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The General Purpose Heat Source - Radioisotope Thermoelectric Generator 
(GPHS-RTG) has been designed and i s  being b u i l t  t o  provide electr ical  power 
for  spacecrafts t o  be launched on the Space Shuttle. The objective of the RTG 
System Explosion Test was t o  expose a mock-up of the GPHS-RTG w i t h  a simulated 
heat source to  the overpressure and impulse representative of a potential 
upper magnitude explosion of the Space Shuttle. The t e s t  was designed so tha t  
the heat source module would experience an overpressure a t  which the survival 
of the fuel element cladding would be expected t o  be marginal. T h u s ,  the 
mock-up was placed where the predicted incident overpressure would be 1300 
psi .  The mock-up was mounted i n  an orientation representative of the launch 
configuration on the spacecraft t o  be used on the NASA Galileo Mission. 

The incident overpressure measured was i n  the range of 1400 t o  2100 psi. 
mock-up and simulated heat source were destroyed and only very small fragments 
were recovered. T h i s  damage i s  believed t o  have resulted from a combination 
of the overpressure and impact by very h i g h  velocity fragments from the ANFO 
sphere. Post-test  analysis indicated tha t  extreme working of the i r i d i u m  clad 
material occurred, indicative o f  intensive impulsive loading on the metal. 

The 
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1.1 BACKGROUND 

The General Purpose Heat Source - Radioisotope Thermoelectric Generator has been 
designed and i s  being b u i l t  t o  provide the e lec t r ica l  power for  the spacecraft t o  
be used on the NASA Galileo and International Solar-Polar Missions. 
missions wi l l  both be launched on the Space Shuttle. In order t o  obtain f l i g h t  
approval for  the radioisotope powered generator, a se r ies  of safety analysis 
reports have to  be prepared and presented t o  the Interagency Nuclear Safety 
Review Panel (INSRP). This panel consists of chairmen from the National 
Aeronautics and Space Administration, the Department of Defense (represented by 
the Air Force) and the Department of Energy, and h a v i n g  consultants and 
supporting groups w i t h  expertise i n  numerous f ie lds .  
present assessments of the hazards tha t  m i g h t  r e su l t  from potential accidents 
t ha t  can a r i s e  i n  the missions. 

These 

The safety analysis reports 

The Shuttle Range Safety Explosives Yield Ad Hoc Committee has identified and 
defined numerous potential accidents t ha t  have been assumed to  occur in the Space 
Shuttle/Centaur launch vehicle t ha t  can lead to  catastrophic launch pad or early 
ascent accidents; the mechanisms leading t o  these malfunctions have not been 
ident i f ied,  however. 
predicted to  expose the GPHS-RTG t o  s t a t i c  overpressures i n  the 1000 - 2000 psi 
range w i t h  s t a t i c  impulses of 5.5 - 6.4 psi-sec, based on the conservdtive 
assumptions used by the ad hoc committee. Meaningful analyses of the response of 
d complex s t ructure  l i k e  the RTG t o  these b la s t  environments Iidve not been 
practicable on previous similar programs. Therefore, the capabili ty to  perform a 
f u l l  scale t e s t  of the RTG i s  highly desirable. Tire DIRECT COURSE event provided 
this capabili ty i n  a readily available and cos t  effect ive tes t  f ac i l i t y .  

T h u s ,  postulated explosions of the launch vehicle are  

1 . 2  OBJECTIVE 

The objective o f  the RTG System Explosion Test ( i  .e. ,  Experiment 5000) i n  the 
DIRECT COURSE event was t o  expose the RTG simulant t o  the explosion environment 
(overpressure/impul s e )  assumed t o  be representative of a potential upper 
magnitude explosion o f  the Space Shuttle, recognizing, o f  course, t h a t  the 
chdracter is t ics  of 1 i q u i d  propellant explosions are different  from those of h i g h  
explosives l ike  ANFO, the l a t t e r  g i v i n g  sharper and f a s t e r  pressure peaks and 
greater shattering power. Tile exposure of the RTG mockup to  the simultaneous 
f i reba l l  thermal environment was a secondary objective of the test. 

1.3 PURPOSE 

Tile purpose of the RTG System Explosion Test was t o  determine the capabilty of 
tlie RTG t o  survive a representative potential .explosion of the Space Shuttle on 
trie launch pad. 
atidlysi s reports,  

1 .4  RELATED TESTING 

Information from the ' t e s t 'w i l l  be factored into the safety 

Los Alamos National Laboratory (LANL)  completed a se r ies  of shock tube t e s t s  a t  
Sandia Laboratories on tlie GPHS modules. These tests were conducted a t  

9 



progressively higher overpressures t o  attempt t o  determine the fai lure  p o i n t  f o r  
the compoiients of the module and, i n  par t icular ,  the i r id ium cladding around the 
radioisotope fuel pel le ts .  
simulant was used i n  place of the l i v e  fuel.  A t  an overpressure o f  735 psi, tile 
outer graphite member, or aeroshell , caved in ,  b u t  the inner graphite impact 
she l l s  w i t h  the clad fuel pe l le t s  were retained in t ac t  w i t h  negligible damage. 
Tile snot a t  an overpressure of  1070 psi caused a l l  of the graphite t o  be stripped 
abvay from the i r idi  um clad pe l le t s .  However, some of this could have resulted 
from mechanical interaction w i t h  the vermiculite material i n  the catch box used 
t o  stop the module a s  i t  exited the shock tube.  
clad capsules were breached. As a r e su l t  of the shot a t  1070 psi overpressure, 
t es t ing  liad to  be discontinued because of s ignif icant  damage to  the shock tube. 

Testing a t  a higher overpressure was accomplished i n  the PRE-DIRECT COURSE event 
i n  which a General Purpose Heat Source (GPHS) module w i t h  lead siiilulants for  the 
clad fuel elements was subjected t o  a s t a t i c  overpressure of 1300 psi. However, 
there were no pressure measurements made a t  the location of the t e s t  module i n  
PRE-DIRECT COURSE; the 1300 psi value was a calculated value. This experiment 
was the precursor for  the fu l l  scale RTG t e s t  t o  be performed i n  DIRECT COURSE i n  
which exposure t o  a similar overpressure was to  be attempted. 

The GPHS t e s t  module was instal led i n  a three module stdck for  purposes of the 
t e s t .  Two dummy modules, one on e i ther  s ide of  the t e s t  module, were machined 
from s o l i d  bulk graphite and d i d  n o t  contain any internal cavi t ies  or fuel 
simulant. 
t h a t  hung off the main s h o t  tower. The stack was positioned approximately 13 
f e e t  from the surface of the sphere holding the ANFO explosive and on a radial  
l i n e  through the sphere about f ive  degrees (5O) below horizontal. 

The explosion fragmented the grapi te components of the GPHS module s ignif icant ly  
as well a s  the two dummy modules. A to ta l  of sixteen graphite fragments were 
found, ten from the dummy modules and s ix  pieces, representing about ten percent 
of the graphite, from the GPHS module were recovered a t  distances from ground 
zero ranging from 420 t o  1050 f e e t  and w i t h i n  a sector of about 25 degrees. The 
four  lead alloy pieces used t o  simulate the radioisotope fuel capsules were not 
found. 
High speed photographic coverage of the re  ion  around the i n i t i a l  position of the 

obscuration by the f i rebal l  . 
1.5 TEST APPROACH 

In these t e s t s ,  a depleted uranium dioxide fuel 

None of the four ( 4 )  i r i d i u m  

The three module stack was ins ta l led  on a boom made from p las t ic  pipe 

The s ize  of  a l l  graphite pieces found ranged from 1/4 t o  2.0 inches. 

stack of modules d i d  not produce any usefu 9 information because of the 

The approach i n  designing this  experiment was t o  t e s t  the RTG/heat source system 
in the explosion environment a t  w h i c h  the clad fuel pe l le t s  were expected barely 
t o  survive without breaching. Based on the PRE-DIRECT COURSE t e s t  resu l t s  (even 
though the lead simulant fuel capsules were not found) and the shock tube t e s t  
r e su l t s  on bare GPHS modules, a conservative estimate was tha t  the clad capsules 
would probably survive bare a t  an incident overpressure around 1200 psi. 
Additional protection would be provided by the RTG converter case and insulation 
system. Thus ,  for DIRECT COURSE, the RTG/GPHS t e s t  a r t i c l e  was placed where the 
predicted incident overpressure would be 1300 psi. 
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The t e s t  specimen was a simulated RTG w h i c h  i s  essent ia l ly  a r i g h t  circular 
a luminum cylinder containing an isotope fuel simulant of depleted u r d n i u m  
dioxide. 
operating temperature of the GPHS a t  launch. 

The t e s t  specimen was mounted on t o p  of a 120 f e e t  tower separate from the main 
tower for  the Ammoiii um Ni trate-Fuel O i  1 (ANFO)  explosive. Tiii  s mounting 
arrangement was used to  simulate the location o f  the RTG above the ground level 
on the launch pad and t o  position the t e s t  specimen i n  the 1300 psi s t a t i c  
overpressure range. The tes t  specimen tower was located a t  a ground distance o f  
32.5 f e e t  from the ANFO tower t o  give a radial distance from the Center o f  
Explosion ( C O E )  of 56 feet .  T h i s  distance was obtained from a calculation based 
on the cube-root scale-up of the PRE-DIRECT COURSE calculated value (1300 p s i )  t o  
the DIRECT COURSE explosive weight. The  resul t i  ng angl e of approximately 35 
degrees between tile vertical  and the line-of-sight between the COE t o  the t e s t  
specimen was representative of the configuration i n  the potential launch pad 
dcci d e n t .  

