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The papers presented i n  t h i s  volume are t h e  outgrowth of t h e  f i r s t  na t iona l  

conference on t h e  sub jec t  of nuc lear  propuls ion f o r  rockets ,  ramjets, and space 

vehic les .  The h c l e a r  Propuls ion Conference itself w a s  he ld  at Monterey, 

Cal i forn ia ,  a t  t h e  U. S. Naval Postgraduate School, and was j o i n t l y  sponsored by 

t h e  American Rocket Society,  t h e  I n s t i t u t e  of Aerospace Sciences,  and t h e  

American Nuclear Society;  t h e  t h r e e  l a r g e s t  and most vigorous t e c h n i c a l  s o c i e t i e s  

concerned with nuc lear  propuls ion.  
\ 

This  volume fol lows t h e  t y p i c a l  organiza t ion  of t h e  Conference, though t h e  

order  of sub jec t s  i s  d i f f e r e n t  here  than  at lulonterey. 

t h e  good papers submitted, but which were not presented at  t h e  Conference because 

Included here a r e  many of 

of time l i m i t a t i o n s .  Those presented a re  grouped f i r s t  i n  each sec t ion ,  

There i s  no Index t o  the  vol-me.  

A t  t h e  beginning of planning, l a t e  i n  1960, t h e  organizing committee f e l t  

t h a t  a se r ious  l a c k  of exchange of information w a s  a l ready  confusing work i n  

nuc lear  propuls ion and would soon s i g n i f i c a n t l y  hamper such work. Yet, because 

of t h e  na ture  of t h e  work i t s e l f ,  it w a s  obvious t h a t  any t e c h n i c a l  forum suppliefi  ,* 

by t h e  s o c i e t i e s  would f a i l  i n  i t s  goal  of exchange of u s e f u l  information un le s s  

t h e  meeting aimed f o r  d i scuss ion  of work i n  c l a s s i f i e d  a reas .  

and by design, t h e  meeting was organized on an e n t i r e l y  c l a s s i f i e d  b a s i s .  

could not  have been held a t  all without t h e  support  of t h e  Space Nuclear Propulsion 

Off ice  of t he  USAEC/NASA, headed by M r .  Harry B. Finger .  

Thus, of necess i ty  
@* 

It 

His o f f i c e  undertook 
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t h e  s e c u r i t y  c learance  r e s p o n s i b i l i t y  f o r  the meeting, and e n t h u s i a s t i c a l l y  

supported t h e  meeting in every o the r  way poss ib l e .  

publ ished under t h e  auspices  of t h e  Smpo, and was compiled by Mr. W i l l i a m  Hanna 

of t h a t  o f f  i c e .  

This Proceedings has been 

8 - 6  

We hope t h a t  t he  Conference served i t s  major purpose; t o  acquaint  t h e  

l e g i t i m a t e l y  i n t e r e s t e d  t e c h n i c a l  community with t h e  r e d  s t a t e - o f - t h e - a r t  i n  

e x i s t i n g  nuc lear  propuls ion programs. It w a s  noted t h a t  most of t h e  papers  came 

from t h e  USAEC National. Laborator ies ,  while most of t h e  a t tendees  came from t h e  

nuc lear  and aerospace i n d u s t r i e s  of t h e  country. This  i s  r i g h t l y  so and emphasizes 

t h e  premise which i n i t i a l l y  suggested t h e  meeting: 

pass ing  through a vigorous t r a n s i t i o n  s t a t e  from Rat iona l  Laboratory s c a l e  t o  

i n d u s t r i a l  s i zed  development. Surely, un le s s  such a t r a n s i t i o n  cont inues,  and it 

i s  we l l  along i n  t h e  NEWA and R I F T  programs, nuc lear  propuls ion w i l l  not be ab le  

That nuc lear  propuls ion i s  

I 

e 

t o  f i l l  i t s  proper r o l e  i n  t h e  e r a  of space f l i g h t  before  us .  

Altogether ,  about 215 papers  were submitted.  The major i ty  of t h e s e  were 

c l a s s i f i e d  and requi red  s e c u r i t y  documentation as wel l  as t h e  c a r e f u l  record-keeping 

employed t o  keep t r a c k  of all papers .  P e r t i n e n t  papers  were sen t  t o  each Session 

Chairman, who alone had t h e  r e s p o n s i b i l i t y  f o r  assembling h i s  s e s s ion .  

debt  of g r a t i t u d e  t o  C,hese gentlemen. 

of paper handling w a s  done by Mildred Poglesong of t h e  Los Alamos S c i e n t i f i c  

We owe a 

The major accounting and d i s t r i b u t i o n  job 

I 
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Laboratory. Without her  constant  a t t en t ion ,  c a r e f u l  work, and accurate  records 

the  Conference organizat ion could not have funct ioned.  

And last ,  but  of utmost importance were t h e  pre-Conference a c t i v i t i e s  of 

Prof. Frank E. Faulkner of t h e  U. S. Naval Postgraduate School, and the  cont inua l  

e f f o r t s  of t h e  ARS Meetings Management S t a f f ,  p a r t i c u l a r l y  M r .  Rod Hohl, i n  s e t t i n g  

up housing, r e g i s t r a t i o n ,  and o the r  necessary arrangements. 

Millie, we thank you. 

Robert W. Bussard 
Program Chairman 
Nuclear Propulsion Conference 

For t h e  Organizing Committee: 

Robert F. Trapp (ANS) 
Douglas A i r c r a f t  Company 

Clare Stanford (IAS) 
Nuclear Division, Mar t in- . .d r ie t ta  Co. 

Frank E. Rom ( ARs 1 
Lewis Research Center, NASA 
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CRITICAL ASS-EMB-LY EXPERLM_E_NTS IN SUPPORT O F  
PROPULSION R E ~ O R  DEVELOPMENT -- - 

J. R .  Morton 111 

Lawrence Radiation Labora tory ,  University of Cal i fornia  
Liver  m o r e ,  Cal i fornia  

The c r i t i ca l  a s sembly  work in support  of neutronic  calculat ions for  p r o -  
pulsion r eac to r  development has  been a continuing p r o g r a m  a t  L i v e r m o r e .  
This p r o g r a m  includes both graphi te  
bl ies  fueled with uran ium of 93.270 U243 content.  

squa re  with thicknesses  of 1/2 inch and one inch. 
f o r m  of 0.001-  and 0.002-inch-thick foils,  which fi t  into void spaces  in  the 
modera to r .  This  s imple but f lexible type of construct ion p e r m i t s  study of 
quasi-homogeneous a s s e m b l i e s  with s imple  geomet r i e s  and a var ie ty  of fuel 
dens i t ies .  The uncorrec ted  modera tor - to- fue l  a tomic  r a t io s  which have been 
studierd range f r o m  300 to 2340 for  the graphi te  a s s e m b l i e s  and f r o m  247 to 
7660 for  the bery l l ium oxide a s sembl i e s .  
a s s e m b l i e s  with modera tor - fue l  r a t io s  in excess  of about 1000, the neutron 
energy  spec t r a  a r e  expected to be substant ia l ly  ep i thermal .  Because  of the 
g r e a t  uncer ta in t ies  in neutron c r o s s  sect ions in the ep i thermal  region, calcu-  
la t ions r equ i r e  much exper imenta l  da ta .  

subcr i t ica l .  
d is t r ibut ions under  var ious  conditions and  to m e a s u r e  resonance  absorp t ion  
in tegra ls  by the danger  coefficient method. A g r e a t  many useful  measurements  
have been pe r fo rmed  with subcr i t ica l  a s sembl i e s :  they include measu remen t s  
of multiplication of a neutron source  and m e a s u r e m e n t  of the p rompt  decay  of a 
shor t  b u r s t  of neutrons within a n  a s s e m b l y  by the "pulsed neutron technique. I I  
The m o s t  obvious advantage of the pulsed source  method is  that i t  p e r m i t s  
fa i r ly  d i r e c t  measu remen t s  of l a r g e  reac t iv i ty  changes within a n  a s sembly .  

BeO-moderated a s s e m b l i e s  with a modera tor - fue l  ra t io  of 247 have been 
studied during the pas t  s eve ra l  y e a r s  by m e a n s  of the pulsed neutron technique. 
S e r i e s  of exper iments  have been pe r fo rmed  to evaluate  var ious  m a t e r i a l s  for  
their  neutronic  effects  upon the operat ion of a r e a c t o r .  

control  poisons,  p e r m i t  the follow-ing order ing ,  in t e r m s  of decreas ing  abso rp -  
tion (based upon 0.25 g/cm2 su r face  density):  
Cd > In > Hf > Ag > Au,> T a  > W > Nb. 

Other  exper iments  p e r m i t  o rde r ing  of var ious  m a t e r i a l s  according to 
their  effect iveness  a s  r e f l ec to r s .  
densi ty  we obtain: B e 0  > Ni > Hastelloy R-235 > Rene- 41 > T-304 s ta in less  
s tee l  > carbon s tee l  > copper  and b r a s s .  A si;milar compar ison  in t e r m s  of 
re f lec tor  thickness  produces the s a m e  gene ra l  pa t te rn  except that  bery l l ium 
oxide i s  l e s s  effective than nickel, Hastelloy, and Ren; over  a cons iderable  
range of thickness ,  and copper  and b r a s s  a r e  no longer equivalent.  

Rd bery l l ium oxide modera ted  a s s e m -  

The a s s e m b l i e s  a re  constructed of blocks of modera tor  m a t e r i a l  6 inches  
The fuel  m a t e r i a l  i s  i n  the 

Except  for  the BeO-moderated 

Exper iments  with these multiplying a s s e m b l i e s  m a y  be e i ther  c r i t i c a l  o r  
Cr i t i ca l  exper iments  a re  done chiefly to de t e rmine  neutron flux 

Measuremen t s  of a b s o r b e r  ma te r i a l s ,  which might  be considered fo r  

Re: Rh-Ir(80-200/o), 

F r o m  a compariso,n in  t e r m s  of sur face  

1 



CRITIG-ALLTJ- EXPERIMENTS AND CALCULATIONS COR --- 
HIGH-TEMPERATURE, GRAPHITE-MODERATED ~- ;-__.._ --..- 

ASSEMBLIES WITH SIMPLE GEOMETRY-' . - --I", 
A. G. Cole and R. G. Finke 

Lawrence  Radiation Labora to ry ,  University of California 
L i v e r m o r e ,  California 

INTRODUCTION 

An impor tan t  a spec t  of the design of a Pluto type r e a c t o r  is the effect of 
Cur ren t  designs a r e  based  on the r e s u l t s  of multi-  t empera tu re  on reactivity.  

group diffusion code calculations which do not t r e a t  the effect of t empera tu re  
accurately.  The Hot Box1 exper imenta l  facil i ty has  been used  to provide an 
exper imenta l  basis  for  normalizing existing machine calculat ions,  and f o r  im- 
proving nuclear  p a r a m e t e r s  for  fvture calculations.  

EXPERIMENTAL RESULTS 

Exper imen t s  have been c a r r i e d  out with b a r e ,  graphite -modera ted /en-  
r i ched-u ran ium assembl i e s  over  the carbon-to -uran ium-  23 5 a tomic  ra t io  
r ange ,  583: 1 to 21,690: 1 ,  and with c r i t i ca l  t e m p e r a t u r e s  ranging between 46 
and 1110°F.  

The C/U-235 ra t ios  
a r e  taken f r o m  the amount of graphite p e r  la t t ice  unit and the amount of U-235 
p r e s e n t  in the associated foils;  no correct ions have been made  for  foil self -  
shielding o r  flux depression.  
m e n t s ,  and the heights include 2.5 in. for  the contribution of the base l a y e r ,  
low-mass  table ,  and floor.  The poison of the neutron source  container2 was 
p r e s e n t  in the cen te r  of the a s sembly  for  all cr i t ical i ty  determinat ions.  The 
effective density of the graphite includes flow passages  and control voids. 
graphite has  an equivalent boronpoison level  of 5ppm.  
expansion of Hot Box graphite (g rade  CS-312) in the ver t ica l  and horizontal  
direct ions is shown in F i g .  1. 
oral loy (93.270 U-235) foils encased  in an envelope of 2-mil s ta inless  s t ee l ,  
type 347. 

The exper imenta l  r e s u l t s  a r e  p re sen ted  in Table I. 

All dimensions a r e  room- tempera tu re  m e a s u r e -  

The 
The m e a s u r e d  t h e r m a l  

A fuel e lement3  consis ts  of 1 - ,  2 - ,  o r  4-mi l  

1 BUCKLING TEMPERATURE COEFFICIENTS 

Buckling calculations have been done for  each  a s sembly  as cr i t i ca l  a t  
room t e m p e r a t u r e ,  and a s  overs tacked  to be c r i t i ca l  a t  an elevated t e m p e r a -  
t u r e  ( s e e  Table 11). These calculations were  done using the r epor t ed  room-  
t empera tu re  measu remen t s  and without correct ing for  the sma l l  variation in 
effective density.  The fract ional  change in buckling divided by the associated 
change in t empera tu re  gives the buckling t empera tu re  coefficient for  each  ex -  
pe r imen t  (Fig.  2 ) .  This quantity is dependent on the s p r e a d  between cr i t ica l  
t empera tu res  and to achieve consis tency,  the calculated coefficients have been 
c o r r e c t e d  to co r re spond  to a median t empera tu re  of 500°F .  
t ions cannot be cons idered  per t inent  to  homogeneous sys t ems  without making 
co r rec t ions  f o r  foil self-shielding. 

' 

I 

These calcula- 
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MACHINE CALCULATIONS 

Calculations have been c a r r i e d  out with the one -dimensional ,  neutron-  
diffusion code ,  9-ZOOM4 with 18  ene rgy  groups.  
were  used  with appropr ia te  group-dependent foil flux disadvantage f ac to r s  and 
with graphi te  absorpt ion c r o s s  sect ions corresponding to 5 ppm boron equiva- 
lent.  
tion o r  foi l  spacing were  not homogenized in the calculat ions.  

c a r r i e d  out with dimensions and densi t ies  adjusted for  t he rma l  expansion. The 
energy  s p e c t r u m  of the rma l  neutrons was adjusted through t r a n s f e r  coeff i -  
c ients  based  on the f r e e  gas  modera to r  model .  Standard s e t s  of t r a n s f e r  
coefficients cor respond to t empera tu res  of 300, 650, and 1000°K. 
interpolation has  been made  fo r  keff at the c r i t i ca l  t empera tu re .  

The difference between keff values calculated for  an a s sembly  a s  c r i t - .  
ical  a t  r o o m  temperature. ,  and as overs tacked  for  a h igh- tempera ture  expe r i -  
ment ,  using room- tempera tu re  measu remen t s  and dens i t ies  for  both,  provides  
a m e a s u r e  of the exper imenta l  excess  react ivi ty  ( a t  room t empera tu re )  to be 
overcome by elevating the t empera tu re .  

Since the effect  of elevating the t empera tu re  i s  to dec rease  reac t iv i ty ,  a 
calculated keff fo r  the h igh- tempera ture  c r i t i ca l  a s sembly  lower than that fo r  
the room- tempera tu re  c r i t i ca l  a s sembly  indicates  an  over  -calculation of the 
t empera tu re  effect .  The difference between such keff va lues ,  divided by the 
above exper imenta l  react ivi ty  effect ,  provides  a m e a s u r e  of the extent  of the 
over-calculat ion.  
calculation of the contribution due to the rma l  expansion alone. Since this  con- 
tr ibution i s  a small f ract ion of the exper imenta l  t empera tu re  effect ,  the  o v e r -  
calculation mus t  be due to nuclear  p a r a m e t e r s  such as the neglect of Doppler 
broadening of resonance levels  and the inadequacy of the f r e e  gas  modera to r  
model.  

Standard c r o s s  sec t ions5  

Those /experiments having d i sc re t e  regions differing in fuel concent ra -  

The calculations fo r  a s sembl i e s  c r i t i ca l  a t  e levated t e m p e r a t u r e s  were  

A graphica l  

Table I1 p resen t s  a s u m m a r y  of these  calculations and a 
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Table I .  Hot Box graphi te  c r i t i c a l  e x p e r i m e n t s  

Max temp 
Repor ted  graphi te  B a s e  C r i t i c a l  C r i t i c a l  reached  by 

Effect ive 

in Hot Box densit; d imens ions  height  temp a s s e m b l y  Fuel  e l e m e n t  th ickness  U n c o r r e c t e d  

c / u 2 3 5  Note No.  ( g / c m  ) ( f t )  ( i n . )  ("F)  ( O F )  Note  o n  l a t t i c e  and  spac ing  

583 50 

1,184 49 

1.4642 4 x 4  

1.4642 4 x 4  

1.4658 4 x 5  

57.5 72 
59 6 741 
60.6 1039 

64 .8  72 

47.5" 72 
50.6 272 

50.4 72 
52.6 975 

2,380 48 1.4731 4 x 5  

7 ,164  30 1.4781 

8,956 2 7 , 3 1 , 3 5  1.4781 

9,546 35 

10,760 32 

1.4770 

1.4799 

14,440 42 1.4897 

6 x 6  

6 x 6  

6 x 6  

6 x 6  

8 x 8  

16,850 40 

21,690 41 

1.4897 8 x 8  

1.4919 8 X 10 

59.2 72 
65.6 
69.6 1 6 30 'I.'- 9 40 .t. .9. 

66 
6 1 . 1 ". ". 8 5  

1110 

62.0 50 
74.1 8 80 

63 .3  66 

71 .5  60 

54. 8 .I,_L_ L 

. i: :: ;* 

61.5 79 
61.0 81 
68 .8  723 
72.7 1064 

70.2 72 
68.7 51 
83 .3  961 

7 8 . 8  46 
88 .8  552 

_ _  
763 
985 
_ _  
_ _  
272 
973 _ _  

- _  
1005 
1208 

_ _  
_ _  
_ _  
_ _  
863 
_ _  
_ _  

_ _  
- _  
721 

1051 
- _  
_ _  
992 

598 
_ _  

Inf ini te  p l a n e s  

Inf ini te  p lanes  

Inf ini te  p l a n e s  

Mixed l a t t i c e  

Inf ini te  p lanes  

O v e r l a p  l a t t i c e  

O v e r l a p  l a t t i c e  

Inf ini te  p l a n e s  

O v e r l a p  l a t t i c e  

Inf ini te  p l a n e s  
B r o k e n  p l a n e s  

Inf ini te  p lanes  
B r o k e n  p l a n e s  

B r o k e n  p l a n e s  

4-mi l  a t  1 inch F o i l  
th ic  kne s j e  s 
( top view) 

4 - m i l  a t  2 inches  4 4 2 2 4  
4 4 2 2 4  
4 4 2 2 4  4 - m i l  a t  2 inches  

4 4 2 2 4  

4 - m i l  at 2 inches  F o i l  spac ing  
2-mi l  a t  1 inch ( top view) 

4 - m i l  a t  4 inches  8 8 8 8 8 8  
4 4 4 4 4 4  
8 8 8 8 8 8  
8 8 8 8 8 8  
4 4 4 4 4 4  
8 8 8 8 8 8  

2 - m i l  a t  4 inches  
2-mi l  a t  8 inches  

2-mi l  a t  5 inches  (where  4 above)  
2-mi l  at 10 inches  ( w h e r e  8 above)  

2-mi l  a t  8 inches  

2-mi l  a t  6 inches  (where  4 above)  
2-mi l  a t  12 inches  ( w h e r e  8 above)  

2-mi l  a t  12 inches  Foi l  spac ing  
( s i d e  view) 

- -  
- -  

2-mi l  a t  14 inches  - -  

- -  
2-mil a t  18 inches  

' C a l c u l a t e d  value.  (Not e x p e r i m e n t a l l y  v e r i f i e d . )  
_b _I, ,,. ,,. 

Extrapola ted  f r o m  1 2 0 8 ° F .  

E x t r a  s t a i n l e s s  s t e e l  p r e s e n t .  
_I, 4, _., .,._* 
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Table 11. Machine calculation r e su l t s .  

nkeff Per  cent 
Room 0 ve r s tack P e r c e n t  the r mal  Akeff ove r -  
temp excess  ove r -  expansion nuc lear  calculation High temp e r at ur  e 

r e  activity calculation"' only only nuclear  C/UZ35 keff T c o F  ke f f  

583 1.0406 
- 

741 
1039 

1.0500 
1.0426 

1.0299 
1.0267 
1.0284 

1 .o 121  
(0.9992) 

.9897 

,9825 

0.00936 
.01375 

-13  
- 14 

0.00266 
,0041 3 

0.00670 
.00962 

-18 
- 2 1  

1,184 272 
975 
868 

- 
1.0337 

1 .Oi72 
- 

- 
.01551 
.01686 

.03471 

.05143 

.06298 

.07060 

- 
,00321 
.0034.5 

.00408 
,00807 

.00420 

.00334 

- 
.O 1230 
.01341 

.03063 
,04336 

,05878 

,06726 

- 
t 2 6  
t 3 9  

t 5 0  
t 6  5 

t 5  1 

t 4  1 

t 2  1 
t 3  I 

t 4 4  
t 5 5  

t 4 8  

t 3 9  

2,380 9 50 
(1620) 

1110 

8 80 

7,164 

8,956 

9,546 

10,760 

14,440 

tn 

1.0197 

1.0102 

1.0031 

1.0051 

0.9977 

0.9916 

0.9800 

- 723 
1060 

961 

552 

,9732 
.9652 

.9608 

0.9606 

.06249 

.08789 

,08145 

0.0463 

t 3 9  
t 3 7  

t 3 8  

t 4 2  

,00263 
,00388 

.00340 

0.0015 

.05986 

.0840 I 

.07805 

0.0448 

t 4 1  
t 3 9  

t 3 9  

t 4 3  

16,850 

21,690 
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Fig. 1. L inear  thermal  expansion of Hot Box graphite in horizontal d i rec-  
tion (I to  extrusion ax is )  a s  measured  by LRL autographic dilatometer.  



Fig.  2. Buckling t e m p e r a t u r e  coefficient e x p r e s s e d  in pe r cen t  p e r  hundred 
deg ree s  Fahrenhe i t  and c o r r e c t e d  to a mean  c r i t i c a l  t e m p e r a t u r e  of 500°F .  



