that: Pl "Pamb 

T I - Tam b 

M I - hlfl t 

P~ Too z.."-;~w e 
i J (  

- 4  . . . .  - _ _ l  
I I 

: , i 
t f 

Figure 3.9 Illustration of testing technique used 
to duplicate flight conditions. 

Injection Tank 
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Figu~ ~10 Summary of flight conditions 
which ~n be duplicated in 
VKF continuous~low tunnels 
by wed~ technique. 

C o n s i d e r  a n  a i r - l a u n c h e d  m i s s i l e  t r a v e l i n g  a t  Mach  4 
a n d  6 0 , 0 0 0  f t  f o r  a f l i g h t  d u r a t i o n  t i m e  u p  t o  30  s e c .  W i l l  
t h e  r a d o m e  m a t e r i a l  w i t h s t a n d  t h i s  e n v i r o n m e n t ,  a n d  w h a t  i s  
t h e  m i n i m u m  a m o u n t  o f  m a t e r i a l  r e q u i r e d  f o r  t h e  f i n  a n d  i n  
t h e  f i n  i n t e r f e r e n c e  r e g i o n ?  T h e  f l i g h t  e n v i r o n m e n t s  f o r  
t h e  n o s e  a n d  f i n  r e g i o n s  a r e  s h o w n  i n  F i g .  3 . 1 1 a .  F i g u r e  
3 . 1 1 b  s h o w s  t h e  w i n d  t u n n e l  c o n d i t i o n s  r e q u i r e d  t o  d u p l i c a t e  
t h e s e  e n v i r o n m e n t s .  T h e  a c t u a l  f l i g h t  r a d o m e  a n d  r a d o m e  
s u p p o r t  h a r d w a r e  c o u l d  b e  t e s t e d  i n  t h e  f a c i l i t y  d e s c r i b e d  
i n  S e c t i o n  3 . 4 .  The  f i n  a n d  t h e  m a t e r i a l  t o  b e  u s e d  i n  t h e  
i n t e r f e r e n c e  r e g i o n  c o u l d  b e  t e s t e d  i n  R e g i o n  I I .  A t e s t  
s o m e w h a t  s i m i l a r  t o  t h i s  e x a m p l e  h a s  r e c e n t l y  b e e n  c o n d u c t e d  
f o r  NASA i n  T u n n e l  C. T h e  o b j e c t i v e  o f  t h i s  s p e c i f i c  t e s t  
w a s  t o  o b s e r v e  t h e  b e h a v i o r  o f  a l o w - d e n s i t y  i n s u l a t o r  i n  
t h e  r e g i o n  o f  a 1 - i n . - d i a m  c y l i n d r i c a l  p r o t u b e r a n c e .  A 
s c h l i e r e n  p h o t o g r a p h  o f  t h e  f l o w - f i e l d  d i s t u r b a n c e  i s  p r e -  
s e n t e d  i n  F i g .  3 . 1 2 ,  a n d  t h e  t i m e w i s e  e f f e c t  o n  t h e  m a t e r i a l  
i s  p r e s e n t e d  i n  F i g .  3 . 1 3 .  T h e  h o r i z o n t a l  d a r k  l i n e s  i n  
t h i s  f i g u r e  w e r e  p r o j e c t e d  o n t o  t h e  s a m p l e s  t o  p r o v i d e  a 
s y s t e m  f o r  d e t e r m i n i n g  m a t e r i a l  r e c e s s i o n  r a t e .  U p s t r e a m  
" m o v e m e n t "  o f  t h e  g r i d  l i n e s  c o r r e s p o n d s  d i r e c t l y  t o  t h e  
a m o u n t  o f  m a t e r i a l  e r o d e d  a s  w i l l  b e  d i s c u s s e d  l a t e r .  T h e  
l e f t - h a n d  p h o t o g r a p h  i n  F i g .  3 . 1 3  s h o w s  t h a t  t h e  i n t e r f e r -  
e n c e  f l o w  f i e l d  c a u s e d  b y  t h e  p r o t u b e r a n c e  w a s  s u f f i c i e n t  t o  
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e r o d e  c o m p l e t e l y  t h r o u g h  t h e  1 - i n . - t h i c k  l a y e r  o f  t h i s  p a r -  
t i c u l a r  m a t e r i a l  s a m p l e  i n  j u s t  4 s e c .  

Flight Conditions 

p~ • I. 05 psia 
L. , ~  Tm " -69. 7°F 

T t • 1179OF 
Pt " 159.4 psia 

Local Conditions (Fin) 

Pl : 0.9]4 psia 
M I ~  2.73 
T I ~ 198OF 

These conditions can be determined from analytical or experimental 
techniques. 

a. Flight environment 

Utilizing AEDC-VKF Tunnel C, M m - lO (Real Gas Corrections <4%) 

Nose 

Test Region I (See Fig. 3.8) 

for 8 w - 21. deg 

Po "2000 psia & T o - 1179°F 

The Flow Conditions Are: 

Mlwt " 4. 0 - M~Ofl t 

Ttlwt " 1 ]77°F" Ttflt 

Ptlwt " 159. 4 psia • Ptflt 

Fin 

Test Region II (See Fig. 3.8:) 

for 8w" 29. 7 deg 

Po" %5 psia & T O - 1265°F 

The Flow Conditions Are:. 

MIw t • 2. 73 - Mlflt 

Piwt" (3. 9]4 psia - Plfl t 

Tlwt" I98°F" Till t 

b. Wind tunnel conditions required 
to duplicate flight environment 

Figure 3.11 Illustration of test technique. 

Figure 3.12 Typical Schlieren photograph. 
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Figure 3.13 Photographs illustrating interference 
effects of protuberance. 

The u n i q u e  g r i d  l i n e  p r o j e c t i o n  s y s t e m  m e n t i o n e d  a b o v e  
i s  i l l u s t r a t e d  i n  F i g .  3 . 1 4 .  A s t a n d a r d  s l i d e  p r o j e c t o r  was 
m o u n t e d  on t o p  o f  t h e  t u n n e l ,  a n d  a s l i d e  was made s u c h  t h a t  
g r i d  l i n e s  s p a c e d  a b o u t  2 i n .  a p a r t  w e r e  p r o j e c t e d  o n t o  t h e  
s a m p l e  a t  an a c u t e  a n g l e .  As t h e  m a t e r i a l  s u r f a c e  r e c e d e d ,  
t h e  p r o j e c t e d  l i n e s  t r a n s l a t e d  t o w a r d  t h e  l e a d i n g  e d g e  as  
v i e w e d  f r o m  t h e  p o s i t i o n  o f  t h e  70-mm c a m e r a .  T h i s  s y s t e m  
was c a l i b r a t e d  f o r  e a c h  wedge  a n g l e  and  c a m e r a  i n s t a l l a t i o n  

Grid Line P r o j ~  

70-ram Sequenced Camera Projected Line 

Translation, in. / 

Recession, in. 
Enlargement 

Figure 3.14 Illustration of grid 
line projection system. 
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by  p h o t o g r a p h i n g  a s a m p l e  l e v e l  w i t h  t h e  w e d g e  s u r f a c e  a n d  
t h e n  r e m o v i n g  a k n o w n  t h i c k n e s s  o f  s p a c e r s  a n d  a g a i n  p h o t o -  
g r a p h i n g  t h e  s a m p l e .  An e n l a r g e r  w a s  u s e d  t o  m e a s u r e  t h e  
t r a n s l a t i o n  o f  e a c h  g r i d  l i n e  s o  t h a t  " s c a l e  f a c t o r s "  c o u l d  
b e  d e t e r m i n e d .  T h i s  p r o v i d e d  a m e a n s  o f  o b t a i n i n g  q u a n t i -  
t a t i v e  m e a s u r e m e n t s  o f  t h e  r e c e s s i o n  r a t e  d u r i n g  t h e  r u n  
s i n c e  t h e  s a m p l e s  w e r e  p h o t o g r a p h e d  a t  a n o m i n a l  r a t e  o f  o n e  
f r a m e  e v e r y  t w o  s e c o n d s .  

P h o t o g r a p h s  o f  a s a m p l e  w i t h o u t  a p r o t u b e r a n c e  a r e  s h o w n  
i n  F i g .  3 . 1 5 .  T h e  g r i d  l i n e  p r o j e c t i o n  s y s t e m  c l e a r l y  i l l u s -  
t r a t e s  t h e  f o r m a t i o n  o f  l a r g e  g r o o v e s  i n  t h i s  p a r t i c u l a r  s a m -  
p l e .  As a r e s u l t  o f  t h e s e  t e s t s ,  s o m e  m o d i f i c a t i o n s  w e r e  
m a d e  t o  t h e  m a t e r i a l  t o  i m p r o v e  t h e  p e r f o r m a n c e  i n  t h i s  e n -  
v i r o n m e n t .  

Figure 3.15 Photographs illustrating an 
example of groove formation. 
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I n  a d d i t i o n  t o  p h o t o g r a p h i n g  t h e  s a m p l e ,  i t  was  a l s o  
d e s i r a b l e  t o  o b t a i n  t e m p e r a t u r e  m e a s u r e m e n t s  on t h e  f r o n t  
a n d  b a c k  s u r f a c e s  o f  t h e  s a m p l e s .  The b a c k  s u r f a c e  t e m p e r a -  
t u r e s  w e r e  m e a s u r e d  w i t h  a t h e r m o c o u p l e  a t t a c h e d  t o  t h e  a l u -  
minum p l a t e  ( s u b s t r a t e ) ,  a n d  t h e  f r o n t  f a c e  t e m p e r a t u r e s  w e r e  
m e a s u r e d  w i t h  an  i n f r a r e d  s c a n n i n g  s y s t e m .  The c a m e r a  u s e d  
was  an  AGA m o d e l  680 w h i c h  h a s  a d e t e c t o r  s e n s i t i v e  t o  t h e  
2 -  t o  5 - ~  w a v e l e n g t h  b a n d .  R a d i a n t  f l u x  i s  c o n v e r t e d  t o  an 
e l e c t r o n i c  s i g n a l  w h i c h  i s  t h e n  v i e w e d  on a c o l o r  m o n i t o r  
w h i c h  d i s p l a y s  t h e  t h e r m a l  i m a g e  i n  t e n  d i s t i n c t  c o l o r  b a n d s .  
F i g u r e  3 . 1 6  i l l u s t r a t e s  t y p i c a l  r e s u l t s  f r o m  t h e s e  t e m p e r a -  
t u r e  m e a s u r e m e n t s  on a s i l i c o n e  foam s a m p l e .  S i n c e  t h e s e  
m a t e r i a l s  a r e  g o o d  i n s u l a t o r s ,  t h e  s u r f a c e  t e m p e r a t u r e  r i s e s  
v e r y  q u i c k l y  t o  an  e q u i l i b r i u m  v a l u e ,  w h i l e  t h e  b a c k  f a c e  
t e m p e r a t u r e  r e m a i n s  l e s s  t h a n  1 6 0 ° F .  

,,--Recovery Temperature for 8 w = 17. 5 de9 

AEDC-VKF Tunnel C 
Po" 1800 psia 
z o. 1440oF 

~ -  Front $urface Temperature 

!l I 

Substrate Temperature-~ 

I I I i I I 
20 40 60 80 lO0 120 140 

T i m e ,  S e c  

1500 

1300 

IIO0 

~0 o~- 

E 

500 

300 

100 

Figure 3.16 Silicone foam temperatures 
for ew = 17.5 deg. 

3.3.2 Ten ~ Wind~ield Materials 

A n o t h e r  e x a m p l e  o f  t h i s  w e d g e  t e c h n i q u e  i s  t h e  r e c e n t  
s e r i e s  o f  t e s t s  c o n d u c t e d  on c a n d i d a t e  w i n d s h i e l d  m a t e r i a l s .  

The d e s i g n  o f  s u p e r s o n i c  a i r c r a f t  w i n d s h i e l d s  i s  s t r o n g -  
l y  i n f l u e n c e d  by a e r o d y n a m i c  h e a t i n g .  The w i n d s h i e l d  m u s t  be  
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a b l e  t o  w i t h s t a n d  t h e  s e v e r e  h e a t i n g  e n v i r o n m e n t  a n d  s t i l l  
p r o v i d e  an  u n d i s t o r t e d  v i e w  f o r  t h e  p i l o t .  A w i n d s h i e l d  com-  
p o s e d  o f  s e v e r a l  l a m i n a t e d  p l i e s  o f  c l e a r  p l a s t i c  m a t e r i a l s  
i s  b e i n g  c o n s i d e r e d  f o r  u s e  i n  s u p e r s o n i c  a i r c r a f t  by t h e  A i r  
F o r c e  F l i g h t  D y n a m i c s  L a b o r a t o r y  (AFFDL/FEW). The o b j e c t i v e  
o f  t h e s e  t e s t s  was  t o  e v a l u a t e  t h e  p e r f o r m a n c e  o f  t h r e e  c a n -  
d i d a t e  w i n d s h i e l d  m a t e r i a l s  t o  d e t e r m i n e  t h e  a m o u n t  o f  o p t i -  
c a l  d i s t o r t i o n  c a u s e d  by t h e  r e p e a t e d  e x p o s u r e  o f  t h e  m a t e -  
r i a l s  t o  t h e  c o m b i n e d  a e r o d y n a m i c  h e a t i n g  a n d  p r e s s u r e s .  

Nominal flight conditions of Mach 2.5 at an altitude of 
50,000 ft were chosen to be simulated. The tests were con- 
ducted in the Hypersonic Wind Tunnel (B) of the yon K~rm~n 
Gas Dynamics Facility (VKF) at a nominal free-stream Mach 
number of 6.0. 

For simplicity, and because of model size limitations, 
flat windshield sections (test panels) approximately 8 by 10 
in. were tested in the two-dimensional flow field existing 
behind the wedge. The test panels were subjected to the 
flow for nominal 200-see cycles, and photographs were taken 
after each cycle to evaluate the relative condition of the 
test panels. 

3,3,2.1 Model 

The m o d e l  shown i n  F i g .  3 . 1 7  c o n s i s t e d  o f  a w e d g e  t h a t  
s e r v e d  a s  t h e  f l o w  g e n e r a t o r  a n d  a t e s t  p a n e l  a t t a c h e d  d i -  
r e c t l y  b e h i n d  t h e  w e d g e .  F o u r  p a n e l s  w e r e  t e s t e d :  t h r e e  
w i n d s h i e l d  p a n e l s  a n d  o n e  i n s t r u m e n t e d  p a n e l .  

Region Environment _ ~  ..- Leading Mach 
Free-Stream Conditions ,~ ,~/ , ,~,Line 

885°R. Po" 210 psia 12 deg 

Approach Conditions ~ 4  ~ / / / ~ /  i~  M - 2.27 
T o - 885°R, p - 2. 41 psla 

Windshield Conditions .,,~. / 
® M - L . . p - 4 . 6 o o . j a  . 

T O " 885°R Re. = 4. 2 x 106 i c.\~" ~ - /  \ ~ ~Windshield Test 
' x ,  l ~ ~ " . /  

" - - ~  Inboard Face Co.ditiom--s~ _~, ~ / r 25 d~ Panel 

~ , "  1 1 ~  ~ P a r a l l e l  to Tunnel 
\ p -  /Center,,. 
\ 

Figure 3.17 Windshield test environment. 
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The  t h r e e  w i n d s h i e l d  p a n e l s ,  p r o v i d e d  by  P i t t s b u r g  P l a t e  
G l a s s  I n d u s t r i e s  u n d e r  AFFDL c o n t r a c t ,  w e r e  o f  i d e n t i c a l  c o n -  
s t r u c t i o n  e x c e p t  f o r  t h e  o u t b o a r d  s u r f a c e  p l i e s  o f  t h e  l a m i -  
n a t e d  p l a s t i c  m a t e r i a l .  The  w i n d s h i e l d  p a n e l s  w e r e  c o m p o s e d  
o f  a l t e r n a t e  l a y e r s  o f  p l a s t i c  m a t e r i a l s .  

An i n s t r u m e n t e d  p a n e l  w a s  u s e d  t o  d e t e r m i n e  t h e  h e a t -  
t r a n s f e r  r a t e  a n d  p r e s s u r e  e n v i r o n m e n t  on  t h e  o u t b o a r d  s u r f a c e  
o f  t h e  w i n d s h i e l d  p a n e l s  t e s t e d .  Ten  p r e s s u r e  o r i f i c e s  a n d  
n i n e  G a r d o n - t y p e  h e a t - t r a n s f e r - r a t e  g a g e s  w e r e  l o c a t e d  on  t h e  
s u r f a c e  o f  t h e  i n s t r u m e n t e d  p a n e l .  

To e v a l u a t e  t h e  r e l a t i v e  d e t e r i o r a t i o n  o f  t h e  o p t i c a l  
q u a l i t y  o f  t h e  w i n d s h i e l d  p a n e l s ,  p h o t o g r a p h s  w e r e  t a k e n  o f  a 
g r i d  p a t t e r n  v i e w e d  t h r o u g h  t h e  w i n d s h i e l d  p a n e l s .  T h e s e  
p h o t o g r a p h s  w e r e  t a k e n  p r i o r  t o  t h e  t e s t  a n d  a f t e r  e a c h  t i m e  
a p a n e l  was  e x p o s e d  t o  t h e  t u n n e l  f l o w .  The  p h o t o g r a p h s  w e r e  
t a k e n  w i t h  a H a s s e l b l a d  c a m e r a  w h i c h  was  m o u n t e d  on a b r a c k e t  
l o c a t e d  b e h i n d  t h e  m o d e l .  The  b r a c k e t  was  p e r m a n e n t l y  m o u n t e d  
t o  t h e  m o d e l  s u p p o r t ,  w h i l e  t h e  c a m e r a  was  i n s t a l l e d  f o r  t h e  
g r i d  p h o t o g r a p h s  a n d  t h e n  r e m o v e d  b e f o r e  t h e  m o d e l  was  i n -  
j e c t e d  i n t o  t h e  t u n n e l .  The  c a m e r a  was  l o c a t e d  26 i n .  b e h i n d  
t h e  w i n d s h i e l d  p a n e l ,  a n d  t h e  c a m e r a  l i n e - o f - s i g h t  was  22 d e g  
( s a m e  a s  p i l o t ' s  v i e w )  r e l a t i v e  t o  t h e  p a n e l .  

Flow-field photographs were taken periodically by a 
s t a n d a r d  r e f o c u s e d  s h a d o w g r a p h  s y s t e m .  G e n e r a l  c o v e r a g e  1 6 -  
mm c o l o r  m o t i o n  p i c t u r e s  w e r e  o b t a i n e d  a t  24 f r a m e s / s e c .  

3.3.2.2 Test Conditions 

The  a r e a  o f  an  a i r c r a f t  w i n d s h i e l d  w h i c h  w o u l d  n o r m a l l y  
r e c e i v e  t h e  h i g h e s t  h e a t i n g ,  a n d  t h e r e f o r e  t h e  a r e a  t h a t  w o u l d  
p r o b a b l y  f a i l  f i r s t  b e c a u s e  o f  o v e r h e a t i n g ,  i s  t h a t  a r e a  d i -  
r e c t l y  b e h i n d  t h e  a i r c r a f t  n o s e  a n d  on  i t s  c e n t e r l i n e .  A 
t y p i c a l  s u p e r s o n i c  a i r c r a f t  n o s e  s h a p e  w i t h  t h e  f l o w  e n v i r o n -  
m e n t  d e p i c t e d  i n  t h e  a r e a  o f  i n t e r e s t  i s  s h o w n  i n  F i g .  3 . 1 8 .  

For simplicity, a two-dimensional wedge model was chosen 
to simulate the "approach flow conditions of the aircraft nose. 
A two-dimensional, inviscid, oblique-shock solution was 
assumed to determine the appropriate Mach number and pressure 
to simulate the flight environment. Because of size limita- 
tions, the approach length of the aircraft nose could not be 
simulated. However, conditions were such that fully turbulent 
boundary-layer flow approached the test panel, as was expected 
to be the case for the flight environment. The test environ- 
ment predicted by the inviscid two-dimensional solution is 
shown in Fig. 3.18. 
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,--Location of Maximum 
i Heating on Windshield 

~ - Upper Surface / 
Approximately I - P ~ ' /  

'~ Half-Cone / ~ ' ~ _ ~ b % ~  

~ t =  15ft J 
-I 

Region Environment 

Free-Stream Conditions 
~ ,  Moo - 2.5at 50,000 ft 

393°R, poo • 1. 69 psia 
X~ 885°R, Po " 28. 8 psia 

Approach Conditions 
M - 2.27 
T o - 885°R, p - 2. 41 psla 

® 

® Windshield Conditions 
M - 1.81, p - 4.60psla . 
T O = 885°R, Ret. = 45 x 100 i 

Cabin Conditions 1 

Figure 3.18 Windshield flight environment. 

3.3.2.3 Test Procedure 

At t h e  b e g i n n i n g  o f  t h e  t e s t ,  a s i n g l e  i n j e c t i o n  o f  t h e  
m o d e l  ( w i t h  t h e  i n s t r u m e n t e d  p a n e l  i n s t a l l e d )  was  made t o  
d e t e r m i n e  t h e  t e s t  e n v i r o n m e n t  o f  t h e  w i n d s h i e l d .  

Each  w i n d s h i e l d  p a n e l  was  p r e h e a t e d  t o  a p p r o x i m a t e l y  
1 4 0 ° F  ( t o  s i m u l a t e  t h e  e x p e c t e d  t e m p e r a t u r e  u n d e r  n o r m a l  
f l i g h t  c o n d i t i o n s  a t  s u b s o n i c  s p e e d s ) ,  i n s t a l l e d  b e h i n d  t h e  
w e d g e  m o d e l ,  a n d  t h e n  i n j e c t e d  i n t o  t h e  t u n n e l  f l o w  f o r  a 
n o m i n a l  2 0 0 - s e c  p e r i o d .  S h a d o w g r a p h  p h o t o g r a p h s  w e r e  t a k e n  
a t  4 - s e c  i n t e r v a l s ,  a n d  m o t i o n  p i c t u r e s  w e r e  t a k e n  c o n t i n u -  
o u s l y  t o  o b s e r v e  a n y  p a n e l  d e t e r i o r a t i o n .  The t h e r m o c o u p l e s  
e m b e d d e d  i n  t h e  w i n d s h i e l d  p a n e l  w e r e  r e c o r d e d  c o n t i n u o u s l y  
w h i l e  t h e  w i n d s h i e l d  p a n e l  was  e x p o s e d  t o  t e s t  c o n d i t i o n s .  
P h o t o g r a p h s  w e r e  t a k e n  o f  a g r i d  p a t t e r n  t h r o u g h  t h e  w i n d -  
s h i e l d  p a n e l  p r i o r  t o  t h e  t e s t ,  a n d  e a c h  t i m e  t h e  m o d e l  was  
r e t r a c t e d  a f t e r  e x p o s u r e  t o  t e s t  c o n d i t i o n s .  A f t e r  e a c h  
i n j e c t i o n ,  t h e  w i n d s h i e l d  p a n e l  was  c o o l e d  t o  a p p r o x i m a t e l y  
140°F  on t h e  i n b o a r d  s u r f a c e .  T h i s  p r o c e s s  was r e p e a t e d  
f o r  t e n  i n j e c t i o n s  o r  u n t i l  t h e  w i n d s h i e l d  p a n e l  f a i l e d .  