The simulated fuel was preheated by an internal e l ec t r i c  heater t o  the 

The t e s t  specimen was mounted on a short  section of truss structure w i t h  i t s  
1 ongi t u d i  nal axi s vertical  representative of the Gal i 1 eo spacecraft. The truss 
s t ructure  for  the t e s t  specimen was mounted t o  the top o f  the tower and was 
instrumented w i t h  pressure transducers and time of arr ival  detectors t o  measure 
tile overpressure and velocity. High-speed motion picture cameras were used to  
attempt t o  detect  the early motion o f  the t e s t  specimen and to  detect  i t s  e x i t  
from the f i r e b a l l ,  should t h a t  occur. 

1.6 PROGRAM SCHEDULE 

The schedule fo r  design, fabrication, t e s t  and f i e l d  instal la t ion i s  shown i n  
Figure 1 .  
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DESIGN 

2.1 TEST SPECIMEN ti 
The t e s t  specimen shown i n  F i g u r e  2 was a s imu la ted  Radio isotope 
Thermoe lec t r i c  Generator (RTG) c o n t a i n i n g  a s imu la ted  General Purpose Heat 
Source (GPHS), a s p e c i a l  des ign hea te r  assembly and approp r ia te  i n t e r i o r  
hardware and i n s u l a t i o n .  The s imu la ted  RTG was f a b r i c a t e d  by  mod i f y ing  t h e  
e x i s t i n g  Component Engineer ing Tes t  U n i t  (CET-1). 

The o u t e r  s h e l l  was approx imate ly  48 inches l ong  and 12 inches i n  diameter,  
c o n s i s t i n g  o f  a t r a n s i t i o n  s e c t i o n  ( spoo l  p iece )  b o l t e d  t o  t h e  RTG conver te r  
s h e l l  w i t h  end c losu res  toge the r  w i t h  sea ls  i n  between. 
c y l i n d e r  w i t h  a w a l l  th ickness  o f  about 1/8" and 8 s tub  f i n s  e q u a l l y  spaced 
and runn ing  n e a r l y  t h e  whole length .  The surface f o r  mounting t h e  s imulated 
RTG t o  t h e  tower  was a t  t h e  inboard  end o f  t h e  case. 

The case was a ho l l ow  

The spool  p iece, about 4" long, was b o l t e d  t o  t h e  inboard  end o f  t h e  case and 
conta ined t h e  two power and one i n s t r u m e n t a t i o n  connectors.  
f o r  connectors  were plugged and sealed. 
connectors were Gu l ton  "h igh  r e l i a b i l i t y "  h e r m e t i c a l l y  sealed type. Each 
power connector  had a s i n g l e  Incone l  X-750 p in ,  s i z e  '0' (.375 d ia . ) .  The 
ins t rumen ta t i on  connector  had Hoskins 203 and Hoskins 225 p i n s  (.040 d ia . )  
which a r e  compat ib le  w i t h  t h e  Tungsten-3% Rhenium vs. Tungsten-25% Rhenium 
thermocouples. 

A l l  o t h e r  ho les 
The power and ins t rumen ta t i on  

Bo l ted  t o  each end o f  t h e  case/spoolp iece assembly were e l l i p s o i d a l  caps. The 
inboard  cap conta ined a p e n e t r a t i o n  and shut  o f f  va l ve  f o r  use i n  p r e s s u r i z i n g  
t h e  evacuat ing t h e  i n t e r n a l  chamber. 

The i n t e r n a l  s t r u c t u r e  of t h e  RTG mock-up inc luded  t h e  inboard  and outboard 
suppor ts  f o r  secur ing  and p re load ing  t h e  s imu la ted  GPHS modules. 
of 1/4" t h i c k  r e p r a c t o r y  f i b e r  f e l t  i n s u l a t i o n  and a .010 i n c h  t h i c k  
molybdenum sheet l i n e d  t h e  i n s i d e  c i r c u m f e r e y e  o f  t h e  case and b o t h  ends. 
E i g h t  pounds pe r  cub ic  f o o t  d e n s i t y  Cera fe l t  
baked a t  900°C be fo re  i n s t a l l a t i o n  t o  remove t h e  pheno l i c  b inde r  and water 
vapor. 
were i n s t a l l e d  through t h e  case 90° apa r t  a t  t h e  cen te r  o f  t h e  s imu la ted  
i so tope  heat  source. The 18 GPHS modules no rma l l y  used i n  t h e  f l i g h t  des ign 
RTG's were rep laced w i t h  f i v e  s o l i d  (POCO)  g r a p h i t e  b locks  each rep resen t ing  
t h r e e  GPHS modules and t h e  e l e c t r i c  hea te r  and GPHS t e s t  module rep resen t ing  
t h r e e  GPHS modules. 

Three l a y e r s  

i n s u l a t i o n  was a i r  and vacuum 

Four un icouples,  t h e r m o e l e c t r i c  dev ices used i n  t h e  des ign  o f  t h e  RTG, 

2.2 TEST MODULE AND HEATER ASSEMBLY 

I n s t a l l a t i o n  o f  t h e  t e s t  module and hea te r  assembly a re  shown i n  F igu re  3. 
The E l e c t r i c  Heater Assembly was designed t o  u t i l i z e  two GPHS F ine  Weave 

Trademark o f  Johns-Manvi l le Corpora t ion  * 
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Pie rced  Fabr ic* *  g r a p h i t e  s h e l l s  ( a e r o s h e l l s )  as t h e  housings. 
GPHS was i n s t a l l e d  between t h e  two hea te r  housings and was secured by g r a p h i t e  
bu t tons  i n  t h e  l a t e r a l  d i r e c t i o n  and by a p re load  i n  t h e  l o n g i t u d i n a l  
d i r e c t i o n .  High d e n s i t y  (24 pounds p e r  cub ic  f o o t )  C e r a f e l t  r e f r a c t o r y  f i b e r  
i n s u l a t i o n  sur roundedThe hea te rs  on a l l  s i des  except f o r  t h e  hea te r  sur face  
ad jacent  t o  t h e  GPHS t e s t  module. 
hea te r  housings and g r a p h i t e  blocks.  Tungsten-Rhenium (3% vs. 25%) 
thermocouples were l o c a t e d  as shown i n  F i g u r e  3. 
p r imary  thermocouples and were pressed aga ins t  t h e  i r i d i u m  c l a d  on t h e  
s imu la ted  f u e l  assembly. The secondary thermocouples (T/C-3 t h r u  T/C-6) were 
l o c a t e d  i n s i d e  t h e  i n s u l a t i o n  envelope and were in tended as a back-up t o  t h e  
p r imary  thermocouples. Dur ing  assembly, thermocouples were i n s t a l l e d  aga ins t  
t h e  i r i d i u m  c l a d s  and t h e  w i res  r o u t e d  th rough t h e  g r a p h i t e  s h e l l .  

The t e s t  

A g r a p h i t e  spacer was used between t h e  

T/C-1 & T/C-2 were t h e  

The GPHS shown i n  F igu res  4 and 5 was assembled a t  t h e  Mound P l a n t  i n  
Miamisburg, Ohio. A l l  o f  t h e  GPHS p a r t s  were pr ime f l i g h t  hardware except t h e  
f u e l e d  c l a d  assemblies. A r a d i o a c t i v e  t r a c e r  was used i n  t h e  i r i d i u m  c l a d s  i n  
t h e  GPHS t e s t  module i n  o rde r  t o  f a c i l i t a t e  l o c a t i n g  t h e  c l a d s  a f t e r  t h e  
DIRECT COURSE event. The f o u r  capsules (IRG-91, 92, 93 and 94) w i t h  dep le ted  
UO2 f u e l  s imu lan t  were i r r a d i a t e d  i n  t h e  Los Alamos Omega West Reactor 
w i t h i n  a neu t ron  f l u x  s u f f i c i e n t  t o  produce an I r i d ium-192  gamma l e v e l  o f  20 
mr/hr f o r  each module a t  10 cm. T h i s  l e v e l  was chosen so t h a t  t h e  r a d i o a c t i v e  
decay would reduce t h e  l e v e l  t o  10 mr/hr a t  10 cm by t h e  t i m e  o f  t h e  
D I R E C T  COURSE event, which was scheduled f o r  mid September. The event d i d  n o t  
occur u n t i l  October 26, and t h e  r a d i o a c t i v e  l e v e l  f o r  each capsu le  was 
c a l c u l a t e d  t o  be about 7 mr/hr a t  10 cm. 

The s p e c i a l  des ign  heater  assembly shown on F i g u r e  6 used f o u r  3/8" d ia .  
s i l i c o n  c a r b i d e  rods  as r e s i s t a n c e  h e a t i n g  elements. The s p e c i a l  o rde r  rods 
were 5 1/2" l o n g  w i t h  a 3 i n c h  e f f e c t i v e  h e a t i n g  length.  Two rods  were 
i n s t a l l e d  i n  each o f  t h e  two housings w i t h  alumina bushings used t o  i s o l a t e  
them e l e c t r i c a l l y  from t h e  g r a p h i t e  housing. As shown i n  F i g u r e  7, t h e  
h e a t i n g  elements were e l e c t r i c a l l y  connected i n  p a r a l l e l  w i t h i n  each housing 
and i n  s e r i e s  between housings. E l e c t r i c a l  power leads  between hea te rs  and 
t h e  power connectors i n  t h e  spool  p i e c e  were .147 i n c h  d ia .  t ungs ten  r o d  
i n s u l a t e d  w i t h  alumina s leev ing .  A stranded copper c a b l e  assembly was used 
f o r  f l e x i b i l i t y  between t h e  tungs ten  r o d  and t h e  p i n  on t h e  power connector. 
The attachment o f  t h e  power leads  t o  t h e  hea te rs  was th rough a molybdenum 
clamp as shown i n  F i g u r e  6. 