A DISCUSSION OF THE C O W L A T I O N  OF C=CA+FDITIONSuOF 
HOMOGENEOUS BARE REACT0-G 

CONTAINING A RESONANCE ABSORBER* 

B. Pinkel, G.  B. W.  Young, and A. Leonard 

The RAND Corporation 

ABSTRACT 

This paper summarizes the r e s u l t s  given i n  RAND Memorandum 
RM 2940-PR which extends the work reported i n  RAND Memorandm RM-2280, 
A Correlation of t he  Cri t ical  Conditions f o r  Homogeneous Bare Reactors, 
by showing the e f f e c t  on reactor  c r i t i c a l i t y  of a material having 
strong resonance absorption bands. 
l a t i n g  the e f f e c t  of various mater ia ls  on the uranium requirement of 
the reactor  involve the use of e lectronic  computers, the simplified 
method presented i n  these Memorandums enables calculat ion t o  be made 
rapidly by hand. 

Whereas current methods f o r  calcu- 

This method i s  intended t o  f a c i l i t a t e  f e a s i b i l i t y  s tudies  of 
systems using nuclear reactors  by providing engineers with an insight  
i n to  f ac to r s  a f f ec t ing  c r i t i c a l i t y .  

SUMMARY AND CONCLUSIONS 

This study analyzes a method of correlat ing the c r i t i c a l i t y  con- 
d i t i ons  of homogeneous reactors  composed of a moderator, a f i s s i l e  
mater ia l ,  and an absorber having high resonance capture bands. The 
method was i l l u s t r a t e d  by application t o  Safonov's2j3-group ygghine 
analysis  of a ser ies  of reactors  containing H 0, U , and U i n  
various mole r a t i o s .  2 

By u t i l i z i n g  a flux-spectrum parameter it w a s  possible t o  corre- 
l a t e  p953meters25gpresenting the neutron contribution rates by f i s s ion  
from U and U and the neutron capture r a t e s  i n  the several  mater- 
i a l  compygsnts of2tj$e rea25sr a t  c r i t i c a l i t y  f o r  a wide range of 
H20-to-U and U -to-U mole r a t io s .  

An expression w a s  obtained f o r  computing the change i n  f lux 
spectrum caused by the incorporation of a resonance absorber i n  the 

* 
This research i s  sponsored by the United States  A i r  Force under 

Project RAND. This i s  an abridgment of RAND Memorandum RM-2940-PR. 
The views, conclusions, and recommendations expressed herein do not 
necessar i ly  r e f l e c t  the o f f i c i a l  views o r  po l i c i e s  of the United States  
A i r  Force. 
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reactor. This provided a method of computing the term representing 
the neutron absorptions2jg the equation for the reactor buckling. 
CalcuLations made for U by this simplified method agreed well with 
values obtained from the 53-group machine calculations, thus indicat- 
ing that the influence on criticality of the introduction of other 
resonance absorbers can be computed from the information in this 
paper and a tabulation of cross sections. 

-1 B buckling, cm 
E neutron energy, ev 
N number of stoms or molecules per unit volume 

Subscripts 

epithermal-flux ratio at N 
fast-flux ratio at N = 0 

= 0 
X 

X 

absorption 
fission 
group i 
moderator 
thermal-energy parameters (this corresponds to m 

radiative capture 
scatter 
total 

U 
additional reactor material 

th 

group) 

tpj9sPort 

I. INTRODUCTION 

The study of Ref. 1 was limited to homogeneous bare reactors con- 
taining only uranium and a moderator. 
of an absorber containing strong resonance capture bands is considered. 
The method is illustrated by application to the yjyeI$ijon of the 
criticality conditions of a reactor contain , and H 0 ob- 
tained from a 53-group analysis by saforiov.‘” UThe’purpose of tiis type 
of correlation is to provide insight into the effect of material para- 
meters on criticality conditions for engineering feasibility evalua- 
tions without recourse to electronic computing machines. 

In the present study the addition 

11. ANALYSIS 

Following the method of Ref. 1 the summation of the m equations 
of an m group analysis of a reactor based on diffusion theory leads 
to the following equation: 

x 
3 T 
t V %  + P = o  

T 



where the total flux is 
m 
1 

m- = \  T L i 
i=l 

and the average transport mean free path is 
m 

t 'ti 
i=l 

i 
@ 

1 =I 
Equation (1) may be written in the usual form involving the buck- 

ling, B 

where 
m m m m 

i 
3 ai ( 4 )  

i=l I 

The foregoing equation may be written in terms of the parameters of 
the reactor components as follows: 

- m  m ... 

o m  

o m  
'mz - ami i 

am0 T 

P 
- uamO N 

U i=l T i=l 
m m 

wh 
* 

e 0 = capture cross section. a 

(5) 

The radiative captures in material X will be broken up into two 
terms, the first representing captures in the vicinity of thermal 
energies where it will be assumed that the capture cross sections vary 
as l/p¶ and the second representing the remainder of the radiative 
captures in the epithermal and fast regions and hence including the 
resonance capture range. 

Thus 
m m m- 1 _.. 

ip 

U i=l U i=l T i=l 

th where E is the energy of  the i group. i 

* In the case of U235 it also includes the fission cross section. 
Where no fissions occur, 0 = 0 and the two terms are used interchangeably. 
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Because the f i r s t  term on the right-hand s ide of Eq. (6)  includes 
some of the  captures i n  the epithermal groups adjacent t o  the thermal 
group, t h i s  must be considered i n  the calculat ion of the l a s t  term of 
the  equation, and a reminder of t h i s  i s  introduced i n  the form of a 
horizontal  bar a t  the top of the summation sign. Equation (6)  serves 
a s  the def in i t ion  of t h i s  l a s t  term. 

Thus Eq. (5) may be wr i t ten  

, . m  

where 

m- 1 m 
Q N -  

u . .  
1=1 

U T i=l 

( 7 )  

and the assumption i s  made tha t  the moderator capture cross sect ion 
l ikewise var ies  a s  11.F. 
trum and w i l l  be discussed l a t e r .  

The quant i ty  P i s  an index of the f lux spec- 

An attempt w i l l  be made t o  show how each of the terms i n  Eq. ( 7 )  
cor re la tes  with parameters t h a t  describe the composition of the reactor .  
When B i s  determined, then the c r i t i c a l  s i z e  f o r  reactors  of a va r i e ty  
of shapes can be determined from Eq. ( 3 ) .  

It was pointed out i n  Refs. 1 and 3 t ha t  near ly  the same f lux 
d i s t r ibu t ion  with respect t o  neutron energy occurs i n  reactors  containing 
d i f fe ren t  moderators when the  mole r a t i o s  a r e  such tha t  they give the 
same mean ene5gjy degradation (by contacts with the moderator) p e r  col- 
l i s i o n  with U . 

The following expression f o r  the flux-spectrum parameter P i s  
derived i n  Ref. 4 .  

X 1 + 0.005 - 
NU 

Figure 1 shows the thermal f lux  G o / *  
range of values of Nm/N and N /Nu. A s ingle  curve i s  obtained. For 
the purpose of displaying o ther  portions of the f lux d is t r ibu t ions ,  the 
following def in i t ions  were adopted: of the  53 groups used i n  Ref. 2g 
the  f ux i n  groups 1 through 4 ,  which covered an energy band from 10 
t o  10 ev, was cal led the f a s t  f lux because t h i s  energy range sub- 
s t a n t i a l l y  covered the b i r th  energies of the neutrons. The remainder 
of the f lux between the fas t - f lux  band and the thermal band was summed 
and ca l led  the epithermal flux. 

p lo t ted  against  P f o r  a T 
U X 

+ 

11 



lllr C u I l L L L u u L L u L l s  UL u L U  IiqS. \J) d l l U  \ I )  L U L  L l l C  U U C K L L l l g  

parameter are contained i n  the  f i r s t  term on the r igh t  s ide  of these 
equations and w i l l  be designated F (P) i n  conformance with Ref. 1. 3 

m 
<- m 

This term represents the neutron coysfibutions by f i s s ion  of U235 and 
the neutron removal by capture i n  U . It i s  shown i n  Fig. 2 p lo t t ed  
against  P. 

The quant i ty  F computed from the f lux spectrums obtained from 4 the  53-group analysis,  (Ref. 2) and from the cross sections of the 
moderator a re  shown i n  Fig. 3 .  

Near thermal energies the capture cross section of material X i s  
assumed t o  vary a s  l/,qT. 
sented i n  Eq. (7) by 

This portion of t he  capture i n  X i s  repre- 

The function i n  Fig. 3 i s  used t o  compute t h i s  term. 

The epithermal and f a s t  captures i n  material X which include the 
resonance captures a r e  represented i n  Eq. (7) by the term 

m- 1 

i 
m i  T?- T 

m 

i=l 

I n  deriving an expression f o r  t h i s  term from which t o  obtain correlat ion 
parameters i t  i s  necessary t o  take in to  account the sharp local  depres- 
sions i n  f l u x  t h a t  a r e  obtained a t  energies where large resonance-capture 
cross sect ions occur. Expressionsfor these depressed flux levels can 
be obtained i n  terms of the flux a t  the same energy f o r  N 
f lux depression f ac to r  r. 

= 0 and a 
X 

Nu'au i 1 +- N O  -. m s m i  r =  
Nuaaui Nx'rxi 

Nmasmi Nmasmi 

x i  
1+-+- 

where gi va r i e s  only slowly with N /N . Thus m u  

m- 1 *m- 1 m @ 1 +(q) I r  0 
mi  x i  m i  i 

I L i=l i=l 
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The value of r in Eq. (11) depends mainly on the value of N u /N CJ x y i  F smi' 
Thus the smatlon in Eq. (13) for a given material X and fissi e ma erial 
is a function mainly of Nx/NmGsmi, and Eq. (14) can be approximated by 

* m- 1 
N 1 Tx1 . (+=(&) T F6 $?) X 

i=l 

Figure 4 shows a plot oT3& utilizing Eq. 14. The plot in Fig. 4 
applies when material X is U . For other materials Eq. (13) may be 
used to compute the appropriate P 6 curve* 

The term in Eq. (7) 

represents the neutron contribution from material X. 
where no fission reactions occur, this term is of course equal to zero. 

For a material X 

For U238 the above summation contains c ntributions only from the 8 
fast flux in groups having energies above 10 ev. 

The analysis indicated t936 the term representing the net neutron 
contributions by fission of U could be expressed as follows: 

Ref. 
give 

Figure 5 shows a plot for U238 of F7 from Eq. 15 and the data of 
2 .  Other materials X which fission and contribute neutrons will 
rise to different functions for F,. For those materials that do 

not contribute neutrons, F, = 0. I 

The transport mean free path k is defined by Eq. (2c). It is t 
shown in Fig. 6 plotted against P and Nx/NU. 

The curves in Fig. 7 show the buckling parameter computed from E q .  
(7) for values of Nx/NU of 0, 4 ,  10, 20, 40, and 60. 
Fig. 7 are points representing the buckling parameters taken directly 
from Ref. 2 .  The discrepancy between the points and lines represents 
the error of the correlation method. 

It is of considerable interest to examine whether or not the term 
which represents the radiative captures in material X in the epithermal 
and fast-flux ranges, can29g accurately computed from Eq. (13) for the 
present case where X is U , because the same procedure would allow 
calculation of this term for other materials from the present informa- 
t ion. 

Also shown in 

The subject term calculated from Eq. (13) is compared with the 
results of the 53-group machine analysis in Table 1. 
scription of the method of making the computation is given in Ref. 4 .  

A detailed de- 
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Table 1 

COMPARISON OF EQ. (13) AND REF. 2 VALUES FOR 

THE RADIATIVE CAPTURE TERM FOR U238 

(Nx/N,, = 40) 

Eq. (13) Ref. 2 Nm/Nu 

50 
200 
500 

.68 

.91 
1.01 

.73 

.91  
1 .oo 

It i s  a l so  of some i n t e r e s t  t o  compare the f lux  values computed by 
the r e l a t i o n  

with the  values taken from the 53-group machine ca lcu la t ion  of Ref. 2 
f958the energy groups i n  which la rge  resonance captures occur i n  the 
u .  

Table 2 

COMPARISON OF COMPUTED BY EQ. (16) WITH VALUES 

FROM THE 53-GROUP MACHINE CALCULATIONS OF REF. 2 

(NxNu = 40) 

N N N -. 
2 = 50 
N 

_. 
2 = 200 N 

_. 
2 = 500 N 

i E q .  (16) Ref. 2 E q .  (16) Ref. 2 E q .  (16) Ref. 2 
2 1  .00141 .001685 .001696 .001803 .001426 .001465 
24 .000252 ,000280 .000541 .000566 .000690 .000632 
29 .000111 .0001218 .000285 .0002945 ,000367 .000380 
36 .0000105 .00001066 .0000348 .0000349 .0000612 .0000645 
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NUCLEAR R A D I A T . I O N , T R ~ - ~ F E ~ ~ - ~ ~ D - H E , A T  
-DEPOSITION RATES Iri LIQUID HYDROGEN- 

I+ p---=-& __ -.._ 
M. 0. B u r r e l l  _-- 

R e s e a r c h  P r o j e c t s  Division 
George C. Marsha l l  Space Flight Center 

One of the mos t  p re s s ing  problems in the development of nuclear  
powered rockets  is the accu ra t e  de te rmina t ion  of the nuclear  radiation heating 
in  the rocket  fuel and of the radiation t r ansmi t t ed  to the payload region. Since 
liquid hydrogen is a l ikely fuel for  propulsion, the accu ra t e  calculation of ra- 
diation heat  deposition and radiation t r a n s f e r  in  liquid hydrogen is mandatory.  
At the p re sen t  s tage of development, i t  is des i r ab le  to  base  calculations on 
s imple  geomet r i e s  ana d i s c r e t e  ene rg ie s  which a r e  adaptable to future  config- 
urat ions and energy  spec t ra .  
fu l f i l  th i s  need. 

The calculations in this paper a r e  intended to 

The p resen t  calculations uti l ize Monte Carlo techniques and a r e  for  plane 
s lab  geomet r i e s  and right c i r c u l a r  cyl inders  with f la t  ends. The s o u r c e  (e i ther  
neutrons o r  gamma r a y s )  is always monoenergetic.  
is point isotropic  and on the axis  of the cylinder,  while the s lab  sou rce  is plane 
para l le l  r a y s  incident a t  any specified angle. 
t i ca l  e s t ima tes  of the t r ansmi t t ed  and ref lected number  cur ren t ,  f lux,  and 
energy  a3 well as the heat deposition r a t e  as a function of depth in the hydrogen. 

The source  f o r  the cylinder 

The calculation provides s t a t i s -  

The neutron h is tor ies  a r e  t e rmina ted  when the i r  energy  is reduced  below 

The 
1 ev. 
volume element,  thus giving the spat ia l  distribution of the slow neutrons.  
average  ene rgy  of t hese  neutrons is 0.5 ev. 
neutrons m a y  be r e p r e s e d a t i v e  of the s o u r c e  dis t r ibut ion for  the 2.23 Mev 
gamma r a y s  produced by the hydrogen capture  of a neutron. However, the p a r a -  
hydrogen sca t te r ing  c r o s s  sect ion will d e c r e a s e  below 0.1 ev' and this  m a y  
resu l t  in considerable migra t ion  of the neutrons.  Neutrons l o s e  a l a r g e  f rac t ion  
of the i r  ene rgy  in a few collisions with protons and s c a t t e r  only into the fo rward  
hemisphere .  
a l a rge  f rac t icn  of the total  neutron energy  incident on the cylinder.  
expected s ince the mean f r e e  path of a 2-Mev neutron, in  liquid hydrogen 

. 07 gm/cm3)  is about 3.2 inches . 

The location of t hese  terminat ions is tabulated and averaged  ove r  a 

This volume dis t r ibut ion of slow 

The neut ron 'energy  deposit ion in a cylinder of liquid hydrogen is 
This is 

( p = Since the neutrons s c a t t e r  only 

... - - 
1 Whitternore, W. L. , et al, "Differential Neutron Thermalization, " Genera l  

Atomic (Division of General Dynamics),  GA- 2503, Annual Summary  Report ,  
October 1961. 
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into the forward  hemisphere ,  and because  the energy  is reduced considerably 
a f t e r  a few col l is ions (on the o r d e r  of one-half at each  sca t t e r ) ,  the  neutron 
energy  which e scapes  the cyl inder  by ref lect ion o r  t r ansmiss ion  is a v e r y  small 
f rac t ion  of the incident energy.  This  is substant ia ted in  the calculat ions p r e -  
sen ted  in  this  paper .  The foregoing is not t r u e  of the g a m m a  r a y s  which have 
a mean  f r e e  path about 20 t i m e s  that  of neutrons in  hydrogen. 
ing is the p r i m a r y  mechanism f o r  energy  deposit ion in  the g a m m a  r a y  energy  
range  of i n t e re s t .  In hydrogen, photoelectr ic  absorpt ion is of no consequence 
until the  g a m m a ’ s  energy  is below 0.01 Mev and pa i r  production is cer ta in ly  
negligible under  10 MeV. 
sec t ion  below 0. 1 MeV, the photon m u s t  s c a t t e r  a v e r y  l a r g e  number  of t imes  
in  o r d e r  to  degrade  the  energy  to 0.01 MeV. 
that  a n  apprec iab le  f r ac t ion  of the incident g a m m a  r a y  energy  will e scape  a 
hydrogen cyl inder  of feas ib le  dimensions.  
in  a 30-foot d i ame te r  hydrogen cyl inder  of 50-foot length was calculated f o r  a 
point i so t ropic  sou rce  of 2-Mev neutrons and g a m m a  r a y s  on the cen te r  l ine  
20 f ee t  f r o m  the cylinder.  In th i s  case ,  97% of the incident neutron ene rgy  and 
65% of the incident g a m m a  r a y  ene rgy  were  t r a n s f e r r e d  to the liquid hydrogen? 

Compton s c a t t e r -  

Because  of the low Compton energy  absorp t ion  c r o s s  

F r o m  the foregoing, it is expected 

F o r  example,  the energy  deposi t ion 

1 

Bur re l l ,  M. O., “Nuclear  Radiation T r a n s f e r  and Heat Deposition Rates  in  
Liquid Hydrogen, I t  NASA Technical Note D-1115, August 1962. 
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FIG. 5 Heat Deposition vs.  Depth in  Liquid Hydrogen Slabs f o r  Mono- 
energe t ic  Neutrons (1 neutron/cm2 - s e c )  Incident Normal to 
the Surface 
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FIG. 6 Heat Deposition vs. Depth in Liquid Hydrogen Slabs for Mono- 
energetic Gamma Rays (1 photon/cmE-sec ) Incident Normal 
to the Surface 



I LIQUID HYDROGEN 

FIG. 7 Source and Geometry Used in the Cylindrical Monte Carlo 
Calculations 
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RADIUS ( feet )  

FIG. 8 Neutron Heatiqj Rate (BTU/in3-sec) in a Liquid Hydrogen 
Cylinder f rom a Point Isotropic Source ( 1 neutron/sec) of 
3 Mev Neutrons a t  a Distance of 11. 25 feet from the 30-foot 
Diameter Cylinder 
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TABLE 

Neutron Energy Disposition in a 30-Foot 
of 5 Mean Free Paths Length. 

1 20 0.1 0.966 0.015 0.016 0.002 

3 20 0.1 0.953 0.028 0.015 0.002 

7 20 0.1 0.937 0.050 0.011 0.002 

s L 

I 

Oiameter Liquid Hydrogen Cylinder 

Separation of 
Source From 

Cylinder (Feet 

11.25 

11.25 

11.25 

Solid Angle 
Fraction of 
Cylinder 

0.2 

0.2 

0.2 

Fraction of 
Incident Energy 

Adaorbed In 
H2 Cylinder 

0.970 

0 .958 

0 . 9 3 9  

Fraction of 
Incident Energy 
Eecapiag Side8 

of Cylinder 

0.014 

0.026 

0.048 

Fraction of 
Incident Energy 
heaping Far End 

O f  Cylinder 

0.011 

0.010 

0.009 

Fraction of 
Incident Energy 
Reflected a t  

Near End 
of Cylinder 

0.007 

0.006 

0.005 



(>lev) r 
TABLE I I  

Gamma Ray DispositioR in a 30-Foot Diameter Liquid Hydrogen Cylinder 
of 5 Mean Free Paths Length. 

Separation of 
Source From 

Cylinder (Feet) 

11.25 

11.25 

11.25 

Sol id  Angle 
Fraction of 

Cy1 inde r 

0 . 2  

0.2 

0.2 

Fraction of 
Inti-dent Energy 

Adsorbed In 
HZ Cylinder 

0.658 

0.600 

0.509 

Fraction of 
Incident Energy 
Escaping Sides 

of Cylinder 

0.283 

0.382 

0.477 

Fraction of 
Incident Energy 
Escaping Far End 

of Cylinder 

.008 

.002 

.001 

Fraction of 
Incident Energy 
Reflected a t  

Near End 
of Cylinder 

.047 

.010 

.003 

I I I 1 I 1 
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- - NEUTRON CONTRIBUTIONS TO LH PROPELLANT HEATING 

G. A .  Graves and J. R. Streetman 
Los Alamos Scientific Laboratory 

Univers it y of Calif or nia 
Los Alamos, New Mexico 

To supplement our previously reported work on gamma rays, 

_I --. 2- --c-- - * I -__ 

(1) 
a total of 440,000 neutron histories were followed within LHz 
propellant in order to establish the principal features of this 
source of propellant heating. The calculation also gave the 
energy distribution of neutrons emerging from various surfaces 
of the geometry employed and, by recording the locations at which 
each neutron's energy finally dropped below ten kilovolts, pro- 
vided important Information on the probable distribution of the 
2.23 Mev gamma-ray-producing neutron captures. 

The geometry (Figure 1) consisted of approximately the first 
three feet of liquid hydrogen contained in a flat-bottomed conical 
walled tank placed ten feet from an "equivalent point source" of 
reactor neutrons. 