3.3.2.4 Materials Evaluation 

The p r i m a r y  o b j e c t i v e  o f  t h e  t e s t s  was t o  d e t e r m i n e  t h e  
a m o u n t  o f  o p t i c a l  d i s t o r t i o n  c a u s e d  by t h e  r e p e a t e d  e x p o s u r e  
o f  t h e  w i n d s h i e l d  m a t e r i a l s  t o  t h e  c o m b i n e d  a e r o d y n a m i c  
h e a t i n g  a n d  p r e s s u r e s .  The r e l a t i v e  o p t i c a l  d i s t o r t i o n  d u e  
t o  e x p o s u r e  t o  t e s t  c o n d i t i o n s  c a n  be  d e t e r m i n e d  f r o m  t h e  
s e q u e n c e  o f  g r i d  p h o t o g r a p h s  shown i n  F i g s .  3 . 1 9  a n d  3 . 2 0 .  
A p o s t t e s t  p h o t o g r a p h  o f  P a n e l  3 ( F i g .  3 . 2 1 )  s h o w s  t h e  e x -  
t e n t  o f  s u r f a c e  d e t e r i o r a t i o n .  L a r g e  b u b b l e s  f o r m e d  u n d e r  
t h e  t o p  p l y  o f  t h i s  p a n e l  c a u s i n g  t h e  s u r f a c e  t o  c r a c k  
s e v e r e l y .  
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Figure 3.19 Panel No. 3 before testing. 

Figure 3.20 Panel No. 3 after test completion 
(test time = 405 sec). 

Figure 3.21 Panel No. 3. 
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3.4 FUTURE CAPABILITIES 

The e x i s t i n g  a e r o t h e r m a l  t e s t i n g  c a p a b i l i t i e s  i n  T u n n e l s  
B a n d  C a r e  p r i m a r i l y  d e s i g n e d  f o r  t e s t i n g  l a r g e  f l a t  s a m p l e s  
o r  s m a l l  h e m i s p h e r i c a l  n o s e s .  I n  r e c e n t  y e a r s ,  t h e  n e e d  f o r  
a e r o t h e r m a l  t e s t i n g  o f  f u l l - s c a l e  i n f r a r e d  domes  ( o r  r a d o m e s )  
h a s  a l s o  b e c o m e  i m p o r t a n t .  

C u r r e n t  h i g h - p e r f o r m a n c e  a i r c r a f t  a r e  c a p a b l e  o f  f l i g h t  
Mach n u m b e r s  i n  t h e  2 . 0  t o  2 . 5  r a n g e  f o r  b r i e f  p e r i o d s  o f  
t i m e .  F l i g h t  a t  t h e s e  c o n d i t i o n s  c a n  p r o d u c e  a i r c r a f t  s k i n  
t e m p e r a t u r e s  i n  e x c e s s  o f  4 0 0 ° F .  A d v a n c e d  a i r c r a f t  w i l l  be  
c a p a b l e  o f  s u s t a i n e d  f l i g h t  a t  Mach 3 ,  w h i c h  i n c r e a s e s  s k i n  
t e m p e r a t u r e s  t o  o v e r  7 0 0 ° F .  And f i n a l l y ,  f o r  t h e s e  a i r c r a f t  
t o  b e  e f f e c t i v e ,  t h e y  m u s t  c a r r y  w e a p o n s  w h i c h  o p e r a t e  i n  
t h e  Mach 4 - p l u s  r e g i m e .  As a r e s u l t ,  s t a g n a t i o n  t e m p e r a t u r e s  
c a n  e x c e e d  1 , 1 0 0 ° F  ( s e e  F i g .  3 . 2 2 ) .  When m i s s i l e s  a r e  

Air-Launched 
100 F Advanced Missiles "~  

~ 80 ~- Aircraft .'~l \ , , , ~  
/ Current , ,. ~.'~ . \ 

, 

Stagnation Temperatures 
~0°F 6O0 1000 1~0 

• i I 211 
1.0 2.0 3.0 4.0 5.0 

Math Number 

Figure 3.22 Definition of environment. 

l a u n c h e d  a n d  a c c e l e r a t e  t o  t h e i r  d e s i g n  Mach n u m b e r ,  t h e  p r o -  
t r u d i n g  domes w h i c h  h o u s e  t h e  g u i d a n c e  e q u i p m e n t  a n d  p r o v i d e  
i t s  " v i e w "  o f  t h e  t a r g e t  may e x p e r i e n c e  t h e s e  l a r g e  t e m p e r a -  
t u r e  i n c r e a s e s  i n  a v e r y  s h o r t  t i m e  p e r i o d .  T h i s  " t h e r m a l  
s h o c k "  c a n  be s e v e r e  e n o u g h  t o  c a u s e  s t r u c t u r a l  f a i l u r e  o f  t h e  
t h e  domes  a s  i l l u s t r a t e d  i n  F i g .  3 . 2 3 .  I n  l e s s  s e v e r e  c a s e s ,  
t h e  s t r u c t u r e  o f  t h e  dome may s u r v i v e ,  b u t  t h e  s o p h i s t i c a t e d  
g u i d a n c e  s y s t e m  may r e c e i v e  a d i s t o r t e d  " i m a g e "  t h r o u g h  t h e  
dome.  To d e m o n s t r a t e  t h e  o p e r a t i o n a l  r e l i a b i l i t y  o f  t h e s e  
domes  a n d  t o  u t i l i z e  t h e  " b e s t "  dome m a t e r i a l s ,  g r o u n d  t e s t s  
a r e  n e e d e d  t o  s c r e e n  a n d  q u a l i f y  m a t e r i a l s .  
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Figure 3.23 Thermal shock damage. 

H a v i n g  d i s c u s s e d  some o f  t h e  a e r o t h e r m a l  p r o b l e m  a r e a s ,  
l e t  u s  now l o o k  a t  t h e  e x i s t i n g  c a p a b i l i t i e s  o r  t o o l s  w h i c h  
c a n  be  u s e d  t o  h e l p  s o l v e  t h e s e  p r o b l e m s .  The a d v a n t a g e s  and 
d i s a d v a n t a g e s  o f  t h e  v a r i o u s  a p p r o a c h e s  a r e  l i s t e d  i n  T a b l e  
3 . 4 .  W h i l e  e a c h  a p p r o a c h  h a s  i t s  a d v a n t a g e s ,  t h e r e  a r e  s t i l l  
s e v e r a l  u n d e s i r a b l e  c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  e a c h  
t e c h n i q u e .  The p r o p o s e d  a e r o t h e r m a l  t e s t  c a p a b i l i t y  c a n  e l i m -  
i n a t e  many o f  t h e  " u n d e s i r a b l e  c h a r a c t e r i s t i c s "  a n d ,  t h e r e -  
f o r e ,  p r o v i d e  a u n i q u e  t e s t  c a p a b i l i t y  f o r  t h e  f l i g h t  r e g i m e  
o f  c u r r e n t  i n t e r e s t .  

Table 3.4 Pros and Cons of Existing Capabilities 

Technique 

FIkjht Testing 

Track Test 

Radiant Heating Test 

AMI~i~I Solutions 

Existing WInd Tunnels 

Hkjh-Enthatpy Facilities 
(Arc Jets, Combustion 
Heaters, etc. ) 

Pros 

Real World: 
No Assumptions 

Real Hardware 
Severe Test Envi ronment 
(High T~ 

Real Hardware 
ltelatlvely I he,pensive 
Versatile 

Inexpensive 
Fast 
Versatile 

Relatively inexpensive 
Verset[le 
Simulation of Pressure 

and Shear 

Can Produce High Temperatures 
Relatively I nexponslve 

Cons 

Very Expensive 
Long Lead Times Required 
FligM Safety Approval Difficulties 

Short Exposure Times 
Requires Extrapolation 
H~h Cost 

Poor Duplication nt Flight 
No Pressure-Loading 
No Shear Forces 

Unrealistic for Compie~ Flow 
Unrealistic for Comple~ Geometry 
Requires MaW Assumptions 

Cannot Ouplicate Temperatures 
Requires Extrapolation 

"Dirty"FIow (Part~cles, Grit, 
or ForekJn Gases) 

Usually Small Test Core 
Undefined Aerodynamic Environment 
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Development of an improved aerothermal test capability 
should, of course, address the weaknesses of existing capa- 
bilities and, for economic reasons, incorporate their posi- 
tive factors. Because the VKF is basically an aerodynamic 
test facility, its strength and experience lie in providing 
high quality (clean) aerodynamic ground testing. Our 
approach, therefore, follows these guidelines. 

The approach used in the planning of the improved aero- 
thermal test capability was to study the existing AEDC air 
supply systems to determine how they could be utilized to 
achieve an increased capability. Emphasis was placed on 
duplication of flight conditions in the supersonic Mach 
number regime. 

Basically, an improved aerothermal capability can be 
obtained by providing a new stilling chamber and nozzle in 
place of the e~isting Mach l0 nozzle in Tunnel C. The 
design of this modification has been completed under AEDC 
sponsorship. Figure 3.24 emphasizes the interchangeability 
between the existing Mach I0 nozzle and the planned Mach 4 
nozzle. With the Mach 4 nozzle installed, the facility will 
provide an important supersonic aerothermal test capability. 
Mach l0 performance of Tunnel C will be retained requiring 
only a few days to interchange nozzles. 

--Supersonic Aerothermal -Windows for Model Inspection 
Final Design I ~  or Photography 

Tank Entrance Door /~'I,.~ v / ~ 4 r ~ l l l [  Ill l L 
~ i o n ~  l ~ l  IIII IIII ~Y.,.> 
or Inspection ~ ~LIIII I I~ I III LA..r~ ~- 

Figure 3.24 Interchangeability of Mach 
10 and Mach 4 nozzles. 
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T h e  s p e c i f i c  f e a t u r e s  o f  t h e  a e r o t h e r m a l  t e s t  c a p a b i l i t y  
a r e  l i s t e d  a s  f o l l o w s :  

1 .  2 5 - i n . - d i a m  T e s t  S e c t i o n  

2 .  C o n t i n u o u s  Mach N u m b e r  4 F l o w  

3 .  D u p l i c a t e  P r e s s u r e  a n d  D e n s i t y  A l t i t u d e s  f r o m  5 5 , 0 0 0  
to I00,000 ft, (i.e., 24 ~ Po ~ 200 psia) 

4. Duplicated Stagnation Temperatures up to 1,180°F 

5. Provisions for Mach Number 3 Nozzle 

6. Nozzles Are Interchangeable with Current Maeh Number 
10 Nozzle 

7. Vastly Improved Supersonic Heat-Transfer Testing 
Capability 

D u p l i c a t e d  p r e s s u r e  a n d  d e n s i t y  a l t i t u d e s  m e a n  t h a t  t h e  f r e e -  
s t r e a m  p r e s s u r e  a n d  t e m p e r a t u r e  i n  t h i s  t u n n e l  w i l l  b e  i d e n -  
t i c a l  t o  t h o s e  i n  t h e  U. S .  S t a n d a r d  A t m o s p h e r e  f o r  t h e  a l t i -  
t u d e  r a n g e  s h o w n .  To p r o v i d e  t h e s e  m a t c h e d  c o n d i t i o n s  d o w n  t o  
s e a  l e v e l  w o u l d  r e q u i r e  a m a j o r  f a c i l i t y  w i t h  p l a n t  a n d  h e a t e r  
c a p a b i l i t i e s  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h o s e  w h i c h  e x i s t  t o -  
d a y .  H o w e v e r ,  s i n c e  Mach n u m b e r  4 f l i g h t  a t  s e a  l e v e l  i s  n o t  
c o m m o n l y  e n c o u n t e r e d ,  s u c h  a f a c i l i t y  i s  n o t  c o n s i d e r e d  e s -  
s e n t i a l  a t  t h e  p r e s e n t  t i m e .  

A significant "spinoff" of the aerothermal capability 
will be improved quality of supersonic heat-transfer data 
which can be obtained in this facility as compared with cur- 
rent capabilities (see Fig. 3.25). The quality of heat- 
transfer data is proportional to the difference between the 

• E +•0 

Jl 

Jg a 

>40 
0 

Aerothermal Tunnel. M m -4--~,~, .~ ~_.~nnel  C. Moo - 10 

/ / ' "  el B. M m • 8 

~ T u n n e l  B, Moo- 6 

l I I I I I I ] 
200 400 600 800 1.0~ 1,200 1.400 1,600 

Driving Patential, T O - T w 

Figure  3 . 2 5  I m p r o v e d  hea t - t rans fe r  capab i l i t y .  

51 



AE DC-TR-78-3 

t u n n e l  s t a g n a t i o n  t e m p e r a t u r e  and  t h e  m o d e l  w a l l  t e m p e r a t u r e .  
T h a t  i s ,  t h e  l a r g e r  (T O - Tw) , t h e  b e t t e r  t h e  q u a l i t y  o f  t h e  
h e a t - t r a n s f e r  d a t a .  H e a t - t r a n s f e r  t e s t s  i n  t h e  s u p e r s o n i c  
s p e e d  r e g i m e  a r e  c u r r e n t l y  c o n d u c t e d  i n  t h e  VKF/Tunne l  A, 
w h i c h  was n o t  o r i g i n a l l y  d e s i g n e d  ( T u n n e l  A was d e s i g n e d  i n  
t h e  e a r l y  1 9 5 0 ' s  a n d  became  o p e r a t i o n a l  a b o u t  1958)  f o r  
h e a t - t r a n s f e r  t e s t i n g .  The a e r o t h e r m a l  t u n n e l  w i l l  p r o v i d e  
a t e m p e r a t u r e  d i f f e r e n c e  (To - Tw) o f  a b o u t  1 , 0 0 0 ° F ,  w h i c h  
w i l l  e n a b l e  m e a s u r e m e n t  o f  h e a t - t r a n s f e r  d a t a  t o  b e t t e r  t h a n  
±10 p e r c e n t .  
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4.0 HYPERBALLISTIC RANGE G 

The thorough evaluation o f  materials selected as candi- 
dates for external surfaces of reentry vehicles requires 
clean air ablation, erosion, and boundary-layer transition 
testing in ground-based test facilities. To obtain ground 
test data that are directly applicable to the reentry flight 
case, it is frequently necessary to duplicate rather than 
just simulate important aspects of the reentry environment. 
For example, in obtaining materials data applicable to re- 
entry vehicles with large ballistic coefficients, a major 
problem is to duplicate simultaneously velocity, stagnation 
enthalpy, and stagnation pressure corresponding to a point 
in the reentry trajectory. The significant advantage of 
the aeroballistic range in this regard is that it does have 
the capability to duplicate simultaneously the very high 
levels of stagnation enthalpy and pressure at Mach numbers 
corresponding to peak heating portions of reentry trajectories. 
In addition, the quiescent environment of the range facilitates 
simulation of various types of erosive encounters by means 
of free-falling particles which closely resemble those found 
in the natural environment in terms of size, concentration, 
and structure. 

Historically, the free-flight Range G has been adapted 
to meet a wide range of test requirements other than its 
originally intended mission. Concentrated efforts during 
the past ten years in such areas as model launching tech- 
niques, test environment simulation, and specialized instru- 
mentation have resulted in the emergence of Range G as a 
viable and versatile facility for testing reentry materials. 
Interest in providing the Range G with a model guidance 
capability to further improve test capability began in 1970. 
The concept was shown to be feasible but was generally con- 
sidered to be unjustifiable by the ablation testing need 
alone. However, in 1972, the justifiability for such a 
capability was markedly increased by the need for ground 
test simulation of RV nosetip encounter with atmospheric 
hydrometeors. Thus, a decision was made to initate a 
joint project between AEDC and ABRES to install a track 
and recovery system in Range G. Subsequently, a 160-ft, 
1-5/8-in.-diam system was developed and studied. This 
system was installed in Pilot Range K and used extensively 
to develop a technology base for the design and operation 
of the Range G track, which was placed in operation in 
March 1977. The track system includes a retraction ca- 
pability so that the free-flight mode of operation is 
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retained. Thus, materials tests may be conducted in free- 
flight or with track guidance. 

To acquire meaningful data under realistic test condi- 
tions, a state-of-the-art technology has been developed for 
Range G to overcome facility limitations associated with 
the severe model launch and in-flight environment, the short 
test time, and the acquisition of data from a hypervelocity 
test article. In particular, this advanced technology is 
manifest in the following capabilities: (i) model guidance 
for trajectory control, (2) models suitable for ablation, 
erosion, boundary-layer transition, and heat-transfer 
testing, (3) measurement of material response to aerothermal 
and erosive environments, (5) model recovery, and 
(6) advanced data reduction techniques. 

The test techniques and hardware, which have been 
developed for use in the Range G track and which collec- 
tively comprise its materials testing capability, are 
described in the following sections. 

4.1 FACILITY DESCRIPTION 

The major subsystems which comprise the Range G track 
facility are (i) a model launcher device, (2) a model guidance 
system including the track and its ancillary hardware, (3) a 
model recovery system that is used to dissipate the kinetic 
energy of the test article without significant damage, (4) 
a test model that is either a full- or reduced-scaled flight 
vehicle, (5) an environmental system, the basic component 
of which is the 10-ft-diam range tank, to provide a wide range 
of environmental simulation such as high-altitude flight in 
clear air, erosive particle encounter, or special chemically 
inert environments, and (6) an instrumentation system capable 
of in-flight data acquisition. Each of the subsystems is 
described in detail in the following sections. 

4.1.1 Model Launcher System 

Range G is equipped with a 2.5-in.-caliber, two-stage, 
powder-hydrogen gun approximately 150 ft long. This gun, re- 
ferred to as the GO4 laundher, is the fourth generation two- 
stage gun that has been developed for use with Range G. It 
has been in use for about eight years and has launched over 
one thousand models. A conservative limit of performance for 
this launcher based on structural considerations for a range 
of models and sabots that have been tested extensively in 
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Range G is shown in Flg. 4.1. Model/sabot combinations that 
exceeded the limit curve by a considerable margin have been 
successfully launched many times; however, a "harder" than 
average launch package has been required for reliable oper- 
ation in this regime. In this regard, it is likely that 
experience with track models which do not require a sepa- 
rate sabot will result in definition of a new limit curve 
displaced to the right of the present curve. 
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Figure 4.1 Range G launching capabilities - typical models. 

4.1.2 Guidance and Recovery Systems 

T h e  c o n c e p t  o f  t r a j e c t o r y  c o n t r o l  w h i c h  h a s  b e e n  u t i -  
l i z e d  f o r  t h e  R a n g e  G t r a c k  i s  t o  c o n f i n e  t h e  t e s t  a r t i c l e  
t o  a s t r a i g h t - l i n e  t r a j e c t o r y  by f o u r  s u r r o u n d i n g  g u i d e  
r a i l s  a s  s h o w n  s c h e m a t i c a l l y  i n  F i g .  4 . 2 .  T h e  m a i n  a d v a n -  
t a g e s  o b t a i n e d  by  t r a j e c t o r y  c o n t r o l  a r e  t h a t  t h e  m o d e l  c a n  
s u b s e q u e n t l y  b e  r e c o v e r e d  f o r  p o s t t e s t  e x a m i n a t i o n ,  a n d  
s i g n i f i c a n t  l a t i t u d e  i s  g a i n e d  i n  many  c r i t i c a l  a r e a s  o f  
d e s i g n  s u c h  a s  i n s t r u m e n t a t i o n  a n d  e r o s i v e  f i e l d  s y s t e m s .  
T h e  m a i n  c o m p o n e n t s  o f  t h e  t r a c k  i n s t a l l a t i o n  ( F i g .  4 . 3 )  
a r e :  a l a u n c h  t u b e  e x t e n s i o n  t o  r e d u c e  m u z z l e  p r e s s u r e ,  
a m u z z l e  a d a p t e r / r e c o i l  s e c t i o n  t o  a l l o w  f o r  g u n  r e c o i l  

P 

a p p r o x i m a t e l y  9 1 0  f t  o f  g u i d a n c e  t r a c k  f o r m e d  by  f o u r  
r a i l s  i n  a c r u c i f o r m  p a t t e r n  i n s i d e  a 7 - i n . - I D  s t e e l  t u b e ,  
a n d  a s u p p o r t / s t o w a g e  s y s t e m .  Q u i c k - o p e r a t i n g  v a l v e s  a t  
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r a n g e  b u l k h e a d s  a r e  p r o v i d e d  s o  t h a t  t h e  t e s t  p r e s s u r e  o r  
r a n g e  g a s  c o m p o s i t i o n  may be  s t a g e d  a l o n g  t h e  t r a c k .  

At  t h e  e n d  o f  i t s  g u i d e d  f l i g h t ,  t h e - t e s t  m o d e l  e n t e r s  
a r e c o v e r y  d e v i c e  w h e r e  i t s  e n e r g y  i s  d i s s i p a t e d  i n  t h e  
c o m p r e s s i o n  o f  g a s  i n  a l o n g  t u b e .  M o d e l  r e c o v e r y  i s  p a r t i -  
c u l a r l y  u s e f u l  f o r  c e r t a i n  t y p e s  o f  t e s t s  w h e r e  i n - f l i g h t  
p h o t o g r a p h y  c a n n o t  f u l l y  c h a r a c t e r i z e  m o d e l  s u r f a c e  f e a t u r e s  
b e c a u s e  o f  e i t h e r  r e s o l u t i o n  l i m i t s  o r  h i d d e n  c o n t o u r s .  

EcnaVn~rO;meT~l Field ~-~eUnSeff~:ldr (T) ~- Snowfield 
) ~Generator (Typ.) 

Figure 4.2 Range G track guidance system. 

~ LAUNCH TUBE /--LAUNCH TUBE / - -  VERTICAL SUPPORT 
/ ROD roov, oo , 

RECOVERY TUBE GAS CHARGING SYSTEM~ CONVERGING RAILS---~ 

IILB ~. U_ ~ 1 U_I~B 6lI~ I ~Qov,~ Qov, ,ov~Qo~, \ _L  ./__ 

Slt' : : 45 ''==i~r" , • 455' j l 
TO MI D-RANGE 

/ 

BULKHEAD 

Figure 4.3 Range G track installation. 
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4.1.3 Test Models 

A Range G track test model is required to withstand ac- 
celeration loads of up to 200,000 g's during launch (at 
18,000 ft/sec), survive extreme heating rates and erosive 
particle encounters during the test period, and finally 
withstand deceleration loads of up to 120,000 g's during 
recovery. In addition, the ballistic coefficient must 
be large in order to minimize timewise variation in test 
conditions. For the free-flight case, these requirements 
were satisfied for materials testing applications by the 
development of a model/sabot package which combined an 
open base sabot with a heavy model (Fig. 4.4). Adaptation 
of this model concept to track guidance was accomplished 
by making the sabot an integral part of the model which 
forms the track "runner." An additional benefit of this 
concept is that retention of all the launched weight in 
the test model results in improvement in model ballistic 
coefficient, and hence less velocity decay in flight. A 
more comprehensive description o~ models developed for 
specific test applications is given in a later section. 