An es t ima te  i n d i c a t e d  t h a t  500 w a t t s  o f  e l e c t r i c a l  power would be r e q u i r e d  f o r  
t h e  h e a t i n g  elements t o  r a i s e  and m a i n t a i n  t h e  temperature on t h e  i r i d i u m  c l a d  
f u e l  assemblies a t  1075OC + 25OC. 
t o  account f o r  c i r c u i t  v a r i a b l e s  and t h e  s i m p l i f i e d  es t imate ,  t h e  e l e c t r i c  
heaters  were s i z e d  a t  1000 watts.  
measured and matched a t  assembly t o - o b t a i n  a r e s i s t a n c e  o f  .4 t o  .5 ohms f o r  
t h e  elements i n  p a r a l l e l  and .8 t o  1.0 ohms f o r  t h e  two s e t s  o f  elements i n  
se r ies .  

Wi th  a des ign  f a c t o r  o f  two be ing  used 

The. res is tance o f  each h e a t i n g  element was 

The f i n a l  i n s t a l l e d  h e a t i n g  element and power leads  measured .90 ohms 
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a t  room temperature. 
23OO0C opera t i ng  temperature. 

2.3 TOWER AND STRUCTURE ASSEMBLY 

The r e s i s t a n c e  decreased t o  an es t imated  .56 ohms a t  t h e  
Measurements were n o t  made a t  temperature. 

The s t r u c t u r e  assembly shown i n  F i g u r e  8 supported t h e  s imu la ted  RTG i n  a 
v e r t i c a l  p o s i t i o n  r e p r e s e n t a t i v e  o f  t h e  c o n f i g u r a t i o n  i n  a p o t e n t i a l  launch 
pad acc ident .  The t e s t  module l o c a t i o n ,  as shown i n  F i  u r e  9, was 32 ' -6 "  

(REF. ELEV. 01-01 ' )  which was 45 ' -6"  below t h e  COE. The r e s u l t a n t  r a d i a l  
d i s tance  was 56 ft. a t  an angle o f  35.5 degrees f rom t h e  v e r t i c a l  which was 
in tended t o  p lace  t h e  t e s t  module i n  t h e  1300 p s i  s t a t i c  overpressure range. 

F igures  10 t h r u  12 show t h e  suppor t  assembly and mounted components and 
f i g u r e s  13 t h r u  16 show t h e  tower be ing  e rec ted  and i t s  l o c a t i o n  w i t h  respec t  
t o  t h e  ANFO sphere. 

h o r i z o n t a l l y  f rom t h e  c e n t e r l i n e  of t h e  ANFO tower and 3 20 ' -6"  above t h e  ground 

The s t r u c t u r e  assembly was a b o l t e d  assembly o f  shortened tower sect ions,  base 
p l a t e s  and s t e e l  p l a t e s  and angles. 
s t r u c t u r e  assembly t o  add r i g i d i t y .  Time o f  a r r i v a l  de tec tors ,  pressure 
t ransducers  and 2-wi re t r a n s m i t t e r s  f o r  thermocouples were mounted on the  
s t r u c t u r e .  

Braces were used between t h e  tower and 

The s t r u c t u r e  assembly was b o l t e d  t o  t h e  t o p  o f  t h e  Rohn 256,  120 ft. 
(nominal, 1161-711 a c t u a l )  tower.  The tower was f a b r i c a t e d  by  b o l t i n g  toge the r  
11 s tandard and 1 spec ia l  10 ft. sec t ions ;  each s e c t i o n  cons is ted  o f  a 12  1/2" 
e q u i l a t e r a l  t r i a n g u l a r  c ross  s e c t i o n  w i t h  cont inuous s t e e l  z ig -zag cross 
b r a z i n g  between e x t r a  heavy d u t y  1 1/2" s t e e l  tube s i d e  r a i l s .  
s e c t i o n  had double c ross  b r a c i n g  and was used a t  t h e  t o p  where t h e  upper 
s t r u c t u r e  assembly f o r  t h e  t e s t  a r t i c l e  was bo l ted .  
tower was used t o  mount a c o n t r o l  board where sw i t ch / fuse  boxes, t e r m i n a l  
boards and a mercury con tac to r  s w i t c h  were mounted. 
r a t e d  f o r  85 MPH winds. 

The spec ia l  

The bottom s e c t i o n  o f  

The tower assembly was 

The f o l l o w i n g  cab les  and tubes r a n  between t h e  components a t  t h e  t o p  o f  t h e  
tower and t h e  bottom o f  t h e  tower  and were s t rapped t o  t h e  legs.  

2 Heater Power Cables 
4 Pressure Transducer Cables 
3 Time of A r r i v a l  Detec tor  Cables 
1 8 P a i r  Thermocouple Cable 
1 1/4" Argon Tube 

The tower foundat ion was a 2 x 2 x 4 ft. pre-cas t  r e i n f o r c e d  concre te  block.  
A p i e r  p i n  c a s t  i n  t h e  cen te r  o f  t h e  founda t ion  l oca ted  t h e  tower base p l a t e .  
The t o p  o f  t h e  tower foundat ion  was s e t  even w i t h  t h e  t o p  o f  t h e  ANFO tower 
founda t ion  (REF ELEV 0'-0' '). 

The tower was guyed i n  3 d i r e c t i o n s  (120° a p a r t )  a t  4 l e v e l s  shown i n  
F igu re  9. Guys were anchored a t  t h r e e  e q u a l l y  spaced anchor p o i n t s  120 ft. 
f rom t h e  tower. 
requested, and an adjustment between t h e  tower  and s t r u c t u r e  assembly was 

The l o c a t i o n  o f  t h e  guy w i r e  anchors were n o t  o r i e n t e d  as 
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r e q u i r e d  t o  r o t a t e  t h e  s imu la ted  RTG and t h e  t i m e  o f  a r r i v a l  and pressure 
i n s t r u m e n t a t i o n  t o  t h e  c o r r e c t  o r i e n t a t i o n .  P h i l l y s t r a n  guy cab les  which 
m e l t  a t  about 7OO0C were used a t  t h e  reques t  o f  DNA t o  e l i m i n a t e  t h e  
p o s s i b i l i t y  o f  s t e e l  cab les  wh ipp ing  around and i n t e r f e r i n g  w i t h  o t h e r  
experiments. P h i l l y s t r a i n  i s  f a b r i c a t e d  f rom cont inuous f i l i m e n t  s t rands  o f  
Kev la r .  
p lace  by t h e  manufacturer. 

The cab les  a r e  c u t  t o  length ,  and t h e  end f i t t i n g s  a r e  epoxied i n  

The tower, s t r u c t u r e  assembly, i n s t r u m e n t a t i o n  and cab les  were assembled on 
t h e  ground, and then t h e  tower was e rec ted  and guyed i n  place. 
checks of a l l  cab les  were made b e f o r e  and a f t e r  t h e  tower was erected. 

C o n t i n u i t y  

2.4 ELECTRICAL POWER 

The system f o r  p r o v i d i n g  e l e c t r i c a l  power t o  t h e  heater  i s  shown schemat i ca l l y  
i n  F i g u r e  17. Two sources o f  power, a genera tor  and a b a t t e r y ,  were 
requ i red .  U n t i l  60 minutes b e f o r e  scheduled detonat ion,  a m i l i t a r y  f i e l d  
genera tor  (p rov ided  by  DNA) and a DC power supply were used f o r  powering t h e  
heaters.  A t  T-60 minutes, t h e  genera tor  and power supp ly  were removed and t h e  
power was switched over  t o  b a t t e r y .  
power w i r i n g  between t h e  generator,  DC power supply, b a t t e r y  and power 
connectors on t h e  s imu la ted  RTG. 

Number 2 copper c a b l e  was used f o r  a l l  

The genera tor  o u t p u t  was 208 VAC. t o  t h e  H e w l i t t  Packard (HP6269B) DC power 
supp ly  which had o u t p u t  ranges o f  0-40 v o l t s  and 0-50 amps. 
was c o n t r o l l e d  by v a r y i n g  t h e  o u t p u t  v o l t a g e  o f  t h e  power supply. A manual 
s w i t c h  i n  t h e  f u s e  box between t h e  power supp ly  and RTG mock-up was opened 
when t h e  genera tor  was n o t  i n  use. 

The heat-up r a t e  

The b a t t e r y  assembly used n i n e  ( 9 )  heavy d u t y  automot ive b a t t e r i e s  (120 amp 
hours) arranged i n  t h r e e  ( 3 )  p a r a l l e l  s t r i n g s  o f  t h r e e  ( 3 )  b a t t e r i e s  i n  
se r ies .  B a t t e r y  o u t p u t  was r a t e d  a t  36 v o l t s  and 360 ampere hours. When 
o p e r a t i n g  on b a t t e r i e s ,  t h e  hea t  up r a t e  was c o n t r o l l e d  by  opening and c l o s i n g  
t h e  mercury c o n t a c t o r  sw i t ch  (Durakool #CFC2-733) by means o f  t h e  remote 
manual c o n t r o l  s w i t c h  i n  t h e  d a t a  van. When n o t  o p e r a t i n g  on b a t t e r i e s ,  t h e  
sw i t ch  on t h e  f u s e  box was opened. 

F igu res  18 and 19 show t h e  b a t t e r y  assembly on a p a l l e t  near t h e  bottom o f  t h e  
tower, t h e  two f u s e  boxes, and t h e  mercury c o n t a c t o r  s w i t c h  mounted on t h e  
tower. The DC power supp ly  was on the. ground near t h e  bo t tom o f  t h e  tower and 
t h e  genera tor  was about 50 f e e t  away. 