This source was basically derived from the axial leakage 
exhibited in the six highest groups of DSN transport calculations 
on a typical reactor system, but each of these groups were further 
subdivided for the calculation, so that thirty-eight energy groups 
were ultimately used to represent an unshielded reactor leakage 
spectrum over the energy interval from 8 Mev to 17 kev. This 
spectrum is shown in Figure 2 .  The total source intensity was 
adjusted to provide about the same number of neutrons impinging 
per unit area on the tank bottom as one would expect from a 
properly oriented, intact reactor centered on the source position - i.e., the "equivalent source" was adjusted to emit -0.6 neutron 
per reactor fission, or -2 x 1019 neutrons per second per 1000 M W ,  
with the average energy of these neutrons being -0.7 MeV. 

effects of neutrons entering near the tank axis could be separated 
from those entering its outer portion. This is seen both in 
Figure 1 and in the more detailed view of the tank geometry 
presented in Figure 3, which also shows the energy deposition 
zones employed. A total of 140,000 neutrons were sampled from 
six different energy regions for each of these two areas; the 
results of these twelve problems were normalized to 1000 M W  of 
reactor power and so combined and printed that they could be 
examined individually or in composite, In a similar way, 160,000 
additional neutron histories were also run in order to test the 
effect of spectral modifications in the high energy region, and 
thus determine the influence of the uncertainties which may exist 
there. 

Two areas of the tank bottom were distinguished, so that the 
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Elastic scattering was presumed, with isotropy in the center- 
of-mass system and a scattering cross section identical to the 
total hydrogen atom cross section. Each history was terminated 
whenever the neutron's energy dropped below 10 kev. 

Figure 4 shows values obtained for the propellant heating 
from neutrons scattered within the on-axis tank sectors. The 
relaxation length of this heating is remarkably constant, con- 
sidering the complex nature of the input spectrum. The attenuation 
exhibited is almost exactly a factor of ten per foot, or a factor- 
of-e in -13 cm, as one can see from the straight line drawn through 
the curve. The heating at depth appears to rise above that which 
would be predicted by an extrapolation of this line, though the 
statistics in this region of low deposition do not yield this 
inference unambiguously. 

A curve of the probable source intensity of "capture gammas" 
was produced from the distribution of neutron cutoffs obtained in 
the present calculation. These data, representing neutrons 
absorbed per cm3 per second at various depths along the axis of 
the tank are shown in Figure 5. (In the figure, we have allowed 
for the absorption of leakage neutrons whose histories were not 
run in the Monte Carlo calculation, because their initial energies 
were below 17 kev, by making an appropriate increase in the number 
of lowest group Monte Carlo cutoffs.) Each cutoff has been pre- 
sumed to result in a capture event in the immediate neighborhood 
of the cutoff point. On this basis, 80% of the captures occur 
in the first four inches of propellant and over 95% occur in the 
first foot. (Even if the captures should not occur at the cutoff 
point, experience with other calculations has shown us that 
further diffusion before capture tends to reduce the maximum 
value of the capture heating, while little affecting its volume 
integrated contribution.) 

For computer study, the intensity of captures across a 
section perpendicular to the tank axis was related to the on-axis 
value through an inverse-square ratio on distance from the reactor 
center, and these local captures all gave rise to isotropically 
distributed 2.23 Mev gamma rays. The heating contributions from 
fourteen such thin-sectioned transverse capture volumes were 
found at various detector points and summed to produce the values 
ascribed to this cause in Figure 6 .  

Figure 6 shows propellant heating input rates to be expected 
at various depths along the axis of a tank such as this from each 
radiation cause, and also totals the effects from all the 
radiation sources. All the data are normalized for a 1000 MW 
unshielded reactor source. The curve labeled "reactor gammas" is 
based on calculations which used a reactor point-source model, 
a ten foot separation, and performed computer integrations of 
the direct, first-scattered, and buildup heating contributions 
from each line of a multi-group gamma spectrum representing the 
axial leakage from a reactor.( 

Considering all sources, one notes that the present Monte 
Carlo study on neutron heating extended to an adequate propellant 
depth, since neutrons produce only ~ 2 %  of the heating at the 92 cm 
level to which the problem was carried. 
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The high heating rates found near the front of the tank were 
distributed fairly uniformly over the tank face. It was -found 
that the neutron heating in the center bottom region of the tank 
is not dependent on tank diameter for diameters greater than about 
five feet (R > 2 . 5  feet), which shows that the present results are 
likely to appTy regardless of the detailed shape of the tank's end. 

In spite of the fact that reactor neutrons directly carry 
only about 20% of the total energy imported to propellant, their 
contribution near the front face is several times that from 
reactor gammas. 
OC, the maximum power input shown here would produce a temperature 
rise rate of -0.6OR/sec.) Such a high-valued, high-gradient 
heating source could be coped with readily under many conditions 
of "potential flow," even without a shield(l), but the greater 
likelihood of a nearly uncontrolled propellant circulation forces 
the inclusion of a shield to preclude the possibility of in- 
tolerable temperature rises in the propellant. 

(With a specific heat for LH2 of -2.25 cal/gm- 

Further details on the present calculation will be available 
in a forthcoming Los Alamos Scientific Laboratory report. 

(l)Cf. "Radiation Heating in the Liquid Hydrogen Propellant of 
Nuclear Rockets," G .  A. Graves and J. R. Streetman, Trans- 
actions of the American Nuclear Society, Vol. 4 ,  No. 1, 
June 1961. 
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R A D I A T I O N - I N D U C E D  MOLECULAR REACTIONS I N  LIQUID HYDROGEN 
-- 

H .  G .  C a r t e r  
General  Dynamics, F o r t  Worth, Texas 

I .  I n t r o d u c t i o n  

Much c o n s i d e r a t i o n  i s  being g iven  t o  the  g r o s s  d e p o s i t i o n  
of r a d i a t i o n  energy i n s i d e  t h e  p r o p e l l a n t  s t o r a g e  systems 
of nuclear-powered space v e h i c l e s .  It i s  cus tomar i ly  as- 
sumed t h a t  such r a d i a t i o n  energy i s  i n s t a n t l y  t r a n s l a t e d  
i n t o  famil iar  t h e r m a l  e f f e c t s .  It would seem, however, 
t h a t  t h e  microscopic  processes  a s s o c i a t e d  w i t h  r a d i a t i o n -  
h e a t i n g  i n  l i q u i d  hydrogen are worthy of a t t e n t i o n .  Of 
p a r t i c u l a r  i n t e r e s t  from the  s t a n d p o i n t  of p r o p e l l a n t - s h i e l d  
and p r e s s u r e - v e s s e l  des ign  should be the  formation of  
e n e r g y - s t o r i n g  molecular  s p e c i e s  through which t h e  produc- 
t i o n  of a c t u a l  thermal energy i s  temporar i ly  postponed. 
Cons idera t ion  of p o t e n t i a l  energy e x p e l l e d  from a s t o r a g e  
system i n  the form o f  such s p e c i e s  could lead t o  lower 
o v e r a l l  d e s i g n  weights ,  owing t o  l e s s  s t r i n g e n t  p r o v i s i o n s  
f o r  s h i e l d i n g ,  p r e s s u r e  v e s s e l  c o n s t r u c t i o n ,  and/or b o i l - o f f .  

T h e  p r e s e n t  o b j e c t i v e  i s  t o  determine whether a s i g n i f i c a n t  
amount of energy i s  temporar i ly  s t o r e d  through the  forma- 
t i o n  of r a d i a t i o n  products  i n  l i q u i d  hydrogen and  whether 
such products  s u r v i v e  i n  t h e  l i q u i d  f o r  a long enough per -  
i o d  of t i m e  t h a t  t h e i r  m e c h a n i c a l  e x p u l s i o n  competes f a v -  
o r a b l y  w i t h  t h e i r  r e t u r n  t o  t h e  H2 ground s ta te  through 
t h e  l i b e r a t i o n  of k i n e t i c  energy.  

T h a t  energy s t o r a g e  mechanisms i n  l i q u i d  hydrogen should be 
looked i n t o  i s  suggested by t h e  g e n e r a l  n a t u r e  of t h e  pro- 
p e l l a n t  h e a t i n g  problem. I n  a n  important  c l a s s  of c a s e s  
one h a s  t o  reckon w i t h  rad ia t ion- induced  h e a t i n g  only  while  
t h e  n u c l e a r  power source  i s  i n  o p e r a t i o n  and w h i l e  t h e  pro-  
p e l l a n t  i s  being e x p e l l e d  from t h e  s t o r a g e  t a n k  a t  a high 
r a t e .  Furthermore,  i n  f o r e s e e a b l e  space v e h i c l e s ,  t h e  f r a c -  
t i o n  of t h e  t o t a l  volume of p r o p e l l a n t  which i s  n e a r e s t  t h e  
r a d i a t i o n  source  and which t h e r e f o r e  absorbs  most of t h e  
r a d i a t i o n  i s  a l s o  nearest t h e  s t o r a g e  e x i t  o r  pump. There- 
f o r e ,  volume elements of t h e  l i q u i d  a r e  exposed t o  t h e  most 
i n t e n s e  r a d i a t i o n  o n l y  s h o r t l y  before  they  are expel led ,  and 
hopefu l ly ,  t h e  p o t e n t i a l  energy c r e a t e d  may not  have time t o  
d i s s i p a t e  i n t o  thermal motion. 
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It i s  expected t h a t  f u l l - s c a l e  propel lan t  tanks f o r  "one- 
way" vehic les  w i l l  be completely emptied i n  around ten min- 
u t e s .  Using a t y p i c a l  t ank  length of the o rde r  of 100 f e e t  
and e f f e c t i v e  energy-flux re laxa t ion  length of 3 f e e t  - 
which i s  reasonable f o r  mixed neutron and gamma rad ia t ion  
i n  l i q u i d  hydrogen - i t  i s  seen t h a t  the  majori ty  of the 
molecules a f f ec t ed  by r ad ia t ion  a r e  expelled w i t h i n  20 sec- 
onds a f t e r  being a f f e c t e d .  Hence, a 20-second period can 
be taken a s  t h e  m i n i m u m  time f o r  which energy m u s t  remain 
s to red  i n  r ad ia t ion  products i f  energy s torage  e f f e c t s  a r e  
t o  be s i g n i f i c a n t .  

11. Radiation Induced Reactions i n  L i q u i d  Hydrogen 

Energy deposi ted i n  l i q u i d  hydrogen by n e u t r a l  r ad ia t ion  i s  
i n i t i a l l y  t r ans fe r r ed  t o  r e c o i l  protons o r  Compton-scattered 
e l ec t rons  i n  the case of neutrons and  gamma rays,  respec t ive-  
l y .  The major secondary processes i n  which the r ad ia t ion  
products may p a r t i c i p a t e  do not appear t o  involve the mobil- 
i t y  o r  dens i ty  of molecules i n  such a way t h a t  r eac t ions  due 
t o  ene rge t i c  protons o r  e l ec t rons  i n  the l i q u i d  should be 
much d i f f e r e n t  from those observed i n  the gas (Ref. 1, 2, 
3 ) ,  e.g. ,  due t o  a - p a r t i c l e s  (Ref. 1). It is  therefore  
assumed t h a t  t h e  types  and  p r o p o r t i o n s  of v a r i o u s  r a d i a t i o n  
products a r e  independent of the molecular dens i ty  as wel l  
as of t h e  charged p a r t i c l e  type and energy. 

According t o  t h i s  assumption, when a charged p a r t i c l e  passes  
through hydrogen, which i s  normally almost e n t i r e l y  i n  the 
H2  ground s t a t e ,  approximately equal  amounts of energy go 
i n t o  t h  production of H-atom p a i r s  (through the formation 

means of the r eac t ions  
of the 5 &.I H2-state)  and i n t o  the production of H2 ions .  By 

+ . + + 
H3 + e-----\3H o r  H3 + e-+H; H 

the  ion iza t ion  process leads i n d i r e c t l y  t o  f u r t h e r  d i s soc i -  
a t i o n  and e x c i t a t i o n .  

W h a t  might be c a l l e d  the p r i n c i p a l  events  w i t h  respec t  t o  
ion ic  and  d i s s o c i a t i v e  reac t ions  a r e  summarized i n  Figure 1. 
The more obscure reac t ions  a r e  omitted and the assumption of 
exac t ly  one 32 
za t ion  is  mereyy a convenient approximation. 
branches represent  reac t ions  which proceed ccncurrent ly  (not  
as op t iona l  branches) a f t e r  the depos i t ion  of 33 ev by ener- 
g e t i c  charged p a r t i c l e s .  Figure 1 shows t h a t  5 H atoms a r e  . 
formed f o r  every 33 ev deposi ted.  Since the p o t e n t i a l  ener- 
gy between p a i r s  of H molecules i s  4.73 ev, the energy 
s to red  i n  the product?on of H atoms i s  (3, (5)  (4.73) ,  o r  
36% of the energy deposi ted.  It can be assumed t h a t  the  
energy of t h e  exc i ted  H2 s t a t e  i s  of t h e  o rder  of the d isso-  
c i a t i o n  energy, so  t h a t  the energy s to red  i n  i on ic  and d i s -  
s o c i a t i v e  reac t ions  alone comes t o  about 43%. Most of the 
remaining 57% of the deposited energy is  i n i t i a l l y  re leased  

( d i s s o c i a t i v e )  e x c i t a t i o n  f o r  each H2 i on i -  
The two major 

* 
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i n  the  d i s i n t e g r a t i o n  of t h e  r e p u l s i v e  molecu la r  c o n f i g u r a t i o n s .  
F i g u r e  1 shows t h e  i n i t i a l  H-atom e n e r g i e s .  

Cons ide rab ly  more t h a n  43% of t h e  d e p o s i t e d  ene rgy  w i l l  b e  s t o r e d  
i f  c o l l i s i o n s  between e n e r g e t i c . H  atoms and H molecu le s  are e f -  
f e c t i v e  a t  producing  the  e x c i t e d  H s ta te .  T?ie pe rmis sab le  energy  
l e v e l s  f o r  a n  H2 molecule  e x c i t e d  20 low s ta tes  of v i b r a t i o n  and 
r o t a t i o n  i n  t h e  ground e l e c t r o n i c  s t a t e  a r e  d e s c r i b e d  by 

E J ~  = 0*015(F)J(J+l) + 0.533~, 
1 

where E j v  i s  t h e  energy  i n  ev  of a molecule  i n  i t s  Jth r o t a t i o n a l  
s t a t e  and i t s  v th  v i b r a t i o n  s ta te .  The e x c i t a t i o n  of a n  H2 mole- 
c u l e  by a n  e n e r g e t i c  H atom o c c u r s  through t h e  f o r m a t i o n  and d e -  
composi t ion  of a n  %-H ( o r  H ) complex. A c o n t o u r  map of t h e  
t h e o r e t i c a l  p o t e n t i a l  f i e l d  ? R e f .  4 )  shows t h a t  H atoms w i t h  e n e r -  
gies of t h e  o r d e r  of  1 e v  should  be a b l e  t o  surmount t h e  p o t e n t i a l  
"r idge" and e n t e r  t h e  "Basin1 '  co r re spond ing  t o  a n  €12 complex i n  a 
large f r a c t i o n  of s o l i d  c o l l i s i o n s .  Furthermore,  t e l i f e t i m e s  of 
v a r i o u s  H 3  s t a t e s ,  which have been c a l c u l a t e d  by t h e  a u t h o r ,  show 
t h a t  e n e r g e t i c  complexes ho ld  t o g e t h e r  l o n g  enough f o r  t h e  energy  
t o  become well "mixed" among v a r i o u s  i n t e r n a l  degrees of freedom. 
Theref  o r e ,  c o l l i s i o n s  which are  s o l i d  enough t o  e f f e c t  

of H2 e x c i t a t i o n  t o  l e v e l s  of 0.533 ev  o r  more. 

Exc lus ive  of  a small magnet ic  e f fec t ,  t he  pa ra -  t o  or tho-hydrogen 
conve r s ion  (J=WJ=l) r e a c t i o n  can on ly  o c c u r  th rough  the  forma- 
t i o n  and decomposi t ion  of  a n  H3 complex, which, because  of a n  en- 
e r g y  bar r ie r  i n  the  H2-H f i e l d  ( a c t i v a t i o n  e n e r g y ) ,  r e q u i r e s  a n  
H-atom energy  of a t  least  0.30 ev. L i t t l e  of t h e  d e p o s i t e d  energy  
can be s t o r e d  i n  ground s ta te  conve r s ion ,  s i n c e  the  ene rgy  i m -  
p a r t e d  t o  t he  r e s i d u a l  molecule  th rough  momentum t r a n s f e r  i s  much 
larger t h a n  the  energy  s t o r e d  (0.015 e v ) .  Thus, a l t h o u g h  o r t h o -  
hydrogen has an ex t r eme ly  l o n g  l i f e t ime  i n  the  l i q u i d ,  any s i g n i f -  
i c a n t  ene rgy  s t o r a g e  depends on t h e  l i f e t i m e s  of the more r o b u s t  
forms  of e x c i t e d  H2 and upon the  l i fe t imes  of unrecombined H atoms. 

Whether t h e  energy  go ing  i n t o  p roduc t  f o r m a t i o n  remains s t o r e d  i n  
non-thermal form f o r  t h e  20 seconds  o r  so r e q u i r e d  for t h e  expu l -  
s i o n  of the  i r r ad ia t ed  p o r t i o n  of  the  l i q u i d  depends upon t h e  rate 
of recombina t ion  of  H-atoms p a i r s  and t h e  r a t e  of d e - e x c i t a t i o n  of 
H molecules .  A v a i l a b l e  data on these r e a c t i o n s  (see below) show 
&at most recombina t ion  and d e - e x c i t a t i o n s  o c c u r  a f t e r  t he  radia- 
t i o n  p r o d u c t s  slow down and go  i n t o  thermal e q u i l i b r i u m  w i t h  t h e  
l i q u i d .  

a p p r e c i a b l e  um t r a n s f e r ,  there  should  be a h i g h  p r o b a b i l i t y  

111. Recombination of H a toms 

The number of 3-body c o l l i s i o n s  p e r  cm3 p e r  s e c  i s  g i v e n  by 
Z = RA ( H ) 3  f o r  H a toms as t h i r d  b o d i e s  and Z = R (H)2( 
H2 molecu le s  as  t h i r d  bod ies .  Values ( H )  and ( H  are %e concen- 
t r a t i o n s  of a toms and molecules, r e s p e c t i v e l y .  L o  sets  of theo-  
r e t i c a l  r e s u l t s  and two sets  of e x p e r i m e n t a l  r e s u l t s  a r e  a v a i l a b l e  
i n  connec t ion  w i t h  t h e  recombina t ion  c o e f f i c i e n t s .  The t h e o r e t i -  
c a l  r e s u l t s  a r e  mutua l ly  i n c o n s i s t e n t ,  as are t h e  e x p e r i m e n t a l  r e -  
sults. The f o u r  s e t s  of r e s u l t s  l a b e l e d  E-1, E-2, T-1, and T-2 
are  d e s c r i b e d  as f o l l o w s :  

) f o r  

( E - 1 )  In 1934 Amdur ( R e f .  5 )  measured RA and RM u s i n g  
a d i s c h a r g e  tube  t o  o b t a i n  H atoms. Atoms and molecu le s  
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were allowed t o  pass from t h e  discharge tube i n t o  a 
d r i f t  tube, where the energy deposited a t  a c a l o r i -  
meter-catalyst  was measur d a a f u n  t i o n  f d i s t ance .  
Amdu got  RA = 2.05 x lo1& cmg mole-' sec-* and 

(E-2) I n  1934 S t e i n e r  (Ref. 6 )  measured R and RM 
using a n  arrangement similar t o  t h a t  of Am$ur, except 
t h a t  the  H-atom concentrat ion was measured as a 
func t ion  of pos i t i on  by a pec roscopic method. 
Steiner lgot  RM = 1.3 x lo1% cmk mole-2 s e c - l  and  
O <  RACT~ RM. 

(T-1)  
using t h e  t r a n s i t i o n  s t a t e  method. T h i s  i s  a quasi-  
c l a s s i c a l  approach i n  which system poin ts  correspond- 
ing t o  t r i p l e s  of p a r t i c l e s  a r e  assumed t o  move, w i t h  
equipar t ioned energy, upon the appropr ia te  p o t e n t i a l  
sur face  i n  configu a t i o n  space. Eyring e t  a1 got  
RA = 3.1 x 1015 cmg mole'2 s e c - l .  

(T-2) I n  1951 Bauer (Ref. 8) ca lcu la ted  RA by a n  
approxim t e  q a n t u m  mechanical meth d .  Ba e r  go 
RA = 10-82 cmg s e c - l  = 3.6 x 105 c m g  rno1e-j sec- . 

RML-10 25: RA* 

I n  1935 Eyring e t  a1 (Ref. 7 )  ca lcu la ted  RA 

f 
T h e  da t a  upon which the r e s u l t s  E-1 were based were probably m i s -  
i n t e r p r e t e d .  It is  l i k e l y  t h a t  the energy deposi t ion a t  the 
ca lor imeter -ca ta lys t  was mainly due t o  the de-exc i ta t ion  of ex- 
c i t e d  H2 molecules produced along w i t h  the H atoms i n  the d i s -  
charge tube.  The r e s u l t s  T-1  depend s t rongly  upon f e a t u r e s  of the 
H p o t e n t i a l  energy sur face  i n  regions where the methods used t o  

t h a t  some of the surface-dependent parameters were chosen t o  give 
a n  RA w i t h i n  a n  o rde r  of magnitude of the experimental r e s u l t s .  
The r e s u l t s  E2 only s e t  an upper bound on RA ( t h e  ambiguity aris-  
ing from the e f f e c t  of wal l  recombinations).  Therefore, T-2 and 
E-2 a r e  cons i s t en t  and involve no obvious sources of e r r o r .  

o 2 t a i n  the sur face  a r e  of doubtful  v a l i d i t y ;  moreover, i t  appears 

Recombination w i t h  an H2 molecule a s  the t h i r d  body i s  thought t o  
involve a n  a c t i v a t i o n  energy comparable t o  t h a t  f o r  the formation 
of a n  H 3  complex (0.30 e v ) .  
e r a tu re ,  t h i s  type of recombination should be inopera t ive .  On the 
o the r  hand ,  t h e o r e t i c a l  considerat ions show t h a t  RA f o r  l i qu id -  
hydrogen temperature should not d i f f e r  from RA f o r  room temperature 
by more t h a n  a n  o rde r  of magnitude. 