A E D C  
3 4 3 5 - 7 4  

• ~ ~ ."i. ~. ~. ~ ;  o,-~ 

.-.!~; 

,nce Groove 

..... 9 - "  

Figure 4.4 Typical free-flight material test model. 
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4.1.4 Environmental Systems 

A major advantage of the Range G track facility is the 
straightforward manner in which erosive particle fields may 
be simulated because of its quiescent free-stream environment. 
The range tank itself is the basic component of the environ- 
mental system and provides an operating pressure range of 0.2 
torr to one atmosphere. The aerothermal environment to which 
a test article is exposed is determined by its velocity and 
the ambient pressure and temperature. It is shown in Fig. 
4.5 that the velocity range of interest for materials testing 
can produce stagnation pressures in excess of 350 arm and 
stagnation enthalpies of almost 6,000 Btu/ib. Any arbitrary 
level of stagnation pressure enthalpy may be obtained by 
appropriate test velocity and ambient pressure combination. 
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Figure 4.5 Aerotharmal simulation capabilities 
for materials testing, 

The t e c h n o l o g y  r e q u i r e d  f o r  g e n e r a t i o n  of  f r e e - f a l l i n g  
p a r t i c u l a t e s  was d e v e l o p e d  f o r  Range G f r e e - f l i g h t  t e s t i n g  
and has  s u b s e q u e n t l y  been a d a p t e d  t o  t r a c k  o p e r a t i o n .  
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Types  o f  e n v i r o n m e n t s  w h i c h  h a v e  b e e n  d e v e l o p e d  i n c l u d e :  (1 )  
s n o w f i e l d s  c o n s i s t i n g  o f  d e n d r i t i c - c r y s t a l  s n o w f l a k e s ,  (2)  
d u s t f i e l d s  c o n s i s t i n g  o f  s p h e r i c a l  p a r t i c l e s  o f  v a r i o u s  
s i z e s  and  m a t e r i a l s ,  (3)  w a t e r  d r o p l e t  c l o u d s  c o n s i s t i n g  o f  
p a r t i c l e s  l e s s  t h a n  100 ~ i n  d i a m e t e r ,  and  (4)  r a i n f i e l d s  
c o n s i s t i n g  o f  a p p r o x i m a t e l y  1 - m m r a i n d r o p s .  H o w e v e r ,  a t  
t h e  p r e s e n t  t i m e ,  h a r d w a r e  i s  f a b r i c a t e d  and  i n s t a l l e d  f o r  
o n l y  d u s t  and  snow t e s t i n g  on  t h e  t r a c k .  A l l  t h e  e r o s i v e  
f i e l d s  w h i c h  h a v e  b e e n  d e v e l o p e d  f o r  r a n g e  t e s t i n g  m e e t  t h e  
s i m u l a t i o n  r e q u i r e m e n t s  i n  r e g a r d  t o  r e a l i s t i c  f i e l d  c o n -  
c e n t r a t i o n  and  i m p a c t  f r e q u e n c y .  T h i s  i s  i l l u s t r a t e d  f o r  
d u s t  i n  F i g .  4 . 6 ,  w h e r e  i t  i s  shown t h a t  number  d e n s i t y  a n d  
p a r t i c l e  s i z e  c o m b i n a t i o n s  may be c h o s e n  t o  p r o d u c e  a v e r y  
w i d e  r a n g e  o f  f i e l d  c o n c e n t r a t i o n s .  The i n t e r a c t i o n  w h i c h  
o c c u r s  b e t w e e n  a n o s e t i p  and  e r o s i v e  p a r t i c l e s  d u r i n g  
e n c o u n t e r  i s  shown i n  F i g .  4 . 7  f o r  t h e  c a s e  o f  a f r e e -  
f l i g h t  g r a p h i t e  n o s e t i p  p a s s i n g  t h r o u g h  a s n o w f i e l d .  Bow 
s h o c k  d i s t o r t i o n s  and  a p lume  o f  d e b r i s  f r o m  t h e  s u r f a c e  
a r e  a p p a r e n t .  A l t h o u g h  m o s t  e n v i r o n m e n t a l  f i e l d s  a r e  s i m u -  
l a t e d  i n  a i r ,  s p e c i a l i z e d  e n v i r o n m e n t s  ( n i t r o g e n ,  a r g o n ,  
h e l i u m ,  e t  a l . )  c an  be  s a t i s f a c t o r i l y  i n t r o d u c e d  f o r  u n i q u e  
t e s t  r e q u i r e m e n t s .  

T e c h n i q u e s  f o r  c o n d u c t i n g  s i n g l e  p a r t i c l e  i m p a c t  t e s t s  
h a v e  b e e n  d e v e l o p e d  t o  an o p e r a t i o n a l  s t a t u s .  W a t e r  d r o p s  
o f  u n i f o r m  s i z e  and  s p a c i n g  can  be  g e n e r a t e d  u n d e r  a c t u a l  
t e s t  c o n d i t i o n s  u s i n g  a m o n o d i s p e r s e  d r o p  g e n e r a t o r .  I n  
a d d i t i o n ,  a d u s t  c a p a b i l i t y  h a s  b e e n  p r o v i d e d  by s u s p e n d i n g  
s i n g l e  d u s t  p a r t i c l e s  on 1 5 - ~ m - d i a m  s i l k  t h r e a d s .  
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Figure 4.6 Erosive field concentration in terms 
of particle size and number density. 
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Figure 4.7 Graphite nosetip passing through snowfield. 

4.1.5 Instrumentation Systems 

The instrumentation for the Range G track facility con- 
sists of specially designed high-speed photographic, electro- 
optical, and electronic systems. The various instrumentation 
systems, along with the primary intended function for each, 
are listed in Table 4.1. These systems are described briefly 
in this section. 

Table 4.1 Range G Instrumentation Systems 
for Materials Testing 

I Numberof I Primary 
System Stations* Functions 

FroM-Light Laser Photography 7 To Provide in-flight photocjraphs 
from which nosatip-recession data 
may be oblai ned. 

Stereo Laser Photography 1 To Provide in-flicjht stereo photo- 
9raphs from which mass eroded and 
roughness data may be extracted. 

X-Ray Shadowcj raphs 7 To provide photographic data (with 
flducial marks} for use with time 
data for accurate determination of 
model velocity. 

Photopyrometers 4 To provide in-flight surface tam- 
peratu re data. 

Environment Cameras 15 To provide photocjraphs for charac- 
terization of erosive fields. 

Five-Frame Sequential Laser Photography ] To provide photographic coveracje of 
high-speed events such as erosive 
particietbew shock interaction. 

Model Detectors 30 To provide pulses for accurate 
triggerincj ot phetographic system 
light sources and camera shutlers. 

Data Acquisition and Control System IOACSI 1 To sequence events necessary Ior 
track operation and to acquire and 
record all liming information. 

• lU, umber of systems is the number currently proposed and is subject to chanqe dependi~ on 
measurement requirements, funding situations, etc. 
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4.1.5.1 Laser Photographic Systems 

L a s e r  p h o t o g r a p h y  i s  u s e d  i n  R a n g e  G t o  p r o v i d e  
i n - f l i g h t  m e a s u r e m e n t s  o f  m o d e l  n o s e t i p  r e c e s s i o n .  The  
s t a n d a r d  f r o n t - l i g h t  l a s e r  p h o t o g r a p h y  s y s t e m s  w h i c h  w e r e  
d e v e l o p e d  f o r  f r e e - f l i g h t  t e s t i n g  i n  R a n g e  G h a v e  b e e n  m o d i -  
f i e d  t o  t a k e  a d v a n t a g e  o f  t h e  f a c t  t h a t  t e s t  m o d e l s  on t h e  
t r a c k  a r e  c o n f i n e d  t o  a known f l i g h t  p a t h .  L a r g e  v i e w f i e l d s  
and  d e p t h s - o f - f i e l d  a r e  n o t  r e q u i r e d  a s  t h e y  a r e  i n  t h e  f r e e -  
flight case, and hence higher magnification, and, therefore, 
better photographic resolution, is achieved. 

A s c h e m a t i c  o f  a t y p i c a l  l a s e r  p h o t o g r a p h i c  s y s t e m  f o r  
T r a c k  a p p l i c a t i o n s  i s  shown i n  F i g .  4 . 8 .  T h i s  o p t i c a l  a r r a n g e -  
m e n t  p r o v i d e s  a c o m b i n a t i o n  o f  d i f f u s e  f r o n t  and  b a c k  l i g h t i n g  
t h r o u g h  a p p r o p r i a t e  s l o t s  i n  t h e  t r a c k  t u b e .  T h i s  a r r a n g e m e n t  
p r o d u c e s  a m a g n i f i c a t i o n  o f  a p p r o x i m a t e l y  0 . 7 ,  a n d  p e a k  p h o t o -  
g r a p h i c  r e s o l v a b i l i t y  o f  s u c h  a s y s t e m  h a s  b e e n  shown t o  be  
a p p r o x i m a t e l y  25 ~m. F o r  c o m p a r i s o n ,  t h e  r e s o l u t i o n  o f  t h e  
l a s e r  p h o t o g r a p h y  s y s t e m s  c o n f i g u r e d  f o r  f r e e - f l i g h t  t e s t i n g  
i s  200 #m. T h i s  i m p r o v e m e n t  i n  p h o t o g r a p h i c  r e s o l u t i o n  r e -  
d u c e s  t h e  a v e r a g e  u n c e r t a i n t y  o f  n o s e t i p  r e c e s s i o n  m e a s u r e -  
m e n t s  f r o m  ± 2 . 5  m i l s  t o  a b o u t  ±1 m i l ,  r e s p e c t i v e l y .  

PulseC Ruby 
,M! 

B2 

4x5  
Cart1 

Collimating Track Tubl 
Lens A~o~hh.. 

Filter 

M2 ~- 33 cm-- I 

MI High-Energy Reflector 
h~ Front-Surtece M~'r~r 

G t, C~ Ground-Glass Diffuser 
G 3 M~rrored Ground Glass 
B t Beamsphtter, 50~TI50~R 

B2 Been'splitter, 80~TI20~R 

Camera Lens: 135-rrm f. I.. f11.6 

Figure 4.8 Track front4ight/back-light laser 
photography system. 
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4.1.5.2 X-Ray Shadowgraphs 

X - r a y  s h a d o w g r a p h  s y s t e m s  p r o v i d e  t h e  p r i m a r y  means  f o r  
m o d e l  v e l o c i t y  m e a s u r e m e n t s  i n  R a n g e  G. By s u r v e y i n g  t h e  
l o c a t i o n s  o f  f i d u c i a l  m a r k i n g s  w i t h i n  e a c h  v i e w f i e l d  and  by 
d i g i t a l l y  r e c o r d i n g  t h e  t i m e s  o f  e a c h  X - r a y  e x p o s u r e ,  m o d e l  
v e l o c i t y  c a n  be  m e a s u r e d  w i t h  an o v e r a l l  u n c e r t a i n t y  on t h e  
o r d e r  o f  ± 0 . 1  p e r c e n t .  The p o s s i b i l i t y  o f  a d d i n g  f i d u c i a l  
r e f e r e n c e s  t o  t h e  l a s e r  p h o t o g r a p h i c  s y s t e m s  s o  t h a t  t h e s e  
s y s t e m s  may be  u s e d  f o r  a d d i t i o n a l  v e l o c i t y  m e a s u r e m e n t  
s t a t i o n s  h a s  b e e n  i n v e s t i g a t e d .  P r e l i m i n a r y  i n d i c a t i o n s  
a r e  t h a t  t h i s  c a n  be  d o n e  w i t h  a p p r o x i m a t e l y  t h e  same  m e a s u r e -  
men t  u n c e r t a i n t y  a s  w i t h  t h e  X - r a y  s y s t e m s .  

A n o t h e r  i m p o r t a n t  a p p l i c a t i o n  o f  t h e  X - r a y  s h a d o w g r a p h  
s y s t e m s  i s  f o r  c a s e s  w h e r e  e i t h e r  t h e  m o d e l  s u r f a c e  i s  o b -  
s c u r e d  by an o p a q u e  s h o c k  l a y e r  o r  w h e r e  k n o w l e d g e  o f  some 
i n t e r n a l  f e a t u r e  o f  t h e  m o d e l  i s  d e s i r e d .  The f o r m e r  s i t u a -  
t i o n  a r i s e s  w h e r e  m a s s i v e  m o d e l  e r o s i o n  p r e c l u d e s  m e a n i n g f u l  
i n t e r p r e t a t i o n  o f  l a s e r  p h o t o g r a p h s .  D u r i n g  c e r t a i n  m e t a l  
n o s e t i p  a b l a t i o n  t e s t s ,  f o r  e x a m p l e ,  a b l a t i o n  m a t e r i a l  com-  
p l e t e l y  f i l l s  t h e  d i m e n s i o n  r e f e r e n c e  g r o o v e s  on t h e  m o d e l ,  
o b s c u r i n g  them i n  l a s e r  p h o t o g r a p h s .  I n  s u c h  i n s t a n c e s ,  X-  
r a y  s h a d o w g r a p h s ,  a l t h o u g h  o f  p o o r e r  o p t i c a l  q u a l i t y  t h a n  
l a s e r  p h o t o g r a p h s ,  a l l o w  v i s u a l i z a t i o n  o f  t h e  r e f e r e n c e  
g r o o v e s  a n d  d e t e r m i n a t i o n  o f  n o s e t i p  r e c e s s i o n .  

K n o w l e d g e  o f  i n t e r n a l  f e a t u r e s  o f  t h e  m o d e l  d u r i n g  f l i g h t  
i s  d e s i r e d  f o r  c e r t a i n  t y p e s  o f  t e s t s ,  s u c h  a s ,  w h e r e  f l u i d  i s  
e x p e l l e d  f r o m  a c a v i t y  by movemen t  o f  a p i s t o n .  An e x a m p l e  
o f  s u c h  a m o d e l  i s  o n e  d e v e l o p e d  f o r  t e s t i n g  t r a n s p i r a t i o n -  
c o o l e d  n o s e t i p  c o n c e p t s .  The c o o l a n t  mass  f l o w  r a t e  h i s t o r y  
i s  d e d u c e d  f r o m  t h e  p o s i t i o n  o f  t h e  p i s t o n  f o r  a s e r i e s  o f  
t i m e s  d u r i n g  f l i g h t .  T h e s e  t i m e s  c o r r e s p o n d  t o  p o i n t s  a l o n g  
t h e  r a n g e  a t  w h i c h  X - r a y  s h a d o w g r a m s  a r e  o b t a i n e d  and  f r o m  
w h i c h  p i s t o n  p o s i t i o n  may be  m e a s u r e d .  

4.1.5.3 Photographic Pyrometry Systems 

T h e s e  s y s t e m s  a r e  e m p l o y e d  i n  R a n g e  G f o r  i n - f l i g h t  
m o d e l  s u r f a c e  t e m p e r a t u r e  m e a s u r e m e n t s  a s  shown s c h e m a t i c a l l y  
i n  F i g .  4 . 9 .  The p h o t o p y r o m e t r y  s y s t e m s  f e a t u r e  i m a g e  i n t e n s i -  
f i e r  c a m e r a s  a n d  o p t i c s  t o  a f f o r d  v i e w i n g  a n g l e s  o f  a p p r o x i -  
m a t e l y  17 deg  f r o m  h e a d - o n .  P r o x i m i t y - f o c u s e d  i m a g e  i n t e n s i -  
f i e r s  w i t h  f i b e r  o p t i c  c o u p l i n g  t o  t h e  r e c o r d i n g  f i l m  ( G e n e r -  
a t i o n  I i m a g e  i n t e n s i f i e r s )  a r e  e m p l o y e d  i n  two p h o t o p y r o m e t r y  
s y s t e m s ,  a n d  more  s e n s i t i v e  G e n e r a t i o n  I I  i m a g e  i n t e n s i f i e r s  
f e a t u r i n g  m i c r o c h a n n e l  p l a t e  a m p l i f i e r s  a r e  u s e d  i n  two o t h e r  
s y s t e m s .  A l l  i n t e n s i f i e r s  h a v e  S-20R s p e c t r a l  r e s p o n s e s ;  i . e . ,  
t h e y  r e s p o n d  t o  v i s i b l e  and  n e a r - i n f r a r e d  r a d i a t i o n  o u t  t o  a 
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w a v e l e n g t h  o f  a p p r o x i m a t e l y  0 . 9 3  pm. I t  i s  e s t i m a t e d  t h a t  
t h e  l o w e r  t e m p e r a t u r e  m e a s u r e m e n t  l i m i t s  f o r  t h e  p h o t o p y r o m -  
e t e r s  a r e  a p p r o x i m a t e l y  1 , 6 0 0 ° K  f o r  t h e  G e n e r a t i o n  I s y s t e m s  
and  a p p r o x i m a t e l y  1 , 2 0 0 ° K  f o r  t h e  G e n e r a t i o n  I I  s y s t e m s .  The 
u p p e r  m e a s u r e m e n t  l i m i t  f o r  a l l  s y s t e m s  i s  a p p r o x i m a t e l y  4 , 5 0 0 ° K .  
M e a s u r e m e n t  u n c e r t a i n t y  f o r  e i t h e r  s y s t e m  i s  a p p r o x i m a t e l y  100°K.  

S y s t e m s  w e r e  d e s i g n e d  s o  t h a t  t h e  i m a g e  i n t e n s i f i e r  c a m -  
e r a s  c a n  be  r e m o v e d  c o n v e n i e n t l y  f rom t h e  r a n g e  a n d  t r a n s p o r t e d  
t o  t h e  l a b o r a t o r y  f o r  c a l i b r a t i o n .  G r a p h i t e - a r c  l a m p s  a n d  
o t h e r  l o w e r  t e m p e r a t u r e  b l a c k b o d y  s o u r c e s  a r e  m a i n t a i n e d  a s  
t e m p e r a t u r e  s t a n d a r d s  i n  t h e  l a b o r a t o r y .  

To e n s u r e  t h a t  t h e  p h o t o p y r o m e t r y  s y s t e m s  d e t e c t  o n l y  
i n c a n d e s c e n t  r a d i a t i o n  f r o m  t h e  m o d e l  s u r f a c e  a n d  t h u s  p r o v i d e  
a c c u r a t e  m e a s u r e m e n t s  o f  m o d e l  s u r f a c e  t e m p e r a t u r e ,  i t  i s  
n e c e s s a r y  t o  q u e n c h  o r  c o n s i d e r a b l y  d e c r e a s e  c h e m i l u m i n e s c e n c e  
and  s h o c k  c a p  r a d i a t i o n .  T h i s  i s  a c h i e v e d  i n  t h e  r a n g e  v i a  
u s e  o f  h e l i u m - f i l l e d  c h a m b e r s  a t  e a c h  p h o t o p y r o m e t r y  m e a s u r e -  
men t  s t a t i o n .  Each  p h o t o g r a p h  ( v i z ;  s u r f a c e  t e m p e r a t u r e  
m e a s u r e m e n t )  i s  made w h i l e  t h e  m o d e l  i s  t e m p o r a r i l y  i n  " f l i g h t "  
w i t h i n  an i n e r t  h e l i u m  a t m o s p h e r e .  

1 mage- I ntensifier Device- Notes: 
Fiber-Optics Coupling to Film L Distance along optical axis from 

camera lens to focal plane. 34.5 in. 
2. Distance from camera lens to 

mirror: -12 in. 
3. Magnification: O. 3 

Camera Lens - 
8 In Focal Length Image-lntenslfler Camera - - /  f;~. 5" ' 

FFocal Plane "~ ,/--Elliptical, Fro nt-Surface Mirror 

i J " " ~ - -  ~ ~  Flight Oirectlon 
,L 

~ 1 ~ \ \ \ \ \ \ \ \ \ \ \ ~ % 1  . ~ % \ \ \ \ - . . \ \ \ \ \ \ \ ~ _ . . .  __ __ __. ~ 

Figure 4.9 Track photopyrometer geometry. 

4.1.5.4 Erosive Environment Photographic Systems 

T h e s e  s y s t e m s  p r o v i d e  p h o t o g r a p h s  f o r  u s e  i n  t h e  c h a r a c -  
t e r i z a t i o n  o f  e r o s i v e  f i e l d s .  Back  l i g h t i n g  w i t h  x e n o n  f l a s h  
l a m p s  i s  u s e d  t o  p r o v i d e  good  d e f i n i t i o n  o f  p a r t i c l e  e d g e s .  
P h o t o g r a p h i c  s y s t e m s  f o r  t r a c t  a p p l i c a t i o n  w e r e  d e s i g n e d  
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with "quick disconnect" features to faciliate and expedite 
installation on or removal since removal of the systems is 
necessary before placing the track in its stowed position. 
The light source, field optics, and camera for each system 
are mechanically fixed with respect to one another and can 
be removed (or installed) as a unit without disturbing the 
optical alignment. Photographic resolution of Track G 
systems has been measured to be on the order of 50 ~m, 
whereas resolution of comparable Range G systems is approxi- 
mately 175 ~m. Depth-of-field for the 50-~m resolution with 
the Track G system is approximately 25 mm. 

4 . 1 . 5 . 5  Sequent ia l  Laser P h o t o g r a p h y  S y s t e m  

An innovative sequential laser photographic system has 
been designed for Range G and successfully applied in Pilot 
Range K for the observation of one-on-one encounters between 
erosive particles and the test model/bow shock. This system, 
shown schematically in Fig. 4.10, consists essentially of 
five individual backlight laser photography systems located 
very close to one another. Images formed by the five individ- 
ual backlight systems are separated from one another geometri- 
cally; i.e., light from one particular laser enters only one 
particular lens of the multi-lens camera. Specially designed 
electronics allow the time between laser firings (photographic 
exposures) to be varied from I00 nsec to i00 Dsec. At the 
minimum time between frames of I00 nsec, an effective framing 
rate of 107/sec is achieved. 

Snow, Dust, or ' ~ _ ~ 1  
Other Environmental / , ~ l E ~  II U 
Field Generator ..//" 

~ , / - ' /  

• ~ .  , t : .  

~ ~ . ~  Fivel ndividua I 
Ira.e, Fo, 

~ L c - . ~ : t L % . ~ , .  on the Film 

Five Pulsed Ruby Lasers - Fired Sequent|aLly when 
Model Is in View Fleld (Time belween Laser F|rincjs 
(Exposures) Can Be Varied from 100 nsec to 100 psec) 

F igure  4 . 1 0  Sequent ia l  laser p h o t o g r a p h y  system.  
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t=O t = 1.04 psec 

! 
i , 

! 

, ; ii ) ' 

I 
i 

t = 3. 12 IJ sec t = 4. 16 IJ sec 

Model Velocity: 2,570 m/sec 
Range Pressure: 25 torr 
I-rnm-diam Dust Beads 

• ! • 

i • 

t = 2.08 IJsec 

I , : ' 

Figure 4.11 Sequential laser photographs depicting model and bow 
shock interactions with water droplets in Range K. 

i 
t = 0 t = 0.5 #sec t : 1,0 t~sec 

Figure 4 .12 

t = 1.5 l.lsec t = 2 . 0  lJsec 

Model Velocity: 3, 660 mlsec 
Range Pressure: 350 torr 
1-mm-diam Water Droplets 

Sequential laser photographs depicting model and bow 
shock interactions with water droplets in Range K. 
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E x a m p l e s  o f  t h e  u s e  o f  t h e  s e q u e n t i a l  l a s e r  p h o t o g r a p h y  
s y s t e m  i n  R a n g e  K a r e  s h o w n  i n  F i g s .  4 . 1 1  a n d  4 . 1 2 .  I n  F i g .  
4 . 1 1 ,  t h e  e n c o u n t e r s  o f  f i r s t  t h e  bow s h o c k  a n d  t h e n  t h e  
m o d e l  w i t h  t w o  1 - m m - d i a m  d u s t  b e a d s  a r e  p i c t u r e d .  T h e  d u s t  
b e a d s  w e r e  s u s p e n d e d  on  v e r y  f i n e  s i l k  t h r e a d s .  I n  F i g .  4 . 1 2  
1 - m m - d i a m  w a t e r  d r o p l e t s  i n  f r e e  f a l l  a r e  s h o w n  b e t w e e n  t h e  
m o d e l  a n d  i t s  bow s h o c k ,  a n d  t h e n  t h e  e n c o u n t e r  o f  o n e  o f  
t h e  w a t e r  d r o p l e t s  w i t h  t h e  m o d e l  s u r f a c e  i s  d e p i c t e d  o v e r  
a p e r i o d  o f  2 P s e c ,  a t  a f r a m i n g  r a t e  o f  2 x 1 0 6 / s e c .  

