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T H E W  EVA~JUATION OF THE W L Y  APOLLO SCIENTIFIC 

EXPERIMENT PACKAGE ISOTOPE HEATER MODELS I N  THE 

MSC 1.5-MEGAWATT ARC-HEATED FACILITY 

By Donald J. T i l l i a n  

SUMMARY 

Three e a r l y  Apollo s c i e n t i f i c  experiment package iso tope  heater  
models were t e s t e d  i n  t h e  Manned Spacecraft Center 1.5-meg~twatt arc- 
heated f a c i l i t y  an February 4 and 5 ,  1949. The tesL  environment simu- 
lated t he  r e e n t r y  heating condit ions on t h e  isotope c a n i s t e r s  during 
a 6 , 2 5 O  lunar-return abort  .t;rajec-i;ory. The da ta  presenLed include 
environmental t e s t  conditions , graphite  ab la t ion  da ta ,  model surf ace 
tempera-bwe response, and photographs of t h e  models before  and a f t e r  
t e s t ing .  These t e s t s  demonstrated t h e  s t r u c t u r a l  i n t e g r i t y  of the  
early Apollo s c i e n t i f i c  exyerimen+, package can i s t e r s  f o r  a nominal 
lunar abort ' en t ry  t r a j e c t o r y .  

INTRQPUCTION 

The e a r l y  Apollo s c i e n t i f i c  experiment package (EASEP), scheduled 
f o r  placement on t h e  lunar  surface  during t h e  first Apollo lunar land- 
ing ,  contains two 15-watt radioisotope heakrs  f o r  tbermal cont ro l  of 
t h e  experiment. Jo in t  ~ A ~ ~ / A t o m i c  Energy Comission (AEC) s a f e t y  
review and a p p r o ~ a l  of t h e  experiment i s  requi red  before t h e  f l i g h t ,  
s ince  t h e  i so tope  heaters  conta in  plutonium oxide rnicrospheres. D i s -  
persa l  and melting o f  t h i s  radioact ive  ma te r i a l  would c o n s t i t u t e  an 
inhalat ion hazard i f  the g ragh i t e  c a n i s t e r  should f a i l  during an abort  
earth entry. I n  view of these considerat ions,  a ground-test program 
was conducted t o  support the a n a l y t i c a l  s t u d i e s  which de f ine  probable 
f a i l u r e  modes and t o  demonstrate the s t r u c t u r a l  and thermal i n t e g r i t y  
of the i so tope  heaters  under severe hypertkermal condit ions.  

Three a rc - j e t  %es t s  o f  t he  isotope heater models were conducted i n  
the MSC 1.5-megawatt arc-heaked f a c i l i t y .  The t e s t  condi t ions ,  which 
were representa t ive  of a nominal lunar-return abort  t r a j e c t o r y  , provided 
an assessmeot of  the  thermal-stress condit ions a f fec t ing  t h e  s t r u c t u r a l  



i n t e g r i t y  of t h e  isotope heater  models. The models were tested at step 

heating pulse levels of fi of. 240 t o  533 ~ t u / f t ~ / * - s e c ,  t e s t  gas 
enthalpy levels  from 1)' 000 t o  22 200 Btuflb,  and model impact pressures  
from 0.067 t o  0.12 atmosphere. The results of t h i s  t e s t  program a r e  
presented i n  t h i s  repor t .  

specific heat of slug mater ia l  

specif ic  heat o f  water 

average  t o t a l  en tha lpy  o f  gas stream 

arc current 

thermal conduct iv i ty  

gas f low r a t e  

water flow rate 

incident heat transfer rate 

radius of constantan d i sk  

a r c  voltage 

teinperature differential between cen te r  o f  periphery of 
constantan disk 

water temperature rise 

density 

thickness 



TEST MODELS 

The t e s t  models, furnished by t he  Sandia Corporation, were f l a t -  
face cylinders 3 inches i n  diameter and 3 inches i n  length. F'igure 1 
shows the  - t es t  model configuration and t he  materials  of construction 
i n  the isotope heater .  Temperature-sensitive paints  were applied t o  
the  titanium can i s te r  t o  evaluate the  m a x i m u m  temperature reached dur- 
ing the mc- j e t  t e s t s .  

A 3/8+ 16  thread was machined i n  t he  graphite model f o r  attachment 
t o  s t ing mounts. Graphite and tankalum stings were used i n  mounting the 
t e s t  models t o  *he inse r t ion  arms. A graphi te  ca l ib ra t ion  model ( f i g ,  2 )  
was fabr ica ted t o  evaluate t h e  heating r a t e  d i s t r i bu t i on  across t he  
model surface during t h e  t e s t .  