I V .  Recombination During Propel lant  Expulsion 
RA can be used t o  es t imate  the maximum rad ia t ion  l e v e l  f o r  which 
most of the H atoms a r e  expel led (unrecombined) from a propulsion 
system of i n t e r e s t .  The f r a c t i o n  of H atoms which recombines pe r  
second a t  a poin t  wher8 the concentrat ion i s  a n  be w r i t t e n  
F = R t ( H ) 3 / ( H )  = R A ( H )  . For RA = 1.3 x 10-31 cmg sec'l, i t  i s  
seen h a t  F i s  a ve r  small  f r a c t i o n  s 1 ng a s  ( H )  does not ex- 
ceed 1015 H atoms/cm3 cmg sec'l, the correspond- 
ing number i s  ( H )  = 1i20 H atoms/cm3. Rough es t imates  of the ra- 
d i a t i o n  l e v e l s  corresponding t o  these concentrat ions a t  the point  
where the l i q u i d  hydr gen is  expe ed and f o r  reasonable flow 
r a t e s  give 1017 ev/cm8-sec and lo3' ev/cm2-sec, respec t ive ly .  T h i s  
would mean, f o r  example, t h a t  most H atoms would be expel led f o r  
fas t -neutron f luxes  up to  1011 neutrons/cm2-sec o r  up t o  

Therefore, a t  l i q u i d  hydrogen temp- 

H )  

F o r  RA = 
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2 neutrons/cm -sec,  depending on w h e t h e r  t h e  exper imenta l  upper 
bound on RA o r  B a u e r ' s  value i s  c o r r e c t .  

v. S u p e r l a s t i c  De-exc i ta t ion  of H p  Molecules 

If  the  recombination c o e f f i c i e n t s  f o r  H atoms should approach the  
exper imenta l  upper l i m i t  g iven  above, t h e  p rocess  of de- 
e x c i t a t i o n  by energy release t o  a n o t h e r  body ( "super -e las t ic  
s c a t t e r i n g " )  could have more i n f l u e n c e  on t h e  energy s t o r i n g  capa- 
b i l i t i e s  of l i q u i d  hydrogen t h a n  recombination, s i n c e ,  i n  g e n e r a l ,  
H atoms recombine i n  a n  e x c i t e d  s ta te .  A quantum mechanical t rea t -  
ment  of t h e  H 2 - H 2  i n e l a s t i c  c r o s s  s e c t i o n  h a s  been given by Sa lkof f  
and B a u e r  ( R e f .  9 ) .  The s u p e r - e l a s t i c  c r o s s  s e c t i o n  and t h e  v i b r a -  
t i o n a l  r e l a x a t i o n  time (mean l i f e t i m e ) , T  , of e x c i t e d  molecules i n  
e q u i l i b r i u m  can be related t o  t h e  i n e l a s t i c  c r o s s  s e c t i o n  through 
t h e  p r i n c i p l e  of de t a i l ed  balance,  accord ing  t o  which t h e  rates 
of a n  e lementary process  and i t s  inverse  a r e  equal  f o r  e q u i l i b r i u m  
c o n d i t i o n s .  

For  hydrogen gas  a t  a n  unspec i f ied  low d e n s i t y  and f o r  t h e  f i r s t  
e x c i t e d  v . ibra t iona1  l e v e l  of H2, B a u e r  and Sa lkof f  e v a l u a t e d 7  
the  range 1 0 0 0 ° K  t o  800OOK. From t e v a l u e s  obta ined ,  t h e  d e n s i t y  
used appears  t o  have been  about  1018 molecules/cm3. T h e i r  r e s u l t s  
a r e  w e l l  r e p r e s e n t e d  by T = 6.41 x 10-l1 exp (115.2T-l j3)  ( s e c ) .  

Adjus t ing  t o  t h e  molecular  d e n s i t y  of l i q u i d  hydrogen and making 
the  a d m i t t e d l y  Brobdingnagian e x t r a p o l a t i o n  t o  2 0 0 K ,  one o b t a i n s  

are  some grounds f o r  b e l i e v i n g  t h e  l i f e t i m e s  of H2 s t a t e s  i n  t h e  
l i q u i d  a r e  extremely long .  

Even i f  t h e  e x t r a p o l a t i o n  t o  2 0 ° K  i s  v a l i d ,  the  value of 7 ob- 
t a i n e d  above depends upon t h e  assumption of i s o l a t e d  b inary  c o l -  
l i s i o n s  i n  t h e  l i q u i d .  According t o  a theory  of r e l a x a t i o n  i n  
l i q u i d s  by Zqanzig (Ref .  l o ) ,  t h i s  assumption i s  v a l i d  provided 
t h e  frequency of v i b r a t i o n  i s  much larger t h a n  t h e  frequency of 
c o l l i s i o n s  experienced by a molecule i n  t h e  l i q u i d .  Owing t o  the  
r e l a t i v e  s t i f f n e s s  of t h e  H2 molecule and t o  t h e  low temperature  
involved,  t h i s  c r i t e r i o n  i s  found t o  be s a t i s f i e d  f o r  l i q u i d  h y -  
drogen. 

V I .  Emission and Absorption of Infrared Rays 

I f  t h e  t ransmiss ion  of e l e c t r o m a g n e t i c  energy t o  t h e  walls of t h e  
system i s  more r a p i d  t h a n  t h e  e x p u l s i o n  of t h e  i r rad ia ted  p o r t i o n  
of t h e  l i q u i d ,  t h e n  t h e  energy i n i t i a l l y  s t o r e d  i n  e x c i t a t i o n  w i l l  
go i n t o  w a l l - h e a t i n g ,  through l a t t i c e  e x c i t a t i o n s ,  r e g a r d l e s s  of  
t h e  i n e f f i c i e n c y  of t h e  H2 s u p e r - e l a s t i c  p r o c e s s .  
which such energy migra tes  through t h e  l i q u i d  i s  determined by t h e  
l i f e t i m e  a g a i n s t  emission,  i l ( b , a ) ,  and t h e  mean f ree  pa th  w i t h  r e -  
s p e c t  t o  a b s o r p t i o n ,  l ? ( a , b ) ,  w h e r e  t h e  f irst  and  second arguments 
denote  t h e  i n i t i a l  and  f i n a l  s tates,  r e s p e c t i v e l y .  A ( b , a )  and 

a b s o r p t i o n  spectrum produced by a t h i n  sample of t h e  l i q u i d .  

i n  

T . v l O O  minutes f o r  t h e  l i f e t ime  of t h e  e x c i t e d  s t a t e .  T h u s ,  t h e r e  

The r a t e  a t  

can be  related t o  t h e  " E i n s t e i n  c o e f f i c i e n t  f o r  a b s o r p t i o n " ,  . The  l a t t e r  q u a n t i t y  can be obta ined  from a n a l y s i s  of t h e  

A Canadian group (Ref .  11) bas measured t h e  i n f r a r e d  a b s o r p t i o n  
spectrum of l i q u i d  hydrogen. The data  have been used t o  c a l c u l a t e  
B ( a , b ) ,  A ( b , a ) ,  a n d  L?(a ,b )  f o r  v a r i o u s  t r a n s i t i o n s  i n  normal h y -  
drogen.  The r e s u l t s  a r e  given i n  Table I .  
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T a b l e  I. Emission and Absorption i n  Liquid Hydrogen 
Line S t a t e  a State b A (  b ,a  J ( a , b )  

sec-  ) (cm) 
0 0 1 2 - 
v J . v '  J' 7i;sFLrg-sec) ( 

10.21 2 0.81 
0 1  1 3  4.24 2 0.951 -1 0.54 
0 1  1 1  9.40(2 3.37(-1 0.51 

The product a A ( b , a )  can be  regarded as the e f f e c t i v e  ve loc i ty  of 
in f ra red- ray  propagation i n  the d i r e c t i o n  of emission. Since i t  
i s  of the order  of 0.1 cm/sec, the migration of in f ra red- ray  ener-  
gy t o  the walls of a r e a l i s t i c  system i s  gradual .  

V I I .  Conclusions 

The conclusions of the present  study a r e  summarized as follows: 

(1) 
hydrogen i s  s to red  temporarily,  mainly through the d i s s o c i a t i o n  of 
H molecules. A l a rge  f r a c t i o n  of the remaining energy may be 
szored through i n e l a s t i c  c o l l i s i o n s  between energe t ic  H atoms and 
molecules i n  the l i q u i d .  

( 2 )  For  t h e  f low-rates  p r e s e n t l y  e n v i s i o n e d ,  most of t h e  H atoms 
produced by r ad ia t ion  w i l l  be expel led f o r  inc ident  energy f luxes  
up t o  a t  least  1017 ev/cm2-sec. 
s i s t e n t  w i t h  predominant H-atom expulsion a t  l e v e l s  up t o  
1022 ev/cm-sec. 

(3) Excited H2 molecules, which a r e  a p t  t o  be formed i n  s i g n i f i -  
cant  concentrat ions by recombination and by H-atom i n e l a s t i c  
s c a t t e r i n g ,  may remain exc i ted  i n  the l i q u i d  f o r  much longer t h a n  
the 20 seconds o r  s o  required f o r  the expulsion of the i r r a d i a t e d  
por t ion  of t h e  l i q u i d .  Extrapolat ion of the t h e o r e t i c a l  re laxa-  
t i o n  time, w h i l e  quest ionable ,  i nd ica t e s  t h a t  t h e  l i f e t i m e  of the 
f irst  v i b r a t i o n a l  l e v e l  i n  the l i q u i d  i s  of the order  of 100 min-  
u tes .  

A t  l e a s t  4376 of the energy deposited by r a d i a t i o n  i n  l i q u i d  

Q u a n t u m  m e c h a n i c a l  r e s u l t s  are con- 

( 4 )  The l i f e t i m e  of exc i ted  H2 s t a t e s  aga ins t  emission i n  the 
l i q u i d  i s  of the order  of seconds; however, the mean-free-path 
aga ins t  absorpt ion by r e -exc i t a t ion  of the o r i g i n a l  type of H 
s t a t e  i s  so small t h a t  the e f f e c t i v e  r a t e  of in f ra red- ray  d i f $ u -  
s ion  i s  much l e s s  t h a n  1 cm/sec. Hence, i n  the event t h a t  the 
p a r t i t i o n i n g  of energy by super -e las t ic  s c a t t e r i n g  goes slowly, 
then the walls of the  l i q u i d  hydrogen t a n k  w i l l  not be heated s i g -  
n i f i c a n t l y  by in f r a red  r ad ia t ion .  The s torage  of energy i n  the 
form of exc i ted  H2 s t a t e s  can be v e r i f i e d  experimentally by the ob- 
se rva t ions  of i n f r a red  rays trapped i n  the l i q u i d .  

It i s  f u r t h e r  concluded t h a t ,  i n s o f a r  as r ad ia t ion  heating of the 
propel lan t  h a s  a s i g n i f i c a n t  inf luence on the design of a nuclear-  
powered vehicle ,  f u r t h e r  i nves t iga t ions  i n t o  the r a t e s  of r ad ia t ion -  
induced molecular reac t ions  a r e  warranted and t h a t  any experimen- 
ta l  da t a  obtained on the r ad ia t ion  heat ing of l i q u i d  hydrogen 
should be i n t e r p r e t e d  i n  the l i g h t  of poss ib le  delays i n  the e q u i -  
p a r t i t i o n  of energy s to red  i n  r ad ia t ion  products.  
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WITH BLEED TURBINE DRIVE 
by 

Sarold P. Smith, Jr. 
Department of Nuclear Engineering 

University of California 
Berkeley? California 

ABSTRACT 

A previous work on open loop dynamics of nuclear rocket 
engines (1) is expanded to include integral temperature er- 
ror feedback control of reactivity and proportional pressure 
error feedback control of propellant flow with first order 
lags placed between the desired controller positions and the 
actual positions. The resulting series of ordinary, non- 
linear, differential equations are approximated by a linear 
model in order to analyze the low-frequency dynamics. It is 
shown that the low and high frequencies may be decoupled and 
that the proposed method of control is stable for small 
variations away from any point of steady-state operation. 
Algebraic equations, in terms of design parameters, are de- 
rived for control settings which yield optimum response 
characteristics. It is further shown that the asymptotic 
response is improved by reduction of the mechanical inertia 
of the turbopump but is independent of the thermal inertia 
of the core. 

The analysis is corroborated by analog simulation of 
the non-linear model for the case of low-power--high-power 
transition, using only feedback control for flow and react- 
ivity variation. 

In a previous paper (L) ,  an analysis was presented show- 
ing that conventional nuclear rocket engines can be designed 
to be inherently stable and do not need external control in 
order to maintain a steady operational power level. It is 
equally important that the engine follow a prescribed opti- 
mum flight program and adjust its performance in the event 
of fluctuations during operation. Feedback control of 
engine parameters is suitable for this provided the control- 
led system has rapid response, small overshoot, and closed 
loop stability. 
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I n  order t o  i n v e s t i g a t e  t h e  dynamics of t h e  c o n t r o l l e d  
e n g i n e ,  t h e  p r e v i o u s  mathemat ica l  model of t h e  open loop  
(non-con t ro l l ed )  eng ine  is expanded t o  i n c l u d e  t h e  dynamics 
of e x t e r n a l  feedback  and c o n t r o l l e r  motion.  A l i n e a r  ap- 
proximat ion  of  t h i s  model is s u b j e c t e d  t o  a n a l y s i s  i n  order 
t o  estimate s t a b i l i t y  l i m i t s  and r e sponse  c h a r a c t e r i s t i c s .  
The n o n - l i n e a r  model is s i m u l a t e d  by ana log  computer tech- 
n i q u e s ,  and r e s u l t s  are g iven  f o r  c o n t r o l l e d  t r a n s i t i o n  from 
low t o  f u l l  power. 

g e n e r a l  r e s u l t s  t h a t  w i l l  have a p p l i c a t i o n  t o  a v a r i e t y  of 
eng ine  d e s i g n s  b u t  w i l l  n o t  exceed t h e  bounds of r e a s o n a b l e  
e n g i n e e r i n g  accu racy .  

Throughout t h e  s t u d y ,  t h e  a t t e m p t  is made t o  o b t a i n  

MATHEMATICAL MODEL OF THE ENGINE DYNAMICS 

Review of Open Loop Equa t ions  
The  open loop  e q u a t i o n s  d e s c r i b i n g  t h e  s y s t e m  are t h e  

same as t h o s e d e r i v e d  i n  t h e  ear l ier  p a p e r .  They are r e p e a t -  
ed below b u t  preceded  by a list of t h e  major assumpt ions  
made i n  t he i r  d e r i v a t i o n .  

1. The d i s t r i b u t i o n s  of neu t ron  d e n s i t y ,  t e m p e r a t u r e ,  
and p r e s s u r e  w i t h i n  t h e  core are a d e q u a t e l y  described b y  
s p a c e  independent  v a r i a b l e s .  

2 .  The s t a n d a r d  neu t ron  and p r e c u r s o r  e q u a t i o n s  are 
a p p l i c a b l e .  

3. P r o p e l l a n t  f l o w  i n  t h e  main r o c k e t  n o z z l e  and t u r -  
b i n e  n o z z l e s  is choked. 

4 .  Power d e n s i t y  i n  t h e  core is p r o p o r t i o n a l  t o  n e u t r o n  
d e n s i t y .  

5 .  R a d i a t i v e  and conduc t ive  h e a t  t r a n s f e r  from t h e  
core can  be n e g l e c t e d  i n  comparison w i t h  c o n v e c t i v e  core 
heat t r a n s f e r  t o  the  p r o p e l l a n t .  

6 .  The high-frequency e f f e c t s  associated w i t h  p r o p e l -  
l a n t  c o m p r e s s i b i l i t y  and i n e r t i a  are e f f e c t i v e l y  damped by  
t he  thermal i n e r t i a  of t h e  core and mechanical  i n e r t i a  Of 
t h e  turbomachinery .  

7 .  P r o p e l l a n t  core e n t r a n c e  s t a g n a t i o n  t e m p e r a t u r e  is 
n e g l i g i b l e  when compared t o  t h e  core e x i t  t e m p e r a t u r e .  

8 .  The r a t e  of change of r e a c t i v i t y  w i t h  t empera tu re  
a t  c o n s t a n t  p r o p e l l a n t  d e n s i t y  is n e g a t i v e ,  (&6/aT) < 0 ;  
t he  r a t e  of change of r e a c t i v i t y  w i t h  p r o p e l l a n t  degdTty a t  
c o n s t a n t  core t empera tu re  is p o s i t i v e ,  a6 

f l u i d  f l o w ,  and h e a t  t r a n s f e r  i n  c o n j u n c t i o n  w i t h  t h e s e  as- 
sumpt ions  is s u f f i c i e n t  t o  d e r i v e  t h e  f o l l o w i n g  se t  of 
e q u a t i o n s .  The n o t a t i o n  is s t a n d a r d .  

i = N  

( F e l i x  and Bohl (2%) 

> 0. The u s e  of s t a n d a r d  s t a t e m e n t s  of reactor '-IT dynamics,  

dn'= 6 l n '  - n '  + (1) 'n d t  
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dC 

T ci - =  dt  
n '  - c i  

( 5 )  
PI 6 '  = 6;- - a JT' + a - 
T '  C 

C o n t r o l  E q u a t i o n s  t 
6:s = G1 so (JT' S - q r T ' ) d t  

N o  p r o p o r t i o n a l  f e e d b a c k  is attempted s i n c e  t h e  l a r g e  c o n t r o l  
rod i n e r t i a l  p r e c l u d e s  e f f i c i e n t  rod r e s p o n s e  t o  a p r o p o r t i o n a l  
error  s i g n a l .  With t h i s  s i m p l i f i c a t i o n ,  a f i r s t  o rder  l a g  be- 
tween  t h e  d e s i r e d  rod p o s i t i o n  a n d  t h e  a c t u a l  p o s i t i o n  s h o u l d  be 
s u f f i c i e n t  f o r  a d e q u a t e  r e s p o n s e  s i m u l a t i o n .  

S i n c e  t h e  m e c h a n i c a l  i n e r t i a  of t h e  c o n t r o l  v a l v e  is s m a l l ,  
b o t h  i n t e g r a l  and  p r o p o r t i o n a l  f e e d b a c k  o f  t h e  c o r e  e x i t  p r e s s u r e  
error  is u t i l i z e d .  The a t t e m p t  is made t o  r e l y  o n  p r o p o r t i o n a l  
c o n t r o l  f o r  a t t a i n i n g  t h e  d e s i r e d  s y s t e m  p r e s s u r e ;  t h e  i n t e g r a l  
c o n t r o l  i s  u s e d  o n l y  t o  e l i m i n a t e  t h e  s t e a d y - s t a t e  e r ror  t h a t  
a r i s e s  w i t h  s o l e  u s e  o f  p r o p o r t i o n a l  c o n t r o l ,  

V; = G 2  J L  (PA- P 1 ) d t  + G3(P; - PI) (8) 
0 

A f i r s t  order l a g  is i n t r o d u c e d  be tween t h e  d e s i r e d  v a l v e  
p o s i t i o n  and  t h e  a c t u a l  p o s i t i o n .  

dV 
7v --& - v; - v 1  (9) 

ANALYSIS OF SYSTEbl STABILITY AND RESPONSE 

The v a l u e s  o f  t h e  c o n t r o l l e r s ,  G1, G2, G3, are  t o  be s u c h  t h a t  
n o t  o n l y  is t h e  s y s t e m  s t a b l e ,  b u t  a n  optlmum r e s p o n s e  is o b t a i n e d  
t o  a d e s i r e d  e n g i n e  o p e r a t i o n  p r o g r a m .  I n  o rder  t o  i n v e s t i g a t e  t h e  
e x t e r n a l  f e e d b a c k  e f f e c t  o f  t h e  c o n t r o l l e r s  upon t h e  s y s t e m ,  a 
l i n e a r  model. of t h e  dynamic e q u a t i o n s ,  a c c u r a t e  f o r  s m a l l  p e r t u r b a -  
t i o n s  a b o u t  a n y  p o i n t  of s t e a d y - s t a t e  o p e r a t i o n ,  is made. The ac- 
c u r a c y  o f  t h e  model w i l l  be t e s t e d  by a n a l o g  s i m u l a t i o n  o f  t h e  
c o m p l e t e  se t  of n o n - l i n e a r  e q u a t i o n s .  With t h i s  a p p r o x i m a t i o n  t h e  
s t a b i l i t y  a n d  i m p u l s e  r e s p o n s e  of t h e  l i n e a r  s e t  o f  e q u a t i o n s  is 
i n v e s t i g a t e d  a s  a f u n c t i o n  of t h e  c o n t r o l l e r s .  

The f o l l o w i n g  a s s u m p t i o n s  a r e  made t o  s i m p l i f y  t h e  a n a l y s i s :  
1. The prompt  n e u t r o n  l i f e t i m e  is s e t  e q u a l  t o  zero.  T h i s  

a p p r o x i m a t i o n  is cor rec t  f o r  f r e q u e n c i e s  l e s s  t h a n  t h o s e  a s s o c i a t e d  
w i t h  t h e  i n v e r s e  l i g e t i m e  ( 3 )  and f o r  r e a c t i v i t i e s  l e s s  t h a n  prompt  
c r i t i c a l .  S i n c e  w e  h a v e  a l r e a d y  e x c l u d e d  t h e  h i g h - f r e q u e n c y  e f f e c t s  
o f  p r o p e l l a n t  i n e r t i a  and  c o m p r e s s i b i l i t y ,  t h i s  a s s u m p t i o n  does n o t  
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f u r t h e r  r e s t r i c t  t h e  a n a l y s i s .  

g r o u p s  a re  a d e q u a t e l y  e x p r e s s e d  by one  g roup  o f  d e l a y e d  n e u t r o n s  
w i t h  p a r a m e t e r s ,  T and @ ,  c h o s e n  s u c h  t h a t  t h e  a p p r o x i m a t i o n  is 
a c c u r a t e  f o r  l o w  f r e q u e n c y .  

t h e  a n a l y s i s  s i n c e  i t  has been i n c o r p o r a t e d  o n l y  t o  remove t h e  
s t e a d y - s t a t e  e r ror  o f  p r o p o r t i o n a l  f eedback  and n o t  a s  a p r i m a r y  
means of  c o n t r o l .  

a re  n e g l e c t e d .  A s  l o n g  a s  t h e  c o n t r o l  rods a re  n o t  d r i v e n  b y  a 
p r o p o r t i o n a l  e r r o r  s i g n a l ,  t h i s  a p p r o x i m a t i o n  s h o u l d  be  v a l i d ,  a l -  
though n o t  c o n s e r v a t i v e .  