2.5 INSTRUMENTATION 

Two p r imary  thermocouples were i n s t a l l e d  i n  c o n t a c t  w i t h  t h e  i r i d i u m  c l a d  i n  
t h e  t e s t  module, and fou r  back-up thermocouples,were i n s t a l l e d  i n s i d e  t h e  
i n s u l a t i o n  aga ins t  t h e  g r a p h i t e  housings o f  t h e  hea te r  assemblies as shown i n  
F i g u r e  3. The thermocouples were used t o  mon i to r  t h e  i r i d i u m  temperature 

Trademark o f  P h i l a d e l p h i a  Resins Corp. * 

15 



d u r i n g  heat-up. 
(W25Re) thermocouples were used t o  accommodate t h e  1 100°C o p e r a t i n g  
temperature range. The thermocouples were w i r e d  d i r e c t l y  t o  t h e  p i n s  o f  t h e  
i n s t r u m e n t a t i o n  connector i n  t h e  spool  p i e c e  us ing  s p r i n g  g r i p  t y p e  sockets. 
I n  t h e  h i g h  temperature reg ion ,  alumina sleeves i n s u l a t e d  t h e  leads. 
203 sockets and connector p i n s  were used w i t h  W3Re p o s i t i v e  (+ )  thermocouple 
leads and Hoskins 225 sockets and p i n s  w i t h  W25Re nega t i ve  ( - )  leads. 

Tungsten - 3% Rhenium (W3Re) vs. Tungsten - 25% Rhenium 

Hoskins 

On t h e  o u t s i d e  o f  t h e  s imu la ted  RTG, Hoskins 203 and 225 ex tens ion  w i r e  was 
connected t o  t h e  p i n s  on t h e  i n s t r u m e n t a t i o n  connector w i t h  s p r i n g  g r i p  t ype  
sockets. Each p a i r  o f  s i x  ( 6 )  f e e t  l o n g  ex tens ion  w i r e s  was connected t o  a 
two-wire t r a n s m i t t e r  mounted on t h e  s t r u c t u r e  assembly. 
diagram o f  t h e  c i r c u i t r y  f o r  t h e  thermocouple i ns t rumen ta t i on  system. 
two-wire t r a n s m i t t e r s  (Transpak TP620) was a s p e c i a l  des ign  f o r  use w i t h  
W3Re/W25Re thermocouples. 
m i l l i v o l t  s i g n a l  f rom t h e  thermocouples a t  0 t o  15OO0C, and t h e  o u t p u t  was a 
4 t o  20 m i l l i a m p  s i g n a l  f o r  t ransmiss ion  over  t h e  copper w i r e s  t o  t h e  read-out 
equipment i n  t h e  da ta  van over  a m i l e  away. 
van was used t o  p r o v i d e  t h e  smal l  c u r r e n t  r e q u i r e d  t o  power t h e  two w i r e  
t r a n s m i t t e r s .  
da ta  van. 

F i g u r e  20 i s  a 
The 

The i n p u t  t o  t h e  two-wi re  t r a n s m i t t e r  was t h e  0-20 

A 40VDC power supp ly  i n  t h e  da ta  

The 115 VAC power f o r  t h e  DC power supp ly  was a v a i l a b l e  i n  t h e  

A t w i s t e d  p a i r  o f  #16 w i r e  connected each t r a n s m i t t e r  t o  t h e  t e r m i n a l  board 
mounted a t  t h e  bottom of t h e  tower. 
#22 w i r e s  were l a i d  underground t o  a j u n c t i o n  box about 1000 ft. f rom t h e  
tower. 
p a i r  c a b l e  was l a i d  on t o p  o f  t h e  ground. 
f o r  f o u r  thermocouples were t r a n s m i t t e d  t o  t h e  s e l e c t o r  s w i t c h  and readout 
equipment i n  t h e  da ta  van. The w i r i n g  th rough t h e  s e l e c t o r  s w i t c h  c i r c u i t  
a l lowed o n l y  t h e  t r a n s m i t t e r  b e i n g  read t o  be powered. E a r l i e r  t e s t i n g  
i n d i c a t e d  a d i s t o r t i o n  i n  t h e  t r a n s m i t t e d  s i g n a l  i f  t h e  t r a n s m i t t e r s  were n o t  
i s o l a t e d .  

Two MC-12 cab les  c o n t a i n i n g  fou r  t w i s t e d  

From t h e  j u n c t i o n  box t o  t h e  d a t a  van, 6500 ft. f rom t h e  tower, a 20 
Through these cables, t h e  s i g n a l s  

The system des ign  p rov ided  t h a t  t h e  s i g n a l  f o r  a l l  s i x  thermocouples would go 
th rough t h e  t r a n s m i t t e r s  and t o  t h e  t e r m i n a l  board a t  t h e  bo t tom o f  t h e  
tower. 
would be spares which c o u l d  be used b y  changing t h e  w i r e s  a t  t h e  t e r m i n a l  
board. 
mon i to red  as t h e  p r imary  thermocouples and t h e  o t h e r  two would be used as 
back-ups i f  t h e  p r imary  thermocouples became inoperab le .  

Four s i g n a l s  would be t r a n s m i t t e d  t o  t h e  d a t a  van and t h e  o t h e r  two 

Only t h e  two thermocouples i n s t a l l e d  aga ins t  t h e  c l a d  would be 

The m i l l i a m p  s i g n a l s  f rom t h e  thermocouple/transmitter were read  o u t  v i s u a l l y  
on t h e  f l u k e  (Model 8022B D i g i t a l  M u l t i m e t e r )  m i l l i a m p  meter and manual ly 
conver ted  t o  temperature (OC) d u r i n g  t h e  t e s t s  and heat-up. 

The Time o f  A r r i v a l  D e t e c t i o n  System (TOADS) was used p r e v i o u s l y  on a s i m i l a r  
t e s t  and a t  o t h e r  l o c a t i o n s  on t h i s  t e s t .  The system was p rov ided  and 
i n s t a l l e d  by  t h e  A i r  Force Weapons Labora to ry  (AFWL), K i r t l a n d  A i r  Force Base, 
NM. The system shown i n  F i g u r e  21 i s  based on a s top  watch p r i n c i p l e  i n  t h a t  
t h e  p i e z o - e l e c t r i c  c r y s t a l s  p r o v i d e  s t o p  s i g n a l s  t o  t h e  coun te r  u n i t  s t a r t e d  
a t  t ime  zero. 
channel u n t i l  t h e  da ta  i s  read  out.  The t o t a l  system e r r o r ,  es t imated  t o  be 

The counter  s t o r e s  t h e  elapsed t i m e  i n f o r m a t i o n  f o r  each 
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about 2 0.3 microseconds o r  l e s s  i s  smal l  compared t o  t h e  p r a c t i c a l  
u n c e r t a i n t i e s  i n  t h e  placement o f  t h e  c r y s t a l s .  
epoxied one f o o t  apa r t  i n  separate one- inch diameter P V C  p ipes  mounted on t h e  
s t r u c t u r e  assembly; see F igures  8, 11, & 12. 

2.6 PRESSURE TRANSDUCERS 

The t h r e e  c r y s t a l s  were 

The pressure pu lse  measurements were conducted by t h e  U.S. Army B a l l i s t i c  
Research Labora tory  (BRL). The system employed was p r e v i o u s l y  used on s i m i l a r  
t e s t s  and a t  o t h e r  l o c a t i o n s  on t h i s  t e s t .  Pressure t ransducers  mounted i n  
t h e  c y l i n d e r  on t o p  o f  t h e  s t r u c t u r e  assembly (F igu re  10) were used t o  measure 
t h e  t ime-pressure h i s t o r y  a t  t h e  t e s t  module. 
t h e  c y l i n d r i c a l  surface fac ing  t h e  cen te r  of exp los ion  (COE) and a t  an equal 
d i s tance  f rom t h e  COE as t h e  t e s t  module. Two K u l i t e  Model HKS-375, 10000 p s i  
range, t ransducers  were i n s t a l l e d  i n  t h e  c y l i n d e r  p o i n t e d  a t  t h e  COE t o  
measured s t a g n a t i o n  pressure.  Two K u l i t e  Model HKS-375, 5000 p s i  range, 
t ransducers  were i n s t a l l e d  i n  t h e  c y l i n d e r  a t  90' t o  t h e  d i r e c t i o n  o f  COE t o  
measured i n c i d e n t  ( s t a t i c )  pressure.  The K u l i t e  t ransducers  have a four-arm 
Wheatstone b r i d g e  c o n f i g u r a t i o n  w i t h  f o u r  a c t i v e  arms and a s i  1 i c o n  diaphram 
w i t h  an i n t e g r a t e d  b r i d g e  c i r c u i t .  
r e c o r d i n g  equipment us ing  4-conductor sh ie lded  cab le  (MC-12) b u r i e d  between 
t h e  tower and t h e  j u n c t i o n  box, 1000 ft. f r o m  t h e  tower, and u s i n g  2 p a i r s  of 
t h e  20 p a i r  cab le  l a i d  on t o p  o f  t h e  ground from t h e  j u n c t i o n  box t o  t h e  da ta  
van. The r e c o r d i n g  equipment was supp l i ed  from t h e  FCDNA equipment i n v e n t o r y  
and c o n f i g u r e d  by  t h e  DNA F i e l d  Support  Cont rac tor ,  Bendix F i e l d  Engineer ing,  
Las Vegas, NV. 
6500 ft. f rom ground zero. 

The c y l i n d e r  was o r i e n t e d  w i t h  

Each t ransducer  was connected t o  t h e  

The equipment was housed i n  an i n s t r u m e n t a t i o n  t r a i l e r  l oca ted  

The da ta  a c q u i s i t i o n  and r e c o r d i n g  system cons is ted  o f  t ransducers,  
i n t e r c o n n e c t i n g  cable,  s t r a i n  gage s i g n a l  c o n d i t i o n i n g  equipment, 
i n s t r u m e n t a t i o n  a m p l i f i e r s ,  and magnet ic tape  recorders.  
t h e  da ta  a c q u i s i t i o n  system i s  shown i n  F igu re  22. 
c o n d i t i o n i n g  equipment p rov ided t h e  gage e x c i t a t i o n ,  b r i d g e  ba lanc ing ,  and 
shunt c a l i b r a t i o n  func t ions .  Baylab Model 5503 and Dynamics Model 7525 
h igh -ga in  d i f f e r e n t i a l  a m p l i f i e r s  p rov ided  a m p l i f i c a t i o n  o f  t h e  t ransducer  
ou tpu t  s i g n a l  t o  t h e  i n p u t  l e v e l  r e q u i r e d  by t h e  magnetic tape recorders .  