TEST APPARATUS, CONDITIONS,  AND PROCEDURE 

Test Apparatus 

The 3-inch-diameter t e s t  models were exposed t o  t he  high enthalpy 
gas stream produced b; t h e  MSC 1.0-megawatt segmented cons t r i c to r  arc 
heater. De ta i l s  of the  design and operating charac te r i s t i c s  of t h i s  
a r c  heater are described i n  Electro-Optical Systems, Inc. , Report 6320, 
"Fiigh Enthalpy Gas Heater ," by Robert Richter, dated December 1965. 
The arc-heated gas stream e x i t s  through a 6.0-inch-diameter conical  noz- 
z l e  i n t o  a vacuum chamber. Figure 3 shows t h e  a rc  heater  on t he  vacuum 
chamber with associated model inser t ion equipment. 

Chamber s t a t i c  pressure was adjusted during each t e s t  t o  provide 
t he  desired environmental conditions. The arc-heater operating con- 
d i t ions  and test environments are tabula ted i n  t a b l e  I. 

Test Conditions 

The predic ted cold-wall heating r a t e  and model stagnation pressure 
h i s to r ies  for  t h e  isotope heater  during a 6.25' lunar-return abort t r a -  
jectory are  shown i n  figure 4. Due t o  t he  r i g i d  time schedule of t h e  
EASEP experiment end t h e  t imely need f o r  t he  arc-jet  t e s t  r e s u l t s ,  a 
t r ue  t r a j e c t o r y  heating simulation was not attempted. Multiple constant 
heating pulses were se lec ted  t o  simulate the entry  heating environment 
history. The tests were conducted a t  a constant gas flow r a t e ,  and t h e  
arc current was manually adjusted t o  provide the  heati1.3 r a t e  conditions 
shown i n  figure 5 .  



The t o t a l  enthalpy of t h e  arc-haated stream w a s  determined by the 
energy balance technique. The average t o t a l  enthalpy of the arc-heated 
stream was calculated using t h e  following expe:.:imen-hal data. 

1. E l e c t r i c a l  power t o  the  a r c  heater  

2. Gas flow i n t o  the arc heater  

3. Cooling water f low r a t e s  

4. Cooling water i n l d t  and outlet temperatures 

The following equatiun was a~plied i n  calculating t he  average enthalpy 
of t he  arc-heated gas stream. 

where C = specif ic  heat of water 
*w 

Ht = average t o t a l  enthalpy o f  gas stream 

1 = current 

k = gas f l o w  rate 
l3 

h = water flow rate 

TJ = voltage 

= water temperature r i s e  

Heating rates were measured p r i o r  t o  the  model tesLs using com- 
mercial circular f o i l  calor5,meters. The sensor output i s  based an t h e  
measurement of a temperature gradient between t h e  cent ~r and periphery 
of a t h i n  constantan disk. This  temperature d i f ference  i s  d i rec t ly  



proport ional  t o  t h e  heat ing r a t e  and can be expressed by the following 
equation. 

where K = thermal conductivi ty of constantan 

= inc ident  heat  t r a n s f e r  r a t e  

R = radius of t h e  constantan d i sk  

AT - temperature d i f f e r e n t i a l  between center  and periphery of 
t h e  constantan d i sk  

T = thickness of constantan disk 

The sensors were ca l ib ra ted  by t h e  manufacturer using a r ad ien t  
energy source i n  terms of m i l l i v o l t  outpuk versus t h e  measured incident  
heating r a t e .  

The heat ing r a t e  values q fi f o r  the  t e s t s  were es tabl i shed by 
measurements from a 1.0-inch-diameter heat  t r a n s f e r  r a t e  sensor i n s t a l -  
l e d  i n  a 4.0-inch-diameter b lunt  hemisphere graghi te  model. Appropriate 
shape and radius  correction f a c t o r s  were used i n  ca lcu la t ing  t h e  ef- 

f ec t ive  haat t r a n s f e r  r a t e  q fi f o r  t h e  t e s t  mo8els. Heat t r a n s f e r  
r a t e  d i s t r i b u t i o n s  were obtained f o r  the c a n i s t e r  model configurat ion 
using t h e  graphite  c a l i b r a t i o n  model shown i n  f igure  2. The cal ibra-  
t i o n  model was instrumented with 1/h-inch-diameter s lug calorimeters  
which measured t h e  r e l a t i v e  heat ing rates: at d i f f e r e n t  loca t ions  on 
the  model surface.  The s lug  calorimeters  contained a known mass of' 
copper which was mounted i n  a copper bo6y and i n s u l a t e d b y  an a i r  gap. 
A chromel-constantan thermocouple was at tached t o  t h e  center  of the 
copper s lug .  The hea t  t r a n s f e r  r a t e  measured by t h i s  t y p e  of calorim- 
e t e r  can b e  ca lcula ted  using t h e  e ~ u a t i o n .  