2 .  The dynamic e f f e c t s  o f  t h e  d e l a y e d  n e u t r o n  p r e c u r s o r  

C 

3 .  I n t e g r a l  f eedback  c o n t r o l  of p r e s s u r e  is e l i m i n a t e d  from 

4. The t i m e  d e l a y s  a s s o c i a t e d  w i t h  t h e  r o d  and v a l v e  r e s p o n s e  

The Laplace t r a n s f o r m a t i o n  o f  t h e  c h a r a c t e r i s t i c  e q u a t i o n  is 

L 
3 - 

aT 2 aT- a 

T P  

1 
laT i- 3 p + - + -  

where 4 3 

+ L) 2 ( P ( s ) = s + s  + s  
T T  T T  c T  T p  T T  T \ T T  P P 

1 = s + -  
C 
T 

as ' a - -  T - dT'  
as ' 

P a P '  
- a =  

The c h a r a c t e r i s t i c  e q u a t i o n  c a n  b e  f u r t h e r  s i m p l i f i e d  by i n -  
c o r p o r a t i n g  t h e  f o l l o w i n g  c o n s i d e r a t i o n s :  

1. The h i g h  f r e q u e n c y  roots  o f  (10 )  a re  w e l l  removed from t h e  
l o w  f r e q u e n c y  r e g i o n  o f  t h e  s p l a n e .  These  r o o t s  c a n  be n e g l e c t e d .  

2 .  aT is  se t  e q u a l  t o  a . T h i s  p l a c e s  t h e  c l o s e d  l o o p  s y s t e m  
a t  t h e  p o i n t  of  m a r g i n a l  openPloop s t a b i l i t y  and is hence  a con-  
s e r v a t i v e  a s s u m p t i o n .  C a l c u l a t i o n s  show t h a t  t h i s  a p p r o x i m a t i o n  
is c l o s e  t o  t h e  r ea l  s i t u a t i o n .  

i s t i c  e q u a t i o n  i n  a l l  terms b u t  o n e ,  xr)ld i n  t h a t  t e r m  i t  is i n -  
s i g n i f i c a n t  i n  compar i son  t o  o t h e r  terms p r o v i d e d  t h e  a n a l y s i s  is  
r e s t r i c t e d  t o  h i g h  t h r u s t  e n g i n e s .  

3 .  The t h e r m a l  t i m e  c o n s t a n t ,  T c a n c e l s  f rom t h e  c h a r a c t e r -  

The root l o c i  o f  E q u a t i o n  (10)  which depend upon t h e  
v a l u e s  o f  G1 and G3,  d e t e r m i n e  t h e  s t a b i l i t y  and r e s p o n s e  o f  t h e  
l i n e a r  a p p r o x i m a t i o n  t o  t h e  r o c k e t  e n g i n e  dynamics .  The root  l o c i  
are p r e s e n t e d  i n  F i g u r e  1. The shape o f  t h e  s y s t e m  root  l o c u s  as 
a f u n c t i o n  o f  G3 is  n o t  r a d i c a l l y  changed  a s  G t a k e s  on a v a r i e t y  
of v a l u e s .  T h e r e f o r e ,  c e r t a i n  g e n e r a l  c o n c l u s i o n s  c a n  b e  drawn.  

1. S t a b i l i t y ,  The s y s t e m  r e m a i n s  s t a b l e  f o r  a l l  p o s i t i v e  
v a l u e s  o f  G1 and G3, even  when t h e  s y s t e m  p a r a m e t e r s  a re  a l l o w e d  
wide v a r i a t i o n  from o u r  c a l c u l a t e d  v a l u e s .  The i n t r o d u c t i o n  o f  
t h e  p roposed  c o n t r o l  s y s t e m  l e a d s  t o  no low-f requency  i n s t a b i l i t y  

1 
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w i t h i n  t h e  r a n g e  o f  p r a c t i c a l  d e s i g n  or i n t e r e s t .  

r e m a i n s  i n  t h e  low f r e q u e n c y  r e g i o n  o f  t h e  s p l a n e  ( 1  SI*- ) f o r  
a l l  v a l u e s  of G1 and  G3 of p r a c t i c a l  i n t e r e s t .  
c y  roo t  l o c i  d o  n o t  move i n t o  t h i s  r e g i o n  f o r  t h e  same r a n g e  of  
c o n t r o l l e r s .  

3. 
The s t a r t i n g  p o i n t  o f  each roo t  l o c u s  f o r  a g i v e n  v a l u e  of G1 i s  
d i s p l a c e d  s l i g h t l y  t o  t h e  l e f t  i f  aT > a , 
c a n n o t  j e o p a r d i z e  t h e  s t a b i l i t y  and  r e s p g n s e  o f  t h e  s y s t e m .  

o f  G and  G3 c a n  remove t h e  s y s t e m  root  a t  s = - 1/? . 
l y ,  % h e  a s y m p t o t i c  r e s p o n s e  o f  t h e  s y s t e m  c a n n o t . b e  Easter t h a n  
t i m e s  a s s o c i a t e d  w i t h  d e l a y e d  n e u t r o n  p r e c u r s o r s .  However ,  t h e  
a n a l y s i s  u t i l i z e d  t h e  zero n e u t r o n  l i f e t i m e  a p p r o x i m a t i o n  which  is  
a p p l i c a b l e  o n l y  when t h e  t o t a l  r e a c t i v i t y  is less t h a n  prompt  c r i t i -  
c a l .  I t  is n o t  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  t h e  r e s p o n s e  of t h e  
s y s t e m  is  r e s t r i c t e d  t o  d e l a y e d  n e u t r o n  t i m e  c o n s t a n t s .  

5 .  A s y m p t o t i c  r e s p o n s e  p r o p o r t i o n a l  t o  1 / ~  . S i n c e  i t  is 
p o s s i b l e  f o r  t h e  n u c l e a r  r o c k e t  e n g i n e s  t o  s a f e 1 9  r e s p o n d  t o  r eac t -  
i v i t y  i n p u t s  g rea t e r  t h a n  prompt  c r i t i c a l  ( L ) ,  t h e  a b o v e  a n a l y s i s  
w a s  r e p e a t e d  i n  which  i t  was assumed t h a t  a l l  n e u t r o n s  a re  e m i t t e d  
p r o m p t l y .  The root  l o c i  a r e  t h e  same w i t h i n  t h e  r e g i o n  , I s I w 2/-rP 
w i t h  t h e  e x c e p t i o n  t h a t  t h e r e  are no  p o l e s  or zeroes a t  or n e a r  
s = - l / ~ ~ ,  as e x p e c t e d .  
i s  o f  t h e  o r d e r  o f  l/? a n d  t h e  a s y m p t o t i c  r e s p o n s e  o f  t h e  s y s t e m  
is a s s o c i a t e d  w i t h  t h e  m e c h a n i c a l  i n e r t i a  of t h e  turbopump s y s t e m .  

A l t h o u g h  t h e  v a l u e s  o f  G1 and  
G h a v e  l i t t l e  e f f e c t  o n  t h e  p o s i t i o n  of t h e  s y s t e m  root n e a r  s = 
-31/~ , t h e y  d o  h a v e  a s i g n i f i c a n t  e f f e c t  on  t h e  o t h e r  t w o  s y s t e m  
root  Eoci. 
l o c i  a g a i n  meet t h e  r e a l  a x i s  a t  t h e  p o i n t  l a b e l e d  - so i n  F i g u r e  1. 
T h i s  o c c u r s  when t h e  f o l l o w i n g  e q u a t i o n  is  s a t i s f i e d :  

2 .  D e c o u p l i n g  of h i g h  a n d  low f r e q u e n c i e s ,  The ro2 t  l o c u s  

The h i g h T p  f r e q u e n -  

O p e r a t i o n  away f r o m  o p e n  l o o p  m a r g i n a l  s t a b i l i t y  ( a T  > a p ) .  

T h i s  o n l y  e n h a n c e s  and  

4 .  A s y m p t o t i c  r e s p o n s e  p r o p o r t i o n a l  t o  l / - r C .  N o  c o m b i n a t i o n  
C o n s e q u e n t -  

Under  these c o n d i t i o n s ,  t h e  d o m i n a n t  roo t  

P 
6 .  Optimum p o i n t  o f  c o n t r o l .  

The optimum p o s i t i o n  o f  t h e s e  r o o t s  o c c u r s  where t h e  

( 1 1 )  
2 G3 = 2< + $, 

G 7  
2 -  1 P  

where  
5 -  

2aT 
The v a l u e  o f  t h e  d o u b l e  roo t  a t  s = - so is 

The s p e e d  o f  r e s p o n s e  o f  t h e  t e r m s  i n  t h e  t i m e  domain a s s o c i a t e d  
w i t h  t h e  roo t s  a t  s = - s 
T h e r e f o r e ,  optimum c o n t r o y  r e s u l t s  whenever  G1 or G3 or b o t h  t a k e  
o n  t h e i r  maximum p r a c t i c a l  v a l u e ,  s u b j e c t  t o  s a t i s f a c t i o n  o f  E q . ( l l ) .  

t e r s  o f  t h e  s y s t e m  a re  f u n c t i o n s  of t h e  power l e v e l .  T h e r e f o r e ,  
t h e  v a l u e s  o f  G3 or G , or b o t h  must  be c h a n g e d  i n  o r d e r  t o  o p e r -  
a t e  a t  optimum c o n t r o i  for v a r i o u s  o p e r a t i o n a l  power l e v e l s .  

8 .  R e s p o n s e  a s  a f u n c t i o n  of power l e v e l .  I f  G1 a n d  G are 
a d j u s t e d ,  s u c h  t h a t  ( 1 2 )  is s a t i s f i e d ,  t h e  root a t  - s 
t o  a more n e g a t i v e  v a l u e  a s  t h e  power is i n c r e a s e d ,  t h 8 s  i m p r o v i n g  
t h e  r e s p o n s e .  U n f o r t u n a t e l y ,  1/? is i n d e p e n d e n t  of power l e v e l ,  
s o  t h a t  o n e  would e x p e c t  t h a t  a t  E u l l  power where  o n l y  sma l l  c h a n g e s  
o f  r e a c t i v i t y  w i l l  b e  r e q u i r e d  t h a t  t h e  a s y m p t o t i c  r e s p o n s e  w i l l  
be g e a r e d  t o  t h e  d e l a y e d  n e u t r o n  r e s p o n s e .  N e v e r t h e l e s s ,  t h e  

i n c r e a s e s  as  t h e  v a l u e  o f  so i n c r e a s e s .  

7. Optimum c o n t r o l  as  a f u n c t i o n  o f  power l e v e l .  Most parame- 

is  maved 
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r e s p o n s e  o f  t h e  c l o s e d  l o o p  n u c l e a r  r o c k e t  e n g i n e  s h o u l d  improve 
w i t h  power l e v e l  j u s t  as  t h e  open l o o p  r e s p o n s e  improves  a t  h i g h  
power ( 1 ) .  - 

ANALOG SIMULATION OF LOW-POWER--HIGH-POWER 

CONTROLLED TRANSITION E 

The n o n - l i n e a r  dynamic e q u a t i o n s  ( 1  t h r o u g h  9), u s i n g  two 
g r o u p s  o f  d e l a y e d  n e u t r o n s ,  were s i m u l a t e d  on an  a n a l o g  compute r .  
I n  o r d e r  t o  p r o v i d e  an  e x a c t i n g  t e s t  o f  t h e  l i n e a r  a n a l y s i s ,  a s  

f u l l  power,  t h e  e n g i n e  w a s  assumed t o  b e  o p e r a t i n g  a t  a r e l a t i v e l y  
l o w  power (T = 1000°R,  P = 275 p s i ) ,  and t h e n  b r o u g h t  t o  f u l l  power 
(T = 5000°R, P = 1500 p s i )  by r e q u i r i n g  a s t e p  change  i n  d e s i r e d  
t e m p e r a t u r e  and p r e s s u r e ,  a d j u s t i n g  t h e  c o n t r o l l e r  g a i n s  t o  a c c e p t -  
a b l e  v a l u e s ,  and a l l o w i n g  t h e  e n g i n e  t o  p r o c e e d  t o  f u l l  power unde r  
i t s  own feedback  c o n t r o l  s y s t e m .  

w e l l  as  t o  i n v e s t i g a t e  a p o s s i b l e  method o f  b r i n g i n g  t h e  r o c k e t  t o  c 

A r a p i d  t r a n s i t i o n  is d e s i r e d  s i n c e  e f f i c i e n t  u s e  of t h e  en-  
g i n e  demands t h a t  t h e  p r o p e l l a n t  n o t  be  c a r r i e d  t o  h i g h  a l t i t u d e s  
b e f o r e  b e i n g  u t i l i z e d .  S i n c e  t h e  f u l l  power o p e r a t i n g  p o i n t  w i l l  
be  o n l y  s l i g h t l y  l ess  t h a n  t h a t  which t h e  ma te r i a l s  c a n  w i t h s t a n d ,  
t h e  t r a n s i t i o n ,  a l t h o u g h  r a p i d ,  c a n  have  only v e r y  s m a l l  overshoot .  

I n  t h e o r y ,  i t  s h o u l d  b e  p o s s i b l e  t o  b r i n g  t h e  e n g i n e  t o  f u l l  
power almost a s  r a p i d l y  a s  d e s i r e d  and w i t h  s m a l l  o v e r s h o o t ,  i f  
one  h a s  u n l i m i t e d  amounts  of c o n t r o l  a v a i l a b l e .  I n  t h e  n u c l e a r  
r o c k e t ,  t h i s  would mean v e r y  l a rge  and e x t r e m e l y  mob i l e  c o n t r o l  
r o d s ,  as  w e l l  a s  o v e r s i z e d  and r e s p o n s i v e  f l o w  mach ine ry .  

Al though t h e r e  a re  many r e a s o n s  f o r  n o t  b u i l d i n g  huge c o n t r o l  
mechanisms,  a workab le  r o c k e t  e n g i n e  demands p r i m a r i l y  t h a t  t h e  
s t r u c t u r a l  weight  b e  a s  l o w  a s  p o s s i b l e .  C o n s e q u e n t l y ,  t o t a l  con- 
t r o l  r o d  wor th  w i l l  p r o b a b l y  be  less  t h a n  15% 6k/k and c o n t r o l  r o d  
s p e e d s  less  t h a n  O.G%/sec. 

An o v e r s i z e d  c o n t r o l  v a l v e  and t u r b i n e  c a n  i n c r e a s e  t h e  s p e e d  
of  t r a n s i t i o n  t o  f u l l  power,  and t h e r e b y  i n c r e a s e  t h e  o v e r - a l l  
e f f i c i e n c y  o f  t h e  e n g i n e ,  b u t  t h e  h e a v i e r  t u r b i n e  w i l l  r e d u c e  t h e  
burn-out  v e l o c i t y .  C o n s e q u e n t l y ,  t h e  amount of  o v e r s i z e  must be  
computed by c o n s i d e r i n g  s p e c i f i c  m i s s i o n s  and t r a j e c t o r i e s .  Two 
t r a n s i t i o n s  are  s i m u l a t e d :  Case I ,  u s i n g  a t u r b i n e  c a p a b l e  o f  1 .33 
t i m e s  t h e  f u l l  power f l o w ,  and Case 11, u s i n g  3 .00  times t h e  f u l l  
power f l o w .  

The r e s t r i c t i o n s  on maximum c o n t r o l  r o d  v e l o c i t y  and maximum 
I f  one i" v a l v e  p o s i t i o n  d e t e r m i n e  t h e  maximum v a l u e s  o f  G1 and G 3 .  

.assumes t h a t  i t  is u n d e s i r a b l e  t o  change  t h e  v a l u e  of  c o n t r o l l e r  
g a i n  a f t e r  t h e  t r a n s i t i o n  t o  f u l l  power h a s  begun and t h a t  t h e  g a i n s  
s h o u l d  remain  unchanged a t  f u l l  power,  t h e n  G1 and G 
f y  Eq.  (12 )  a t  f u l l  power w i t h  e i t h e r  G 
v a l u e .  

s e t t i n g  

s h o u l d  s a t i s -  

Using t h i s  c r i t e r i o n  and o u r  c a l c u l a t e d  v a l u e s  o f  t h e  v a r i -  
o r  G3 s e t  a$ i ts  maximum 

o u s  d e s i g n  p a r a m e t e r s ,  t h e  optimum c o n t r o l  p o i n t  i s  o b t a i n e d  by y' 

-1 c Gl = 0 . 6  sec 

G = 0.07 3 
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F i g u r e  2 p r e s e n t s  t h e  t i m e  v a r i a t i o n  o f  t e m p e r a t u r e ,  p r e s s u r e ,  
c o n t r o l  r o d  p o s i t i o n ,  and  v a l v e  s e t t i n g  s i m u l a t e d  f o r  low-power-- 
h igh -power  t r a n s i t i o n ,  w i t h  -1 G1 = 0 . 5  sec 

G2 = 0 . 0 0 2  sec -1 

G3 = 0 . 0 7  

The c o n t r o l l e r  g a i n s  were v a r i e d  o v e r  a c o n s i d e r a b l e  r a n g e  i n  o r d e r  
t o  i n v e s t i g a t e  t h e  opt imum r e s p o n s e .  I t  is e a s i l y  s e e n  t h a t  t h e  
p r e d i c t i o n s  o f  optimum c o n t r o l  s e t t i n g s  made f r o m  t h e  l i n e a r  model 
a r e  i n  good  a g r e e m e n t  w i t h  t h o s e  s e t t i n g s  t h a t  y i e l d e d  t h e  optimum 
s i m u l a t e d  r e s p o n s e ,  u s i n g  t h e  c o m p l e t e  s e t  o f  n o n - l i n e a r  e q u a t i o n s .  

F i g u r e  2 a l s o  p r e s e n t s  t h e  t i m e  h i s t o r y  of t h e  same v a r i a b l e s  
f o r  t r a n s i t i o n  u s i n g  a n  o v e r s i z e d  v a l v e  and  t u r b i n e .  A s  c a n  b e  
s e e n  f r o m  t h e  f i g u r e ,  t h e  t u r b i n e  o p e r a t e d  a t  p e a k  c a p a c i t y  f o r  
o n l y  a few s e c o n d s ,  b u t  t h e  t r a n s i t i o n  t i m e  w a s  r e d u c e d  f r o m  15 
t o  10 s e c o n d s .  I t  i s  u n l i k e l y  t h a t  t h i s  i n c r e a s e  i n  r e s p o n s e  s p e e d  
j u s t i f i e s  t h e  i n c r e a s e d  s t r u c t u r a l  w e i g h t  o f  t h e  o v e r s i z e d  f l o w  
m a c h i n e r y  i n  a t t a i n i n g  e f f i c i e n t  rocket p e r f o r m a n c e .  

T r a n s i t i o n  w a s  a l s o  s i m u l a t e d  f o r , v a r i o u s  v a l u e s  o f  t h e  param- 

The t r a n s i t i o n  t i m e  
eters, B ,  a ,  a c 9  a 9 ‘T9 9 Tci* Only  v a r i a t i o n  o f  t h e  p r e s s u r e  
t i m e  c o n s t a n t ,  T , h h a d  a n y ’ s i g n i f i c a n t  e f f e c t .  
w a s  d i r e c t l y  p r o b o r t i o n a l  t o  T , 
d e m o n s t r a t i n g  t h e  i m p o r t a n c e  tg t h e  e n g i n e  d y n a m i c s  of k e e p i n g  t h e  
tu rbopump i n e r t i a  t o  a minimum. 

a s  p r e d i c t e d  by t h e  a n a l y s i s ,  

S i n c e  r e a c t i v i t y  i n p u t s  were al lowed t o  exceed o n e  d o l l a r ,  i t  
i s  n o t  s u r p r i s i n g  t h a t  v a r i a t i o n  o f  t h e  y i e l d  f r a c t i o n  and  t h e  p r e -  
c u r s o r  d e l a y  c o n s t a n t s  h a d  l i t t l e  e f f e c t .  

I t  h a s  b e e n  m e n t i o n e d  t h a t  t h e  l o w - f r e q u e n c y  n e u t r o n  k i n e t i c s  
a r e  a d e q u a t e l y  r e p r e s e n t e d  by t h e  zero l i f e t i m e  a p p r o x i m a t i o n ;  
t h e r e f o r e ,  v a r i a t i o n  o f  fj is e x p e c t e d  t o  h a v e  l i t t l e  e f f e c t  o n  t h e  
s y s t e m ,  a s  w a s  t h e  ca se .  

V a r i a t i o n  of t h e  t e m p e r a t u r e  t i m e  c o n s t a n t ,  T ~ ,  c a u s e d  n o  
v i s i b l e  e f f e c t  on  t h e  t r a n s i t i o n ,  w h i c h  is  i n  a g r e e m e n t  w i t h  t h e  
p r e d i c t i o n s  o f  t h e  a n a l y s i s .  