4.1.5.6 Stereo Laser Photography Systems 

A s t e r e o  p h o t o g r a p h y  t e c h n i q u e  u s i n g  L a s e r  i l l u m i n a t i o n  
h a s  b e e n  d e v e l o p e d  i n  R a n g e  K t r a c k  a s  a m e t h o d  f o r  o b t a i n i n g  
i n - f l i g h t  c r a t e r  a n d  s u r f a c e  r o u g h n e s s  m e a s u r e m e n t s .  T h e  
m o d e l  n o s e  i s  i l l u m i n a t e d  by  d i f f u s e r  l a s e r  l i g h t  ( p u l s e d  
r u b y  l a s e r ) ,  a n d  a s t e r e o  p a i r  o f  c a m e r a s  v i e w s  t h e  m o d e l  
n o s e  f r o m  t h e  l e f t  a n d  r i g h t  a t  a n g l e s  o f  a p p r o x i m a t e l y  20 
d e g  f r o m  h e a d - o n .  An e x a m p l e  o f  a s t e r e o  p a i r  o f  p h o t o g r a p h s  
o f  a t e s t  m o d e l  i n  f l i g h t  i n  R a n g e  K i s  s h o w n  i n  F i g .  4 . 1 3 .  
Two d i s c r e t e  c r a t e r s  on  t h e  m o d e l  n o s e  c a u s e d  by i m p a c t s  w i t h  
w a t e r  d r o p l e t s  a r e  r e a d i l y  d i s c e r n i b l e ,  a s  a r e  s u r f a c e  e j e c t a  
r e s u l t i n g  f r o m  t h e  i m p a c t s .  

Model Velocity: 2,440 mtsec (8, 000 ft/sec) 
Total Angle between Cameras: 40 deg 

Figure 4.13 Stereo photographs of laser-illuminated 
Range K model, 
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S t e r e o  p h o t o g r a p h s  s u c h  as  t h o s e  shown i n  F i g .  4..13 r e -  
q u i r e  f u r t h e r  p r o c e s s i n g  t o  p r o d u c e  e l e v a t i o n  c o n t o u r  maps o f  
t h e  n o s e  r e g i o n  and  t h e  d e s i r e d  c r a t e r  and  s u r f a c e  r o u g h n e s s  
d a t a .  The u s e  o f  s t e r e o  p l o t t e r  d e v i c e s  t h a t  p r o v i d e  r e c o n -  
s t r u c t i o n  o f  t h e  t h r e e - d i m e n s i o n a l  i m a g e  i s  b e i n g  i n v e s t i g a t e d  
f o r  t h i s  p u r p o s e .  

4.2 TYPES OF MATERIALS TESTS 

Types  o f  m a t e r i a l s - r e l a t e d  t e s t s  w h i c h  h a v e  b e e n  c o n -  
d u c t e d  i n  t h e  Range  G i n c l u d e  (1)  a b l a t i o n ,  (2)  e r o s i o n ,  
(3)  n o s e t i p  t r a n s i t i o n ,  (4)  h e a t  t r a n s f e r ,  a n d  (5 )  t r a n s p i r a -  
t i o n  c o o l i n g .  The v a r i o u s  t y p e s  o f  h i g h - t e m p e r a t u r e  m a t e r i a l s  
w h i c h  h a v e  b e e n  t e s t e d  i n c l u d e  v a r i o u s  g r a d e s  o f  b u l k  g r a p h i t e s ;  
c a r b o n / c a r b o n s  o f  s e v e r a l  d i f f e r e n t  c o n s t r u c t i o n s ,  c a r b o n  
p h e n o l i c s  o f  v a r i o u s  k i n d s ,  q u a r t z  p h e n o l i c ,  and  a number  o f  
h i g h - t e m p e r a t u r e  t u n g s t e n  a l l o y s .  In  a l l ,  c l o s e  t o  a t h o u s a n d  
s h o t s  h a v e  b e e n  f i r e d  o v e r  a p e r i o d  o f  e i g h t  y e a r s  i n  s u p p o r t  
o f  m a t e r i a l s  d e v e l o p m e n t  p r o g r a m s .  Fo r  m a t e r i a l s  t e s t i n g  i n  
t h e  a e r o b a l l i s t i c  r a n g e ,  d i s c u s s i o n  o f  m o d e l s  and  t y p e s  o f  
t e s t i n g  a r e  n o t  c l e a r l y  s e p a r a b l e  b e c a u s e  o f  t h e i r  i n t e r d e -  
p e n d e n c e .  T h e r e f o r e ,  t y p e s  o f  m a t e r i a l  t e s t i n g  d i s c u s s e d  i n  
t h i s  s e c t i o n  a r e  i l l u s t r a t e d  w i t h  p a r t i c u l a r  m o d e l s  w h i c h  
h a v e  b e e n  d e v i s e d  t o  m e e t  s p e c i f i c  r e q u i r e m e n t s .  

A t y p i c a l  m o d e l  c o n f i g u r a t i o n  f o r  n o s e t i p  a b l a t i o n /  
e r o s i o n / t r a n s i t i o n  t e s t i n g  i s  shown i n  F i g .  4 . 1 4 .  The e x -  
t e r n a l  m o d e l  c o m p o n e n t s  a r e  (1)  c a r r i e r ,  (2)  c a r r i e r  h e a t  
s h i e l d ,  (3)  s p e c i m e n  h o l d e r ,  and  (4)  t e s t  s p e c i m e n .  In  t h i s  
c a s e ,  a s i n g l e  m o d e l  i s  u s e f u l  f o r  d i f f e r e n t  t y p e s  o f  t e s t i n g  
b e c a u s e  t h e  d i f f e r e n c e s  a r e  i n  t h e  t e s t  e n v i r o n m e n t  f o r  e x -  
a m p l e ,  a b l a t i o n  t e s t i n g  r e q u i r e s  a h i g h - v e l o c i t y ,  h i g h - p r e s -  
s u r e  c l e a r  a i r  e n v i r o n m e n t ;  e r o s i o n  t e s t i n g  r e q u i r e s  t h e  a d -  
d i t i o n  o f  e r o s i v e  f i e l d s ;  and  t r a n s i t i o n  t e s t i n g  r e q u i r e s  a 
r e l a t i v e l y  l o w - p r e s s u r e  c l e a r  a i r  e n v i r o n m e n t .  O b v i o u s l y ,  
t h e s e  t y p e s  o f  t e s t i n g  may be  c o m b i n e d  f o r  s p e c i a l  p u r p o s e s ;  
f o r  i n s t a n c e ,  s u c h  as  m i g h t  be  r e q u i r e d  f o r  i n v e s t i g a t i o n  o f  
e f f e c t s  o f  e r o s i o n - p a r t i c l e  i n d u c e d  r o u g h n e s s  on c l e a r  a i r  
a b l a t i o n  o r  t r a n s i t i o n .  

The 2 . 5 - i n .  d i a m e t e r  o f  t h e  t r a c k  p e r m i t s  h e m i s p h e r i c a l  
t e s t  s p e c i m e n s  o f  up t o  2 . 2 5  i n .  i n  d i a m e t e r  t o  be  t e s t e d .  
A c u t  s p h e r e  n o s e t i p  w h i c h  ha s  b e e n  u t i l i z e d  i n  f r e e - f l i g h t  
e r o s i o n  t e s t i n g  o f f e r s  t h e  a d v a n t a g e  o f  s i m u l a t i n g  up t o  3 i n .  
i n  n o s e t i p  d i a m e t e r  w i t h  o n l y  a m i n o r  f l o w - f i e l d  m o d i f i c a t i o n .  
B a l l i s t i c  c o e f f i c i e n t s  f o r  t y p i c a l  m o d e l s  o f  t h i s  ~ y p e  a r e  
e x p e c t e d  t o  r a n g e  f rom 50 t o  100 l b / f t  2 .  
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J 

Specimen Internal Strut -7 / :   nuo 

Heat Shield IPolycarbonate 
Resin) 

Figure 4.14 Typical nosetip ablation/ 
erosion/transition model. 

A h e a t  s h i e l d  m o d e l  w h i c h  h a s  b e e n  u s e d  i n  e r o s i o n  t e s t s  
i s  s h o w n  i n  F i g .  4 . 1 5 .  T h i s  d e s i g n  f e a t u r e s  t h e  b a s i c  c a r r i e r  
w i t h  a f o u r - s i d e d  p y r a m i d - t y p e  f o r e b o d y .  A p o r t i o n  o f  e a c h  
s u r f a c e  i s  c o m p r i s e d  o f  a n  a b l a t i o n  t e s t  s p e c i m e n  m o u n t e d  a t  
a n  o b l i q u e  a n g l e  t o  t h e  f l o w  t o  s i m u l a t e  t h e  h e a t  s h i e l d  c a s e .  
S p e c i m e n s  c u t  f r o m  f o u r  d i f f e r e n t  f u l l - s c a l e  h e a t  s h i e l d s  c a n  
b e  e v a l u a t e d  s i m u l t a n e o u s l y .  

Heat Shield 

"1 
J . 6.5 in. 

a. Model design 

~ Carrier 
(Polycarbonate 
Resin) 

b. Recovered model 
Figure 4.15 Heat shield ablation model. 
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An area of current interest in the field of RV nosetip 
technology is that of transpiration cooling. Testing re- 
quirements in this area have been addressed by development 
of a model, shown in Fig. 4.16, which incorporates an inno- 
vative pressurized fluid reservoir. Nosetips of this type 
which have been tested were of metallic construction and 
utilized discrete shots for transpirant injection. 

- Kennertium(~) W_2 
(Ballast) 

TCNT {See Fig. 4.16b)-~ ~ 

\ \  

Water Reservoir ---/ 

Propellant Holder V 

- :3. (~ I - - i  . . ~  16° 

Piston ~ Pr imer  "" 

All Dimensions in Inches 

a. Model base 

• - - - - - - - -  0. 8 ~  ~ 

• - -  0. 745 - - ~  

~-0 .388 .  I 

l .  O. O. 160 O. 310 

f 

0. 650 R - - - - /  Orifice Plug 
Aerojet  TCNT 

All Dimensions in Inches 

b. Aerojet TCNT and orifice plug 
Figure 4.16 TCNT model for free-flight testing. 
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Though  n o t  a m a t e r i a l s  t e s t i n g  c a p a b i l i t y  p e r  s e ,  m o d e l s  
h a v e  b e e n  d e v i s e d  f o r  f r e e - f l i g h t  t e s t i n g  w h i c h  m e l t  d u r i n g  
f l i g h t  i n  s u c h  a way t h a t  h e a t i n g  r a t e s  c an  be  d e d u c e d .  Such 
m o d e l s  u t i l i z e  a t h i n  t a p e r e d  o u t e r  s h e l l  f a b r i c a t e d  f r o m  a 
h i g h  t h e r m a l  c o n d u c t i v i t y  m e t a l  w h i c h  m e l t s  p r o g r e s s i v e l y  f r o m  
t h e  t r a i l i n g  e d g e  f o r w a r d ,  a s  shown i n  F i g .  4 . 1 7 .  The r e l a t i o n -  
s h i p  o f  t h i s  t y p e  o f  m o d e l  t o  m a t e r i a l s  t e s t i n g  i s  t h a t  f l o w  
p h e n o m e n o n ,  w h i c h  p l a y s  a v i t a l  r o l e  i n  n o s e t i p  p e r f o r m a n c e  a n d  
w h i c h  i s  m a n i f e s t  i n  t h e  s u r f a c e  h e a t i n g  d i s t r i b u t i o n ,  may be  
i n v e s t i g a t e d  a t  f u l l - s c a l e  Mach n u m b e r s  and  b o u n d a r y - l a y e r  
t h i c k n e s s e s  u s i n g  t h i s  t e c h n i q u e .  Two s t u d i e s  w h i c h  h a v e  b e e n  
c o n d u c t e d  u s i n g  t h i s  c a p a b i l i t y  h a v e  a d d r e s s e d  e f f e c t s  o f  s u r -  
f a c e  r o u g h n e s s  a n d  e n t r o p y  l a y e r  s w a l l o w i n g  on h e a t i n g .  Such 
a m o d e l  c o n c e p t  c o u l d  a l s o  be a d a p t e d  t o  t r a c k  t e s t i n g .  

Development of other specialized test models will be 
initiated in the future as dictated by test requirements. 

Figure 4.17 Sequence of laser photographs illustrating 
melt line measurement technique. 

4.3 FACILITY LIMITATIONS 

The facility limitations inherent in aeroballistic range 
testing are (I) short test time - which can be increased only 
by lengthening the range, and (2) model size limitation imposed 
by the diameter of launch tube and track system. Both these 
limitations have been addressed in feasibility studies of an 
upgraded facility. Launch tube/track diameters of up to 5 in. 
and range lengths up to 5,000 ft have been considered. Although 
such a new facility would be quite costly, the benefits which 
could be obtained may be justifiable. For example, one 

72 



AE DC-TR-78-3 

a s p e c t  o f  n o s e t i p  t e s t i n g  t o  w h i c h  t h e  r a n g e  i s  n o t  c u r r e n t l y  
a p p l i c a b l e ,  a n d  w h i c h  no o t h e r  g r o u n d  t e s t  f a c i l i t y  c a n  a d -  
d r e s s ,  i s  t h a t  o f  s h a p e  c h a n g e  p h e n o m e n o l o g y .  A f a c t o r  o f  
f i v e  i n c r e a s e  i n  t h e  p r e s e n t  r a n g e  l e n g t h  w o u l d  r e s u l t  i n  
a significant capability in this regard in that sufficient 
t e s t  t i m e  w o u l d  be  a v a i l a b l e  f o r  a n o s e t i p  t o  a b l a t e  t o  a 
s t e a d y - s t a t e  s h a p e  a t  a g i v e n  t e s t  c o n d i t i o n .  T h i s  p a r t i -  
c u l a r  p r o b l e m  i s  o n e  o f  much c u r r e n t  i n t e r e s t ,  a n d  i n a b i l i t y  
t o  s i m u l a t e  s i m u l t a n e o u s l y  l e v e l s  o f  Mach number  a n d  s t a g -  
n a t i o n  p r e s s u r e  a n d  e n t h a l p y  e n c o u n t e r e d  d u r i n g  r e e n t r y  p r e -  
c l u d e s  t h i s  t y p e  o f  t e s t i n g  i n  e i t h e r  c o n v e n t i o n a l  w i n d  t u n -  
n e l s  o r  a r c  j e t s .  

A n o t h e r  p r o b l e m  a r e a  w h i c h  i s  e n c o u n t e r e d  i n  a e r o b a l l i s t i c  
r a n g e  t e s t i n g  i s  f r e q u e n c y  o f  m o d e l  f a i l u r e  d u r i n g  l a u n c h .  F o r  
t y p e s  o f  m o d e l s  w h i c h  h a v e  n o t  b e e n  t e s t e d  e x t e n s i v e l y ,  f a i l u r e  
r a t e s  o f  up t o  50 p e r c e n t  may be  e x p e r i e n c e d .  I n  a d d i t i o n  t o  
l o s s  o f  d a t a ,  s u c h  f a i l u r e s  may r e s u l t  i n  damage  t o  e i t h e r  t h e  
l a u n c h  t u b e  o r  t r a c k ,  o r  b o t h .  H o w e v e r ,  m o d e l s  w h i c h  h a v e  b e e n  
t e s t e d  e x t e n s i v e l y  f r e q u e n t l y  e x c e e d  9 0 - p e r c e n t  r e l i a b i l i t y .  
I n  a d d i t i o n ,  w e l d i n g  t e c h n i q u e s  h a v e  b e e n  d e v e l o p e d  by w h i c h  
l a u n c h  t u b e s  and  t r a c k  s e c t i o n s  may be  s a t i s f a c t o r i l y  r e p a i r e d  
w i t h o u t  d i s a s s e m b l y .  O t h e r  f a c i l i t y  p r o b l e m s  p e c u l i a r  t o  t h e  
t r a c k  i n s t a l l a t i o n  h a v e  n o t  b e e n  f u l l y  a s s e s s e d  b e c a u s e  o f  
t h e  l i m i t e d  o p e r a t i o n a l  e x p e r i e n c e  w h i c h  h a s  b e e n  a c c u m u l a t e d  
at this time. 

4.4 FUTURE CAPABILITY 

The R a n g e  G m a t e r i a l s  t e s t i n g  c a p a b i l i t y  i s  c o n t i n u a l l y  
b e i n g  u p g r a d e d  f o r  f u t u r e  t e s t i n g  i n  a l l  a r e a s .  D e v e l o p e d  
m o d e l s  a r e  a v a i l a b l e  t o  m e e t  c u r r e n t l y  a n t i c i p a t e d  t e s t  r e -  
q u i r e m e n t s ,  a n d  i m p r o v e m e n t s  i n  t h i s  r e g a r d  a r e  e x p e c t e d  t o  
r e s u l t  i n  r e f i n e m e n t s  t o  e x i s t i n g  d e s i g n s .  Some a c t i v i t y  
i s  e x p e c t e d  i n  t h e  n e a r  f u t u r e  i n  s u p p o r t  o f  a s y m m e t r i c  
n o s e t i p  t e c h n o l o g y ,  a n d  d e v e l o p m e n t  o f  a p p r o p r i a t e  m o d e l  
t y p e s  w i l l  r e q u i r e  a f a i r l y  r a d i c a l  d e p a r t u r e  f r o m  c u r r e n t  
d e s i g n  t y p e s .  T h e r e f o r e ,  t h i s  d e v e l o p m e n t  w o r k  i s  e x p e c t e d  
t o  be  a d i f f i c u l t  t a s k .  

I n  t h e  a r e a  o f  e r o s i v e  f i e l d  g e n e r a t i o n ,  some i n t e r e s t  
i n  c i r r u s  i c e  h a s  b e e n  r e c e i v e d  f r o m  t e s t  s p o n s o r s .  A t e c h -  
n o l o g y  b a s e  f o r  g e n e r a t i o n  o f  c i r r u s  i c e  e n v i r o n m e n t s  w h i c h  
c l o s e l y  s i m u l a t e s  t h e  p a r t i c l e s  e n c o u n t e r e d  i n  t h e  n a t u r a l  
e n v i r o n m e n t  i s  c u r r e n t l y  u n d e r  d e v e l o p m e n t .  I t  i s  a n t i c i p a t e d  
t h a t  t h i s  c a p a b i l i t y  w i l l  be  a v a i l a b l e  f o r  a p p l i c a t i o n  t o  
t r a c k  t e s t i n g  i n  t h e  n e a r  f u t u r e .  
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In  t h e  a r e a  o f  i n s t r u m e n t a t i o n ,  t h e  m a t e r i a l s  t e s t i n g  
c a p a b i l i t y  i s  b e i n g  u p g r a d e d  by d e v e l o p m e n t  o f  new p y r o m e t r y  
s y s t e m s  w i t h  a l o w e r  t empera ture  t h r e s h o l d .  T h i s  c a p a b i l i t y  
i s  p a r t i c u l a r l y  i m p o r t a n t  i n  b o u n d a r y - l a y e r  t r a n s i t i o n  t e s t s  
w h e r e  two o f  t h e  i m p o r t a n t  p a r a m e t e r s  a r e  s u r f a c e  r o u g h n e s s  
and  w a l l  t e m p e r a t u r e .  N o s e t i p s  f o r  s u c h  t e s t s  a r e  t y p i c a l l y  
p r e a b l a t e d  i n  a h i g h - e n t h a l p y  a r c  j e t  t o  s i m u l a t e  t h e  s u r -  
f a c e  c o n d i t i o n  p r o d u c e d  d u r i n g  t h e  h i g h - a l t i t u d e  l a m i n a r  
f l o w  p o r t i o n  o f  a r e e n t r y  t r a j e c t o r y .  I t  i s  i m p o r t a n t  i n  
t e s t i n g  t h i s  p r e a b l a t e d  b a l l i s t i c  r a n g e  m o d e l  t h a t  t r a n s i -  
t i o n  d a t a  be o b t a i n e d  b e f o r e  t h e  known s u r f a c e  r o u g h n e s s  
i s  a l t e r e d  by s u b s e q u e n t  a b l a t i o n  p r o c e s s e s .  T h i s  r e q u i r e s  
t h a t  s u c h  d a t a  be  o b t a i n e d  a s  e a r l y  i n  f l i g h t  a s  i s  p r a c t i c a l  
- w h i c h  i s  e q u i v a l e n t  t o  s a y i n g  a t  as  low a t e m p e r a t u r e  as  
i s  p o s s i b l e .  I n  a d d i t i o n ,  i t  i s  now known t h a t ,  i n  t h e  p r e s -  
e n c e  o f  s u r f a c e  r o u g h n e s s e s  c h a r a c t e r i s t i c  o f  g r a p h i t i c  ma- 
t e r i a l s ,  w a l l  t e m p e r a t u r e  ha s  a s t a b i l i z i n g  e f f e c t  on t h e  
b o u n d a r y  l a y e r .  To f u l l y  c h a r a c t e r i z e  t h i s  p h e n o m e n o n  r e -  
quires measurements over as wide a temperature range as can 
be achieved. 

O t h e r  a r e a s  w h e r e  new o r  a d d i t i o n a l  c a p a b i l i t y  may be  
p r o f i t a b l y  d e v e l o p e d  w i l l  be  p u r s u e d  as  f u t u r e  t r e n d s  as  
m a t e r i a l s  t e s t i n g  r e q u i r e m e n t s  e m e r g e .  

4.5 CONCLUDING REMARKS 

H y p e r v e l o c i t y  Range  G i n c o r p o r a t e s  s t a t e - o f - t h e - a r t  
h y p e r b a l l i s t i c  r a n g e  t e c h n o l o g y .  I t  r e t a i n s  t h e  r a n g e  
c a p a b i l i t y  o f  s i m u l t a n e o u s l y  d u p l i c a t i n g  v e l o c i t y ,  p r e s s u r e ,  
and  e n t h a l p y  c o r r e s p o n d i n g  t o  a p o i n t  on t h e  r e e n t r y  t r a -  
j e c t o r y .  I n  a d d i t i o n ,  i t s  f i x e d  t r a j e c t o r y  c a p a b i l i t y  p e r -  
m i t s  i m p r o v e d  c h a r a c t e r i z a t i o n  o f  t h e  e n c o u n t e r e d  p a r t i c u l a t e s  
and  h i g h  r e s o l u t i o n  i n - f l i g h t  p h o t o g r a p h y .  Model  r e c o v e r y  i s  
a c h a r a c t e r i s t i c  o f  g r e a t  s i g n i f i c a n c e  s i n c e  p o s t e s t  m a t e r i a l  
a n a l y s e s  h o l d  t h e  p r o m i s e  o f  p r o v i d i n g  i n s i g h t  i n t o  a b l a t i o n /  
e r o s i o n  m e c h a n i s m s .  

T h e s e  f a c i l i t y  c h a r a c t e r i s t i c s  o f  (1)  r e a l  l i f e  t e s t  
c o n d i t i o n s ,  p l u s  (2)  r e a l i s t i c  and  w e l l - c h a r a c t e r i z e d  e r o s i v e  
f i e l d s ,  p l u s  (3)  a c c u r a t e  i n - f l i g h t  m e a s u r e m e n t s ,  p l u s  (4)  
p o s t t e s t  m o d e l  e x a m i n a t i o n  r e p r e s e n t  a s i g n i f i c a n t  g r o u n d  
t e s t  s i m u l a t i o n  c a p a b i l i t y .  H y p e r v e l o c i t y  R a n g e / T r a c k  G 
p r o v i d e s  c o s t  e f f e c t i v e  s o l u t u i o n s  t o  n u m e r o u s  p r e s e n t  and  
f u t u r e  p r o b l e m s  i n  t h e  r e e n t r y  p h y s i c s  f i e l d .  
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5.0 HIGH-ENTHALPY ABLATION TEST (HEAT) FACILITY 

Reentry vehicles for ballistic missile systems commonly 
employ a covering of ablative material for heat protection. 
The nosetip of the vehicle is normally a spherically blunted 
cone in shape and is subjected to a much higher heating rate 
than the rest of the vehicle. The heating rate on nosetips 
increases with increasing reentry velocity and velocity at 
impact. This is the natural direction of performance evo- 
lution of ballistic missiles. There is a continuous devel- 
opment effort to provide better materials for nosetips. 
Ground test facilities are required to evaluate the perfor- 
mance of these materials in a timely and economical manner. 
Unfortunately, the performance of missiles has continuously 
outpaced the performance of the test facilities. No existing 
facility can duplicate simultaneously the enthalpy and pres- 
sure conditions encountered in flight by current reentry ve- 
hicles, and this defficiency becomes even greater for the 
vehicles under development for the future. 