whei-e C = spec i f i c  ~~ea-L of slug mater ia l  
P 

p = densi ty of copper s l u g  



= incident  heat  t r a n s f e r  r a t e  

T = thickness of s lug  

= r a t e  of change of temperature of s lug  wi th  t ime 

The h e a t  t r ans fe r  rates measured by these  ca lor imeters  a re  presentefi 
i n  t a b l e  11. T h e  heat t r a n s f e r  r a t e  measurements a r e  considered a rea- 
sonable representa t ion  of  the  r e l a t i v e  heat ing rake d i s t r i b u t i o n  across  
the model surface .  However, t h e  absolute magnitudes may be i n  e r r o r  
because o f  t h e  extremely shor t  t e s t  t imes ( l e s s  than 1 second) which 
were necessary t o  prevent melting of t h e  copper s lugs  a t  t h e  high heat  
t ransfer  r a t e s .  

Model impact pressures were measured during c a l i b r a t i o n  tests with 
a p i to t  p ressu re  probe. These measurements were taken across t h e .  arc-j e t  
stream at t h e  model t e s t  conditions and a r e  presented i n  f igures  6 and 7 .  

The model surface temperatures were measured by a t o t a l  . radiat ion 
radiometer which had a lower wavelength l i m i t  of 4 microns. The radi -  
ometer vss mounted on the tunnel  door, and mirrors were used t o  focus 
on a 1/2-inch-diameter spot  on t h e  graphi te  cyl inder.  It was not pos- 
s ib le  t o  observe the  model s tagnation poiot because of t h e  view angle. 
The surf  ace  temperature d a t a  obtained at a point  approximately 45' o f f  . 
t h e  s t agna t ion  l i n e  a r e  presented i n  f i g u r e  8. 

Test Procedure 

The following procedures were used t o  provide t e s t  conditions which, 
simulated the f l i g h t  t r a j e c t o r y .  

After  t h e  arc-jet  operat ing condit ions f o r  t h e  f i r s t  heat ing p d s e  
were es t ab l i shed ,  t h e  heating r a t e  c a l i b r a t i o n  model was i n se r t ed  i n t o  
the stream t o  compare wi th  previous measurements obtained during t h e  
ca l ib r s t ion  t e s t s .  Af ter  removal of t h e  ca l ib ra t ion  model, t h e  t e s t  
model w a s  inser%eed i n t o  t h e  arc-li,&ed stream. I f  mul t ip le  heat ing r a t e  
levels  were required,  current  adjustments were made t o  provide the neces- 
sary t e s t  conditions. The arc-jet was turned off  at t h e  end of t he  
required t e s t  time, and the model remained i n  t h e  tunne l  under vacuum 
conditions fo r  a period of  1 5  to 20 minutes. This technique was used 
t o  prevent oxidat ion of t h e  hot graphi te  surface during t h e  cool,down 
period. 

A 1 1  of  t h e  per t inent  d a t a  associa ted  with the operat ion of t h e  arc-  
jet and vacuum chamber were r e c b ~ d e d  on magnetic t ape  with a 50-channel, 



analog-to-digi ta l  recording system. I n  addi%ion,  t h e  important temper- 
ature and p re s su re  d a t a  were recorded on s t r ' p  cha r t  recorders  f o r  r e a l -  
t ime d isp lay .  A t  t h e  completion QT t e s t i n g ,  t h e  specimens were weighed 
t o  determine weight l o s s ,  and aimensional medsurements were made t o  
determine s u r f a c e  recess ion .  Photographs of  t h e  t e s t  models were taken  
before and a f t e r  t e s t i n g .  

RESULTS AND DISCUSSION 

The model ab l a t ion  d a t a  ob-tiained a w i n g  t h i s  t e s t  program a r e  sun- 
marized i n  t a b l e  111. Photographs of  t h e  models before  and a f t e r  t e s t s  
a r e  shown i n  f i g u r e s  9 t o  26. 