A b lock  diagram of 
B & F model 1-700 s i g n a l  

Dur ing  t h e  event,  t h e  r e c o r d i n g  was opera ted  remote l y  us ing  t i m i n g  s i g n a l s  
p rov ided v i a  hardwi re  f rom t h e  DNA t i m i n g  and f i r i n g  ( T  & F )  t r a i l e r .  
Recorder ope ra t i ons  and t h e  i n s t r u m e n t a t i o n  t r a i l e r  s t a t u s  were mon i to red  by 
t h e  T & F t r a i l e r .  
from and mon i to red  by t h e  T & F t r a i l e r ,  p r o j e c t  personnel  manned t h e  t r a i l e r  
d u r i n g  t h e  event  t o  p rov ide  back-up m o n i t o r i n g  and t o  c o r r e c t  any ma l func t i ons  
t h a t  occurred. 

Even though t h e  i n s t r u m e n t a t i o n  was c o n t r o l l e d  remote ly  

2.7 PHOTOGRAPHIC COVERAGE 

High speed photographic  coverage was p rov ided  by t h e  Whi te  Sands M i s s i l e  
Range. F igu res  23 and 24 show t h e  l o c a t i o n s  o f  t h e  cameras w i t h  respec t  t o  
ground zero  and t h e  RTG t e s t  a r t i c l e  and t h e  areas o f  i n t e r e s t  on which t h e  
cameras were focused. 
f i l m  used. 

Table 1 p resents  oth,er i n f o r m a t i o n  on t h e  cameras and 
Cameras C1, C2 and C3 were focused on t h e  area immediate ly  around 

I 
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Camera 
Number 

c1 

c2  

c3 

c4 

c5 

C6 

- Type 

Hyc am 

Hyc am 

Hyc am 

4c 

4c 

4c 

Format 

16 MM 

16 MM 

16 MM 

35 MM 

35 MM 

35 MM 

TABLE 1 

Camera D e s c r i p t i o n  and Locat ion  

Lens 
S ize  

20" 

20" 

20" 

250 MM 

250 MM 

360 MM 

F i l m  
- TY Pe 

B&W 2496 

B&W 2496 

B&W 2496 

Color  ( I R )  

Color  ( I R )  

Color  ( I R )  

On/Off Frame 
Rate Time-Sec 

5K -1.7 t o  +3 

5K -1.7 t o  +3 

5K -1.7 t o  +3 

2K -5  t o  +4.6 

2K -5 t o  +4.6 

2K -5 t o  +4.6 

Azimuth 
From GZ 

81' 48' 

135' 00' 

228' 53' 

81' 00' 

134' 00' 

228' 30' 

D i stance 
Feet  

1430.14 

1500 

2227.05 

1430 

1575 

2227 



3 
1 
J 

the RTG test article on its tower for the purpose of recording the early 
motion or interaction with the shock front. Cameras C4, C 5  and C6 were 
focused on an area just outside and adjacent to the anticipated extent of the 
fireball. The intent of looking at this area was to detect the motion o f  the 
RTG or its remains possibly exiting the fireball. 

2.8 SIMULATOR 

A simulator was fabricated for use in the checkouts to minimize transportation 
o f  and exposure to the radioactive simulated RTG. The simulator was a one 
foot square aluminum box with two sides extended to form legs. The inside 
wall was lined with baked out refractory fiber insulation (J-M Cerafelt). 
POCO graphite block with heater rods and thermocouples constituted the heater 
assembly. 
and generate a thermocouple output similar to the simulated RTG. 
operation of the simulator was in the range below 3OO0C and did not require 
sealing or an inert atmosphere. 

A 

The simulator was designed to draw electrical power for the heaters 
The 
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SECTION 3 

ASSEMBLY AND TEST 

3.1 HEATER 

\ 

E 
The spec ia l  des ign heater  was subassembled and t e s t e d  a t  General E l e c t r i c ,  
K ing  o f  Pruss ia,  PA. The two hea te r  housings were assembled w i t h  an 
inst rumented (i.e., w i t h  thermocouples) empty ae roshe l l  i n  between. The 
assembly was wrapped w i t h  i n s u l a t i o n  s i m i l a r  t o  t h a t  shown i n  F igu re  3 and 
t e s t e d  i n  a b e l l  j a r  which was evacuated and b a c k f i l l e d  w i t h  d r y  argon t o  
15-16 ps ia .  
and l l O O ° C ,  t h e  b e l l  j a r  was evacuated and b a c k f i l l e d  w i t h  d r y  argon t o  
remove water vapor which was absorbed by  t h e  i n s u l a t i o n  d u r i n g  assembly and 
re leased as t h e  temperature increased. 

Four ( 4 )  t imes each a t  temperature l e v e l s  o f  300, 500, 700, 900 

Power t o  t h e  hea t ing  elements was c o n t r o l l e d  by t h e  ou tpu t  o f  t h e  DC power 
supply. 
increments. The power r e q u i r e d  t o  s t a b i l i z e  t h e  temperature a t  l l O O ° C  was 
28 VDC and 33 amps o r  924 wat ts .  The assembly was cooled and was r e t e s t e d  
w i t h  s i m i l a r  r e s u l t s .  

The power requirements were recorded a t  t h e  above temperature 

3.2 THERMOCOUPLES 

The temperature measuring system was assembled and t e s t e d  t o  c a l i b r a t e  t h e  
two-wire t r a n s m i t t e r s  and t o  develop t h e  convers ion f rom c u r r e n t  ou tpu t  t o  
temperature.  The t e s t  was assembled as shown schemat i ca l l y  i n  F igu re  25. 

For each two-wire t r a n s m i t t e r ,  t h e  c a l i b r a t i o n  was performed by a d j u s t i n g  the  
ou tpu t  o f  t h e  m i l l i v o l t  generator  u n t i l  t h e  des i red  temperature was a t t a i n e d  
on t h e  d i g i t a l  thermometer. The t e s t  was repeated a t  temperatures o f  3OO0C,  
5OO0C,  7OO0C, 900°C and l lOO°C.  
p l o t t e d  on a temperature versus s i g n a l  c u r r e n t  graph. The equat ions f o r  t h e  
l i n e a r  curves were c a l c u l a t e d  t o  be: 

The t e s t  data, shown i n  Table 2, was 

For  t r a n s m i t t e r s  1, 3, 4 and 5 
Degrees cen t ig rade  = 86.96 x m i l l i amps  - 260 

For  t r a n s m i t t e r  2 
Degrees cen t ig rade  = 87.91 x m i l l i a m p s  - 375 

For  t r a n s m i t t e r  6 
Degrees cen t ig rade  = 87.91 x m i l l i a m p s  - 340 

These r e l a t i o n s h i p s  were used d u r i n g  t h e  heat-up t o  conver t  t h e  s i g n a l  ou tpu t  
readings t o  temperature ( O C )  

3.3 ASSEMBLY 

E 
E 

il 
r c 

The s imu la ted  RTG was assembled a t  General E l e c t r i c  i n  a humid i t y  c o n t r o l l e d  
room t o  min imize  abso rp t i on  o f  water  vapor i n  t h e  i n s u l a t i o n .  
inst rumented ae roshe l l  was used f o r  t h i s  ope ra t i on  i n s t e a d  of t he  s imu la ted  

The 
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TABLE 2 - THERMOCOUPLE TRANSMITTER CALIBRATION DATA 

TEMPERATURE (OC) MILLIVOLT MILLIAMPS (METER 8022B) 
(METER 2 160/AC) OUTPUT TRANSMITTER 

(MVS-A) 1 2 3 4 5 

300 

500 

700 

900 

4.0 6.4 7.4 6.5 6.5 6.5 

7.8 8.6 9.6 8.7 8.7 8.7 

11.85 10.9 11.9 11.0 11.0 11.0 

15.9 13.3 14.2 13.3 13.3 13.4 

1100 19.9 15.6 16.5 15.7 15.7 15 

heat  source. 
p ressure  decay t e s t e d  b e f o r e  s t a r t i n g  t h e  heat-up f o r  t h e  system t e s t .  
p ressure  d rop  was 1.5 p s i  i n  65 hours. 

The s h e l l  was evacuated and b a c k f i l l e d  w i t h  d r y  argon and 

5 

he 

6 

7.8 

9.9 

12.3 

14.6 

16.9 

The system t e s t  cons i s ted  of h e a t i n g  and m o n i t o r i n g  t h e  ins t rumented module 
us ing  t h e  e l e c t r i c  power and thermocouple systems. 
b a c k f i l l s  were used a t  seve ra l  temperature increments t o  remove water vapor 
and oxygen which was be ing  re leased  by  t h e  i n s u l a t i o n  a t  i n c r e a s i n g  
temperatures. A l l  systems opera ted  p roper l y ,  b u t  t h e  module temperature cou ld  
n o t  be r a i s e d  above 80OOC; t h e  cor respond ing  power i n p u t  t o  t h e  hea te rs  was 
40 v o l t s  and 34 amps (1360 w a t t s ) .  

Evacuat ions and d r y  argon 

The hea te r  was then disassembled, a broken hea te r  r o d  was replaced, and 
g r a p h i t e  c l o t h  used between t h e  hea te r  r o d s  and clamps was removed. 
t h e  system t e s t ,  t h e  r e s i s t a n c e  between t h e  power leads  and t h e  case was found 
t o  be low, and a f t e r  disassembly, g r a p h i t e  f i b e r s  were found s h o r t i n g  t h e  
power leads  t o  t h e  hea te r  housing. 
housings and t h e  dummy g r a p h i t e  b l o c k s  were re-machined t o  reduce t h e  c o n t a c t  
surface ( i  .e., heat  t r a n s f e r  a rea) .  
i n s t a l l e d  between t h e  hea te r  housings and t h e  spacers a l s o  t o  reduce heat  loss .  