Arc-heated test facilities were first operated at the 
Arnold Engineering Development Center (AEDC) in 1962. The 
purpose of these facilities was to investigate nozzle throat 
cooling techniques applicable to large arc facilities. The 
original arc heater was an N4000 obtained from the Linde 
Company. The operating conditions of this heater were 37-atm 
chamber pressure and an energy balance enthalpy of 2,700 
Btu/Ib. 

In mid-1966, the heater was combined with a multiple- 
position model injection system and data recording equipment 
to permit its use for ablation testing of R¥ nosetips and 
heat shields. Continuous studies and investigations have 
been made at AEDC to improve the arc-heater performance, and 
thereby the testing capabilities of the ablation facility. 
This improved arc heater has been moved to the second test 
leg of the High-Enthalpy Ablation Test (HEAT) Facility, and 
its performance has been upgraded to deliver more power to 
the airflow (Fig. 5.1). The first test leg of the HEAT 
Facility uses a large high-powered segmented arc heater as 
the heat and pressure source, thereby allowing testing in 
large test flows at very high enthalpies. 
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Figure 5.1 Layout of the AEDC high-temperature laboratory. 

5.1 TYPES OF TESTING 

A facility with the capability of HEAT operating on 
pure air can do many types of tests. Also, the addition of 
the second test leg (H-2) to the high-performance capability 
of the primary test leg (H-l) adds versatility that no other 
facility has. The model injection systems are similar, and 
the models are designed so that one can operate on either 
test leg. 

T h e  m o r e  s t a n d a r d  t e s t s  t h a t  c a n  b e  a c c o m p l i s h e d  i n  
t h e s e  f a c i l i t i e s  a r e  t h e  a b l a t i o n  t e s t s  w h i c h  r e q u i r e  s h a p e  
c h a n g e ,  r e c e s s i o n  r a t e ,  a n d  r e e n t r y  s i m u l a t i o n  by m o d e l  
r a m p i n g .  T h e  f a c i l i t i e s  a l s o  a r e  v e r y  a m e n a b l e  t o  t r a n s p i -  
r a t i o n - c o o l e d  n o s e t i p  t e s t i n g .  E i t h e r  o f  t h e  t w o  t e s t  l e g s  
o f  HEAT c a n  be  e q u i p p e d  w i t h  a s p e c i a l l y  d e s i g n e d  p a r t i c l e  
i n j e c t i o n  s y s t e m  a n d  n o z z l e  s o  t h a t  s i m u l t a n e o u s  a b l a t i o n  
a n d  e r o s i o n  c a n  b e  a p p l i e d  t o  t h e  t e s t  a r t i c l e s .  T h i s  s y s -  
t e m  h a s  b e e n  t e s t e d  a n d  i s  o p e r a t i o n a l .  A s p e c i a l  t e s t  
t e c h n i q u e  i s  a v a i l a b l e  w h e r e  m o d e l s  a r e  e x p o s e d  t o  a b l a t i o n  
f o r  a s h o r t  t i m e ,  t h e r e b y  p r e c o n d i t i o n i n g  n o s e t i p s  t h a t  a r e  
l a t e r  f i r e d  i n  t h e  AEDC h y p e r v e l o c i t y  g u n  r a n g e .  

Other types of testing are available but require three 
to four months lead time to fabricate. Some of these are: 
real time variation of model angle of attack during ablation, 
real time variation of model spin rate, sidewall testing of 
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e i t h e r  c u r v e d  o r  f l a t  w a l l s ,  a n d  l a r g e  m o d e l  t e s t i n g  i n  a 
c o a x i a l  s h r o u d e d  f l o w  o f  h o t  c o r e  f l o w  and  c o l d  s u r r o u n d i n g  
a i r f l o w .  I n  t h e  n o t  t o o  d i s t a n t  f u t u r e ,  t h e  f a c i l i t y  w i l l  
be  u p g r a d e d  t o  " f l y "  a r e e n t r y  p r e s s u r e - h e a t  t r a n s f e r  p r o f i l e  
i n  r e a l  t i m e .  The a r c  h e a t e r s  w i l l  be c o n t i n u a l l y  u p g r a d e d  
i n  p e r f o r m a n c e  a n d  v e r s a t i l i t y .  

5.2 FACILITY DESCRIPTION 

The HEAT F a c i l i t y  h a s  two t e s t  l e g s .  The  m a i n  t e s t  l e g  
w i l l  be  u s e d  f o r  a b l a t i o n  and  c o m b i n e d  a b l a t i o n / e r o s i o n  
t e s t i n g .  The s e c o n d  w i l l  be  u s e d  p r i m a r i l y  f o r  f a c i l i t y -  
o r i e n t e d  r e s e a r c h  a n d  d e v e l o p m e n t .  B o t h  t e s t  l e g s  s h a r e  t h e  
same b a s i c  u t i l i t i e s  i n c l u d i n g  t h e  d - c  p o w e r  s u p p l y  c a p a b l e  
o f  4 0 -  t o  6 0 - ~  o u t p u t  f o r  s e v e r a l  m i n u t e s .  The a i r  s y s t e m  
c a n  p r o v i d e  a i r  a t  p r e s s u r e s  up t o  270 a tm a n d  f l o w  r a t e s  up 
t o  90 l b m / s e c .  The  m a i n  t e s t  l e g  ( H - l )  u t i l i z e s  a s e g m e n t e d  
a r c  h e a t e r  s c a l e d  f r o m  t h e  AEDC p r o t o t y p e  s e g m e n t e d  a r c  
h e a t e r .  T h i s  p r o t o t y p e  h e a t e r  h a s  d e m o n s t r a t e d  t h a t  b u l k  
e n t h a l p y  o f  t h e  e f f l u e n t  s t r e a m  w i l l  v a r y  f r o m  a p p r o x i m a t e l y  
8 , 5 0 0  B t u / l b m  a t  a h e a t e r  p r e s s u r e  o f  25 a tm t o  4 , 0 0 0  B t u / l b m  
a t  150 arm.  The  e n t h a l p y  p r o f i l e s  a t  t h e  n o z z l e  e x i t  w i l l  
be  e s s e n t i a l l y  f l a t  i n  c o n t r a s t  t o  t h e  p e a k e d  p r o f i l e s  c h a r -  
a c t e r i s t i c  o f  t h e  H u e l s - t y p e  a r c  h e a t e r .  The s e c o n d  t e s t  l e g  
(H-2)  i s  e q u i p p e d  w i t h  a n o m i n a l  12-MW L i n d e  h e a t e r  ( H u e l s  
a r c )  f o r  f a c i l i t y - o r i e n t e d  r e s e a r c h ,  a s  a t e s t  bed  f o r  
a d v a n c e d  a r c - h e a t e r  d e s i g n s ,  and  a b l a t i o n  t e s t s .  An a e r i a l  
p h o t o g r a p h  o f  t h e  HEAT Complex  i s  shown i n  F i g .  5 . 2 ,  and  a 
facility schematic is shown in Fig. 5.3. Figure 5.4 is a 
photograph of H-1 showing relative location of components. 

Figure 5.2 Aerial photograph of HEAT Facility. 
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Figure 5.4 Photograph of HEAT H-1 leg. 

80 



AE DC-TR-78-3 

5.2.1 Power Supply 

The  d - c  p o w e r  s u p p l y  c o n s i s t s  o f  a t h r e e - p h a s e  l o a d -  
t a p - c h a n g i n g  t r a n s f o r m e r  f e e d i n g  a t h r e e - p h a s e ,  f u l l - w a v e  
b r i d g e  r e c t i f i e r .  The  b r i d g e  r e c t i f i e r  c o n s i s t s  o f  o v e r  400 
d i o d e s  s e r i e s - p a r a l l e l e d  t o  g i v e  a maximum o p e n - c i r c u i t  
v o l t a g e  o f  50 k v .  Maximum r a t e d  o p e r a t i n g  c u r r e n t  i s  2 , 0 0 0  
amp. The  maximum d e s i g n  p o w e r  o f  t h e  s y s t e m  i s  60 MW. The  
p o w e r  s u p p l y  h a s  a v o l t a g e  t o w e r  f o r  v o l t a g e  m e a s u r e m e n t s  
a n d  i n d u c t i v e  c u r r e n t  m e a s u r i n g  s y s t e m s .  

5.2.2 Water and Air Systems 

The  f a c i l i t y  c o m p o n e n t s  a r e  c o o l e d  by a c l o s e d - l o o p  
d e m i n e r a l i z e d  w a t e r  s y s t e m  w h i c h  s u p p l i e s  w a t e r  a t  p r e s s u r e s  
up t o  1 , 5 0 0  p s i  a n d  f l o w s  o f  1 , 3 0 0  gpm. The w a t e r  i s  c o o l e d  
by p a s s i n g  i t  t h r o u g h  a t u b e d  h e a t  e x c h a n g e r  c o o l e d  by l o w -  
p r e s s u r e  l a k e  w a t e r .  W a t e r  f o r  t h e  a r c  h e a t e r  p a s s e s  t h r o u g h  
a d i s t r i b u t i o n  m a n i f o l d  t o  e a c h  c o m p o n e n t  t o  be  c o o l e d .  

The  a i r  s y s t e m  i s  c o n n e c t e d  t o  t h e  VKF/AEDC m a i n  h i g h -  
p r e s s u r e  a i r  c o m p r e s s o r  a n d  s t o r a g e  t a n k s  w i t h  8 -  a n d  1 0 - i n .  
p i p i n g .  A i r  i s  s t o r e d  a t  p r e s s u r e s  up  t o  3 , 8 0 0  p s i  a n d  c a n  
be  f l o w e d  a t  r a t e s  up  t o  90 l b / s e c  a t  t h e  f a c i l i t y .  N o r m a l  
a i r f l o w  r a t e s  f o r  t h e  a r c  h e a t e r s  a r e  0 . 5  t o  4 l b / s e c  c o n -  
t r o l l e d  by r e g u l a t i o n  a n d  c o n t r o l  v a l v e s .  A i r f l o w  r a t e  i s  
c o n t i n u o u s l y  m e a s u r e d  by a s u b s o n i c  v e n t u r i  a n d  c a n  be  
m e a s u r e d  by c a l i b r a t e d  c h o k e d  v e n t u r i s  i f  n e c e s s a r y .  

5.2.3 HEAT H-1 Arc Heater 

The  p r i m a r y  t e s t  l e g  o f  t h e  HEAT F a c i l i t y  u s e s  a l a r g e  
s e g m e n t e d  a r c  h e a t e r  a s  t h e  w i n d  t u n n e l  ( a b l a t i o n )  d r i v e r .  
T h i s  c o m p l e x  a r c  h e a t e r  g i v e s  a p e r f o r m a n c e  50 p e r c e n t  h i g h e r  
t h a n  c o n v e n t i o n a l  H u e l s  a r c  h e a t e r s  o f  e q u a l  p o w e r .  A 
s k e t c h  o f  t h e  a r c  h e a t e r  i s  shown i n  F i g .  5 . 5  a n d  a p h o t o -  
g r a p h  i n  F i g .  5 . 6 .  The e l e c t r o d e s  a r e  f i x e d  a t  e a c h  e n d  o f  
t h e  a r c  h e a t e r  s e p a r a t e d  by a b o u t  200 e l e c t r i c a l l y  f l o a t i n g  
s e g m e n t s .  The  a r c  h e a t e r  i s  u s u a l l y  o p e r a t e d  a t  v o l t a g e s  
i n  e x c e s s  o f  1 0 , 0 0 0  v a n d  c u r r e n t s  i n  e x c e s s  o f  1 , 0 0 0  amp. 
H e a t e r  s t a g n a t i o n  p r e s s u r e s  o f  150 a tm  c a n  be  o b t a i n e d  a t  
v e r y  h i g h  s t a g n a t i o n  e n t h a l p i e s .  
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Figure 5.5 Sketch of the HEAT (H-l) segmented arc heater. 

Figure 5.6 Photograph of HEAT (H-l) segmented 
arc heater. 
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An a i r  m i x i n g  c h a m b e r  i s  a v a i l a b l e  t o  mix  c o l d  a i r  w i t h  
t h e  a r c - h e a t e d  a i r  i f  t h e  u s e r  r e q u i r e s  l o w e r  e n t h a l p i e s  a n d  
h i g h e r  R e y n o l d s  n u m b e r s .  

5.2.4 HEAT H-2 Arc Heater 

The  s e c o n d  t e s t  l e g  o f  HEAT u s e s  a c o n v e n t i o n a l  H u e l s -  
t y p e  o f  a r c  h e a t e r  w i t h  c o o l e d  c o p p e r  t u b e s  a s  e l e c t r o d e s .  
T h e s e  t a n d u m  e l e c t r o d e s  a l l o w  t h e  a r c  t o  s e e k  i t s  own l e n g t h ,  
h e n c e  some l o w - f r e q u e n c y  f l u c t u a t i o n s  o c c u r  i n  t h e  t e s t  f l o w .  
T h i s  h e a t e r  i s  t h e  same  d e v i c e  p r e v i o u s l y  u s e d  on  t h e  AEDC 
5-MW A r c  H e a t e r  T e s t  U n i t  e x c e p t  i t  h a s  b e e n  o p t i m i z e d  f o r  
15 MW o f  p o w e r  i n p u t .  I t  i s  c a p a b l e  o f  p r e s s u r e s  o f  180 a t m  
w i t h  s m a l l  n o z z l e s  a n d  130 arm w i t h  l a r g e  n o z z l e s .  A s k e t c h  
o f  t h e  a r c  h e a t e r  i s  shown i n  F i g .  5 . 7 ,  a n d  a p h o t o g r a p h  i s  
shown i n  F i g .  5 . 8 .  

/ -Rea r  
FlarKje 

~Rear Electrode Flange / 
\ Coil / [Flange Insulator/ 

Air / /  

Water\  ......... ~ ........ 
Rear Water J ~  ~ ~ - ~ - . - . . ; . ' - . ~  

/ 1_ ~ ~ . ~  . . . . .  /LRear Shell Shield 
/---Shell Seal Insulator 

-Heat Shield 
rAir Injection Ring 

~; zzle 
;nge 

'- Swirl Chamber 

Figure 5.7 Sketch of HEAT (H-2) conventional arc heater.  

• ,  • . . . .  

\~-,,== n l l  I ~ .  t..ozzle r 

I 
Figure 5.8 Photograph of H-2 arc heater. 
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5.2.5 Rotary Model Injection System 

Each leg of the facility is equipped with a multiple- 
strut, remotely controlled rotary model injection system 
(Fig. 5.9). Normally, from one to seven models are posi- 
tioned sequentially on the test stream centerline for pre- 
set dwell times from 0.5 see to 5.0 min. The arc-heater 
conditions remain essentially constant for all models. 
Nearly constant injection velocity is provided during the 
index cycle between normal stop positions, and, by using 
45-deg offset arms, transient calibration probes can be 
swept through the test stream at constant velocity. In 
this mode, sweep speeds from approximately 20 to 60 in./sec 
can be attained. 

Figure 5.9 Rotary model injection system of HEAT H-1. 

T h e  m o d e l  i n j e c t i o n / s u p p o r t  s y s t e m  c a n  b e  o p e r a t e d  w i t h  
t h e  c a r r i a g e  i n  a f i x e d  p o s i t i o n  a n d  w i t h  t h e  s u p p o r t  s t r u t s  
r o t a t i n g  i n  a f i x e d  p l a n e .  I n  t h i s  c a s e ,  t h e  a x i a l  p o s i t i o n  
o f  e a c h  m o d e l  w i t h  r e s p e c t  t o  t h e  n o z z l e  e x i t  i s  s e t  by  
m e a n s  o f  a f r i c t i o n a l  c l a m p  b e t w e e n  t h e  m o d e l  s t i n g  a n d  t h e  
s u p p o r t  s t r u t .  M o d e l  m o u n t i n g  i n t e r f a c e  a n d  m a x i m u m  o u t l i n e  
d i m e n s i o n s  a r e  s h o w n  i n  F i g .  5 . 1 0 .  T h e  u s e r  c a n  e i t h e r  
s u p p l y  t h e  s p e c i m e n  o r  e n t i r e  h o l d e r .  
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Figure 5.10 HEAT Facility model mounting interface. 

The  u n i f o r m  f l o w  r e g i o n s  i n  h i g h - p r e s s u r e  a r c  f a c i l i t i e s  
a r e  l i m i t e d  i n  s i z e  b e c a u s e  o f  p o w e r  l i m i t a t i o n s ,  a n d  t h e  
r e c e s s i o n  o f  a n  a b l a t i n g  m o d e l  f r e q u e n t l y  moves  t h e  m o d e l  
o u t  o f  t h e  u n i f o r m  f l o w  r e g i o n .  To c o u n t e r  t h i s  p r o b l e m ,  
t h e  e n t i r e  m o d e l  i n j e c t i o n  s y s t e m  i s  d r i v e n  a x i a l l y  w i t h  a 
s e r v o c o n t r o l l e d  d r i v e  s y s t e m  t o  a d v a n c e  t h e  m o d e l  u p s t r e a m  
a t  ( e s s e n t i a l l y )  t h e  same  r a t e  a t  w h i c h  i t  a b l a t e s  d o w n -  
s t r e a m ,  t h u s  h o l d i n g  t h e  m o d e l  f r o n t  s u r f a c e  i n  t h e  u n i f o r m  
f l o w  f i e l d .  

A s c h e m a t i c  o f  t h e  m o d e l  a d v a n c e  s y s t e m  i n  r e l a t i o n  t o  
t h e  H-2 t e s t  u n i t  a n d  a b l o c k  d i a g r a m  o f  t h e  l a s e r  c o n t r o l  
s y s t e m  a r e  p r e s e n t e d  i n  F i g .  5 . 1 1 .  The  t e s t  u n i t  m o d e l  a d -  
v a n c e  s y s t e m  i n c l u d e s  a l a s e r  beam p r o p a g a t e d  t h r o u g h  t h e  
c e n t e r l i n e  o f  t h e  p l a s m a  s t r e a m  a n d  d e t e c t e d  by a p h o t o c e l l  
s e n s o r .  When t h e  l a s e r  beam i s  b l o c k e d  by t h e  m o d e l  f r o n t  
s u r f a c e  t o  a p r e s e t  beam p e r c e n t a g e  n u l l  p o i n t ,  a command 
s i g n a l  i s  s e n t  t o  t h e  s e r v o v a l v e  a n d  h y d r a u l i c  c y l i n d e r  t o  
s t o p  f o r w a r d  m o v e m e n t .  When t h e  m o d e l  r e c e d e s  a p p r o x i m a t e l y  
0 . 0 0 2  i n .  a n d  t h e  l a s e r  beam i s  p a r t i a l l y  u n c o v e r e d ,  t h e  
photocell signals the axial drive system to move forward to 
the null point. The model front surface is thereby kept at 
virtually a fixed position with respect to a predetermined 
test station. 
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Figure 5.11 Laser~controlled model advance system. 

T h i s  same  a x i a l  d r i v e  s y s t e m  c a n  be  u s e d  t o  ramp t h e  
m o d e l  f o r w a r d  i n  t h e  f l o w  f i e l d  a n d  s i m u l a t e  r e e n t r y .  T h i s  
s y s t e m  i s  u s e f u l  i n  d e t e r m i n i n g  t h e  o n s e t  o f  t r a n s i t i o n  a s  

t h e  p r e s s u r e  i s  i n c r e a s i n g .  Ramp r a t e s  o f  a b o u t  0 . 5  i n . / s e c  
a r e  e a s i l y  a c c o m p l i s h e d  o v e r  a 5 - i n .  l e n g t h .  

C o n t r o l  o f  t h e  e n t i r e  m o d e l  i n j e c t i o n  s y s t e m  i s  p e r -  
f o r m e d  u s i n g  a D i g i t a l  E q u i p m e n t  Company 1430 c o n t r o l l e r .  
T h i s  c o n t r o l l e r  c o m p u t e r  a l l o w s  p r e p r o g r a m m i n g  o f  d w e l l  
t i m e s ,  c a m e r a  s e q u e n c e s ,  a n d  ramp r a t e s .  

5.2,6 Instrumentation and Data Reduction 

5.2.6.1 Test Unit Instrumentation 

The a r c - h e a t e r  p e r f o r m a n c e  a n d  n o z z l e  c o o l i n g  l o a d s  a r e  
d e t e r m i n e d  f rom t h e  r e c o r d e d  d a t a  a n d  p r e s e n t e d  t o  t h e  o p e r -  
a t o r  o n - l i n e  on a CaT. The  w a t e r  t e m p e r a t u r e  r i s e  t h r o u g h  
e a c h  c o m p o n e n t  t o  be c o o l e d  i s  m e a s u r e d  u s i n g  t h e r m o c o u p l e s  
i m m e r s e d  i n  t h e  c o o l i n g  w a t e r .  A l l  f l o w s  a r e  m e a s u r e d  u s i n g  
s t a n d a r d  t u r b i n e  f l o w m e t e r s .  D a t a  a r e  a m p l i f i e d  b e f o r e  
e n t e r i n g  t h e  d a t a  s y s t e m .  A w i d e  v a r i e t y  o f  s t r a i n - g a g e  
a n d  p i e z o e l e c t r i c  c r y s t a l  p r e s s u r e  t r a n s d u c e r s  a r e  a v a i l a b l e  
f o r  u s e  i n  t h e  f a c i l i t y .  
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5.2.6.2 Data Acquisition and Recording 

The two t e s t  l e g s  s h a r e  a common c o m p u t e r - b a s e d  a c q u i -  
s i t i o n  s y s t e m  ( F i g .  5 . 1 2 )  w h i c h  i s  b u i l t  a r o u n d  a D i g i t a l  
E q u i p m e n t  Company,  DEC 1 1 / 4 5  c o m p u t e r .  I n  t h e  n o r m a l  o r  l o w -  
s p e e d  d a t a  mode ,  192 c h a n n e l s  a r e  a v a i l a b l e  f o r  f a c i l i t y  i n -  
s t r u m e n t a t i o n .  Up t o  64 h i g h - s p e e d  c h a n n e l s  a r e  a v a i l a b l e  
f o r  t h e  r e q u i r e m e n t s  o f  h i g h - r e s p o n s e  p r o b e s .  T y p i c a l  s am-  
p l i n g  t i m e  f o r  t h e s e  d a t a  i s  200 ~ e c .  A l l  f a c i l i t y  d a t a ,  
s u c h  a s  h e a t e r  p r e s s u r e s ,  b u l k  e n t h a l p y ,  v o l t a g e s ,  c u r r e n t ,  
a n d  a i r f l o w  r a t e s ,  a r e  c o n t i n u a l l y  c a l c u l a t e d  a n d  p r e s e n t e d  
on  a CRT f o r  t h e  u s e r  and  f a c i l i t y  o p e r a t o r  t o  m o n i t o r .  Any 
o f  t h e s e  c h a n n e l s  a n d / o r  t h e  h i g h - s p e e d  c h a n n e l s  c a n  be  
r e c o r d e d  on  a h i g h - s p e e d  d i r e c t - r e a d i n g  o s c i l l o g r a p h .  A l l  
l o w - s p e e d  d a t a  a r e  p r o c e s s e d  i m m e d i a t e l y  a f t e r  t h e  r u n  and  
p r i n t e d  u s i n g  a h i g h - s p e e d  e l e c t r o s t a t i c  p r i n t e r .  A l l  h i g h -  
s p e e d  d a t a  a r e  p r o c e s s e d  on  t h e  AEDC IBM 3 7 0 / 1 6 5  b a s e  com- 
p u t e r .  

192 Channels Low-Speed Data 
(Facility Data) 

50-KHz System 
192 Channels - 260 samples/sec 

Video Date Display 
Real Time 

Pressure. Enthalpy 
Model Surface 
Temperature 

84 Channels High-Speed Data 
(Probes/Models) 
400-KHz System 

7 Models= 9 Date Channels 
Each -- 6, 000 samp[es/sec 

Digital EquipmentpDp 11/45Corp°rati°n ~ Reader I 

1 281( Memory Disk + 
On-Line Communication ~ 1,300 LPM High-Speed Printer I Telet~e Tapel , I " I Immediate Off-Line Data 

/ Pressure, Heat Transfer, 
/ Flow Enthalpy, Ablation 

Rate, etc. 