Test  model FP-3 was t e s t e d  wi th  a g r a p h i t e  s t i n g  a t  t h e  maximum 
heat ing r a t e  and f o r  t h e  t o t a l  h e a t l o a d  a n t i c i p a t e d  dur ing  t h e  6.25' 
lunar-return abor t  t r a j e c t o r y  shown i n  f i g u r e  5. This  t e s t  zondi t ion 
was s e l e c t e d  beca ise  iL represented  t h e  most severe  hea t ing  environment 
t b  which t h e  model could be subjec ted ,  and t h e  r e s u l t s  would i n d i c a t e  
acy apparent thermal -s t ress  problems i n  t h e  model design.  The t e s t  
model survived t h e  severe  environment, a ~ d  pos t - t e s t  i n spec t ion  d i d  not 
r evea l  any cracks  o r  unusual i r r e g u l a r i t i e s  i n  t h e  t e s t  model sur face .  

Test model FF-4 was subjec ted  t o  t h e  th ree - s t ep  hea t ing  pu l se  shown 
i n  f i gu re  5. This  enviroriment was more r e p r e s e n t a t i v e  of  t h e  a c t u a l  
heat ing r a t e  h i s t o r y  and t o t a l  t e s t  t ime of  t h e  p red ic t ed  t r a j e c t o r y .  
The t o t a l  t e s t  hea t  load  was g r e a t e r  t han  t h e  p red ic t ed  f l i g h t  va lue  t o  
compensate f o r  hea t  conduction i n t o  t h e  model mounting s t i n g  during t h e  
arc - jeL  t e s t .  The g raph i t e  s t i n g  f a i l e d  when t h e  model had been i n  t h e  
arc-heated s t ream for  1 3 1  seconds. The model dropped t o  a water-cooled 
region between t h e  model i n s e r t i o n  arms. In spec t ion  o f  the model a f t e r  
t h e  t e s t  r evea l ed  a , f i n e  h a i r l i n e  c rack  along t h e  su r f ace  i n  t h e  s tag-  
na t ion  reg ion .  The crack was a t t r i b u t e d  t o  t h e  impact or t h e  thermal  
shock, o r  both, as soc ia t ed  wi th  t h e  contac t  of  t h e  hot  g raph i t e  s u r f a c e  
wi th  t h e  cooled tunnel su r f ace .  

To r e s o l v e  t h e  u n c e r t a i n i t y  of the o r i g i n  of t h e  crack,  another  
t e s t  model (FP-2) was sub jec t ed  t o  the  same t es t  condi t ions  f o r  t h e  re- 
quired t o t a l  t e a t  t ime of 1 4 0  seconds. During t h i s  t e s t ,  a tantalum 
s t i n g  was used i n  mounting t h e  t e s t  model. Pos t - tes t  i n spec t ion  of  t h e  
model d id  no t  r e v e a l  any cracks  o r  unusual  su r f ace  phenomena. 

The tempera ture-sens i t ive  p a i n t  i n d i c a t e d  t h a t  t h e  temperature o f  
the t i t an ium c a n i s t e r s  exceeded 800' F during each t e s t ;  however, in- 
spect ion of  t h e  i n t e r i o r  components o f  t h e  models did no t  i n d i c a t e  any 
s i g n i f i c a n t  thermal  degradat ion e f f e c t s .  



The %herma1 performance of t h e  i so tope  heater  models was considered 
sa t i s fac to ry  for bo-th test conditions. The test  result;^ demonstrated 
the structural i n t e g r i t y  of t h e  c a n i s t e r s  f a r  a nominal lunar abort entry 
t ra jec tory .  

CONCLUDING REMARKS 

Three t e s t  models of t he  15-watt radioisotope heaters used f o r  
thermal c o n t r o l  of t h e  early Apollo s c i e n t i f i c  experiment package 
were t e s t e d  i n  the  Manned Spacecraft Center 1.5-megawatt arc-heated . 

f a c i l i t y .  The t e s t  models were subjected t o  the  heat ing r a t e  and 
heat load environments associa ted  with entry during a 6-25' lunar  abort  
mission. 

Inspection of the models a f t e r  t h e  tests d id  not  r evea l  any s ign i f -  
icant thermal degradation effects. The most s ign i f i can t  r e s u l t  from 
this t e s t  program was t h e  demonstration of s a t i s f a c t o r y  thermal and 
s t ruc tu ra l  response of t h e  i so tope  heater  canisters fox a nominal lunar  
abort trajectory. 