V a r i a t i o n  of t h e  r e a c t i v i t y  c o e f f i c i e n t s  c h a n g e d  t h e  v a l u e s  of 
t h e  c o n t r o l l e r  g a i n s  n e e d e d  t o  m a i n t a i n  opt imum c o n t r o l ,  b u t  when 
t h e s e  c h a n g e s  were i n c o r p o r a t e d ,  t h e  t r a n s i t i o n  a p p e a r e d  t o  be 
e s s e n t i a l l y  t h e  same. 
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‘i 

G1 

G2 

G 3  
a 
m(s) 
n 

N 

P 

pS 

NOMENCLATURE 

d e l a y e d  n e u t r o n  p r e c u r s o r  c o n c e n t r a t i o n  
s c a l e d  i n t e g r a l  t e m p e r a t u r e  e r ror  g a i n  
s c a l e d  i n t e g r a l  p r e s s u r e  e r r o r  g a i n  

s c a l e d  p r o p o r t i o n a l  p r e s s u r e  error  g a i n  

prompt n e u t r o n  l i f e t i m e  

s y s t e m  c h a r a c t e r i s t i c  e q u a t i o n  

n e u t r o n  d e n s i t y  

number o f  p r e c u r s o r  g r o u p s  

c o r e  e n t r a n c e  s t a g n a t i o n  p r e s s u r e  

d e s i r e d  core e n t r a n c e  s t a g n a t i o n  p r e s s u r e  
Pz,P p o l y n o m i a l s  o f  s ,  d e f i n e d  i n  t e x t  

S L a p l a c e  c o n j u g a t e  o f  t i m e  
S a b s o l u t e  v a l u e  o f  root o f  m(s)  = 0 ,  a s s o c i a t e d  w i t h  optimum 

T core e x i t  s t a g n a t i o n  t e m p e r a t u r e  

P 

0 r e s p o n s e  

d e s i r e d  core e x i t  s t a g n a t i o n  t e m p e r a t u r e  

p r e s s u r e .  V is a f u n c t i o n  o n l y  o f  t h e  c o n t r o l  v a l u e  s e t t i n g .  
d e s i r e d  p r e s s u r e  r a t i o  

TS 

vS 

v d i m e n s i o n l e s s  r a t i o  o f  t u r b i n e  i n l e t  p r e s s u r e  t o  core i n l e t  

Z ,Z  p o l y n o m i a l s  o f  s ,  d e f i n e d  i n  t e x t  
Z P  

aC 

O h  

P 
a 

aT 
p i  
B 
6 

‘r 
6rs 
z . c  
z 

T 

z 

c i  
n 

P 
‘r 
T z 

z 
V 

4 

d i m e n s i o n l e s s  r e a c t i v i t y - c o r e  t e m p e r a t u r e  c o e f f i c i e n t  
d i m e n s i o n l e s s  r e a c t i v i t y - p r o p e l l a n t  d e n s i t y  c o e f f i c i e n t  

d i m e n s i o n l e s s  r e a c t i v i t y - p r e s s u r e  c o e f f i c i e n t  

d i m e n s i o n l e s s  r e a c t i v i t y - t e m p e r a t u r e  c o e f f i c i e n t  

e f f e c t i v e  p r e c u r s o r  g roup  y i e l d  

e f f e c t i v e  p r e c u r s o r  y i e l d  

r e a c t i v i t y  
c o n t r o l  r o d  r e a c t i v i t y  

d e s i r e d  c o n t r o l  r o d  r e a c t i v i t y  

e f f e c t i v e  d e l a y e d  n e u t r o n  t i m e  c o n s t a n t  

d e l a y e d  n e u t r o n  g r o u p  t i m e  c o n s t a n t  

prompt n e u t r o n  t i m e  c o n s t a n t  

p r e s s u r e  t i m e  c o n s t a n t  

c o n t r o l  r o d  t i m e  c o n s t a n t  

t h e r m a l  t i m e  c o n s t a n t  

c o n t r o l  v a l u e  t i m e  c o n s t a n t  

d i m e n s i o n l e s s  t e m p e r a t u r e  c o n t r o l l e r  
S u p e r s c r i p t  

q u a n t i t y  s c a l e d  by its s t e a d y - s t a t e  v a l u e ;  r e a c t i v i t y  i s  
scaled by B .  
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ENvIRXWEWUL STUDIES FZLATED TO WCIJ3AR ROCKET FLIGHT 
. -..------ 

bY 

Arnold B. Joseph+ 
and 

Isaac V a n  der HovenH 

A brief presentation of the kinds of atmospheric, oceanographic, and 
geohydrologic studies underway i n  1962 pertinent t o  developing an 
understanding of the possible pathways tha t  may be taken be accidental 
releases of radioactivity. 
c r i t e r i a  and procedures fo r  assessing possible impact of such radioact-ivity. 

Reference is made t o  existing standards and 

m e  nuclear rocket safety problems are  manifold and the associated environntent- 
a1 safety studies are  equally manifold and intr icate .  Many of the studies a re  
t ru ly  on the f ront ie rs  of the environmental sciences. O r  to put it another way, 
on the basis of the environmental studies associated w i t h  nuclear rocket flight, 
the environmental sciences w i l l  have a be t te r  understanding of the mechanisms 
of nature. 
standing and t o  indicate the kinds and purpose of the environmental studies 
underway or  planned. 
a1 safety of nuclear f l i g h t  f o r  the data are  too sparse. For thosrlfntzjested, 
preliminary analyses of possible effects  have been made by others. 

This paper i s  directed t o  discussing the development of t h i s  under' 

This paper will not attempt t o  vouch-safe t h e  environment- 

An understanding of man's environment i s  the essential  l ink  between nuclear 
rocket propulsion technology and i ts  effect  upon man. 
version the environment referred t o  i s  comprised of the atmosphere,the hydro- 
sphere, and t h e  lithosphere. 
region around the launch f a c i l i t i e s  and t h e  environment i n  or over which the re- 
actor w i l l  operate. '.be environmental studies are  concerned with an understand- 
ing of the mechanisms of transferring the nuclear hazard through the environment 
t o  man so as t o  enable one t o  evaluate what is t h e  consequence of the hazard 
t o  man. 

In an over-simplified 

The particular environment of concern i s  the 

With respect t o  the levels  of radiation wllich pose a hazard to man, guides and 
standards are i n  existence and are published as recommendations from such grcups 
as t h e  Federal Radiation Council, National Committee on Radiation Protection, 
International Commission of Radiological Protection,and the National Academy of 
Sciences. Obviously, i n  the nuclear rocket program, we wiU. gear our engineer- 

*Sanitary Engineer, Division of Reactor Development, USABC, 
Washington 25, D. C. 

j(-!+Meteorologist, IBwironmental Meteorological Research Project, 
U. S. Weather Bureau, Washington 25, D. C. 
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ing ana operational e f fk r t s  to stay within these guides and Units. 
proper interpretat ion 6f these llmits is necessary. This is because the recog- 
nized guides a re  written in tenns of l l f e t k  exposures to steady concentraticna 
The accident s i tua t ion  a t  the pad or  i n  f l ight  i s  neither W e t i m e  nor steady. 
Consequently, to m&e a r e a l i s t i c  appraisal  of the consequences of any accident 
involving more than readi ly  acceptable l i fe t ime tolerances it i s  necessary to  
have a good idea of j u s t  how much above these l i fe t ime MaximLlm Perndssible Con- 
centrations man may be exposed and fo r  how much t i m e .  I n  a nutshell, we need t o  
be in a posit ion t o  predict  the time-space dis t r ibut ion of radioact ivi ty  t h a t  
may be released to the environment in a nuclear rocket accident. 

However, 

Atmo  sph ere 

A s  a s ta r t ing  point in understanding the mechanisms of the transport  of f i s s ion  
products i n  the atmosphere it i s  desirable to know the initial shape and compo- 
s i t i on  of the energy release sphere or  plume formed by the excursion. This will 
largely be a function of the physical character is t ics  o f  t h e  excursion,but the 
shape and i n i t i a l  height of r i s e  of the cloud wi l l  a lso be a function of atmos- 
pheric conditions such as wind speed, ambient temperahre,and the r a t e  of change 
of temperature in the ver t ica l .  Specifically, to predict  the  behavior and f a t e  
of released radioactive materials it i s  necessary to know the mgnitude 
of t he  energy release, the  fract ion of gaseous fission ac t iv i ty  released, the  
par t iculate  materials and t h e i r  s ize  dis t r ibut ions t h a t  would become airborne, 
and the time his tory of the chemistry of these released materials. In the event 
of an excursion.in air there  are two primary-direct means and several  secondary- 
indirect  means by.which man can be exposed. The primary-direct exposures are 
by external bete-gamma radiation frcan immersian i n  or  passing by of the  cloud 
and by in te rna l  radiation through d i rec t  inhalation of the cloud. 
means a re  by fa l lou t  contamination of habitable areas and of water and food 
supplies. 

A general equation describing atmospheric diffusion from a continuously 
emitting gaseous source i s  given by: 

The indirect  

., 

which resu l t s  from the  assumption of a Gaussian dist r ibut ion and the require- 
ment of mass continuity. 
source emission rate, c y  and62 the standard deviation of the crosswind and 
ve r t i ca l  effluent dis t r ibut ion respectively, h the  effect ive stack height, u the 
mean wind speed i n  the x-direction and x, y, z the usual Cartesian coordinates. 
The equation i s  related t o  the well-known Sutton diffusion equation by the 
relationships : 

In the equation X is the ground concentration, Q the  

where Cy, Cz, and n a re  the empirically determined diffusion parameters. 

To improve our estimation of the possible e f fec ts  of an accidental excursion 
release t o  man it is necessary t o  improve our bawledge of the appl icabi l i ty  
of expressions such as equation PJ, which essent ia l ly  means a knowledge of 
the c r i t i c a l  parameters. 
i s  a continuously emitting point source. 
equation t o  include instantaneous 
t i on  i n  space and time which can be mathematically described, 

. 

The source tern,  Q, as it appears i n  equation [ll 
ivldf icat ions can be made t o  the 

sources, and i n  fac t ,  any source configura- 
For example, 

r 
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Figure 1 shows the  i n f i n i t e  integrated exposure from an instantaneous Ut 
source f o r  various source configurations, such as point and l i n e  sources. 
the source i s  composed of s m a l l  par t iculates ,  modifications t o  the equation 
can be made using a de o i t i o n  velocity t o  ccmpute the ground deposition as 

t ion,  which i n  large par t  i s  a function of the physical conditions causing the 
excursion, needs t o  be defined i f  a m o d e l  such as equation [ll i s  t o  be applied. 

A ser ies  of d i f f i s ion  f i e l d  experiments a t  Cape Canaveral cal led Project Ocean 
Breeze has been conducted by the Air Force Cambridge Research Laboratories i n  
an attempt t o  b e t t e r  define the important atmospheric diffusion parameters. A 
known, ground-based, continuously emitting source was used as a gaseous t r ace r  
whose air  concentration w a s  measured out t o  three miles damwind by volumetric 
samplers. eriments the parameters i n  a prediction equation 
similar t o  equation B y w e r e  evaluated. A telemetered meteorological data 
acquisit ion network has been established t o  serve as input data t o  the  pre- 
dict ion equation which is  programmed on a computer as par t  of the  system. 
ten ta t ive  conclusion of the  experiment w a s  t h a t  within a fac tor  of 2, the 
diffusive qual i ty  of t he  atmosphere at  Cape Canaveral was similar t o  the 

empirical relationship determined i n  an extensive Great Plains diffusion exper- 
iment. 
effect .  
elevated sources and f o r  t r ave l  distances on the order of tens  of miles. 

I f  

sham by Van der Hoven B B  3 . The point t o  be made i s  tha t  the source configura- 

From these e 

The 

Further experiments a re  being conducted t o  see i f  there  i s  a seasonal 
The appl icabi l i ty  of these types of data needs t o  be evaluated for  

A fur ther  problem i n  atmospheric dispersion, especially f o r  distances greater  
than a f e w  m i l e s ,  i s  the downwind t ra jectory of the plume center l i ne  as opposed 
t o  the diffusion about t h i s  centerline. There i s  a need t o  tabulate various 
typical  low leve l  (about 500' from surface) t r a j ec to  
surface meteorological measurements. Angel1 and Pack have demonstrated by 
the analysis of some low leve l  constant volume balloon f l i gh t s  tracked by radar 
from Wallops Island tha t  obtaining t ra jec tor ies  near the surface fo r  tens of 
miles are feasible on an operational basis. 

and r e l a t e  them t o  

79" On a larger  scale, information i s  needed on the f a t e  of radioactive mate 
discharged during nuclear powered f l ight  and re-entry from orbit .  
has made a study on the t ransfer  of t r ace r  material  from the stratosphere t o  the 
ground and discusses such items as tropospheric and stratospheric residence times 
and the e f fec t  of the zone of inject ion on re la t ive  a i r  concentrations and 
deposition r a t e s  a t  the ground. 
it is  advisable t o  use an explosive destruct system t o  dis integrate  the reactor 
at  high al t i tudes,  whether t o  depend on re-entry burnup, o r  whether t o  actual ly  
attempt t o  bring the reactor back t o  the surface intact .  

Machta 

This type of information w i l l  influence whether 

(see Figures 2, 3) 

Hydrosphere 

The hydrological studies are similar t o  the atmospheric i n  tha t  we are  evalu- 
a t ing the mechanisms, i n  a quantitative fashion, t ha t  may carry the potent ia l  
hazard of the nuclear rocket t o  man. &e mechanisms of t ransfer  are unlike the  
atmospheric connections, however, because man does not l i ve  i n  the  water envi- 
ronment. Hence, except i n  possible cases of  immersion, the transmission of the 
potent ia l  hazard i s  indirect  - through the  mechanisms of the resources i n  the  
hydrosphere. 

The poss ib i l i t i es  of introduction, accidentally o r  operational, 
act ive source in to  the hydrosphere have been described elsewhere. 
hydrosphere here includes any surface water body which may receive the rocket 
and includes the ocean as well as inshore t r ibu tar ies .  

of1jhf2ydg;  

6 

F 

E 
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Ihe future meanderings of, the material i n  the water 
by the physical and chemical form of the material when it i s  introduced. 
Pieces o r  fragments larger  than 10 microns with density greater than water 
generally sink t o  the  bottom and if soluble they can be expected t o  remain 
there. 
may or  may not go in to  solution and be quickly sorbed whereas argon while some- 
what soluble i s  essent ia l ly  non-reactive. An excursion i n  water l ike ly  resu l t s  
i n  a spectrum of radioactive molecules different  from an excursion i n  a i r  
because of the differ ing chemical reactants i n  the water. Source term studies 
now being undertaken are  concerned with not only identifying the f i ss ion  prod- 
ucts  but also the neutron induced radionuclides and the chemical forms of these 
a t  the physical conditions at  introduction. 
with chemical property changes which take place a f t e r  coming i n  contact w i t h  the 
water. Init ial  theoret ical  studies and some preliminary lab experiments 
indicate  tha t  fissi@]products from an operated core sample a re  only s l i gh t ly  
leachable i n  water. 
t h e i r  physical and chemical forms i n  sea waters a re  naw being undertaken. 
Other factors  such as the possible enhancement of leaching by direct  biological 
interact ions a re  a lso t o  be investigated. 

i s  i n  par t  predetermined 
e.g., 

Gaseous materials on the other hand can be expected t o  diffuse out and 

The studies a re  also concerned 

Definition of the activation products and studies of 

Figure 4 i l l u s t r a t e s  schematically a kind of equilibrium i n  the dynamic chemical, 
physical, and biological processes taking place i n  the sea. 
chemical load i s  intrcducted, t h i s  equilibrium w i l l  be disturbed as the intro-  
duced materials take t h e i r  place in the  system. 

When a foreign 

The newly introduced chemicals may go in to  solution or  suspension and be 
physically borne by the water and move along with it. 
bottom t o  become in ef fec t  a pa r t  of the bottom or  go in to  solution (dissolve) 
a t  a slow rate.  If i n  suspension o r  solution they may be sorbed out of the 
water by suspended mineral matter and s e t t l e  out slowly. 
chemicals may be taken up by plants o r  plankton and become par t  of the food 
chain - perhaps eventually t o  reach man. 
by cer ta in  organisms by thousandfold factors  which makes t h i s  factor  d r a w  
par t icu lar  a t tent ion and study. 

They may go t o  the 

The dissolved 

Some elements can be reconcentrated 

The material tha t  goes in to  solution appears t o  hold the most concern because 
it is most likely t o  enter  the food chain first. 
once i n  solution it i s  then subject t o  the re la t ive ly  rapid natural  forces which 
a c t  t o  spread it out - t o  d i lu t e  and disperse it. This is fortunate because 
the  introductions are not continuous the movements tend to discourage 
reconcentration actions as well. 

It is  fortunate i n  a way tha t  

How the material  w i l l  be dispersed depends largely on where i n  the system it  i s  
introduced. 
it w i l l  be mixed and dispersed more rapidly than i f  it goes i n  the cold, slaw 
moving deep waters of 1,OOO fathoms o r  greater. 
layer of greatest  biological ac t iv i ty  including the harvesting of sea foods. 

There are several  theories t o  explain the physical disp rsion and diffusion of 
soluble m rials i n t r  

and Sender, Ozmidov and Obukhov as well as t h e i r  own. 
similar t o  the  Fickian dis t r ibut ion equation: 

Generally, i f  it goes i n t o  solution i n  the shallow o r  mixed layer 

Bowever, the mixed layer i s  the 

ced i n t o  the ocezn. Schonfeldf6), Pritchard, and 
Carpenter aft7 and Okubo ?8 review the merits and demerits of equations by Joseph 

Basically, these a re  

s (r, t )  = M e 
r-ix 
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That i s  the concentration of a substance i n  solution, as a function of time and 
space i s  proportional t o  the amount of the substance introduced M, time t, 
distance o r  space t ravel led r and some measure of diffusion k. Clearly, there  
i s  not f u l l  agreement among the experts on a single mathematical m o d e l  t o  
quantatatively predict  cases of oceanic diffusion. . 

The variances a re  concerned primarily w i t h  a measure of diffusion, k. 
m e n d i n g  
L2/T o r  L29?/T. Theoretical estimates of t i m e ,  space dis t r ibut ions vary from 
measured concentrations by factors  of 4 t o  10 o r  more. 
formulae o r  those of others investigators a re  now making d i rec t  measurements 
of diffusion of contaminants using the  rhodamine dye t r ace r  technique was 
perfected by the Chesap 
Pritchard and Ca.rpenterr'7 The experts a r e  i n  agreement, however, i n  noting 
t h a t  diffusion undoubtedly does vary from place t o  place and time t o  t i m e  
depending on boundary conditions, depth, ve r t i ca l  s t a b i l i t y  (temperature and 
sa l in i ty  dis t r ibut ions) ,  t i d a l  currents and wind driven currents, and tha t  the 
best  obtainable measure of diffusion and dispersion i s  the d i rec t  observation; 
which i s  what we are  doing. 

the equation, the diffusion parameter has the  dimensions L/T, 

In  confirming t h e i r  

e Bay Ins t i tu te .  This technique i s  described by 

A se r ies  of dye releases i n  the coastalwaters  off Cape Canaveral were made i n  
Marnand again i n  August 1962 (see Figure 5). 

In  the spring ser ies ,  200 pounds of rhodamine B w e r e  released i n  each of three 
areas, i n  shallow water north and south of the shoal and i n  the deeper water off 
shore. The dis t r ibut ion of the dye w a s  measured w i t h  f i ve  self-balancing 
fluorometers. 
of the peak concentration. 
found t o  be proportional t o  the minus th i rd  power of t i m e .  
conformed most closely t o  t h i s  r a t e  while the second experiment showed a more 
rapid decrese and the th i rd  a l e s s  rapid decrease. 
ulated that the nearness t o  shore caused these differences. 
second experiment was qui te  close t o  the shore and shoal, so t h a t  extensive 
shear of the t r ace r  patch occurred and the  dis t r ibut ion was strongly e l l i p t i ca l .  
The resu l t s  of the spring experiments can be summarized i n  t e r n  of an ave 
r a t e  of decreaseof peak concentration as indicated by the following table.  

The resu l t s  may be considered i n  terms of the r a t e  of decrease 
The average rate of peak concentration decrease w a s  

The first experiment 

It was tentat ively post- 
In  par t icu lar  the 

w 
Ratio of peak concentration t o  mount introduced vs t i m e  

(Hours ) 

1 
10 
24 
48 
100 

c/m (~ounds/m3 per  pound 
released) 

5.42 
5.42 10-7 
3.93 x 10-8 
4.93 x 10-po 
5.42 x 10" 

Studies of transport  i n  the waters off Cape Canaveral - those with a higher 
s t a t i s t i c a l  probabili ty of introduction due t o  a malflmction during the ear ly  
launch period - a re  a l so  being made. 
range of current ve loc i t ies  t ha t  may be expected, t h e i r  ve r t i ca l  prof i le ,  the 
direct ion of motion, and correlated with surface wind observations. 

Measurements a re  being made of the 

Transponding buoys, designed t o  respond t o  a par t icu lar  radio signal, each 
supporting a cargoparm.hute 28' i n  diameter a t  cer ta in  depths below the surface 
were employed t o  determine the speed of the non-tidal d r i f t .  
obtain a good "grip" on the water, and i n  every instance of recovery were open 
t o  the extent t h a t  they had t o  be cut loose rather  than recovered. 

The parachutes 

The tech- 
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nique employed was t o  set buoy and parachute adrift and attempt t o  locate it a t  
l ea s t  once each day. 
dye experiments and great ly  aided i n  locating the area i n  which to sample the 
dye concentration. 
Depth of parachute appeared t o  have no par t icular  significance, i. e., the whole 
water column t o  the depth t o  which parachutes were used, normally not deeper 
than 2/3 the  depth, appeared t o  move uniformly. 
water, followed the wind at about 1/20 the  wind speed w i t h  the exception of the 
offshore s ta t ions,  i.e., east  of 8O0l5' where influenc 
f e l t  and the drift w a s  northerly i n  sp i t e  of the wind. 
The s t re tch  of water from the shoreline out t o  the Blake  Escarpment approxi- 
mately 220 miles off shore and dorm t o  the bottom are  being studied. 
motion studies a re  a l so  being considered fo r  the presently conceived RIFT 
(Reactor-in-flight t e s t )  impact area and a third group of studies may be under- 
taken f o r  the damrange areas depending on the  operational plans f o r  the 
vehicle . 

I n  some instances these experiments coincided with the 

Results of these experiments a re  plot ted i n  Figure 6. 