I DiskProgram ] I Comrnunlcationwith I 
and Data Storage IBM 370 by Magnetic Tape 

Figure 5,12 HEAT Facility computer-based data 
acquisition system, 

5.2.6.3 Optical Ins'erumentation 

Each  o f  t h e  two c e l l s  h a s  t h r e e  h i g h - s p e e d  c a m e r a s  a v a i l -  
a b l e  f o r  m o d e l  d a t a  r e c o v e r y .  S u p p l e m e n t a l  c a m e r a s  c a n  be 
a d d e d  as  r e q u i r e d .  One o f  t h e  c a m e r a s  h a s  t h e  c a p a b i l i t y  t o  
record i0 digits of data on the film in the margin. Typically, 
the test number and run number plus the computer time will 
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be  i n p u t  t o  t h e  c a m e r a .  Up t o  s i x  c a m e r a s  c a n  be p r e p a r e d  
by t h e  m o d e l  i n j e c t i o n  s y s t e m  c o n t r o l l e r  t o  o p e r a t e  a t  a 
p r e d e t e r m i n e d  t i m e .  A t a b l e  o f  p h o t o g r a p h i c  e q u i p m e n t  i s  
p r e s e n t e d  i n  T a b l e  5 . 1 .  H i g h - s p e e d  c o l o r  m o t i o n - p i c t u r e  
f i l m  i s  p r o c e s s e d  a t  AEDC e v e r y  m o r n i n g  f o r  v i e w i n g  by 
t h e  u s e r .  C o p i e s  c a n  be  made a t  AEDC w i t h i n  two d a y s .  

Table 5.1 Available Photographic Equipment 

Hycam 
Locam I 15ram I 
Locam" I 16mm l 
Veriton I 70mm I 
Clne Special I ].5 J 
Millikan I 16 I 
SpeedgraphicJ 4xSin. j 
Panasonic°" 

• Digital Data on Each Frame. 
• *Slow Motion/Stop Split Screen. 

Type J Size J Frameslsec JFmmes~JCapacity, It 

6to10,000 ~ 400 ~ 3  
6 to 500 40 400 4 
6 to 500 40 400 1 

I 3. 4 I00 

6 to 60 40 ZOO I 3 
I 6 to 100 40 400 J 1 

Single . . . . . .  
30 71 

T e l e v i s i o n  c a m e r a s  m o n i t o r  t h e  m o d e l s  and  f a c i l i t y  
d u r i n g  t e s t i n g  f o r  r a p i d  d e t e r m i n a t i o n  o f  m o d e l  s u r v i v a b i l -  
i t y  an d  f a c i l i t y  s a f e t y .  T h e s e  i m a g e s  a r e  r e c o r d e d  on  a 
v i d e o  t a p e  r e c o r d e r  and  c a n  be p l a y e d  b a c k  u s i n g  a m u l t i -  
s p e e d  p l a y b a c k  s y s t e m  w i t h  s t o p  a c t i o n .  

5.2.6.4 Data Reduction 

A l l  d a t a  a r e  r e c o r d e d  on  m a g n e t i c  t a p e  and  r e d u c e d  t o  
e n g i n e e r i n g  u n i t s  i m m e d i a t e l y  a f t e r  t h e  t e s t  u s i n g  t h e  f a -  
c i l i t y  m i n i c o m p u t e r .  D a t a  o b t a i n e d  f r o m  f l o w  p r o b e s  a r e  
r e d u c e d  and  p l o t t e d  u s i n g  t h e  AEDC IBM 3 7 0 / 1 6 5  c o m p u t e r  
w i t h  o v e r n i g h t  s e r v i c e .  D a t a  s u c h  a s  h e a t  f l u x ,  f l o w  p r e s -  
s u r e s ,  e n t h a l p i e s ,  s u r f a c e  t e m p e r a t u r e s ,  TCNT f l o w  r a t e s ,  
e t c . ,  c a n  be  p l o t t e d  a g a i n s t  t i m e  a n d / o r  p r o b e  p o s i t i o n .  

F e e d b a c k  f r o m  t h e  m o d e l  i n j e c t i o n  s y s t e m  a x i a l  p o s i -  
t i o n  s e n s o r  c a n  be t a b u l a t e d  a n d / o r  p l o t t e d  a g a i n s t  t i m e  
a n d  r e c e s s i o n  r a t e  c a l c u l a t e d .  

5.3 FACILITY PERFORMANCE AND CALIBRATIONS 

B o t h  t e s t  l e g s  o f  t h e  HEAT F a c i l i t y  h a v e  t h e  c a p a b i l i t y  
t o  p r o v i d e  h i g h  p r e s s u r e s  on t h e  t e s t  s p e c i m e n  a s  w e l l  a s  
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b e i n g  a b l e  t o  g e n e r a t e  a s e v e r e  e r o s i v e  e n v i r o n m e n t  w h e n  d e -  
s i r e d .  E i t h e r  l e g  c a n  be  r u n  a n  a v e r a g e  o f  o n c e  a d a y  d e p e n d -  
i n g  on  t h e  c o m p l e x i t y  o f  t h e  t e s t  s p e c i m e n s .  N o r m a l  r u n  t i m e s  
a r e  l e s s  t h a n  2 m i n ,  d e p e n d i n g  o n  t h e  u s e r  r e q u i r e m e n t s  a n d  
s e v e r i t y  o f  t h e  t e s t  c o n d i t i o n s .  The  f l o w  c o n t a m i n a t i o n  r e s i -  
d u a l  ( p a r t i c l e s  i n  t h e  f l o w  f o r  a c l e a r  a i r  t e s t )  i s  g r e a t e r  o n  
t h e  H-2  f a c i l i t y  b e c a u s e  o f  t h e  n a t u r e  o f  t h e  m o r e  s t a n d a r d  
a r c  h e a t e r .  F l o w  c o n t a m i n a t i o n  f r o m  t h e  HEAT s e g m e n t e d  a r c  
( H - l )  i s  a l m o s t  n o n e x i s t e n t .  T h e  f a c i l i t y  n o r m a l  f i r i n g  
s e q u e n c e  d o e s  n o t  a l l o w  f o r  a n y  c o l d  a i r f l o w  j u s t  p r i o r  t o  
t h e  a r c  f i r i n g .  C o l d  f l o w  c a n  be  made  a n y  t i m e  u p  t o  15 
m i n  p r i o r  t o  a r c  f i r i n g .  T h e r e  a r e  no  p r o v i s i o n s  f o r  d i r e c t  
v i s u a l  o b s e r v a t i o n s  o f  t h e  t e s t .  A l l  v i e w s  o f  t h e  f l o w s  a r e  
m a d e  w i t h  c l o s e d - c i r c u i t  t e l e v i s i o n  s y s t e m s  a n d  h i g h - s p e e d  
c a m e r a s .  B o t h  a r c  h e a t e r s  c o u l d  o p e r a t e  o n  g a s e s  o t h e r  t h a n  
a i r ,  b u t  t h e  c a p a b i l i t y  c u r r e n t l y  d o e s  n o t  e x i s t  a t  t h e  f a -  
c i l i t y .  On r a r e  o c c a s i o n s  d u r i n g  e x t r e m e l y  c o l d  w e a t h e r ,  
t h e  f a c i l i t y  may be  c u r t a i l e d  f r o m  o p e r a t i n g  d u r i n g  p e a k  
e l e c t r i c a l  u s e  t i m e s  o f  t h e  d a y .  T h i s  r a r e l y  h a p p e n s  a n d  
d o e s  n o t  p r e c l u d e  o p e r a t i o n  a t  a d i f f e r e n t  t i m e  o f  t h e  s a m e  
d a y .  

T h e  AEDC h a s  d e v e l o p e d  a l o n g  l i s t  o f  d i a g n o s t i c  t o o l s  
f o r  t h e  c a l i b r a t i o n  o f  t h e  a b l a t i o n  a n d  a b l a t i o n / e r o s i o n  
f a c i l i t i e s .  T h e s e  p r o b e s  a n d  d i a g n o s t i c s  a r e  a v a i l a b l e  t o  
t h e  u s e r  f o r  a n y  t e s t  t h a t  i n v o l v e s  t h i s  f a c i l i t y .  A l i s t  
o f  t h e s e  t o o l s  i s  p r e s e n t e d  i n  T a b l e  5 . 2 ,  a n d  t h e  l i s t  w i l l  
g r o w  t h r o u g h  t h e  o n g o i n g  r e s e a r c h  e f f o r t  a t  t h e  AEDC. 

Table 5.2 Diagnostic Tools Available to User 
to Check Facility Calibration 

Direct 
Diagnost ic  Measurement Range 

Impact Pressure Probe 
Heat-Transfer Probe 

Transient Enthalpy 
Probe 
Pressure I)istrlbuUon 
Probe 
Pressure OistrlL, u~.lon 
Probe 
Heat-Transfer Distri- 
bution Probe 

Heat-Transfer Distri- 
bution Probe 

Laser Velocimeter 

Pyrometer 

Flow Pressure Profile 
Stagnation Point Heat 
Transfer 
Total Enthalpy 

7-Channel Pressure 
Distribution Model 
7-Channel Pressure 
Distribution Model 
7-Channel Heat- 
Transfer Distribution 
Model 
7-Channel Heat- 
Transfer Distribution 
Model 
Erosion Particle 
Velocity 
Ablating Surface 
Temperature 

P to 100 atm 

1, Q00 to 20, 000 Btu/ftZ-sec 

P00 to 6, 000 Btullbm 

1 to 100 aim 

lto 100 atrn 

200 to 20, 000 Btu/ft2-sec 

200 to 20, 000 Btu/ftZ-sec 

1, O~ to 8, 000 Itlsec 

I, 500 to 6, 500°F 

N0se Radius, in. I Setup Lead [ Time, Days 
0.040 0,5 

0.250 0.5 

0. ]25 1.0 

0. ZS0 1.0 

0.500 l.O 

O. 250 I. 0 

0.500 l.O 

--- 5.0 

--- l.O 
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5.3.1 HEAT H-1 Leg 

The facility has at present (Fall 1977) undergone a 
partial calibration at high arc-heater pressures. All per- 
formance information that will be presented here is calcu- 
lated except where experimental calibrations are noted. 
Table 5.3 shows a list of nozzles including size, pressure, 
enthalpy, and Mach number available for use in this test 
leg. The ~ = 2 (0.85 in.) and the ~ = 2.65 (1.40 in.) 
nozzles have undergone primary calibration and are ex- 
pected to be typical of all nozzles. 

Table 5.3 HEAT H-1 Available Nozzles 

Throat Diameter. 
in. 

0.6,7.5 
0.625 
0.625 
0.625 
0.625 
0.700 
0.700 
0.900 

0.770 1.80 0.800 
0.850 2.00 0.700 
0. 850 1.80 ' 0.773 
1.120 2.50 O. 461 
1.600 3.00 0.282 
1.400 2.65 0.400 
i.400 2.52 0.416 
1.350 1.80" 0.800 

Maximum Arc Pressure-Enthalpy [ 
(Flow Enthalpy)* I 

120 to 3. 100(7, OQO] 
120 to 3, 10017, IX]O] 
120 to 3, 100(7, OOO) 
120 to 3, 100(7, 0001 
120 to 3, 100(7, 000) 
120 to 3, 100(7, 000) 
120 to 3,100(7. 000) 
120 to 2, 000 

Erosion Particle 
Velocity. ft/sec 

5, 400(1~ p ), 6, 800(75 p) 

5, 800~140 p ). 7,~75 U) 

*1 nferred from Pressure and Heat-Transfer Measurements Using Laminar 
Heating Relationships 

"*Flared 

Figure 5.13 shows typical pressure profiles and heat- 
transfer profiles of the flow from the Mach 2 nozzle. 
Note that these profiles are replots of computer plotted 
data with no smoothing applied and still show no significant 
peaking even at high pressure. The profiles at the 70-arm 
case are typical of 20 profiles taken at this condition. 
These data are for nominal half-power conditions of the fa- 
cility and should be considered lower limits of heat-transfer 
rates that can be obtained without mixing cold air with the 
arc flow. The heater has a mixer available which allows cold 
air to be mixed with the heater air, resulting in a lower 
enthalpy, higher Reynolds number flow. 
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100 

80 

1~ 60 

40 
O-  

20 

Sym Po, atn HOB, Btutlbm H o {Effective), Btullbm 

o 71 3,350 6,600 
115 3,122 6, 400 

Based on Measured Heat-Transfer, Pressure, 
and Laminar Fay- Riddell Equations 

20,000 

R N = 0.25 in. 

; .'2 0.4 0.6 
Position, in. 

16,000 

m u l l u m q ~ l ~ R ~  [] ~_ 12,000 

b 8,0OO 

6~0~ o ~ 4,000 ~P 

I ' - r -  

4 -(1'2 0 O.2 0.4 0.6 
P~Ition, in. 

Figure 5.13 Typical calibration results for 
HEAT (H-l) Facility. 

5.3.2 HEAT H-2 Leg 

T h i s  t e s t  l e g  o f  t h e  HEAT F a c i l i t y  h a s  t h e  s a m e  c a p a -  
b i l i t y  o f  t h e  AEDC 5-MW F a c i l i t y  p l u s  t h e  a b i l i t y  o f  u s i n g  
a l l  t h e  n o z z l e s  t h a t  H-1 u s e s .  The  m a i n  d i f f e r e n c e  i s  t h a t  
t h e  e n t h a l p y  o f  H-2 i s  l o w e r  t h a n  H-1  b e c a u s e  o f  t h e  d i f -  
f e r e n c e  i n  t h e  a r c  h e a t e r s .  T a b l e  5 . 4  s h o w s  a l i s t  o f  n o z -  
z l e s  i n c l u d i n g  s i z e ,  p r e s s u r e ,  e n t h a l p y ,  a n d  Mach n u m b e r  
a v a i l a b l e  f o r  u s e  i n  t h i s  t e s t  l e g .  

Table 5.4 HEAT H-2 Available Nozzles 

Throat Diameter, I Exit Diameter, 
in, in. 

O. 375 O. 428 
0.375 0.465 
O. 375 O. 518 
O. 375 O. 617 
0,500 0.570 
O. 625 O. 770 
O, 625 O. 850 
0. 62.5 O. 850 
O. 625 I. 120 
0.625 1.600 
0.700 1.400 
0.700 1.400 
0.750 O. 800 
0.75O 1.800 

Exil Model Pressure 
Mach Arc Pressure 

1.60 0.889 
1.80 0.880 
2.00 0.700 
2.50 0.551 
LeO 0.889 
1.80 0.800 
2.00 0.700 
1.80 0.773 
2.50 0.461 
3.00 0.282 
2.65 0.400 
2.52 O. 416 
1.30' 0.978 
3.20 0.230 

Maximum Arc Pressure-Enthalpy 
(Flow Ent halpy)" 

160 to 2, 400(4, o(O 
1~ to 2, 400(4, 000) 
100 to 2, 400(4, 000) 
160 to 2, 400(4. 000) 
160 to 2, 600(4. 400) 
]20 to 2, ~0(3. 900) 
120 to 2, 300(3. g00) 
]20 to 2, 300(3, g00) 
]20 to 2, 500(3, 900) 
120 to 2, 300(3, 9O0) 
120 to 2, 300(3, 900~ 
120 to 2, 300(3, 900) 
100 to 2, 30~3, ~0) 
100 to 2, 300(3, 900) 

Erosion Particle 
Velocity, fttsec 

5. 100(140 O ), 6, 000(75 la ) 

5, 35(XX40 p ), 6, HOX75 p) 

° I nferred from Pressure and Heat-Transfer Measurements Using 
Laminar Heating Relationships 

°*Conical Nozzle 
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Many t e s t s  r u n  i n  t h i s  f a c i l i t y  u s e  v e r y  l a r g e  w e d g e  
o r  h e m i s p h e r e  m o d e l s  w h i c h  r e q u i r e  t e s t i n g  i n  t h e  f l o w  
p l u m e .  F i g u r e  5 . 1 4  i s  a d e s c r i p t i v e  s k e t c h  o f  t h e  f l o w  s h o w -  
i n g  t h e  p l u m e  s i z e ,  f l o w  a n g u l a r i t y  i n  t h e  p l u m e ,  a n d  Mach 
n u m b e r  d i s t r i b u t i o n  f o r  an  .~! = 2 n o z z l e  u s i n g  a 0 . 3 7 5 - i n .  
t h r o a t .  F i g u r e s  5 . 1 5  and  5 . 1 6  show t h e  d i s t r i b u t i o n  o f  i m p a c t  
p r e s s u r e  a n d  s t a g n a t i o n  p o i n t  h e a t  t r a n s f e r  i n  t h e  e x p a n d e d  
plume. /-Test Position in 

Expanded Jet 
Normal T e s t  ~ _/.~.._ /-Jet Boundary 
Position-_ .j~'~"~,__ _ _ ~ _ ~ / ~ - - ~  

s ~ ' ' ~  . . . .  ~ ~ - B a r r e l S h o c k ' "  - " " It n Nozzle Rhombu " ' ' "  Radial Profiles 

~ ~ ~ 2 _  ~ 4 ~ rlliSO ~-'~0.5 a ~ X  - 1.75 in 

i~m- ~ ~  °o 5 o153o 
E | ~ .Longitudinal Mach blach No., Flow Angle, e 

4 l- ~ Nu_mber.Distr!bution M 
~ z /  / I , I , I , I , I 

0 1 2 3 4 5 
X, in. 

Figure 5.14 Descriptive sketch of plume from HEAT (H-2).  

Figure 5.15 Impact pressure distribution 
in plume from M = 2 nozzle. 

I1 8 ~  . . . . . . .  

P~IPo t~'~i~ ' 

'~ E Method of Characteristics 
v~,.- Solution for Plume: 
~ PO " 167 atm 
'~ T O - 6, 480°R - 3, 600°K 

O IO "~1~ ;o 12~ 0 ~u/lbm 

\Mach Dmsc Location 

Po, HOB, t ~  
S_~ atm Btu/Ib ~ t '  

n 143 2,174 
o 176 2,452 
zs 167 l. 964 ~ - - 1 5 0  

0.01 d 101 2,392 ~ ~,,,, 
~1' 116 2,461 \,,r,:uu 

80 2, lO0 

0.005 , ~ I I I l i l i l  • I I I\1 I l l l l  
0.10 l. 0 10 

Distance from Nozzle Exit. in. 
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lO, OOO 

- 0 '  

1,000 

300 

" .~ /-1.7 x Laminar 

\ ,  Velocity Gradient 
~ ' , , ' ~ /  Corrected for 

\ \ / , .  Flow Divergence .~  . 
\ ~ ^  \ Po " z~ arm 

PO' HOB' "~x'.A k Rn " Q'25 in" 
Sym arm Btullb ~ \  \ "' 

'~, _ , Experimental Data Corrected to 
o ~ 2,213. ' ~ '  \ Standard Reservoir Conditions 
o) 143 z, 114 ~ \ 

176 2. l~J ' ~ .  \ 
~, 167 11964 " ~  ~ F Laminar Theory 

101 2,3#2 \ \ /  Based on Method of 
2,100 \ J Characteristics Plume 
2,100 v~ Solution Plus Fay/Riddell 

I I I I I I I I I I  I I 1 ~ I I I I I I  

0.10 1. 0 l0 
Distance from Nozzle Exit, in. 

Figure 5,16 Stagnation point heat transfer 
in plume from M = 2 nozzle. 

5.3,3 Ablation/Erosion Capability 

B o t h  l e g s  o f  t h e  HEAT F a c i l i t y  h a v e  t h e  c a p a b i l i t y  o f  
g r a p h i t e  p a r t i c l e  i n j e c t i o n  a n d  a c c e l e r a t i o n  f o r  a b l a t i o n /  
e r o s i o n  t e s t i n g .  T h i s  u n i q u e  c a p a b i l i t y  i s  a c c o m p l i s h e d  by 
i n j e c t i n g  v a r i o u s  s i z e  g r a p h i t e  p a r t i c l e s  i n  a c h a m b e r  j u s t  
u p s t r e a m  o f  t h e  n o z z l e  a n d  a l l o w i n g  t h e m  t o  d r a g - a c c e l e r a t e  
t o  h y p e r s o n i c  v e l o c i t i e s .  T h e r e  a r e  two s y s t e m s  a v a i l a b l e  
f o r  p a r t i c l e  i n j e c t i o n  ( F i g .  5 . 1 7 ) ,  e a c h  w i t h  a d i f f e r e n t  
r a n g e  o f  p a r t i c l e  f l o w  r a t e .  The  p a r t i c l e / b i n d e r  r o d  s y s t e m  
p r o v i d e s  p o s i t i v e  c o n t r o l  o f  t h e  r a t e  o f  l ow  f l o w s  u p  t o  6 
g m / s e c .  The  o t h e r  s y s t e m  p r o v i d e s  p a r t i c l e  f l o w  r a t e s  by 
d u s t  i n j e c t i o n  o f  f l o w  r a t e s  u p  t o  60 g m / s e c .  T h e r e  a r e  
two n o z z l e s  c u r r e n t l y  a v a i l a b l e  f o r  p a r t i c l e  a c c e l e r a t i o n .  
The  s m a l l e r  o n e  i s  a n o m i n a l  M = 1 . 8  n o z z l e  w i t h  a 0 . 8 5 - i n .  
e x i t  d i a m e t e r .  T h i s  n o z z l e  h a s  t h e  a d v a n t a g e  o f  h i g h  i m p a c t  
p r e s s u r e s  a t  f a i r l y  h i g h  p a r t i c l e  v e l o c i t i e s .  The  maximum 
p r e s s u r e  a n d  c a l c u l a t e d  v e l o c i t i e s  a r e  shown i n  F i g .  5 . 1 8 .  
The  s e c o n d  n o z z l e  i s  l a r g e r  b u t  a t  t h e  s a c r i f i c e  o f  m o d e l  
p r e s s u r e .  T h i s  n o m i n a l  M = 2 . 5 2  n o z z l e  h a s  an  e x i t  d i a m e t e r  
o f  1 . 4  i n .  The c a l c u l a t e d  p a r t i c l e  v e l o c i t i e s  a r e  s h o w n  i n  
F i g .  5 . 1 9 .  K i n e t i c  e n e r g y  f l u x e s  o f  t h e  p a r t i c l e s  h a v e  b e e n  
c a l c u l a t e d  f o r  b o t h  n o z z l e s  f o r  a r a n g e  o f  p a r t i c l e  v e l o c i t i e s  
a n d  a r e  shown i n  F i g .  5 . 2 0 .  E n e r g y  f l u x e s  i n  e x c e s s  o f  3 
kw/cm 2 h a v e  b e e n  m e a s u r e d  i n  t h e  f a c i l i t y .  

A l t h o u g h  a l l  t h e  v e l o c i t i e s  shown  i n  t h e  f i g u r e s  w e r e  
c a l c u l a t e d  by d r a g  a c c e l e r a t i o n ,  AEDC h a s  h a d  c o n s i d e r a b l e  
e x p e r i e n c e  i n  p a r t i c l e  v e l o c i t y  m e a s u r e m e n t  i n  s i m i l a r  f a -  
c i l i t i e s .  F i g u r e  5 . 2 1  s h o w s  a c o m p a r i s o n  o f  m e a s u r e d  v e r s u s  
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c a l c u l a t e d  v e l o c i t y  f o r  v a r l o u s  s y s t e m s  u s l n g  t h r e e  d i f f e r e n t  
m e a s u r e m e n t  t e c h n i q u e s .  A p r o g r a m  i s  p l a n n e d  f o r  v e r i f i c a t i o n  
o f  t h e  c a l c u l a t e d  v e l o c i t i e s  i n  t h e  HEAT F a c i l i t y  by d i r e c t  
m e a s u r e m e n t s ,  u s i n g  b o t h  h i g h - s p e e d  f a s t  s h u t t e r  p h o t o g r a p h y  
a n d  a l a s e r  v e l o c i m e t e r .  T h e r e  i s  no m e t h o d  a v a i l a b l e  t o  
m e a s u r e  p a r t i c l e  s i z e  i n  t h e  f l o w  f i e l d ,  b u t  t h e  i m p o r t a n t  
p a r a m e t e r s ,  s u c h  a s  k i n e t i c  e n e r g y  f l u x ,  c a n  be m e a s u r e d .  