TABLE I.- TEST CONDITIONS FOR EASEP ISOTOPE HE2UER MODELS 

Condition 1 

Test - 
453 

454 

454 

454 

45 5 

455 

455 
I 

Arc current ,  9 s .  . . . . 750 
k c  voltage,  volts . . . . 670 
Gas f l o w  r a t e ,  lb/sec . . . 0.022 
Enthalpy, Btu/lb . . . . . 14 000 
Heat t ransfer  r a t e ,  

B t ~ / f i ~ / ~ - s e c  . . . . . 2h0 
Impact pressure, a t m  . . . 0.067 
Test chamber pressure, 

atm . . . . . . . . . . 0.013 

Model 

FP-3 

m-4 

w-4 

FP-4 

FP-2 

FP-2 

W-2 

Condition 2 

Arc current, amps. . . . . 1150 
Arc voltage,  vol ts  . . . . 720 
Gas f l o w  r a t e ,  lb/sec. . . 0.022 
Enthalpy, Btu/lb . . . . . 22 200 

Condition no. 

2 

1 

2 

1 

1 

2 

1 

Heat t ransfer  ra te ,  

Test time, sec 

57 

4 0 

2 0 

71 

40 

20 

82 

~ t u / f t ~ " - s e c  . . . . . 533 
Tmpact pressure, atm . . . 0.12 
Test chamber pressure, 

a t m  . . . . . . . . 0.013 



TABLE TI.- HEATING RATE DISTRIBUTION ON A 3-TNCE-DIP-ME:TER CYLIiDm 

Note: = erratic output. 

- 

T e s t  

466 

467 

Back 

. 4  

9 - 
/ Bot tom '6 

Arc 
current, 

a==PS 

750 
-- 

1150 

I in. 1 in. 
I 

-1 7' 4 3 9 .  i 

* 

End viev Oblique vie.r-r Front ( side ) view 

Arc 
voltage 
volts 

67'0 

720 

Gas 
~ ~ O I T  

rate, 
Ib/sec 

0.022 

0.022 

EIl&hdpy, 
Btu/lb 

14 000 

22 200 

Measured heat transfer rates, 
1 

2 
B t u / f t  -see 

590 

* 

I 

590 

1080 

765 

1305 

10 

30 

3 7 8 9 1 0 1 6 4 9  

9 

48 

14 

61 

* >? - 
3 



TABLE 111.- MODEL TEST DATA 

Dimensional measurements 

3 
Model weights, grams 

- Model 

FB-2 

FB- 3 

FB-4 

Length, in. 

Model 

m-2 

FB-3 

FB-4 

Diameter, in. 

1. 

Before t e s t  

648.3536 

645.1155 

646.4422 

Before test 
After t e s t  

min. 

2.822 

2.903 

2.835 

Before test 

2.933 

. 2.932 

2.931 

After t e s t  

626-8013 

631-0565 

626.9392 

A f L e r  test 
A f t e r  t e s t  

max . 
2.921 

2.924 

2.920 
I 

Weight loss 

21.5523 

8.0590 

19.5024 

2.891 

2.895 

2.889 

2.881 

2.895 , 

2.884 



PuO microspheres ( actual flight hardware ) 0.02-inch-thick Ta , LO percent \/ 
2 

0.01-inch-thick Pt, 
10 percent Rh 

0.25-inch-thick Ti 

0.15-inch-thick 
f ikrous 
graphite 
insulation 

0.60-inch-thick 
AX5Q graphite 

Sec t ion  AA 1--3*0 in* -4 
Figure I.- Isotope heater assembly. 



.All dimensions in inches 
Drill through and 

tap f o r  1/2-13 
thread 

1 
side view 

Front view 

Figure 2 .- Gxaphi'ce heating rate calibration model. 





Figure 4.- Stagnation point heat transfer rate and p i t o t  pressure on t he  
EASEP isotope heater f o r  a 6.25' supercircular lunar-return abor t  
trajectory. 



Single  heating pulse -model FP-3 

t 

T e s t  t i m e ,  sec 

Figure 5.- Test lnodels heating conditions. 



Pi@ Test 459 

In. 

Figure 6.- Impact pressure distrgbution across 6.0-inch-diameter nozzle of 
high enthalpy arc heater at high heating rate t e s t  point. 



Test 457' 
Gasflow = 0.022 lb /sec  
Current = 750 amps 
Voltage = 670 vol ts  
Enthalpy = 14 000 Rtu 

q fl = 240 ~ t u / f t ~ / ~ - s e c  
Test chamber 

pressure = 0.013 a t m  

Inches 

Figure 7 .- Impact pressme distribution across 6.0-inch-diameter nozzle 
of high entha1.p~ a rc  heater at moderate heating rats test point .  



~ u n  453 - model FP-3 

T e s t  time, se.c 

Figure 8. - Test model surface temperatme response. 






