The buoys, and apparently the 

the Gulf Stream was P18P 

Physical 

An assessment of the possible e f fec ts  on man through the  food web mechanism i s  
underway. The first s tep here i s  t o  make an accurate census - . t o  determine a l l  
the  species existent from the elemental forms l i k e  phytoplankton t o  the more 
complex forms l i k e  edible fishes. This w i l l  be follawed and supplemented by 
uptake studies where necessary on the  important organisms i n  the food chain. 
When completed we hope t o  be able t o  predetermine where i n  the chain radio- 
act ive materials may be found and the concentrations expected. 

Concentration Guides f o r  Sea. Water 

The National Academy of Sciences has established concentratio 
mum permissible concentrations of radioisotopes i n  sea water. WW These d i f f e r  
from maximum permissible concentrations i n  f resh water on two counts - one, 
they consider t ha t  the ac t iv i ty  may be returned t o  man d i rec t ly  via marine 
p lan ts  and animala and two, that sea water, unlike fresh water i s  a solution 
of almost all the  elements. 
can reconcentrate introduced radioelements; the second factor  because isotopic 
d i lu t ion  can reduce possible e f fec ts  of act ivi ty .  In considering a par t icular  
isotope one must consider whether the  hazard i s  t o  the gastro in t e s t ina l  t r a c t  
as food passed through the body o r  t o  a par t icu lar  organ w h i c h  accumulates the 
isotope. 
of isotope per  unit volume of marine food i s  controll ing and f o r  the c r i t i c a l  
organ group the specif ic  ac t iv i ty  ( the r a t i o  of the radioactive t o  the non- 
radioactive element i n  the marine environment) i s  limiting. 
the permissible specif ic  ac t iv i ty  i n  sea water ( for  c r i t i c a l  organs) i s  

des o r  maxi- 

The first factor  i s  important because marine biota  

For the group of isotopes that af fec t  the GI-tract, the  concentration 

Mathematically, 

I = Irb Ine (1 + K )  where - 
E5 B. 

I rb  = maxim permissible concentration of the isotope in the  c r i t i c a l  organ. 

Inb = concentration of the element i n  the organ 

Ine = concentration of the element i n  sea water 

K = decay factor  = O-69 
?TI72 (half l i f e )  

B = biological factor  = 0.69 - 
Tb 1/2 (biological half  l i f e )  
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and the permissible specif ic  ac t iv i ty  i n  sea water based on G I  t r a c t  
consideration i s  

I = 10 where 
G I  F 

(MFC)w = the  m a x i m u m  permissible drinking water concentrations 

F = the  concentration factor  i n  marine organisms. 

Table I shows the re la t ive  differences i n  the various permissible 
concentrations. 

Isotope 

P32 

s35 
45 

51 

55 

59 

60 

65 

C a  

C r  

Fe 

Fe 

co 

zn 
Sr 90 

a 9 5  

m106 
$31 

cs137 
144 Ce 

TABLE I 

Comparison of Permissible Sea Water Conc n t  a t ions ell7 With MFC Values f o r  Drinking Water 

MFC f o r  
Drinking Water 

uc/ml 

2 10-5 

6 x 

g x 10-6 

2 10-3 

8 x 

6 x 

5 10-5 

1 

1 10-7 

1 

1 10-5 

2 x 10-6 

2 10-5 

1 10-5 

Permissible Sea Water Concent ions 
Specific Activity G I  Tract 
02 Cr i t i ca l  Organ Considerat ion 

uc/ml uc/rnl 

1.2 10-4 

-- 

Using permissible sea water concentrations of isotopes such as developed by 
the NAS-NRC f o r  guides and having determined the manner i n  which the  a c t i v i t i e s  
a re  expected t o  behave when introduced i n  the water environment, we w i l l  then 
be i n  posit ion t o  evaluate the possible e f fec ts  on man. This evaluation w i l l  
generally follow the course i l l u s t r a t ed  schematically i n  Figure 7. 

c 
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Lithosphere 

The lithosphere problems appear t o  be of secondary nature at  t h i s  time i n  
considering the time-space dis t r ibut ions of ac t iv i ty  and the possible rates of 
return t o  man because the ac t iv i t i e s  a re  postulated t o  be e i the r  so l id  o r  air- 
borne and t h e i r  means of en t ry ' t o  ground waters involve a dissolution step. 

Nevertheless, a study i s  being undertaken t o  describe the near surface pound 
water system i n  order t o  detellnine the extent t o  which water supplies may be 
affected by an accident over Land. This w i l l  take in to  account geologic, 
mineralogic, and chemical data as these bear on underground transport  of 
act ivi ty .  These studies w i l l  also provide a basis f o r  decontamination o r  
other applied safety measures i n  the event of an accident. 
of loca l  deposition are being examined as well, especially with regard t o  the 
contamination of vegetation which enters i n to  a food chain. 

The possible e f fec ts  

A t  t h i s  stage of development, although there  appears t o  be an overbearing 
poten t ia l  of radioact ivi ty  inherent i n  the nuclear rocket flight system, pre- 
liminary examination of the  source tern and an understanding of the e f fec ts  
exerted by the various environments on i t s  dis t r ibut ion,  indicate that under 
appropriate control, nuclear propulsion systems can be radiologically tolerated. 
Accurate quantitative infoxmation on the  possible release mechanisms, the 
actual  materials themselves - t h e i r  chemistry and physics and the possible move- 
ment of these materials through the environments must be collected and evaluated 
i n  order t o  develop ra t iona l  safety controls. 

An i n tu i t i ve  feel ing f o r  the possible f a t e  and ef fec ts  of released a c t i v i t i e s  
i s  sham i n  Figure 8. 
of ac t iv i ty  following releases indicates t ha t  the atmospheric route t o  man is  
the most direct .  
d i r ec t  also ac t  t o  d i lu t e  and disperse it most readily. 
gations a re  aimed at  quantitatively defining the time-space dis t r ibut ion of 
radioactivity,  depending on the  source term. 

Preliminary information on the time-space dis t r ibut ions 

On the fortuitous side the very mechanisms wkich make it most 
Meteorologicalinvesti- 

Preliminary studies of hypothesized radioactive introductions in to  the hydro- 
logic  environment indicate that the potent ia l  exposure problems are probably 
not as severe as i n  the atmospheric environment. 
contaminated and l i k e  the atmosphere the physical forces on the  water would 
tend t o  disperse the  contaminant. 
transposed t o  a biological or  geochemical. phase, there  i s  a tendency t o  r e s t r i c t  
freedom of movement. 
than the atmospheric problems. 

A loca l  area would be 

But because the radioactive elements can be 

As a consequence, hydrologic problems a re  more enduring 

The t e r r e s t r i a l  problems appear t o  be the  least s ignif icant  a t  present. 
would be mostly loca l  and essent ia l ly  d ie  out a t  the rate decay of the act ivi ty .  
However, an important consideration of the radioactive deposition on vegetation 
which may be reconcentrated i n  the fo0a chain. 

They 

All the environments require f'urther study i n  order t o  be convincingly 
quantitative about fate and effects.  
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Figure 2 Relat ive  deposit ion of t r a c e r  mater ia l  par t i t ioned  equally i n  t h e  
s t ra tosphere  of each hemisphere. 
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Figure 5 Rhodamine B dye released on lee s ide  of ship. 
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REVIEW O F  PLUTO REACTOR TEST FACILITY DEVELOPMENT - -. --I--.--_ 

W i l l i a m  C. Mil ler  
Lawrence Radiation Labora tory ,  University of California 

Liver  m o r  e ,  Calif o r  nia 

This  s u m m a r y  of the Pluto T e s t  facil i ty development was  p r e p a r e d  f o r  

The sub- 
those who a r e  present ly  involved in facil i ty engineering work ,  and  f o r  those 
who in the fu ture  will be using and designing Pluto-type faci l i t ies .  
j e c t  m a t e r i a l  c o v e r s :  

' 

History and descr ipt ion of the facil i ty 
Design r e q u i r e m e n t s  
Proposed  s y s t e m  des igns  
T y pic a 1 b 1 ow down ope rat ion 

HISTORY AND DESCRIPTION 

The h is tory  of the Pluto t e s t  s i te  had i t s  beginning when the Laboratory 
w a s  planning f o r  the tes t ing of Tory  I, a Rover- type r e a c t o r .  
se lec ted ,  construct ion budgets w e r e  p r e p a r e d ,  and operat ional  s c h e m e s  w e r e  
devised. During the final design s tage the L a b o r a t o r y ' s  ass ignment  w a s  
changed - f r o m  developing a Rover- type r e a c t o r  to  developing a Pluto-type 
r e a c t o r .  The designs and  operat ing s c h e m e s  w e r e  changed accordingly,  and 
construct ion w a s  s ta r ted  in 1958. 
of construct ion which have added ut i l i t ies  and s t r u c t u r e s  but principally m o r e  
air  capacity.  

The s i t e  c o v e r s  4 s q u a r e  m i l e s  in a n  area known a s  J a c k a s s  F l a t s .  It 
is located 28 miles northwest  of M e r c u r y ,  in the Nevada T e s t  Site. 

F o r  operat ing r e a s o n s  the  s i te  w a s  divided into three  functional a r e a s :  
control ,  t e s t ,  and d isassembly  (see Fig.  1) The control  area is the 
center  for  t h e  adminis t ra t ive ,  operat ional ,  and  all other  nonhazardous func- 
t ions.  It cons is t s  of a complex of buildings which support  the tes t ing ac t iv i t ies ,  
the prominent  one being the control  building, which is the t e r m i n u s  for  all 
facil i ty and  t e s t  i t em data  t r a n s m i s s i o n  and  control  functions.  

It houses  the equipment requi red  to  f u r n i s h  control led heated air t o  the t e s t  
r e a c t o r .  

a s s e m b l e ,  d i s a s s e m b l e ,  and  ad jus t  Pluto-type r e a c t o r s .  

The s i te  w a s  

Since that t i m e  t h e r e  have been four  phases  

The test a r e a  bunker s e r v e s  a s  ground z e r o  for the tes t ing operat ions.  

The d isassembly  area includes s t r u c t u r e s  and equipment n e c e s s a r y  to  

DES IG N REQUIREMENT S 

T o r y  11-A and  T o r y  11-C in the des ign  requi rement  l i s t  below a r e  two 
r e a c t o r s  which w e r e  to  b e  tes ted  in series.  
the Tory  11-A f i r s t ,  then i t  w a s  modified t o  sui t  the T o r y  11-C requi rements .  

The  facil i ty w a s  designed t o  tes t  

1. Budget - Construct ion sha l l  b e  completed without exceeding the 
authorized budget: 

$ 18.0 mill ion 

Tory  11-A ( P h a s e  1 )  $ 1 . 2  mill ion} ,=8.7 million 

9 .3  mil l ion Tory 11-C ( P h a s e  3 )  
( P h a s e  2 )  7 .5  mill ion 

1.3 mil l ion 
( P h a s e  4 )  8.0 mil l ion 1 
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$2. 

::: 3 . 

::: 4 . 

5. 

6 .  

::: 7 . 

8. 

::: 9 . 
10. 

Safety - Design facil i ty t o  provide m i n i m u m  h a z a r d  t o  public, opera-  
ting personnel ,  and  the t e s t  r e a c t o r .  The design r u l e  sha l l  b e  t o  use  
equipment and techniques with proven rel iabi l i ty .  
Ai r  Supply - Provide  a i r  s torage  a t  3000 to  4000 psi :  
Tory  11-A, 120,000 pounds; 
Tory 11-C, 1,200,000 pounds. 
Ai r  Heater  - Provide  heat  s o u r c e  capable of delivering: 
Tory  11-A, 900 p p s @  1050°F for  90 seconds plus r a m p s ;  
Tory 11-C, 2000 pps @ 1050°F f o r  300 seconds plus r a m p s .  
Air  Control  - Design air control  s y s t e m  which will  have manual ,  
manual  s e r v o ,  and fully au tomat ic  capabili ty.  Provide  6 0 -  second 
r a m p s  on flow profile.  
control  t o  *270 on ac tua l  flow. 
Cooling Water - Provide  nozzle and re f lec tor  cooling for  t h e  Tory  
11-A r e a c t o r  only. 
Reactor  T r a n s p o r t  - Provide method of t ranspor t ing ,  connecting, 
and  disconnecting a r e a c t o r  by r e m o t e  control  methods.  
Disassembly  - Provide building and  equipment capable of assembl ing  
and  d isassembl ing  the  T o r y  11-A and Tory  11-C r e a c t o r s .  
E lec t r ic  Power  - Provide e lec t r ic  power s y s t e m  in which undes i rab le  
t r a n s i e n t s  a r e  not t r a n s m i t t e d  t o  the  r e a c t o r  control  and  data sys tem.  
Operations - Consider  the long prenuclear  per iods  of activity as  wel l  
as  the br ie f  nuclear  tes t ing per iods  when designing to  the  above nine 
requirements. 

Control t o  *570 on p r e p r o g r a m m e d  profile;  

Some of the i t e m s  in the general ized requi rement  list above have been 

The  following d e s c r i b e s  
reviewed and  presented  in other  p a p e r s  ( s e e  r e f e r e n c e s ) .  
d i s c u s s  only those i t e m s  m a r k e d  with a n  a s t e r i s k .  
the s y s t e m  designs that w e r e  proposed as  satisfying the  r e q u i r e m e n t s .  

This  paper  will  

PROPOSED SYSTEM DESIGNS 

Safety (Ra d ia t i o n ) 

safety had t o  b e  devised.  The  three-funct ional-area s y s t e m  w a s  selected.  
The d is tance  between control  and t e s t  a r e a s  (8200 fee t )  w a s  calculated on 
radiat ion leve ls  ant ic ipated durin 
duce the  radiat ion level  t o  10 mr 7 hr  a t  the control  building. The dis tance 
between control  a n d  d isassembly  ( 3 6 0 0  fee t )  w a s  calculated on the b a s i s  of y 
attenuation in a i r  i f  a r e a c t o r  w e r e  parked outside the d isassembly  building 
for a n  indefinite per iod.  

Because  personnel  m u s t  enter  the t e s t  bunker when a r e a c t o r  is in  i t s  
t e s t  posit ion,  i t  w a s  decided t o  c r e a t e  a "no m a n ' s  land" on the  s u r f a c e ,  
a round t h e  t e s t  .zero point. 
subsequent experimentat ion reduced th i s  rad ius  to 500 feet .  
a c c e s s  tunnel r u n s  f r o m  the p e r i m e t e r  of the c i r c l e  t o  t h e  bunker .  
w a s  establ ished that nothing w a s  t o  b e  designed that would r e q u i r e  f requent  
maintenance unless  i t  w a s  outside the "no m a n ' s  land"  c i r c l e  o r  placed in the 
bunker .  

Ai r  Supply 

T h r e e  s y s t e m s  w e r e  evaluated: manifolded pipe,  l a r g e  p r e s s u r e  vessels.  
and  underground. 

Large  p r e s s u r e  v e s s e l s  and underground w e r e  eliminated by the r e -  
quir  ement  for  proven rel iabi l i ty .  The manifolded pipe w a s  selected because  
of i t s  long h is tory  of p r e s s u r e  and shock rel iabi l i ty  in the oilwell industry.  
The a i r  s torage  s y s t e m  f o r  Tory 11-A cons is t s  of 18,000 feet  of 9-inch, N-80 
oilwell cas ing  which holds 120,000 pounds a t  3600  psi .  The s torage  s y s t e m  
for  the T o r y  11-C c o n s i s t s  of the above, plus  112,000 feet  of 10-inch, P-110 
casing.  

Before the  mechanical  s y s t e m s  could b e  designed a plan for  personnel  

n o r m a l  high power tes t ing which would r e -  

T h e  rad ius  w a s  calculated t o  be 1000 f e e t ,  but 

A r u l e  
An ear th-sh ie lded  

The total  s t o r a g e  is now 1,200,000 pounds at 3600  ps i .  
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Air  Heater  

Two s y s t e m s  w e r e  proposed which could provide heated a i r :  “v i t ia ted“  
and heat  sink. 
appeared  a t t rac t ive  in c o s t ,  but i t  presented potential  hazards  of explosion 
and t h e r m a l  shock. 
consis ted of 200 ,000  pounds of 7/8- inch-diameter  r o d s  fixed in a c r o s s - r o d  
m a t r i x .  The 
T o r y  11-C s y s t e m  is of the pebble-bed type,  and h a s  four v e s s e l s  containing 
2 mil l ion pounds of 1- inch-diameter  s ta in less  s tee l  ba l l s .  
o i l - f i red  furnace  in a d i r e c t  open-loop c i rcu i t .  

The “v i t ia ted”  s y s t e m ,  which b u r n s  propane in the  a i r  s t r e a m ,  

The heat  sink sys tem w a s  selected,  and for  Tory  11-A it 

It w a s  heated by a furnace  in a n  indirect  c losed-loop c i rcu i t .  

It i s  heated by a n  

Reac tor  T r a n s p o r t  

t e m s ,  the r a i l r o a d  w a s  selected.  Subsequently, the  ba t te ry  locomotive,  die-  
s e l - e l e c t r i c ,  and  e l e c t r i c  t rol ley w e r e  evaluated. 
w a s  chosen. The decision w a s  based  on rel iabi l i ty ,  c o s t ,  smoothness  of op- 
e ra t ion ,  and the fact  that no maintenance would be requi red  in the t e s t  a r e a .  
The locomotive selected weighs 17 tons ,  h a s  rad io  and manual  cont ro ls ,  and  
h a s  a 1000-ampere-hour  ba t te ry  which can d r i v e  the  locomotive 8 m i l e s  before  
r e c ha r ging . 

After  a brief study comparing monora i l ,  cable  c a r ,  and  r a i l r o a d  s y s -  

The  ba t te ry  locomotive 

E l e c t r i c  Power 

The s y s t e m s  proposed h e r e  w e r e  designed around methods which would 
prevent  power l ine t r a n s i e n t s  f r o m  affecting the reac tor  control  and i n s t r u -  
mentat ion s y s t e m .  The Tory  11-A sys tem had a 69-kV high l ine for  genera l  
utility plus t h r e e  125-kVA g e n e r a t o r s  for running r e a c t o r - a s s o c i a t e d  equip- 
ment .  

Because  of synchronization problems between the MG se t  and  the gen- 
e r a t o r s ,  the s y s t e m  w a s  redesigned for  T o r y  IT-C. This  s y s t e m  has t h r e e  
b a s i c  c i rcu i t s :  c o m m e r c i a l  power for  i t ems  not c r i t i c a l  to l ine fluctuations,  
utility power f r o m  the t h r e e  g e n e r a t o r s  for  i t e m s  that m u s t  opera te  during 
r e a c t o r  tes t ing ,  and  ins t rument  power f r o m  two g e n e r a t o r s  supplying a dc 
sys tem f o r  r e a c t o r  control  and  data s y s t e m s .  

Control  power w a s  taken f r o m  a 50-kVA iMG se t .  

TYPICAL BLOWDOWN 
The facil i ty operat ions that a r e  r e q u i r e d  to  p e r f o r m  a typical nuclear  . -  

blowdown te.st a re  bes t  descr ibed in chronological o rder .  
which t e s t  air p a s s e s  through the r e a c t o r .  

X is the t i m e  i 

X - 100 hours :  
X - 80 hours:  

X - 55 h o u r s  

X - 40 hours :  
X - 24 hours :  
X - 2 hours :  
X - 1 hour:  

X - 45 minutes :  
X - 10 minutes :  
X - 8 minutes:  
X - 30 seconds: 
X - 0 second: 
X t 90 seconds:  
X + 120 seconds:  
X t 540 seconds:  
X t 560 seconds:  
X t 1000 seconds:  

C o m p r e s s o r s  s t a r t e d ,  will r u n  until X - 2 hours .  
Check out facil i ty instrumentat ion;  i. e . ,  ca l ibra te  a l l  
p r e s s u r e  and t e m p e r a t u r e  s e n s o r s .  
Check out all facil i ty equipment that m u s t  opera te  dur  
t e s t  run.  
S ta r t  hot air  f u r n a c e ,  will r u n  until X - 2 h o u r s .  
P r e r u n  meet ing ,  d i s c u s s  schedule and  t e s t  r u n  plan.  
Manually check posit ion of all valves .  
Unlock master block valve,  c l e a r  bunker a r e a  of all p e r -  
sonnel.  
A s s e m b l e  operat ing c rew.  
S tar t  low p r e s s u r e  blowers .  
Es tab l i sh  inlet t e m p e r a t u r e  on blower air .  
Valve out blower air. 
S tar t  t e s t  air through r e a c t o r .  
S ta r t  nozzle cooling a i r  flow. 
S tar t  automatic  air flow p r o g r a m .  
Automatic flow p r o g r a m  complete ,  switch t o  manual .  
Reduce inlet  t e m p e r a t u r e .  
Stop nozzle cooling flow. 
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1 
X t 1500 seconds: Switch f r o m  t e s t  air t o  blower air .  
X t 2500 seconds:  
X t 2 hours :  

S e c u r e  all s y s t e m s .  
Conduct facil i ty radiat ion survey.  

After  24 hours  the r e a c t o r  can b e  moved f r o m  the t e s t  bunker  t o  the 
d isassembly  building. 
uled t e s t .  

Now t h e  facil i ty can b e  m a d e  ready  for  the  next sched-  
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CONVECTIVE HEAT TRANSFER AND WALL FRICTION 
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by P.M. Magee, D.M. McEligot, M.E. Davenport , and G. Leppert 

Department of Mechanical Engineering, Stanford University 

Local heat transfer coefficients and friction factors for turbulen 

flow of air, nitrogen and helium have been obtained in 1/8-inch diameter 

smooth tubes. 

followed by heated lengths of approximately 20 inches. 

accuracy of the measurements, the same correlations can be used for 

all three gases. 

Unheated starting lengths of 1.5 to 3 inches were 

Within the 

Entering Reynolds numbers in various runs range from 13,500 

to more than 200,000, the highest flow rates being accompanied by 

choking at the tube exit. 

test section where friction factors and heat transfer coefficients were 

measured vary from 0.02 to more than 0.4. 

temperatures range from 160 to 1890 F, wall-to-bulk temperature 

ratios to 2.45, and heat fluxes to 259,000 Btu/(hr)( sq f t ) ,  while the 

gas pressure ranges from a few atmospheres to about twenty. 