~ D u a l  Drive Motor 

Particle!Binder Rod 
/-Acceleration Nozzle 

/ / - - R o t a r y  r,'mdel 
ni eot'°" 

~ L ~ - ~ ~ ] J S y s t e m  

Arc 
Heater i 

E ~  Low Particle Density System Heater 

~._~SPhar:i!~i!~pe~ete r 

--- Olvidi ng Tee 

[ 
( 

/-Acceleration Nozzle 
/ /-Rotary Model 

~ Injection 

~.Particle Flow Tubes 

High Particle Density S~stem 

Figure 5,17 Particle injection systems. 

6,1111 

~ 5,20B 

~ 4,gO0 
o .  

4,1111 

6,400 -- Model Pressure: 85 atm Dp, pm 7, 400 
- Flow Size: O. 8S in. / 50 

Math Number: I. 80 7, 00O 

100 ~ 6,500 

/ /  ,, oo 
>. -o 
~ 5,800 

5,41111 

4,000 t I I I I I l I I I 
5,0Q~, X)O 2,400 2,800 3,200 3,600 4,000 2,000 2,400 2,800 3,200 3,600 4,000 

Bulk Enthalpy, Btu/ibm 

Dp, pm 
- Model Pressure: 54 arm 
- FlowSize: 1.40in. / 60 

Mach Number: 2.52 
j -  

100 

I i i I I i I I I I 

Bulk Enthalpy, Btullbm 

Figure 5.18 Particle velocity versus 
bulk enthalpy for arc- 
heater pressure of 120 
atm and the M = 1.80 
nozzle. 

Figure 5.19 Particle velocity versus 
bulk enthalpy for arc- 
heater preuure of 120 
atm and the M = 2.52 
nozzle. 
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Figure 5.20 Theoretical kinetic energy flux 
and ATJ-S graphite erosion rates 
for various particle velocities. 
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Figure 5.21 Summary of particle velocity measurements 
with three different techniques in two 
different facilities; comparison with 
one.dimensional program prediction. 
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5A FUTURE CAPABILITY 

T h e  f a c i l i t y  ( e s p e c i a l l y  H - l )  h a s  g r e a t  g r o w t h  p o t e n t i a l  
i n  i t s  a b i l i t y  t o  s a t i s f y  t h e  u s e r .  S e v e r a l  i t e m s  o f  r e s e a r c h  
a r e  u n d e r  d e v e l o p m e n t w h i c h  when f u l l y  o p e r a t i o n a l  w i l l  
g r e a t l y  i n c r e a s e  t h e  f l e x i b i l i t y  and  p e r f o r m a n c e  o f  t h e  f a -  
c i l i t y .  The  m o s t  n e a r  t e r m  i n c r e a s e  i n  c a p a b i l i t y  w i l l  be  a 
s i g n i f i c a n t  p o w e r  i n c r e a s e  when t h e  c u r r e n t  i s  i n c r e a s e d .  
O n g o i n g  r e s e a r c h  a t  AEDC on  p a r t i c l e  a c c e l e r a t i o n  s h o u l d  
d o u b l e  p a r t i c l e  v e l o c i t i e s  w i t h i n  t h e  n e x t  f ew y e a r s .  A 
b e t t e r  c a l i b r a t i o n  o f  t h e  p a r t i c l e  f l o w  f i e l d  w i l l  r e s u l t  
f r o m  d e v e l o p m e n t  o f  a p a r t i c l e  s i z i n g  i n t e r f e r o m e t e r .  The  
f a c i l i t y  w i l l  be  a u g m e n t e d  w i t h  t h e  c a p a b i l i t y  o f  p r e p r o -  
grammed p o w e r  a n d  p r e s s u r e  w h i c h  w i l l  a l l o w  a t e s t  s p e c i m e n  
t o  " f l y "  a t r a j e c t o r y  w i t h  n e a r l y  f u l l  s i m u l a t i o n  o f  p r e s s u r e  
a n d  h e a t  t r a n s f e r  i n  r e a l  t i m e .  

L o n g - t e r m  f u t u r e  c a p a b i l i t i e s  l i e  i n  i n c r e a s e d  a r c - h e a t e r  
p r e s s u r e s ,  i . e . ,  i n c r e a s e d  m o d e l  p r e s s u r e  a n d  h i g h e r  p o w e r  
o p e r a t i o n .  B o t h  o f  t h e s e  i t e m s  w i l l  a l s o  r e s u l t  i n  l a r g e r  
f l o w  d i a m e t e r s .  At p r e s e n t ,  t h e  AEI)C p o w e r  d i s t r i b u t i o n  
s y s t e m  w i l l  s u p p o r t  a d - c  p o w e r  s u p p l y  o f  up  t o  200 MW. By 
1982 ,  t h i s  w i l l  i n c r e a s e  t o  a b o u t  500 MW. 
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6.0 DUST EROSION TUNNEL (DET) 

B a l l i s t i c  o r  o t h e r  m i s s i l e s  f l y i n g  a t  h i g h  v e l o c i t i e s  
n e a r  t h e  e a r t h ' s  s u r f a c e  may be  r e q u i r e d  t o  t r a v e r s e  d u s t  
c l o u d s  f o r m e d  by s u r f a c e  b u r s t s  o f  n u c l e a r  w e a p o n s .  D u s t  
e r o s i o n  o f  h e a t  s h i e l d s ,  f i n s  o f  v a r i o u s  k i n d s ,  a n t e n n a s ,  
a n d  w i n d o w s  o r  o t h e r  i t e m s  i n  s u b s u r f a c e  c a v i t i e s  w i l l  o c c u r  
d u r i n g  t h e  p e n e t r a t i o n  o f  s u c h  d u s t  c l o u d s .  N a t u r a l  s n o w  a n d  
r a i n ,  a n d  w a t e r / i c e  f o r m e d  by t h e  r a p i d  e x p a n s i o n  o f  n u c l e a r  
f i r e b a l l s  a l s o  p o s e  e r o s i o n  p r o b l e m s .  The p h e n o m e n o l o g i c a l  
b a s e s  o f  p a r t i c l e  e r o s i o n  a r e  n o t  c o m p l e t e l y  u n d e r s t o o d ,  a n d  
t h e r e  a r e  l a r g e  u n d o c u m e n t e d  g a p s  i n  some  f l i g h t  r e g i o n s  w h e r e  
e m p i r i c a l  c o r r e l a t i o n s  c o u l d  be  f o r m u l a t e d  f o r  u s e  i n  p r a c t i c a l  
d e s i g n  p r o b l e m s .  

The AEDC Dust Erosion Tunnel (DET) was the first tunnel 
designed specifically to drag-accelerate solid particles to 
velocities greater than 5,000 ft/sec on a continuous (>5 min) 
basis. A feasibility study on the use of an existing electric 
arc heater for the DET driver was concluded affirmatively in 
calendar year 1970 at AEDC. Subsequent to the conclusion of 
the ~easibility study, USAF/AFSC-SAMSO contracted with the 
Boeing Company to design and fabricate a dust tunnel to be 
installed and operated at AEDC. The first shipment of tunnel 
c o m p o n e n t s  a r r i v e d  a t  AEDC May 3 ,  1 9 7 1 ;  i n s t a l l a t i o n  was 
c o m p l e t e d  on May 3 0 ,  1 9 7 1 :  s h a k e d o w n  t e s t s  w e r e  c o m p l e t e d  
J u n e  18 ,  1 9 7 1 ;  a n d  c a l i b r a t i o n  o f  t h e  t u n n e l ,  h i g h l i g h t e d  by  
t h e  u s e  o f  l a s e r  h o l o g r a p h y  f o r  d u s t f i e l d  c h a r a c t e r i z a t i o n ,  
was b e g u n  J u n e  2 1 ,  1 9 7 1 ,  and  e x t e n d e d  i n t o  c a l e n d a r  y e a r  1 9 7 2 .  
C o n c u r r e n t  w i t h  t h e  t u n n e l  c a l i b r a t i o n ,  t h e  f i r s t  t e s t  s e r i e s  
was c o m p l e t e d  d u r i n g  t h e  p e r i o d  N o v e m b e r  3 0 ,  1 9 7 1 ,  t h r o u g h  
A p r i l  7 ,  1 9 7 2 .  ~ i s  f i r s t  t e s t  s e r i e s ,  s p o n s o r e d  by  SAMSO, 
i n v o l v e d  a s t u d y  o f  t h e  i g n i t i o n  a n d  c o m b u s t i o n  o f  t i t a n i u m ,  
f i r s t  o b s e r v e d  d u r i n g  a s l e d  t r a c k  t e s t  a t  H o l l o m a n  A i r  F o r c e  
B a s e .  From t h e  c o n c l u s i o n  o f  t h i s  t e s t  u n t i l  t h e  p r e s e n t  t i m e ,  
t h e  DET h a s  b e e n  u s e d  t o  i n v e s t i g a t e  t h e  e r o s i o n  r e s i s t a n c e  o f  
a w i d e  s p e c t r u m  o f  m a t e r i a l s ,  r a n g i n g  f r o m  g r a p h i t e  t h r o u g h  
c a r b o n - c a r b o n  c o m p o s i t e s  a n d  f r o m  b e r y l l i u m  t h r o u g h  t i t a n i u m .  

6.1 TYPES OF TESTING 

H i s t o r i c a l l y  a n d  p r i m a r i l y ,  t h e  DET h a s  b e e n  u s e d  t o  
d o c u m e n t  t h e  e f f e c t s  o f  h i g h - v e l o c i t y  s o l i d  p a r t i c l e  i m p a c t s  
on  a w i d e  v a r i e t y  o f  m a t e r i a l s .  The t u n n e l  was s p e c i f i c a l l y  
d e s i g n e d  a s  a p a r t i c l e  d r a g - a c c e l e r a t o r ,  u s i n g  a s h a l l o w -  
e x p a n s i o n - a n g l e  n o z z l e  207 i n .  ( 1 7 . 2 5  f t )  i n  l e n g t h  f o r  s i m u -  
l a t i o n  of a point on the ascent trajectory of an ICBM. Since 
this long nozzle was of sectional construction, and since 
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r e q u e s t s  f o r  t e s t i n g  a t  o f f - d e s i g n  Mach and  R e y n o l d s  n u m b e r s  
b e g a n  t o  a r i s e ,  t e s t s  w e r e  r u n  w i t h  n o z z l e  l e n g t h s  o f  1 2 7 . 5  
a n d  75 i n .  t o  e x p l o i t  t h e  b u i l t - i n  c a p a b i l i t i e s  f o r  t h e  
e x p a n s i o n  o f  t h e  r a n g e  o f  t h e s e  v a r i a b l e s .  

Mode l  g e o m e t r i e s  f o r  e r o s i o n  t e s t i n g  h a v e  v a r i e d  g r e a t l y ;  
e . g . ,  t h i n - w a l l e d  h e m i s p h e r e s  f r o m  1-  t o  3 - i n .  d i a m e t e r ;  s p h e r -  
i c a l l y  b l u n t e d  c o n e s ,  t h i n - w a l l e d ,  w i t h  1 -  a n d  3 - i n . - d i a m  
s p h e r e s  j o i n e d  t o  1 8 - d e g  h a l f - a n g l e  c o n e s  h a v i n g  b a s e  d i a m e t e r s  
o f  2 a n d  6 i n . ,  r e s p e c t i v e l y ;  f l a t - f a c e d  c y l i n d e r s  o r  t h i n  
d i s k s  r a n g i n g  f r o m  1 t o  3 i n .  i n  d i a m e t e r ;  m a t e r i a l  s a m p l e s  
a t t a c h e d  t o  w e d g e  h o l d e r s  r a n g i n g  up t o  20 d e g ;  a n d  a s o l i d  
2 - i n . - d i a m  h e m i s p h e r e  w i t h  a 1 / 1 6 - i n . - d i a m  o r i f i c e  a t  t h e  
s t a g n a t i o n  p o i n t ,  u s e d  i n  a r e c e n t  t e s t  t o  o b t a i n  g a s  s a m p l e s  
f o r  l a b o r a t o r y  a n a l y s e s .  T h i n - w a l l e d  m o d e l s  w e r e  i n s t r u m e n t e d  
w i t h  % h e r m o c o u p l e s ,  a n d  t h e  o u t p u t s  w e r e  u s e d  t o  c a l c u l a t e  
h e a t - t r a n s f e r  r a t e s .  W i t n e s s  b a r s ,  p l a t e s ,  a n d  r o d s  o f  d i f -  
f e r e n t  m a t e r i a l s  h a v e  b e e n  u s e d  f o r  t u n n e l  c a l i b r a t i o n  and  
s p e c i a l  p u r p o s e s .  

I n  a d d i t i o n  t o  s o l i d  p a r t i c l e  e r o s i o n  t e s t i n g ,  o t h e r  
k i n d s  o f  t e s t s  h a v e  b e e n  a c c o m p l i s h e d :  e . g . ,  a t e s t  w h e r e  
t h e  e f f e c t  o f  s u r f a c e  r o u g h n e s s  ( c a u s e d  by p a r t i c l e  i m p a c t s )  
on  h e a t - t r a n s f e r  r a t e s  was i n v e s t i g a t e d ,  t a k i n g  a d v a n t a g e  o f  
t h e  f a c t  t h a t  t h e  c o r e  f l o w  o f  t h e  DET i s  l a m i n a r ,  w h i l e  t h a t  
i n  t h e  t h i c k  b o u n d a r y  l a y e r  i s  t u r b u l e n t ;  a t e s t  w h e r e  t h e  
t u n n e l  was u s e d  t o  s u p p l y  h y p e r s o n i c ,  p a r t i c l e - l a d e n  j e t s  f o r  
d e v e l o p m e n t a l  t e s t i n g  o f  a l a s e r - p o w e r e d  p a r t i c l e  s i z i n g  
i n t e r f e r o m e t e r  w i t h  s i m u l t a n e o u s  v e l o c i t y - m e a s u r i n g  c a p a b i l i t y ;  
a n d  a t e s t  w h e r e  w a t e r  was i n j e c t e d  i n t o  t h e  t u n n e l  t o  i n v e s t i -  
g a t e  t h e  e f f e c t s  o f  t h e  p r e s e n c e  o f  w a t e r  on  t h e  s u r f a c e  
c h e m i s t r y  o f  a h o t  t i t a n i u m  h e m i s p h e r e  u n d e r g o i n g  e r o s i o n .  

I n t e r e s t  h a s  b e e n  e x p r e s s e d  i n  u s i n g  t h e  DET t o  s i m u l a t e  
t h e  e f f e c t s  o f  an  a l u m i n u m - l a d e n  r o c k e t  m o t o r  e x h a u s t  j e t  
i m p i n g i n g  on a n  RV s u r f a c e ,  f o r  u s e  i n  t h e  d e v e l o p m e n t  o f  an  
a c o u s t i c a l  p a r t i c l e  i m p a c t  c o u n t e r ,  a n d  f o r  u s e  i n  t h e  d e v e l o p -  
m e n t  o f  a p r e s s u r e  t r a n s d u c e r  d e s i g n e d  f o r  u s e  on a h e a t  s h i e l d  
u n d e r g o i n g  e r o s i o n .  

Other possible uses are: development of erosion-resistant 
materials for endo-atmospheric, hypersonic aircraft (wind- 
shield, leading edge, control surface, radome, or EM window 
materials, for example); conditioning, by controlled amounts 
of erosion, with attendant roughness, models to be subse- 
quently launched in a gun range; and, perhaps, impacting 
models continuously with liquid water droplets or snowflakes, 
contingent upon the feasibility of such operation. Even 
though water has been injected into the tunnel in a recent 
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t e s t ,  t h e r e  w e r e  no means  a v a i l a b l e  t o  c h a r a c t e r i z e  t h e  w a t e r  
f i e l d  e i t h e r  a s  t o  d r o p l e t  s i z e  o r  v e l o c i t y .  F a c i l i t y  d e v e l o p -  
m e n t  t e s t s  s t r u c t u r e d  t o  g e n e r a t e  s n o w f l a k e s  o r  i c e  h a v e  n e v e r  
b e e n  a t t e m p t e d ,  p r i m a r i l y  b e c a u s e ,  up  t o  now,  t h e y  h a v e  n o t  
b e e n  p r o p o s e d .  T h e r e  may be  a p o s s i b i l i t y  t h a t  snow o r  i c e  
c o u l d  b e  g e n e r a t e d  by  t h e  c o n d e n s a t i o n  o f  i n j e c t e d  s t e a m ,  
when  o p e r a t i n g  t h e  t u n n e l  a t  minimum o r  a m b i e n t  e n t h a l p y .  

H i g h e r  p a r t i c l e  v e l o c i t i e s ,  u s i n g  a i r  a s  t h e  c a r r i e r  g a s ,  
c o u l d  be  o b t a i n e d  by  r e p l a c i n g  t h e  p r e s e n t  t u n n e l  d r i v e r  w i t h  
o n e  t h a t  c a n  o p e r a t e  a t  h i g h e r  p r e s s u r e s  a n d  e n t h a l p i e s ,  o r  
by d e v e l o p i n g  t h e  c a p a b i l i t y  t o  u s e  h e l i u m  a s  t h e  c a r r i e r  g a s .  

6.2 FACILITY DESCRIPTION 

The AEDC-DET is a hypersonic, continuous-flow (>5 min), 
open-circuit facility, designed to drag-accelerate particles 
to high velocities. A schematic plan of the tunnel is shown 
in Fig. 6.1, power supply not included. Power is supplied 
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Figure 6.1 Schematic view of DET. 

t h r o u g h  a n e t w o r k  o f  3 - p h a s e  a - c  t r a n s f o r m e r s  a n d  c o n v e r t e d  
t o  d - c  p o w e r  w i t h  a 3 - p h a s e ,  f u l l - w a v e  i g n i t r o n  r e c t i f i e r .  
A r c - h e a t e r  p o w e r  i s  r e g u l a t e d  by t h e  u s e  o f  a t a p - c h a n g i n g -  
u n d e r - l o a d  t r a n s f o r m e r  on t h e  a - c  s i d e .  A r e s i s t i v e  b a l l a s t  
on t h e  d - c  s i d e  c a n  be  u s e d  f o r  a r c  s t a b i l i z a t i o n ,  i f  
r e q u i r e d .  A i r  i s  h e a t e d  t o  h i g h  t e m p e r a t u r e s  by  t h e  e l e c t r i c  
a r c  h e a t e r ,  i s  t h e n  d u c t e d  t h r o u g h  t h e  a d a p t e r  s e c t i o n  a n d  
t h e  d u s t  i n j e c t i o n  s e c t i o n ,  a n d  t h e n  i n t o  t h e  e x p a n s i o n  
n o z z l e .  I f  e n t h a l p i e s  l e s s  t h a n  a b o u t  1 , 5 0 0  B t u / l b m  a r e  
r e q u i r e d ,  a m i x i n g  s e c t i o n  i s  p l a c e d  b e t w e e n  t h e  a d a p t e r  a n d  
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d u s t  i n j e c t i o n  s e c t i o n s  t o  t e m p e r  t h e  h e a t e r  e f f l u e n t .  J u s t  
d o w n s t r e a m  f r o m  t h e  p l a n e  w h e r e  t h e  f l o w  e x i t s  f r om t h e  
e x p a n s i o n  n o z z l e  i n t o  t h e  c l o s e d  t e s t  c a b i n ,  a r o t a r y  i n j e c -  
t i o n  s y s t e m  ( s e e  F i g .  6 . 2 )  moves  t h e  t e s t  m o d e l s  i n t o  t h e  j e t  
i n  a r e q u i r e d  s e q u e n c e .  N i n e  m o d e l  m o u n t i n g  s t i n g s  a r e  
available, with the tenth being empty for facilitation of 
starting the nozzle flow. The test jet is not walled in as 
with conventional wind tunnels, and generally, the nozzle 
e x i t  f l o w  i s  s l i g h t l y  o v e r e x p a n d e d  b u t  w i t h  no e f f e c t  on  t h e  
m o d e l  f l o w  f i e l d .  A f t e r  t h e  d u s t - l a d e n  f l o w  i m p a c t s  t h e  t e s t  
m o d e l ,  i t  e x i t s  t h e  c a b i n  t h r o u g h  a d i f f u s e r  and  t h e n  i s  
d u c t e d  i n t o  t h e  ETF e x h a u s t  c o m p r e s s o r s  a n d  d i s c h a r g e d  i n t o  
t h e  a t m o s p h e r e .  T u n n e l  p h o t o g r a p h s  a r e  shown i n  F i g .  6 . 3 .  

Model Positioning System Test Cabin 

KTunnel Exit Nozzle /-Specimen in / Window 
/ ' ~ = = = ~  j ~ t  Position J 

Arc ~ - - - - i - i - - - ~  ~ / / (/ ].) \ I 
~ , r - ~ . p . j  / / /  ~System L r ,:,\~_¢//;, ~ j 

ItI-~oEIII / , k \  III \ %, / "  II % " / 

LSl~clmen in Stowed Position 
I ndexi ng Mechanism 

Figure 6.2 Test cabin and model positioning system. 

a. Heater and expansion nozzle 
Figure 6.3 Photographic view of DET. 
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b. Test cabin and model positioner drive 

c. Test cabin and diffuser 
Figure 6.3 Concluded. 
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H i g h - p r e s s u r e  a i r  t o  t h e  a r c  h e a t e r  a n d  m i x i n g  s e c t i o n  
i s  s u p p l i e d  by t h e  h i g h - p r e s s u r e  a i r  p u m p i n g  s y s t e m  o f  t h e  VKF. 
C o o l i n g  w a t e r  f o r  t h e  a r c  h e a t e r  and  n o z z l e  l i n e r  i s  s u p p l i e d  
f r o m  d e m i n e r a l i z e d  a n d  r a w  w a t e r  p u m p i n g  s y s t e m s .  

D u s t  h o p p e r s  p r e s s u r i z e d  by GN2 a r e  u s e d  t o  i n j e c t  p a r -  
t i c u l a t e  m a t t e r  i n t o  t h e  h o t  a i r s t r e a m .  M a t e r i a l s  u s e d  t o  
s i m u l a t e  d u s t  h a v e  b e e n  m a g n e s i u m  o x i d e  (50 ,  100 ,  650 ~m),  
s i l i c o n  c a r b i d e  (100 ttm), a n d  g l a s s  s p h e r e s  ( 1 0 0 ,  200 ,  650 
~m).  T w o - m i c r o n  t i t a n i u m  d i o x i d e  was  u s e d  f o r  an  i n - h o u s e  
r e s e a r c h  p r o g r a m .  L a s e r  s h a d o w g r a p h  e q u i p m e n t  i s  a l s o  a v a i l -  
a b l e  b u t  c a n n o t  be  u s e d  c o n c u r r e n t l y  w i t h  t h e  l a s e r  h o l o g r a p h  
s i n c e  t h e y  b o t h  m u s t  u s e  t h e  same  o p t i c a l  w i n d o w  i n  t h e  t e s t  
c a b i n .  One week  i s  r e q u i r e d  f o r  s h a d o w g r a p h  i n s t a l l a t i o n .  
H i g h - s p e e d  c a m e r a s  w i t h  400 f t  o f  16-mm f i l m  c a p a c i t y  ( 1 6 , 0 0 0  
f r a m e s )  a r e  a v a i l a b l e ,  w i t h  f r a m i n g  r a t e s  up t o  1 0 , 0 0 0  s e c  - 1 .  
A c l o s e d - c i r c u i t  t e l e v i s i o n  s y s t e m  w i t h  t h e  s c r e e n  l o c a t e d  i n  
t h e  DET c o n t r o l  room i s  u s e d  f o r  m o d e l  v i e w i n g  d u r i n g  a t e s t  
r u n .  