Dur ing  

Also,  t h e  spacers between t h e  heater  

As t roquar t z  c l o t h  i n s u l a t i o n  was 

The s imu la ted  RTG was shipped t o  t h e  Mound P l a n t  i n  Miamisburg, Ohio, where 
t h e  GPHS t e s t  module was i n s t a l l e d .  A f t e r  assembly, t h e  hea te r  and 
thermocouple o p e r a t i o n  was checked b y  r a i s i n g  t h e  assembly t o  1 100°C. 
Evacuat ions and argon b a c k f i l l s  were aga in  used t o  remove water vapor t h a t  was 
absorbed b y  t h e  i n s u l a t i o n  durin8 assembly. 
steady s t a t e  temperature a t  1100 C was 32 v o l t s  and 38 amps (1216 wa t t s ) .  
A1 1 thermocouples i n d i c a t e d  temperatures w i t h i n  10°C o f  each o the r .  

The power r e q u i r e d  t o  m a i n t a i n  
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SECTION 4 

HANDLING AND STORAGE 

The s imu la ted  RTG was shipped f rom General E l e c t r i c ,  K ing  o f  Prussia,  PA, t o  
the  Mound P lan t ,  Miamisburg, OH, t o  White Sands M i s s i l e  Range (WSMR), New 
Mexico by e x c l u s i v e  use t r u c k  i n  a wooden c ra te .  When i t  was shipped from t h e  
Mound P lan t ,  t h e  s imu la ted  RTG was pressur ized  t o  10 ps ig,  sealed i n  a p l a s t i c  
bag, and supported on pack ing m a t e r i a l  f o r  shock mounting i n  t h e  c ra te .  An 
overs ized c r a t e  was used t o  p rov ide  t h e  spacing needed t o  reduce t h e  r a d i a t i o n  
l e v e l  a t  t h e  sur face  o f  t h e  c ra te .  Dur ing  s to rage a t  WSMR f rom August t o  
October ( a r i s i n g  f rom a d e l a y  o f  t h e  DIRECT COURSE event ) ,  a d r y  argon b o t t l e  
was connected t o  t h e  va l ve  assembly on t h e  cap, and a 10 p s i  overpressure was 
main ta ined t o  prevent  seepage o f  oxygen i n t o  t h e  s h e l l .  
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SECTION 5 

INSTALLATION AND CHECK OUT 

5.1 THERMOCOUPLE SYSTEM 

The two w i r e  t r a n s m i t t e r s  were w i red  t o  t h e  t e r m i n a l  board a t  t h e  tower base 
us ing  t h e  130 f e e t  l o n g  8 p a i r  c a b l e  t h a t  would r u n  t h e  l e n g t h  o f  t h e  tower 
a f t e r  tower e rec t i on .  
t e s t ,  Sec t i on  3, v o l t a g e  s i g n a l s  were i n p u t  t o  t h e  s i x  t r a n s m i t t e r s  w i t h  t h e  
m i l l i v o l t  generator,  and t h e  c u r r e n t  was read o u t  on t h e  F luke  mu l t ime te r  i n  
t h e  da ta  van. 
c a l i b r a t i o n  t e s t s .  

Using t h e  d a t a  developed i n  t h e  t r a n s m i t t e r  c a l i b r a t i o n  

The r e s u l t s  f o r  a l l  s i x  t r a n s m i t t e r s  d u p l i c a t e d  t h e  da ta  of t h e  

5.2 ELECTRICAL POWER SYSTEM 

The e l e c t r i c a l  power system was i n s t a l l e d  as shown schemat i ca l l y  i n  F igu re  
17. 
e l e c t r i c a l l y  connected i n  p a r a l l e l  and s e r i e s  us ing  standard automot ive 
b a t t e r y  cables.  
s i d e  of t h e  fuse /sw i t ch  box on t h e  panel  w i t h  #2 stranded copper cables. 
t o p  o f  t h e  fuse /sw i t ch  box had been pre-w i red  t o  t h e  mercury con tac to r .  
t h e  c o n t r o l  w i r e  f o r  t h e  mercury c o n t a c t o r  was connected t o  t h e  t e r m i n a l  
board, t h e  r e s i s t a n c e  i n  t h e  c i r c u i t  between t h e  con tac to r  and t h e  sw i t ch  i n  
t h e  da ta  van measured about 200 ohms. 
t h e  l i n e  r e s i s t a n c e  needed t o  be about 20 ohms. The h ighe r  r e s i s t a n c e  was a 
r e s u l t  of t h e  22 gauge w i r e  be ing  p rov ided  i n s t e a d  o f  t h e  12 gauge expected. 
The r e s i s t a n c e  was reduced t o  19 ohms by  connect ing  severa l  w i r e s  i n  
p a r a l l e l .  Two 130 f e e t  l eng ths  o f  #2 stranded copper c a b l e  connected t o  t h e  
mercury c o n t a c t o r  were s t r u n g  over  t h e  l e n g t h  of t h e  tower t o  connect t o  t h e  
RTG t e s t  a r t i c l e .  

The b a t t e r i e s  were arranged on a p a l l e t  as shown i n  F igu res  18 and 19 and 

The p o s i t i v e  and n e g a t i v e  cab les  were connected t o  t h e  bottom 
The 

A f t e r  

For t h e  c o n t a c t o r  t o  opera te  p roper l y ,  

The f i e l d  genera tor  was l o c a t e d  about 50 ft. from t h e  base o f  t h e  tower. 
Copper s t randed cab les  (#2 )  c a r r i e d  t h e  208 VAC t o  t h e  DC power supply, t h e  
power from t h e  DC power supp ly  t o  t h e  second fuse /sw i t ch  box on t h e  panel, and 
f rom t h e  t o p  o f  t h e  fuse /sw i t ch  box t o  t h e  mercury con tac to r .  

5.3 SYSTEM CHECK-OUT 

The e l e c t r i c a l  s i m u l a t o r  was used f o r  system checkout. The two 130 ft. long  
power leads  were connected t o  t h e  hea te r  power leads  on t h e  s imu la to r ,  and 
fou r  thermocouples i n  t h e  hea te r  housing i n s i d e  t h e  s i m u l a t o r  were connected 
t o  f o u r  two-wi re  t r a n s m i t t e r s .  The genera tor  o p e r a t i o n  was .checked f i r s t .  
A f t e r  t h e  genera tor  was s t a r t e d ,  t h e  s w i t c h  f o r  genera tor  power on t h e  panel  
was c l o s e d  and t h e  power t o  t h e  s i m u l a t o r  was c o n t r o l l e d  b y < t h e  o u t p u t  o f  t h e  
DC power supply. The temperature i nc rease  was mon i to red  a t  t h e  read-out 
s t a t i o n  i n  t h e  da ta  van. The generator/DC.power supp ly  i n p u t  was shu t  o f f  by  
t u r n i n g  down t h e  DC power supply, opening t h e  s w i t c h  on t h e  f u s e  box and 
s h u t t i n g  of f  t h e  f i e l d  generator. ' ,  Next The b a t t e r y  o p e r a t i o n  was checked. 
The sw i t ch  f o r  b a t t e r y  ope ra t i on  bn.'the panel  was! c losed. 
s i m u l a t o r  was c o n t r o l l e d  by  openingland - c l o s i n g t t h e  mercury c o n t a c t o r  w i t h  t h e  
remote manual sw i t ch  i n  t h e  d a t a  van. Each t i m e  t h e  s w i t c h  was operated, t h e  

The power t o  t h e  
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vo l tage  across t h e  d ischarge s i d e  o f  t h e  mercury con tac to r  was checked t o  
v e r i f y  proper  operat ion.  
s t a t i o n  i n  t h e  da ta  van. 
d u r i n g  t h e  system check o u t  was 30OoC. The power was shut  o f f  by opening 
t h e  sw i t ch  on t h e  fuse box on t h e  panel .  
and thermocouple systems operated p roper l y .  

Again, t h e  temperature was moni tored a t  t h e  read-out 
The maximum temperature i n  the  hea te r  assembly 

A l l  f u n c t i o n s  o f  t h e  e l e c t r i c  power 

5.4 PRESSURE TRANSDUCERS AND TOAD 

The four  pressure t ransducers were i n s t a l l e d  i n  t h e  c y l i n d e r  and c a l i b r a t e d  by 
BRL. The c a l i b r a t i o n  was accomplished by  s t a t i c a l l y  app ly ing  t h e  peak 
expected pressure t o  t h e  t ransducer  and reco rd ing  t h e  r e s u l t a n t  s i g n a l  w i t h  
t h e  tape recorder .  Th i s  s t a t i c  pressure was app l i ed  by c a r e f u l l y  r e g u l a t i n g  a 
h igh-pressure d ry -n i t rogen  source t o  t h e  t ransducer  and m o n i t o r i n g  t h e  app l i ed  
pressure w i t h  a p r e c i s i o n  d i a l  manometer. 
pre-  and p o s t t e s t  w i t h  a s tandard (dead weight t e s t e r )  t raceab le  t o  t h e  
Na t iona l  Bureau o f  Standards t o  ensure c a l i b r a t i o n  accuracy. 

The d i a l  manometers were compared 

A m p l i f i e r  and reco rde r  ga ins  were ad jus ted  us ing  the  s t a t i c a l l y  app l i ed  l oad  
t o  y i e l d  a predetermined FM c a r r i e r  dev ia t i on .  A t  t h i s  t ime, a shunt r e s i s t o r  
was se lec ted  and i n s e r t e d  i n t o  t h e  s i g n a l  c o n d i t i o n e r  t o  e s t a b l i s h  a shunt 
c a l i b r a t i o n  l e v e l  approx imate ly  equal  t o  t h e  f o r c i n g  f u n c t i o n  l e v e l .  Both the  
shunt c a l i b r a t i o n  l e v e l  and t h e  f o r c i n g  f u n c t i o n  l e v e l  were recorded on 
magnetic tape, and t h i s  magnet ic tape was r e t a i n e d  as t h e  c a l i b r a t i o n  s tandard 
f o r  use i n  t h e  da ta  r e d u c t i o n  process. 
recorded on t h e  t e s t  da ta  tape  immediate ly  p r i o r  t o  t h e  event (T-1 minute) .  
No g a i n  o r  shunt r e s i s t a n c e  adjustments were p e r m i t t e d  between t h e  s t a t i c  
c a l i b r a t i o n  and t h e  event  w i t h o u t  complete r e c a l i b r a t i o n  o f  t h e  e n t i r e  da ta  
channel. 

The shunt c a l i b r a t i o n  l e v e l  was a l s o  

The t h r e e  t i m e  of a r r i v a l  d e t e c t o r s  were i n s t a l l e d  i n  t h e  tubes on t h e  
s t r u c t u r e  assembly by  AFWL and t h e  c o n t i n u i t y  checked. 

5.5 MOTION PICTURES 

The mot ion p i c t u r e s  cameras were prov ided,  i n s t a l l e d  and operated by The White 
Sands M i s s i l e  Range Photographic Sect ion.  A crane boom was used t o  represent  
t h e  tower d u r i n g  camera check ou t .  Mot ion p i c t u r e s  were taken and reviewed t o  
check camera angles and r e s o l u t i o n .  

5.6 TOWER 

The tower, s t r u c t u r e  assembly, s imu la ted  RTG and ins t rumen ta t i on  were 
assembled on t h e  ground be fo re  t h e  tower was erected. 
runn ing  f rom t h e  t o p  t o  t h e  bot tom o f  t h e  tower were taped t o  t h e  tower legs.  
Before tower e rec t i on ,  a l l  cab les  were c o n t i n u i t y  checked. F igures  10 t h r u  16 
and F igures  18 and 19 show assembly i n  va r ious  stages. 

The tower was erec ted  by New Mexico Engineer ing Research I n s t i t u t e  (NMERI) who 
designed and erec ted  t h e  ANFO tower. 
were c o n t i n u i t y  checked and connected t o  t h e  proper  equipment a t  t h e  bottom. 
The 1/4" rubber  tube f rom t h e  open v a l v e  on t h e  s imu la ted  RTG was connected t o  

A l l  cab les  and tubes 

A l l  t h e  cab les  runn ing  down t h e  tower 
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t h e  argon b o t t l e .  A 10 p s i g  p ressure  was main ta ined i n  t h e  s imu la ted  RTG f rom 
t h e  t i m e  t h e  tower was e rec ted  (Sun. 10/23) u n t i l  t h e  event (Wed. 10/26). 

5.7 DRY RUN 

On Monday, October 24, a d r y  r u n  o f  a l l  experiments was conducted by DNA. The 
purpose was t o  i n t e g r a t e  t h e  a c t i v i t i e s  o f  a l l  agencies assoc ia ted  w i t h  t h e  
experiments. Emphasis was p laced on access t o  t h e  t e s t  bed, equipment, 
v e h i c l e  and personnel  placement and removal be fo re  t h e  event, and access by 
t h e  recove ry  team a f t e r  t h e  event. 
s imu la ted  RTG was powered by  b o t h  t h e  genera tor  and b a t t e r y  system t o  a 
maximum temperature o f  30OoC. 

Dur ing  t h e  d r y  run, t h e  t e s t  module i n  t h e  
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EVENTS 

0440 HRS 

0840 HRS 
(T-65 min) 

1204 HRS 
(T-2 min) 

1205 HRS 
(T-1 min) 

1330 HRS 

( T  + 124 min) 
( approx. 1 

ON THE D 

SECTION 6 

DIRECT COURSE EVENT 

Y OF THE DIRECT COURSE EVE IT, OCTOBER 26, 1983. 

Started heat-up of test module using generator and DC power 
supply system. 
Power t o  heaters was manually controlled at DC power supply 
and temperature monitored and recorded in data van. Voice 
power phone set used to communicate between tower and data 
van. 

Heat up rate curve is shown in Figure 26. 

Switched from generator to battery operation. Opened switch 
on fuse box, removed DC power supply, argon bottle and field 
generator from area. 
recorded in the data van. Use o f  the manual switch to 
control the battery power circuit was not required. The 
maximum temperature reached was 1109OC. 

The temperature was monitored and 

Shut off power to heaters to preclude interferring with 
i nstrumentat i on si gnal s. Temperature was 1097.2OC. 

Shut off instrumentation system power to preclude 
interferring with other instrumentation signals. 
was 1075.4OC. 

Temperature 

EVENT, detonation of 609 tons of ANFO. 

Recovery team entered area to recover radioactive debris 
resulting from breakup of the iridium clads from the GPHS 
test module. 

E 
E 
E 
E 
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SECTION 7 

RESULTS 

7.1 PHYSICAL DAMAGE 

The physicdl e f fec ts  o f  the overpressure and f i reba l l  from the 609 tons  of ANFO 
a re  shown i n  Figures 27 t h r o u g h  31. 
seen. Beyond t h d t  only a small, occasional iece was found. Figures 30 and 31 
show the Nuclear Emergency Search Team (NEST P from Los Alamos National Laboratory 
( LANL 1 recoveri ng the radi oac t i  ve materi a1 . 

The bottom 35 f e e t  of the tower can be 

About  70% of the i r i d i u m  from the fou r  clads was recovered and i s  shown i n  Figure 
32.  
the GPHS aeroshell and may be from e i ther  the GPHS tes t  a r t i c l e  o r  one of the 
housings f o r  the e l ec t r i c  heaters. 

Figure 33 shows the only piece of  graphite recovered; this piece came from 

Figure 34 shows aluminum fragments recovered from b o t h  the RTG housing o r  shell 
and the cannister fo r  the pressure transducers. 
fragments t ha t  came from the cannister t ha t  housed the pressure transducers. 

Noted on the figure are  those 

I 
7 . 2  TIME-OF-ARRIVAL 

The arr ival  time fo r  the shock wave as  measured by the three time-of-arrival 
gauges was 5152.1, 5248.9 and 5339.5 microseconds, result ing i n  shock wave 
ve loc i t ies  of 10,177 and 10,873 f e e t  per second between the gauges a f t e r  
'correction fo r  geometry factors.  Because of the proximity of the RTG t e s t  
d r t i c l e  t o  the ANFO charge ( i  .e., a distance of approximately 38 f e e t  t o  the 
surface of the ANFO sphere), the environment surrounding the t e s t  a r t i c l e  was 
considered t o  be too severe and not fu l ly  developed t o  the extent t ha t  typical 
Ranki ne-Hugoni o t  re1 ations coul d be used to  derive the equival en t  overpressure. 
T h i s  d r i ses  because of the complications presented by the detonation products and 
the e f f ec t s  of the charge container. 
velocity previously calcul ated by equivalent Ranki ne-Hugoni o t  re1 a t i  ons was 
predicted t o  be 10,530 f e e t  per second. 

7.3 HIGH SPEED PHOTOGRAPHY 

However, fo r  comparison, the shock wave 

High  speed photographic coverage of the RTG System Explosion Test i n  DIRECT 
COURSE revealed very l i t t l e  useful information. Figure 35 i s  taken from the f i lm 
from Camera C1 (see Table 2 and Figures 23 and 24) and shows the f i r s t  l i g h t  on 
the t e s t  a r t i c l e  from the f i r eba l l .  Figures 36 through 39 show sequential frames 
from the same film showing the moment just pr ior  t o  arr ival  of and t h r o u g h  nearly 
total  engulfment by the f i r eba l l .  These figures do indicate t h a t  the f i reba l l  
was f a i r l y  uniform, without any apparent j e t t i n g ,  a t  l e a s t  i n  the vicini ty  of the 
RTG. Also, there a re  no apparent fragments'headed i n  the general direction of  
the RTG p r ior  t o  i t s  engul fment by, the f i r eba l l .  
w i t h i n  the f i reba l l  was obscured visibly by the f i r eba l l  i t s e l f  since the  
fragments and f i reball were probably travel 1 i ng a t  nearly the same vel oci ty i n  
the vicini ty  of the RTG t e s t  a r t i c l e .  

The evidence of fragments 
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7.4 OVERPKESSUKE 
63 
w X 

Figures 40 through 43 show the curves result ing from the data obtained from the 
fou r  pressure transducers used i n  the t e s t ,  two ( 2 )  s t a t i c  pressure gauges and 
two (2) total  pressure gauges. 
pressure measurements, the to ta l  pressure gauges (1 abel ed as Stations PT-1 and 
PT-2 on the graphs) a r e  believed t o  have been destroyed by project i les ,  such as 
pieces of the f i berg1 as  she1 1 holding the ANFO expl osive, before credible 
readings could be obtained. 
Figure 42 and 43. 
l e s s  than predicted which tends t o  indicate t h a t  the total  pressure history 
(magnitude or duration or both) was not recorded. 

The i n i t i a l  pulses occurring on Figures 40 and 41 for  s t a t i c  gauges (Stations 
PS-1  and PS-2) are believed t o  be representative of the s t a t i c  pressure seen by 
the RTG t e s t  a r t i c l e ,  a t  l e a s t  through the peak of the i n i t i a l  pulse. 
PS-1, the maximum occurs a t  2100 psi ; the maximum for PS-2 i s  around 1460 psi. 
However, there i s  some question as  t o  whether or not the step i n  the pulse from 
PS-1 occurring a t  1260 psi m i g h t  be more indicative of the s t a t i c  pressure seen 
by this gauge, possibly a s  a r e su l t  of motion of the cannister such t h a t  this 
gauge m i g h t  be seeing more of the stagnation pressure. The large discrepancy 
between the two gauges approximately four (4) inches apart  and a t  the same radial 
distance from the ANFO sphere would be hard t o  explain unless one or both of the 
transducers were defective. Based on the pre-test calibration of the gauges, 
this  does not appear t o  be the situation. 