A w a t e r - c o o l e d  p r e s s u r e  p r o b e  i s  a v a i l a b l e  f o r  m e a s u r i n g  
p i t o t  p r e s s u r e .  F o r  t u n n e l  e n t h a l p i e s  l e s s  t h a n  900 B t u / l b m ,  
a p r o b e  i s  a v a i l a b l e  f o r  m e a s u r e m e n t  o f  t o t a l  t e m p e r a t u r e .  
Model  t e m p e r a t u r e s  a n d  p r e s s u r e s  c a n  be  r e c o r d e d  on m a g n e t i c  
t a p e  u s i n g  a 9 6 - c h a n n e l  r e c o r d e r  w i t h  s i g n a l  s a m p l i n g  r a t e s  
o f  6 msec  o r  l e s s ,  d e p e n d i n g  on t h e  number  o f  c h a n n e l s  
s c a n n e d .  

6.3 FACILITY PERFORMANCE 

The DET was d e s i g n e d  t o  a c c e l e r a t e  s o l i d  p a r t i c l e s ,  a n d  
a l l  o t h e r  r e q u i r e m e n t s  w e r e  s e c o n d a r y  t o  t h i s  p u r p o s e .  
T a b l e  6 . 1  i s  a summary  o f  t u n n e l  a e r o d y n a m i c  c o n d i t i o n s  f o r  
t h e  t h r e e  l e n g t h s  o f  n o z z l e  u s e d  f o r  t e s t i n g :  75 ,  1 2 7 . 5 ,  
a n d  207 i n .  I n c l u d e d  i n  t h i s  t a b l e  a r e  t h e  n o z z l e  d i a m e t e r s  
a n d  w a l l  a n g l e s ,  a n d  v e l o c i t i e s  f o r  100-~m MgO p a r t i c l e s .  
T u n n e l  c o n d i t i o n s  a r e  400 ,  800 ,  1 , 4 0 0 ,  and  1 , 8 0 0  B t u / l b m  
e n t h a l p y  a n d  1 , 0 0 0  p s i a ,  t h e  n o m i n a l  h e a t e r  e n t h a l p y  o p e r a t i n g  
r a n g e  and  p r e s s u r e ,  r e s p e c t i v e l y .  A l i m i t e d  number  o f  t e s t  
r u n s  h a v e  b e e n  made  a t  500 p s i a .  

To a c h i e v e  t h e  f u l l e s t  u s e  o f  t h e  DET, i t  i s  u s e f u l  t o  
know t h e  a e r o d y n a m i c  c o n d i t i o n s  a t  t h e  v a r i o u s  s t a t i o n s .  
T a b l e  6 . 1  shows  t h a t  t h e  n o z z l e  b o u n d a r y  l a y e r s  a r e  q u i t e  
t h i c k .  T h e s e  d a t a  a r e  f r o m  b o u n d a r y - l a y e r  c a l c u l a t i o n s  by  
Dr .  A. W. Mayne ,  J r . ,  AEDC-VKF. V e l o c i t y  p r o f i l e s  a r e  shown 
i n  F i g .  6 . 4 ,  a n d  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  f l o w  a t  t h e s e  
s t a t i o n s  may be  m e r g e d .  The v a l u e s  o f  u n i t  R e y n o l d s  n u m b e r s  
i n  T a b l e  6 . 1  i n d i c a t e  t h a t  t h e  f l o w  a t  e a c h  s t a t i o n  i s  
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t u r b u l e n t ;  h o w e v e r ,  s t a g n a t i o n  p o i n t  h e a t - t r a n s f e r  m e a s u r e -  
m e n t s  made on h e m i s p h e r e s  p l a c e d  on  t h e  t u n n e l  c e n t e r l i n e  
show t h a t  t h e  c o r e  f l o w  i s  l a m i n a r .  The T a b l e  6 . 1  v a l u e s  o f  
h e a t - t r a n s f e r  r a t e  t o  t h e  s t a g n a t i o n  p o i n t  o f  a c o l d - w a l l e d  
h e m i s p h e r e  w i t h  a 1 . 0 - i n .  r a d i u s  w e r e  c a l c u l a t e d  u s i n g  t h e  
F a y - R i d d e l l  t h e o r y ,  a n d  p a s t  e x p e r i e n c e  h a s  shown t h a t  95 
p e r c e n t  o f  t h e  m e a s u r e m e n t s  l i e  w i t h i n  ±15  p e r c e n t  o f  t h e s e  
v a l u e s .  As t h e  b o u n d a r y  l a y e r  i s  t r a v e r s e d ,  t h e  e f f e c t s  o f  
t u r b u l e n c e  a r e  i n  e v i d e n c e ;  t h i s  c o n c l u s i o n  was r e a c h e d  by 
e x a m i n i n g  p o w e r  s p e c t r a l  d e n s i t y  p l o t s  f r o m  d y n a m i c  p r e s s u r e  
m e a s u r e m e n t s  made i n  t h e  b o u n d a r y  l a y e r  w h i c h  e x h i b i t e d  t h e  
h i g h - f r e q u e n c y  r o l l - o f f  a s s o c i a t e d  w i t h  t u r b u l e n t  f l o w s .  

Pitot pressure profiles made during the tunnel calibra- 
tion and shown in Fig. 6.5 indicate reasonably uniform core 
flow diameters of about 7, 4, and 1.6 in. for the 207-, 
127.5-, and 75-in. nozzles, respectively. Also, the temper- 
ature profile for station 207 shows reasonable uniformity. 

To date, the majority of the erosion tests have used 
mainly magnesium oxide (MgO) as the erosion agent in the 
100-um (nominal) particle size. A few test runs have used 
50- and 650-~m MgO; several test runs in the early 
tests used i00-, 200-, and 650-~m glass beads; and two runs 
were made with 100-~m silicon carbide (SIC). Several runs 
were made during an in-house research project with 2-~, 
titanium dioxide, but no holograph documentation was obtained 
because the optics of the existing system establish a lower 
size resolution limit of about 30 ~m. The system optics 
could be reworked so that particles as small as i0 ~m could 
be seen, but this would probably require several months time 
plus funds for the design, fabrication, and checkout work 
involved. 

Nominal 100-~u MgO dust as obtained from the supplier 
has been found to have a size spectrum of I0 to 200 ~m, with 
90 to 95 percent of the particles being in the I00 to 200 
range. Figure 6.6 shows typical radial profiles of particle 
velocity obtained from double-pulse holograms at station 207 
for nominal 100-~jn dust. The sizes observed range from 20 to 
190 ~m shown in ~DD'S of 20 ~m. The profiles are fairly 
uniform over the 7~in. core, and the cloud centerline is very 
nearly coincident with the tunnel centerline. Centerline 
particle velocities range from about 5,000 ft/sec for the 
150- to 190-~m bin to about 6,600 ft/sec for the 20- to 40-~m 
bin. The distributions are parabolic, showing the influence 
of the gas velocity profiles shown in Fig. 6.4. Also shown 
in Fig. 6.6 is the radial distribution of particle number 
density, which is seen to be uniform over the 7-in. core. 
The core value shown ~epresents an average number density of 
about 0.5 particle/cm °. Dust particle concentrations are 
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Figure 6.6 Vel~i~ and numb~ density profiles, 
station 207, nominal lO0~m, MgO 
~ i ~ .  

c u s t o m a r i l y  s p e c i f i e d  by a c o n c e n t r a t i o n  f a c t o r n ( C . F . )  w h i c h  
i s  e q u a l  t o  t h e  d u s t  s p a t i a l  d e n s i t y ,  Ps (gm/cm ~) m u l t i p l i e d  
by  10 ° . W i t h  t h e  p r e s e n t  d u s t  i n j e c t i o n  s y s t e m  a C . F .  r a n g e  
o f  a p p r o x i m a t e l y  10 t o  100 c a n  be  s e t  w i t h  u n c e r t a i n t i e s  
r a n g i n g  f r o m  a b o u t  ±50 p e r c e n t  a t  C . F .  o f  10 t o  ±20  p e r c e n t  
a t  C . F .  = 100 .  F o r  100-pm MgO p a r t i c l e s  ( F i g ' x 6 ~ v  C . F .  = 10 
c o r r e s p o n d s  t o  a number  d e n s i t y  o~ a b o u t  5 . 3 4  ~ p a r t i c l e s /  
cm, C . F .  = 100 c o r r e s p o n d s  t o  a b o u t  5 . 3  x 10 - 1 ,  a n d  
C . F .  = 1 , 0 0 0  t o  5 . 3  p a r t i c l e s / c m  3 .  F i g u r e  6 . 8  shows  t h e  
p a r t i c l e  m a t e r i a l  mass  f l o w  r a t e  r e q u i r e d  f o r  a g i v e n  C . F .  a n d  
e n t h a l p y ,  f o r  100-~m MgO a n d  t u n n e l  Po = 1 , 0 0 0  p s i a .  The d a t a  
w e r e  c a l c u l a t e d  u s i n g  t h e  l a s e r  h o l o g r a p h i c  i n f o r m a t i o n  
o b t a i n e d  d u r i n g  t u n n e l  c a l i b r a t i o n .  I f  t h e  d u s t  s y s t e m  c o u l d  
s u s t a i n  a f l o w  r a t e  o f  100 g m / s e c  o f  1 0 0 - ~  MgO d u s t ,  t h e n  t h e  
C . F .  r a n g e  a t  s t a t i o n  207 w o u l d  b e  10 t o  100 ,  a n d  t h a t  a t  
s t a t i o n  1 2 7 . 5  w o u l d  b e  10 t o  3 5 0 .  E x t r a p o l a t i n g  t h e s e  r e s u l t s  
t o  s t a t i o n  75 g i v e s  a C . F .  r a n g e  a t  t h a t  l o c a t i o n  o f  a b o u t  
10 t o  1 , 0 0 0 .  The u s e  o f  d u s t  m a t e r i a l s  g r e a t e r  t h a n  100 
i n  d i a m e t e r  a n d  c o m p o s e d  o f  m a t e r i a l s  o t h e r  t h a n  g l a s s ,  S i C ,  
o r  MgO w o u l d  r e q u i r e  a d d i t i o n a l  d u s t  c l o u d  c a l l b r a t i o n .  
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P a r t i c l e  v e l o c i t y  as  a f u n c t i o n  o f  t u n n e l  s t a g n a t i o n  
p r e s s u r e ,  s t a g n a t i o n  e n t h a l p y ,  and  p a r t i c l e  d i a m e t e r  i s  
p r e s e n t e d  i n  F i g .  6 . 9 ,  f o r  s p h e r i c a l  MgO p a r t i c l e s  a t  
s t a t i o n s  75 ,  1 2 7 . 5 ,  and  207.  The c a l c u l a t e d  d a t a  shown w e r e  
o b t a i n e d  by u s e  o f  a c o m p u t e r  c o d e  w h i c h  c a l c u l a t e s  t h e  
b o u n d a r y - l a y e r  g r o w t h  on  t h e  n o z z l e  s u r f a c e  and  t h e n  i n t e -  
g r a t e s  t h e  d r a g  e q u a t i o n  f o r  p a r t i c l e s  a c c e l e r a t e d  i n  t h e  
c o r e  f l o w ,  m a k i n g  u s e  o f  t h e  b e s t  s p h e r e  d r a g  d a t a  a v a i l a b l e .  
The p a r t i c l e  f l o w  i s  a s s u m e d  t o  h a v e  no e f f e c t  on t h e  ga s  
d y n a m i c s .  Fo r  a g i v e n  e n t h a l p y ,  i n c r e a s i n g  t h e  p r e s s u r e  
f r o m  500 t o  1 , 0 0 0  p s i a  r e s u l t s  i n  a s u b s t a n t i a l  i n c r e a s e  i n  
p a r t i c l e  v e l o c i t y .  No p a r t i c l e  v e l o c i t y  c a l i b r a t i o n  h a s  b e e n  
d o n e  a t  s t a t i o n  75 ;  h o w e v e r ,  m e a s u r e m e n t s  u s i n g  d o u b l e - p u l s e d  
l a s e r  h o l o g r a p h y  h a v e  b e e n  made a t  s t a t i o n s  1 2 7 . 5  a n d  207 .  
M e a s u r e d  v e l o c i t i e s  a r e  0 t o  8 p e r c e n t  h i g h e r  t h a n  c a l c u l a t e d  
a t  t h e  2 0 7 - i n .  s t a t i o n  and  up t o  12 p e r c e n t  h i g h e r  a t  t h e  
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Figure 6.9 Particle velocity versus enthalpy 
envelopes, for Po = 1,000 psia and 
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1 2 7 . 5 - i n .  s t a t i o n ,  p r o b a b l y  b e c a u s e  t h e  p a r t i c l e s  a r e  
i r r e g u l a r  r a t h e r  t h a n  s p h e r i c a l  s o l i d s .  C o n s e q u e n t l y ,  t h e  
a c t u a l  d r a g  c o e f f i c i e n t s  a r e  d i f f e r e n t  f r o m  t h o s e  u s e d  i n  
t h e  c o m p u t e r  c o d e ,  a n d  a p p a r e n t l y  h i g h e r  i n  v a l u e .  F i g u r e  
6 . 1 0  s h o w s  t h a t  95 p e r c e n t  o f  t h e  p a r t i c l e  a c c e l e r a t i o n  h a s  
b e e n  a c c o m p l i s h e d  when t h e  p a r t i c l e s  a r r i v e  a t  s t a t i o n  1 2 7 . 5 .  
A t e s t  m o d e l  c o u l d  be  moved  f r o m  s t a t i o n  207 t o  s t a t i o n  1 2 7 . 5  
w i t h  no g r e a t  l o s s  i n  d u s t  v e l o c i t y ,  b u t  v a l u e s  o f  R e y n o l d s  
n u m b e r  a n d  c o n v e c t i v e  c l e a r  a i r  h e a t - t r a n s f e r  r a t e  w o u l d  
i n c r e a s e ,  a n d  t e s t  s t r e a m  d i a m e t e r  w o u l d  d e c r e a s e .  
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Figure 6.10 Particle velocity versus nozzle 
station and enthalpy, Po = 
1,000 psia, MgO particles. 

C o m p r e h e n s i v e  b l o c k a g e  t e s t s  t o  d e t e r m i n e  a l l o w a b l e  m o d e l  
s i z e s  a t  v a r i o u s  n o z z l e  s t a t i o n s  h a v e  n o t  b e e n  m a d e .  D i a m e t e r s  
o f  b l u n t ,  a x i a l l y  s y m m e t r i c  m o d e l s  w h i c h  h a v e  b e e n  r u n ,  h o w -  
e v e r ,  a r e  g i v e n  i n  F i g .  6 . 1 1 ,  a s  w e l l  a s  p r o b a b l e  l i m i t s  
i n f e r r e d  f o r  two b a s i c  m o d e l  s h a p e s .  I f  i t  i s  d e s i r e d  t o  t e s t  
a m o d e l  l a r g e r  t h a n  h e r e t o f o r e  r u n  o r  a s u b s t a n t i a l l y  d i f f e r e n t  
s h a p e ,  a s i m p l e  t e s t  r u n  t o  d e t e r m i n e  b l o c k a g e  on a dummy m o d e l  
o f  t h e  r e q u i r e d  c h a r a c t e r i s t i c s  s h o u l d  b e  m a d e .  F o u r - i n c h -  
w i d e  w e d g e  m o d e l  h o l d e r s  ( F i g .  6 . 1 2 )  w i t h  a 3 0 - d e g  t o t a l  a n g l e  
( two 1 5 - d e g  a n g l e s )  h a v e  b e e n  u s e d  a t  s t a t i o n  207 o n l y ,  b u t  i t  
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i s  b e l i e v e d  t h a t  t h e y  c o u l d  a l s o  b e  u s e d  a t  s t a t i o n s  1 2 7 . 5  
a n d  7 5 .  I f  t h e i r  u s e  a t  t h e s e  s t a t i o n s  w e r e  r e q u i r e d ,  a 
t e s t  r u n  c o u l d  b e  made  t o  d e t e r m i n e  f e a s i b i l i t y .  

d 

E 

| 2 

00 

Probable Base Diameter Limit, 
18-deq Half-Angle Cones, Blunt 
Nose Diameter • 1/2 Base D i a m e t e r - - ~  . . ~ , ~  

127.5 ,, X~,..~ ~ " ' -  T 
i ~x.,~ ,/---Probable Limit for 

~ '~  ,/[.  Hemisphere Models 

', , 

Sta. 75 

o,, i i 
I I I I I I 

50 I00 150 200 250 
Tunnel Axial Station. in. 

Figure 6.11 Allowable diameters of axially 
symmetric models for no blockage. 
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• All Dimensions in Inches 

Figure 6.12 Water-cooled wedge model holder. 

Model holders for various model geometries are available. 
Generally speaking, these holders can be modified to accom- 
modate models not radically different from those used in past 
tests. Hemispheres of I-, 2-, and 3-in. diameters, disks 
mounted on wedge holders, and also 90 deg to the flow have 
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b e e n  u s e d  i n  t h e  p a s t .  A t y p i c a l  h o l d e r  f o r  a h e m i s p h e r e  
m o d e l  i s  shown i n  F i g .  6 . 1 3 .  T h i s  h o l d e r  was  d e s i g n e d  f o r  

.•sDrill 
and Tap 3 Equally 

Spaced Holes for 2-56 Tap 0.5-In. Hole for 10-32 Screw 
crew 

All Dimensions In Inches 

~--0.35 
~ R  • (1 375 

Figure 6.13 Sketch of model holder for 
2-in.-diam hemisphere models. 

a 2 - i n . - d i a m  h e m i s p h e r e  w i t h  a 0 . 0 4 0 - i n .  w a l l .  The o f f - a x i s  
0 . 3 7 5 - i n .  h o l e  i s  f o r  r o u t i n g  t h e  b a c k  s i d e w a l l  t h e r m o -  
c o u p l e  l e a d s .  H e m i s p h e r e  m o d e l s  a r e  made w i t h  a 0 . 2 5 - i n .  
c y l i n d r i c a l  s k i r t  t o  f a c i l i t a t e  m o u n t i n g  on  t h e  0 . 2 0 - i n .  l i p  
p r o j e c t i o n  u s i n g  t h r e e  e q u a l l y  s p a c e d  s c r e w s .  F i f t e e n  w e d g e  
m o d e l  h o l d e r s  a r e  a v a i l a b l e ,  a n d  a t y p i c a l  o n e  w i t h  i t s  two 
s u r f a c e s  i n c l i n e d  15 d e g  t o  t h e  f l o w  i s  shown i n  F i g .  6 . 1 2 .  
The l e a d i n g  e d g e  i s  w a t e r  c o o l e d  and  t h e  t r a p e z o i d a l  p i e c e  
w h i c h  h o l d s  t h e  c i r c u l a r  s a m p l e  i s  u n c o o l e d .  T h i s  p i e c e  
c o u l d  b e  m o d i f i e d  t o  a c c o m m o d a t e  o t h e r  t h a n  d i s k - s h a p e d  
s a m p l e s .  The w e d g e  h o l d e r s  h a v e  a n g l e s  a s  f o l l o w s :  

A n g l e s ,  d e g  No. o f  H o l d e r s  

9 - 9  3 
6 - 1 2  3 
2 - 1 5  3 

1 5 - 1 5  3 
4 - 2 0  3 

Sh ims  c a n  be  u s e d  t o  p r o v i d e  a n g l e s  i n t e r m e d i a t e  t o  t h e  o n e s  
g i v e n .  

The m o d e l  i n j e c t i o n  s y s t e m  i s  i n t e g r a t e d  w i t h  t h e  d u s t  
i n j e c t i o n  s y s t e m  t h r o u g h  a r e m o t e l y  o p e r a t e d  v a l v e  a n d  t i m e r  
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c o n t r o l s .  A d u s t ,  n o - d u s t  s c h e d u l e  f o r  up  t o  n i n e  m o d e l s  
c a n  be  p r e p r o g r a m m e d  a n d  e x e c u t e d  a u t o m a t i c a l l y ,  w i t h  d u s t i n g  
p e r i o d s  up t o  30 s e c  f o r  e a c h  m o d e l .  

~ 4  FUTURE CAPABILITY 

The DET was d e s i g n e d  a n d  o p e r a t e d  i n i t i a l l y  a s  a 
s i n g l e - p u r p o s e  t e s t  f a c i l i t y .  T h e r e  h a s  a l r e a d y  b e e n  an  
e x p l o i t a t i o n  o f  t e s t  c a p a b i l i t y  b e y o n d  t h e  o r i g i n a l  d e s i g n .  
D e p e n d i n g  on m i s s i l e  a n d  a i r c r a f t  m i s s i o n  r e q u i r e m e n t s ,  
t h e r e  i s  no d o u b t  t h a t  t h e  DET c o u l d  h a v e  a g r e a t l y  e x p a n d e d  
u t i l i t y .  A s e g m e n t e d  a r c  h e a t e r  i s  now u n d e r g o i n g  d e v e l o p -  
m e n t  a t  AEDC w h i c h  h a s  t h e  p o s s i b l e  c a p a b i l i t y  o f  o p e r a t i o n  
a t  150 a tm  a n d  4 , 0 0 0  B t u / l b m .  A n a l y t i c a l  m e t h o d s  f o r  n o z z l e  
o p t i m i z a t i o n  h a v e  b e e n  d e v e l o p e d  t h a t  c o u l d  l e a d  t o  s h o r t e r  
n o z z l e s  w i t h  t h i n n e r  b o u n d a r y  l a y e r s ,  Mach n u m b e r s  g r e a t e r  
t h a n  10,  t e s t  s e c t i o n  j e t  d i a m e t e r s  o f  20 t o  30 p e r c e n t  
g r e a t e r  s i z e ,  a n d ,  i n  c o n j u n c t i o n  w i t h  t h e  i m p r o v e d  h e a t e r ,  
p a r t i c l e  v e l o c i t i e s  up  t o  7 , 0 0 0  f t / s e c .  The a v a i l a b i l i t y  o f  
m o d e r n  d a t a  a c q u i s i t i o n  s y s t e m s  a n d  m i c r o p r o c e s s o r s  f o r  
c o n t r o l  p u r p o s e s  w o u l d  g r e a t l y  e n h a n c e  t h e  d a t a  h a n d l i n g  a n d  
d e l i v e r y  t o  t e s t  u s e r s .  

Liquid water was injected into the tunnel in a recent 
test, with the purpose of documenting the effects of water 
on the surface chemistry of a hot, eroding titanium hemi- 
sphere. For this exploratory test, adequate instruments 
were not available to characterize the water field, but model 
temperature responses indicated that the injected water 
survived the acceleration process in liquid droplet form for 
a t  l e a s t  some o f  t h e  r e s e r v o i r  c o n d i t i o n s  t e s t e d .  As 
p r e v i o u s l y  m e n t i o n e d ,  t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  DET 
c o u l d  b e c o m e  a c o n t i n u o u s  w a t e r / s n o w / i c e  e r o s i o n  f a c i l i t y ,  
i f  t h e  means  o f  s u p p l y i n g  t h e s e  e r o s i v e  a g e n t s  c o u l d  be  
d e v e l o p e d .  The n a t u r a l  c o n d e n s a t i o n  o f  s t e a m  i n  t h e  e x p a n -  
s i o n  n o z z l e  i s  c o n s i d e r e d  t o  be  o n e  m e t h o d  w o r t h y  o f  i n v e s t i -  
g a t i o n .  
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