According t o  B R L ,  the agency performing the 

Consequently, only noise and r ing ing  are  seen on 
Note also t h a t  the measured impulses are an order of magnitude 

For Gauge 

7.5 POST TEST ANALYSIS 

Los Alamos IJational Laboratory performed metallographic analysis on some of  the 
fragments from the i r id ium clads from the GPHS t e s t  module. 
show one of the pieces ident i f ied a s  #l .  
through the piece i s  shown i n  Figure 46. 
deformation exhibited by this  fragment. 
structure i n  the same cross section. 

Figures 44 and 45 
An enlarged cross section of a s l i c e  
Note the extreme bending and 

Figure 47 shows the c rys ta l l ine  

Another fragment i s  shown i n  Figures 48 and 49 ident i f ied a s  #2. 
sections through this fragment a re  shown i n  Figures 50 through 53. 
necki ng and the extremely el  ongated grains p l  us possible fibrous structure 
exhibited by the section shown i n  Figure 52. T h i s  evidence indicates t h a t  
extreme working of the clad occurred which had t o  r e su l t  from severe impulsive 
loading such as by impact from another object a t  very h i g h  velocity or by 
extremely h i g h  pressure. 
t ha t  exhibits local coining which also substantiates extreme loading of the 
metal, probably resul t ing from impact by another object. 

Figures 54 and 55 show another i r id ium fragment identified a s  #3. 
bending and deformation can be seen a lso  i n  this piece. Metallographic sections 
are  shown i n  Figures 56 and 57. Figure 56 i l l u s t r a t e s  the degree of tearing and 
overall breakup of the metal s t ructure ,  and Figure 57 shows another instance o f  
coining more severe than t h a t  shown i n  Figure 53 from fragment #2. 

Metallographic 
Note the 

Figure 53 shows anotner section through fragment #2 

Extreme 
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Anotner fragment i s  shown i n  F igu res  58 and 59 i d e n t i f i e d  as #4. 
c r o s s  d c t i o n  i s  snown i n  F i g u r e  60 snowing aga in  t h d t  cons iderab le  t r i i n t i i ng  arid 
deformat ion occurred. Enlarged me ta l l og raph ic  sec t i ons  a r e  shown i n  F igu res  51 
tr i rouyh 0 3 .  
e x h i b i t e d  i n  tr ie s e c t i o n s  shown i n  F igu res  61 and 62, adding f u r t h e r  t o  t h e  
evidence t h a t  extreme l o a d i n g  occur red  i n  t h e  metd l .  

An en la rged 

Co in ing ,  g r d i n  e longat ion ,  and p o s s i b l y  f i b r o u s  s t r u c t u r e  a r e  

One f i n a l  fragment i d e n t i f i e d  as # 5  i s  shown i n  F i g u r e  64. 
Sec t i on  i s  shown i n  F i g u r e  65. 
a r e  presented i n  F igu res  66 througn 68, showing t h e  ex tens i ve  c rack ing ,  t e a r i n g  
dnd ae format ion  exper ienced by  t h i s  p iece .  

An en la rged c r o s s  
Me ta l l og raph ic  enlargements through t h i s  sec t i o r i  

2 9  



SECTION (3 

CONCLUSIONS 

U 

D 
E Tile degree of destruction experienced by the GPHS-RTG t e s t  a r t i c l e ,  and 

especially by the GPHS module, i n  DIRECT COURSE i s  believed t o  have resulted from 
the combined environment o f  the shock wave and impact by h i g h  speed fragments. 
Tne major portion o f  trie damage probably occurred as  a resu l t  of  impact(s) by the 
fragments of the fiberglas container f o r  the ANFO explosive, b u t  there i s  no 
d i r ec t  recorded evidence tha t  this occurred; the f i reba l l  most probably obscured 
the presence o f  fragments since they were probably travell ing a t  nearly the same 
velocity a s  the expanding f i r eba l l .  
happened rias been presented i n  the form of the metallographic cross sections from 
several of the i r i d i u m  fragments from the clads around tne radioisotope fuel 
simulant. These sections indicate considerable working of the previously 
recrystal 1 ized i r id i  um clads. Working occurred t o  such an extent t h d t  some of  
the metal s t ructure  i n  these sections may possibly have reverted to  the fibrous 
s t a t e .  

Indirect  evidence t h a t  t h i s  could have 

Previous impact tes t ing of the GPHS modules has been performed by Los AlamOS to  
sa t i s fy  pa r t  of the design requirements. T h i s  aspect of the design requires t h a t  
the cladded isotope fuel containers remain in t ac t  and prevent release of the 
isotropic fuel i n  the event of an unplanned re-entry from Earth o rb i t  followed by 
impact on the Earth 's  surface. For design purposes, the GPHS module must survive 
when impact occurs a t  the free f a l l  terminal velocity of the module onto an 
essent ia l ly  unyielding surface such a s  granite.  Numerous impdct t e s t s  of  the 
GPHS modules have been conducted o n t o  a massive s teel  block i n  the Los Alamos 
cannon ( a  pneumatically propelled, fu l ly  enclosed, impact f a c i l i t y )  a t  veloci t ies  
u p  t o  198 feet/second. Even under these conditions the i r i d i u m  metal has n o t  
exhibited working t o  any appreciable extent. 
potential velocity of the f iberglas  fragments from the ANFO container were 
estimdted t o  be i n  the 8000-9000 feet/second range a t  the location of the RTG 
t e s t  a r t i c l e .  

I t  should be noted tha t  tile 

Additional tes t ing o f  the GPHS modules has been conducted by Los AlamOS i n  the 
smal 1 diameter snock t u b e  a t  Sandia Laboratory - A1 buquerque. These explosive 
t e s t s  were conducted to  determine the f a i lu re  threshold for the GPHS clad fuel 
elements i n  order t o  determine the i r  capabili ty t o  survive an explosion o f  the 
Space Shuttle on the launch pad, similarly a s  was the purpose of the RTG System 
Explosion Test on DIRECT COURSE. Testing was performed up t o  a level o f  1070 psi 
s t a t i c  overpressure and a s t a t i c  impulse of 3.75 psi-sec before the t e s t s  had to  
be terminated because of damage to  the shock tube. In this f inal  t e s t ,  a l l  of 
the graphite components of the GPHS module were stripped away from the i r i d i u m  
clad pel le ts .  Some of this could have resulted from mechanical interaction w i t h  
the vermiculite material i n  the catch box used t o  stop the module as  i t  exited 
the shock tube. There was no s ignif icant  damage to  the iridium clads,  even a f t e r  
one of  them had penetrated through the 3/4 inch thick plywood rear  wall of the 
catch box. 
estimated t o  be 7500 psi .  

The corresponding peak reflected overpressure in this t e s t  was 
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I n  t h e  DIRECT COURSE t e s t  o f  t h e  RTG, t h e  peak r e f l e c t e d  overpressure 
corresponding t o  t h e  d e s i r e d  s t a t i c  overpressure o f  1300 p s i  a t  t h e  p o r t i o n  of  
t h e  RTG t e s t  a r t i c l e  was es t imated t o  be around 12,150 p s i .  Whi le these va lues 
a r e  h ighe r  than those i n  t h e  shock tube t e s t s  on t h e  GPHS module ( i  .e., 1070 p s i  
s t a t i c  overpressure and 7500 p s i  r e f l e c t e d  Overpressure),  t h e  DIRECT COURSE shock 
wave, by i t s e l f ,  was n o t  expected t o  have caused t h e  degree of  damage exper ienced 
by t h e  GPHS module. ( I t  should be noted t h a t  t h e  a c t u a l  measured va lues o f  t h e  
s t a t i c  o r  f ree  f i e l d  overpressure i n  t h e  DIRECT COURSE t e s t  were 1460 p s i  and 
2100 p s i ,  w i t h  a ques t ionab le  va lue  f rom one o f  t h e  gauges - corresponding t o  t h e  
2100 p s i  va lue  - be ing  1260 p s i .  ) 
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Figure 4. General Purpose Heat Source (GPHS)  - Test Module 

3 35 



P 
' 

CAP 

INSULATOR SLEEVE 

INSULATOR DISC 

n 

INSULATOR LOCK SCREW 

BODY 

LOCK SCREW 
INSULATOR 

IMPACT SHE 
ASS Y 

DISC 

LL  

FLOATING MEMBRANE 

FUELED C L A D  
ASS Y 

INSULATOR SLEEVE 6- 
C A P  h% INSULATOR DISC 

Figure 5. Exploded View o f  General Purpose Heat Source Test Module 

c 
I 

E 
c 

C 

i 

h 
i 
E 

36 



. 

MOLYBDENUM 
CLAMP 

SILICON 

GRAPHITE 
AE ROSHELL 

FIBER FELT 
I NSU LATl ON 

. A  

" I  
I 5-50 

3.67 

1 1 - J -  I 

- -  I 
d 

Figure 6. Heate r  Assembly 

37 



R6 

R4 

E 
E 

(+I (-I  
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r 
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TOTAL RESISTANCE = 0.9 f 0.1 OHMS 

Figure 7 .  Heater  Assembly Power C i r c u i t  Ins ide  RTG Mock-up 
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Figure 13. Test Specimen Suppor t  Tower Being Erected 
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Figure 14.  Crane Rigging on Tower During Erection 
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F i g u r e  16. T e s t  Specimen and ANFO Sphere 
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Figure 17 .  Electrical Power System fo r  Heaters 
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F i g u r e  35. F i r s t  L i g h t  From F i r e b a l l  on RTG Test  A r t i c l e  
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Figure 36. RTG Immed a t e l y  Prior  t o  Arr Val of Fireball  
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Figure 53. 4th Metallographic Section - Fragment #2 
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Figure 61. Metallographic Section - Fragment #4 
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Figure 62. 2nd Metallographic Section - Fragment #4 
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