\ 

Calculated Mach numbers in the region of the ; 

Maximum tube wall 
0 

The primary measurements made in this program include tube 

wall temperature and static pressure at various stations along the 

heated length; gas inlet and outlet temperatures and pressures; and 

electrical power input to the tube. Consequently, the local heat 

transfer and friction coefficients depend on calculated local bulk 

temperatures obtained from energy balances. 

section was calibrated for radial and axial heat loss, with the result 

that over-all energy balances show agreement to a few per cent between 

calculated and measured gas exit temperature. 

However, each test 

*< Present address: Department of Mechanical Engineering, 
Texas Technological College, Lubbock, Texas. 
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Figure 1 shows the experimental heat transfer data for air  

correlated by the relation 

.in which all properties a re  evaluated at bulk temperature. 

includes temperature data at values of x/D from 2.6 to 100. 

be noted that a s  the heat f l u x  i s  increased the p.oints in the entrance 

region (x/D< 30) a r e  at f irst  overcorrected, then later undercorrected, 

by the combination of the temperature ratio and axial distance parameters.  

The equation i s  most effective when the heat flux parameter,  q , equals 

0.002. 

The plot 

It should 

t 

Many experimental investigators [4,5,6,7] have used a so-called 

film temperature, midway between the wall and the bulk temperature, 

to correlate average heat transfer data at  high temperature ratios, and 
r: Deissler, as  the result of a variable properties analysis [ 3 ] ,  suggested 

that a 0 .4  reference temperature, T = T t 0 . 4  (T - T ),  be used for  

correlating local heat transfer data. 

the formulation of equation 1, the data obtained in the present investigation 

can be correlated, as  in Figure 2, by 

r b w b  
While the present authors prefer 

%u,f = 0*019 %e,f.,rn 0 .8  sr,;04 + ( ~ ) - o J I  ( 2 )  

where fluid properties a r e  evaluated at  film temperature, T = T to. 5(T -Tb). 

The modified film Reynolds number i s  defined, following Humble et al .  
f b  W 

With equation 2,  a s  with the previous equation, the data in the entrance 

region a r e  not a s  well correlated a s  those downstream. 

F o r  comparison with earlier investigations the average heat 

transfer parameters have also been calculated following the definitions 
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of Humble et al. [6J. Although film properties a r e  usually used for 

such correlations, the relationship shown in Figure 3 i s  in agreement 

with the trends reported in reference 6 .  

data for a i r  a r e  correlated by 

The average heat transfer 

0 .8  0.4 p, av)o. 

b, av %e, av %r, av = 0.021 %u, av ( 3 )  

for long tubes (L/D > 60) at Reynolds numbers exceeding 25,000. 

As shown in Figure 4, local friction factors in the downstream 

region follow the Karman-Nikuradse relation, 
1 - 

d4f = 2log  (s d / )  -0 .8  10 e (4) 

when based on fluid properties evaluated at the bulk temperature. 

Increasing the heat flux appears to cause a slight reduction in the 

friction factor. 

a r e  higher, and this trend becomes more pronounced at  lower values of 

the Reynolds number and higher values of the heat flux parameter,  q . 

In the thermal entry region, local friction factors 

t 

The film temperature concept did not provide a useful correlation 

of the local friction factor data. 

friction factors have been published, average values for  high temperature 

gas flow have been reported[1,6,7]. The present results,  when 

averaged over the heated length, a r e  in good agreement with these 

reference s . 

Although no comparable data on local 
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Nomencla'tur e 

f 
1 2  

Fanning friction factor ,  rW/ 2p V 

H. 
1 

%U 

Inlet stagnation enthalpy 

Nus selt  number ,  hD/k 

Prandt l  number ,  p c  /k 

Reynolds number,  GD/p 

%r P 

%e 

t 
9 

X - 
D 

Heat flux parameter  [2], @'/GHi 

Di stance parameter  

Subscripts: 

f evaluated a t  film tempera ture  

i evaluated at inlet t empera ture  

W evaluated at wall t empera ture  

The lack of a subscr ipt  on a non-dimensional parameter  
indicates that propert ies  a r e  evaluated at bulk temperature .  
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Fig. 1 Local heat t ransfer  resul ts  for a i r  based'on bulk properties.  
t Symbol Heat Flux P a r a m e t e r ,  q 

0 < 0.0005 
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Local heat t ransfer  resu l t s  for a i r  based on film 

propert ies .  Symbols as  in f igu re  1. 
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ON THE HYDRODYNAMICS OF A COAXIAL FLOW GASEOUS REACTOR 

By Robert G. Ragsdale and Herbert Weinstein 
- .c -. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio 

Introduction 

The concept of a coaxial flow gaseous reactor is presented in reference 1, 
and will be but briefly described here. The containment criterion, common to all 
gaseous reactor schemes, is met by introducing a slow moving stream of fission- 
able gas into a surrounding, fast moving stream of hydrogen propellant. 
hydrodynamic analysis of such a system must include both mass and momentum in- 
terchange between the two streams, and is additionally complicated by heat trans- 
fer and criticality considerations. The approach here has been to first restrict 
attention to an isothermal, laminar coaxial flow system.' 
has been extended in this paper to include turbulence by introducing an eddy 
diffusivity into the laminar equations. 

The 

This basic analysis 

Experimental measurements have been made on an air-bromine coaxial flow 
system. 
axial position are compared with the analysis for both laminar and turbulent 
flow of the outer (air) stream. 
damental diffusion and momentum transfer analysis. Though the additional com- 
plexities associated with flow instability and nuclear heat generation are as 
yet unexplored, the results presented here provide necessary information about 
the basic mixing process in a coaxial flow gaseous reactor. 

Measured values of the variation of inner stream (bromine) density with 

The purpose of this study is to verify the fun- 

Analys is 

The assumptions and restrictions made in deriving the equation set for the 
model shown in figure 1 are: 
constant temperature and pressure, (2)  axial symmetry exists, (3) the fluids mix 
ideally, and (4) the usual boundary layer assumptions apply. 

(1) the entire flow field is at steady state and 

The equation set consists of the continuity equation with the steady state 
and axial symmetry assumptions; the momentum equation, which is the axial com- 
ponent Navier-Stokes equation including the body force term, with the boundary 
layer, steady state, axial symmetry, constant pressure and constant temperature 
assumptions; and the diffusion equation3 with the axial symmetry and steady state 
assumptions. These three equations are taken through a transformation to an 
axial length-stream function coordinate set. 

82 



The r e s u l t i n g  equations are: 

where 

F = Ini t ia l  inner stream fioude number Local a x i a l  ve loc i ty  
I n i t i a l  inner stream velocity '  

ii= 

- Local mixture v i scos i ty  
u =  Inner stream v i scos i ty  

- Axial dis tance 
I n i t i d  inner stream radius' z =  

Mol. w t .  of inner stream 
P = ~ 0 1 .  wt. of outer stream - 1; 

Radial dis tance 
I n i t i a l  inner stream r a d i u s  

F =  

C = Inner stream mole f r a c t i o n  

- Local binary d i f f .  coe f f .  D =  Inner stream s e l f - d i f f .  coeff.  

I n i t i a l  inner stream I n i t i a l  inner stream 
scljo = Schmidt number = Reynolds number 

$,= stream function 

Because of t he  c y l i n d r i c a l  geometry, t h e  radial dis tance does not drop out 
of the equations as it iqould i n  a two-dimensional system as Pai-  showed, s o  a 
form of the  cont inui ty  equation must be c a r r i e d  along i n  the numerical i n t eg ra -  
t i o n  t o  r e l a t e  'F and $. The form used i s  obtained by assuming again 
%/aF >> a$/& and dropping the  term containing the smaller de r iva t ive  : 

A 

24 

d$' 1 
=[ ii(pc + 1) (3) 

These equations axe in t eg ra t ed  numerically from t he  i n i t i a l  face a t  t h e  nozzle 
entrance downstream t o  a face beyond the  end of t h e  p o t e n t i a l  core. 

The laminar analysis  i s  extended t o  include turbulent  flow by introducing 
eddy d i f f u s i v i t y  f ac to r s  i n t o  the  molecular v i scos i ty  and d i f f u s i v i t y  terms 
i n  t h e  above equations. This i s  done i n  t h e  usual manner: 

f o r  both f l u i d s .  
allowed t o  vary a x i a l l y  from a low i n i t i a l  value up t o  the constant value of the 
( P E / ~ )  i n  t he  outer  stream according t o  t h e  form: 

Tn addi t ion,  t h e  value of (Pc/p) i n  the inner stream i s  

Experiment 

The air-bromine coaxial  f lor .~ t e s t  set-up i s  shosm schematically i n  f igu re  2 .  
Metered air i s  introduced through 2 tube bundle, a n a  flows downward i n  a f i v e  
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inch by five inch Lucite channel. 
air stream two feet downstream from the tube bundle through a one-half inch 
diameter monel tube. The test section was operated at five psia, the vapor 
pressure of bromine at room temperature. 
shown in figure 3. 

A metered bromine stream is injected into the 

A photograph of the test apparatus is 

Radial average bromine concentrations were measured at one-inch intervals 
downstream from the point of injection by a light absorption technique. 
eighth inch diameter collimated light beams were passed through the bromine 
stream, and intercepted by photomultiplier detectors. Concentration was calcu- 
lated from the measured light attenuation from Beer's law. 

One- 

The calculated concentrations at the various axial stations were normalized 
to the value at the injection point, and are thus independent of the absolute 
value of absorption coefficient. This concentration ratio, C*, is plotted as a 
function of the distance from the injection point, T, normalized to the initial 
bromine stream radius. Two flow conditions are reported here; one is for laminar 
flow of both streams, and the other for turbulent. 

Discussion of Results 

Figure 4(a) shows a comparison of the experimental data with the analysis 
for laminar flow. 
air-to-bromine velocity ratio is 4.3. The initial bromine Reynolds nuiiber, 
based on the diameter of the injection tube, is 200. The agreement is satis- 
factory in view of the relatively complex flow mechanism under consideration. 
Two factors are worthy of note here. First, though the Reynolds numbers of both 
the air and bromine streams are within the laminar regime, the discontinuity 
resulting from the finite thickness of the injection tube tended to introduce a 
certain amount of turbulence. Second, the analytical line is a true radial 
average, while the experimental conditions only approximate this, since the 
light beams were of finite diameter. 
cause the data to fall somewhat below the predicted line. The results of both 
the laminar and turbulent analyses include gravitational effects, expressed in 
equation (1) in terms of a Froude number. 

The Reynolds number of the airstream,is 2075, and the initial 

Born of these considerations would tend to 

For laminar flow, the conditions of the experiment are used as input to the 
analysis, and the predicted variation of concentration with axial position is 
obtained. For turbulent flow, the situation is not so well defined. In addition 
to the measurable parameters, one more quantity is required but unavailable. 
That is the value of a turbulence level factor, ( R / p ) .  
this factor is considered constant. In the bromine stream, the turbulence factor 
is allowed to vary from some initial value (zero, if the bromine stream is 
initially laminar) up to the (Pc/p) in the airstream. 

In the outer stream, 

It is possible, however, to estimate this parameter from the Reynolds num- 
ber, based on existing pipe flow data. This was done, and for the turbulent 
case considered here, the (Pc/p) of the airstream was estimated to be from 21 to 
37. For this run, the air Reynolds number was 19,900, and the initial bromine 
Reynolds number was 1900. The initial air-to-bromine velocity ratio was 4.4. 

Figure 4(b) shows the experimental data for these conditions. The predicted 
line for laminar flow is shown for comparison. The analytical line for turbu- 
lent flow was obtained by taking a turbulence factor of 30 for both the air and 
bromine streams. Since this value is within the range expected from pipe flow 
information, the procedure seems justified; though, admittedly, this probably 
masks certain experimental inaccuracies. A more realistic approach would be to 
consider some initially low turbulence level factor in the bromine stream, and 
allow it to increase axially to the airstream value. The point of view here is 
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t h a t ,  f o r  t he  purposes of this paper, it i s  su2"fcient t o  show t h a t  the assump- 
t i o n  of equal turbulence l e v e l s  i n  the  two streams y ie lds  s a t i s f a c t o r y  r e s u l t s .  

Additional data,  over a range of flow conditions, w i l l  be required t o  de- 
termine a r e l a t ionsh ip  between turbulence l e v e l  and Reynolds number f o r  a coaxial  
flow system. The th ree  flow regimes of i n t e r e s t  a r e :  (1) laminar flow of both 
streams, ( 2 )  turbulent  flow of both streams, a d  ( 3 )  laminar flow of the inner 
stream and turbulent  flow of t he  outer  stream. 
experimental da t a  and the  ana lys i s  for both turbulent  flow (with an assumed 
value of 
t a n t  physical  mechanisms f o r  mass and momentum t r ans fe r  a r e  adequately described 
by the  a n a l y t i c a l  expressions. 

The general  agreement of the 

E / p )  and laminar flow cases presented here indicates  t h a t  the impor- 

1. Weinstein, Herbert, and Ragsdale, Robert G.: A Coaxial Flow Reactor - A 
Gaseous Nuclear-Rocket Concept. ARS p rep r in t  1518-60, Dec. 5, 1960. 

2 .  Weinstein, Herbert, and Todd, Ca r ro l l  A.:  A Numerical Solution of t he  Problem 
of Mixing of Laminar Coaxial Streams of Greatly Different Densit ies - 
Isothermal Case. NASA TN D-1534 ( t o  be published).  

3. Bird, R .  B., Stewart, W. E., and Lightfoot, E. C . :  Notes on Transport 
Phenomena. Wiley & Sons, New York, 1958. 

4. Pai,  Shih-I: Fluid Dynamics of J e t s .  Van Nostrand Co. , New York, 1958. 
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Figure 1. - Coaxial f l o w  model. 
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Figure  2 .  - Schematic of air-bromine system. 



Figure 3 Air-bro3ine t e s t  apparatus. 
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RADIANT HEAT TRANSFER TO,ABSORBING, 
GASES WITH F I x l W  AND CONDUCTION - 

By T. H. Einstein 

L e w i s  Research Center 
National Aeronautics a d  Space Administratior! 

Clevelaod, Ohio 

INTRODUCTION 

During t h e  past f i v e  years there  has been a s igni f icant  increase of in- 
t e r e s t  in the  problem of rad ian t  heat  transfer t o  sbsorbing gases. Recent 
a c t i v i t y  i n  t h i s - a r e a  has been motivated by the  advent of heat t ransfer  prob- 
l e m s  a r i s i n g  i n  space vehicle reentry,  MKD energy conversion, and energy t rans-  
port  i n  a gaseous nuclear reac tor .  

Hottel  was one of t h e  e a r l i e s t  workers i n  t h i s  Yield, having invest igated 
rad ian t  heat  t ransfer  -from fbrnace gases as early as 1927. 
workers have recent ly  become a c t i v e  i n  the f i e l d  by obtaining a n a l y t i c a l  solu- 
t i o n s  f o r  heat  t ransfer  and temperature d is t r ibu t ions  (l), (2) ,  (3), Hot te l ' s  
analysis  ( 4 )  of the  heat t r a n s f e r  problen remains probably the most r e a l i s t i c  
s ince it i s  applicable t o  real (nongray) gases and may be applied t o  geometries 
of almost a r b i t r a r y  shape. 

Although other  

There has been very l i t t l e  done so far  in obtaining generalized r e s u l t s  
f o r  rad ia t ion  t o  a flowing gas o r  f o r  combined rad ia t ion  and conduction. 
Adrianov, (3), investigated rad ia t ion  heat  t ransfer  t o  a flowing gas, but some 
of the  assumptions i n  h i s  znalysis render his r e s u l t s  v a l i d  only f o r  the case 
of weak absorbtion i n  t h e  gas. Viskanta, (Z), has presented a ra ther  conplete 
a n a l y t i c a l  treatment of combined rad ia t ion  and conduction between two i n f i n i t e  
p a r a Y e l  p l a t e s  separated by an absorbing gas, but  only a few spec i f ic  r e s u l t s  
were presented. 

It is t h e  purpose of t h i s  invest igat ion t o  expand on the  work done by both 
'- Adrianov and Viskanta which is c i t e d  above. The method used i n  the present 

analysis  is a modification of Hottel ' s  zoning technique (4). 
ta ined f o r  a gray gas i n  a rectangular channel formed by two black, p a r a l l e l  
f l a t  p l a t e s  of f i n i t e  length, and are presented i n  generalized form f o r  the  
case of rad ia t ion  t o  flowing gases and also f o r  combined rad ia t ion  and 
conduct ion. 

Results a r e  ob- 

ANALYSIS 

A two-dimensional a e l y s i s  of rad ia t ion  heat  t ransfer  i s  made f o r  a gray 

A sketch of t h i s  configuration i s  shown 
gas enclosed i n  a rectangular chamel  formed by two black p a r a l l e l  f l a t  p l a t e s  
of f i n i t e  length and i n f i n i t e  width. 
i n  f i g u r e  1. 
the  following two dinension integro-different ia1 equation which represents the 
heat  balance on an inI"initesima1 volume, dV, a t  any point i n  the channel. 
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A rigorous treatment of t h i s  problem requires  the  solut ion of 



dT(Et) 
P a x  

+ 4kaT4(E',) + Gc 

= k  II 
An explanation of t h e  various terms i n  equation (1) is given below 

k absorbtion coef f ic ien t  of the gas 

+ r k ~ T ~ ( $ ~ )  energy emitted per u n i t  volume a t  + +  r = ro 

+ +  
r a t e  of enthalpy increase of the flowing gas a t  r = ro 

A aZTo net  conduction heat  t ransfer  per u n i t  volume 
3 8  

rad ia t ion  absorbed from emission due t o  surrounding gas volume and 
rad ia t ion  absorbed from emission of f l a t  p l a t e  surfaces,  / / / respect ively 

If the  conduction and convection terms a r e  removed i n  equation (l), i t s  solu- 
t i o n  is g r e a t l y  s implif ied since the  equation w i l l  then be l i n e a r  i n  the emis- 
s ive  power aT4. 
the  in tegra ls  can be p a r t i a l l y  evaluated i n  closed form i n  terms of exponential- 
i n t e g r a l  functions,  as was done by Usiskin (1). 

If i n  addition the length o f  the  channel a l s o  becomes i n f i n i t e ,  

I n  the  absence of these simplifying r e s t r i c t i o n s ,  t h e  only f e a s i b l e  way t o  
solve t h i s  problem appears t o  be appl icat ion of a method s imilar  t o  Hottel 's  
where the  two-dimensional integral-diff  e r e n t i a l  equation (1) is approximated by 
a system of algebraic equations. This is done by first dividing the  region be- 
tween the  p l a t e s  up i n t o  a lOXl0 ar ray  of rectangular zones, 100 zones i n  a l l .  
The gas temperature var ia t ion  within each of these zones may be approximated 
by a two-dimensional l i n e a r  function. Heat balance equations i n  the  form of 
equations i n  the  form of equation (1) are now wr i t ten  f o r  in f in i tes imal  volume 
elements located a t  the center  of each of 100 zones. The i n t e g r a l  on the  r i g h t  
of equation (1) is approximated by a f i n i t e  summation over a l l  the  zones and 
surfaces.  The der ivat ives  a r e  replaced by numerical approximations obtained 
from f i t t i n g  a paraboloid through the  temperatures of the zone i n  question and 
those of i t s  adjacent neighbors i n  both direct ions.  Each of the 100 zones is 
1abeled.by a dual subscr ipt  ( i , j ) ,  i is the  posi t ion along the length of t h e  
channel and j represents the  posi t ion i n  t h e  transverse direct ion.  The re- 
s u l t i n g  system of nonlinear algebraic equations, which is given below, a re  then 
solved f o r  the 100 values of 
zones, f o r  a given set  of boundary conditions ( p l a t e  and end temperatures). 

Tijr the  gas temperatures a t  the  center of the  
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The conditions of the two ends of the chamel  are  represented by assuming that 
the ends a re  porous black plugs having the sane temperature as the effective 
gas temperature a t  the ends. The equations t o  be solved are  thus: 

10 

m, n=l 

10 

+ k >, uT:(m,n)g(?(m,n) - T(i ,  j ) ) b  i=l, 10; j=1,10 (2) 
m, n=l  

The pr incipal  difference between the present approach and t h a t  of Hottel 's is 
tha t  here the heat balance is taken on an infinitesimal volume of the center of 
the zone, rather than on the en t i re  zone. This approach resu l t s  i n  a large re- 
duction in  the e f fo r t  required to  compute the "exchange factors" 
Since the system of 100 equations ( 2 )  is generally nonlinear due t o  the presence 
of convection and conduction terms, it was solved using the Newton-Raphson 
i t e r a t ive  method fo r  nonlinear algebraic equations. 
verges and the correct solution is obtained a f t e r  only a few i te ra t ions .  

f(;) and g(;). 

T h i s  method rapidly con- 

RESULTS AND DISCUSSION 

The system of equations described by equation ( 2 )  'was solved on an IEM 7090 
computer fo r  a gray gas of constant absorptivity enclosed in  a black walled rec- 
tangular channel of aspect ra t io ,  L/D, of ten and fo r  a range of op t ica l  thick- 
ness T ~ ,  (0.1 - < T~ 5 6 ) ,  T = M>, where k is the gas absorptivity and D is 
the p la te  spacing. Cases were run for  e i ther  combined convection and radiation 
o r  combined conduction and radiation, f o r  a wide range of gas fJow r a t e s  and 
thermal conductivities. The w a l l s  of the channel were considered t o  be a t  con- 
s t an t  temperatures. To establish a reference several  cases were run for radia- 
t ion  only, without flow or  conduction. 

Figure 2 i l l u s t r a t e s  the heat t ransfer  between the two plates fo r  the case 
of a stagnant nonconducting gas. 
the emissive power, 0T4, the heat t ransfer  results may be normalized by dividing 
by the difference i n  the emissive powers of the two plates .  
i n  figure 2 compare fevorably with those obtained by Usiskin, (l), for  i n f in i t e  
pa ra l l e l  f l a t  plates .  
t o  the f i n i t e  length of the chamel.  

Since in t h i s  case equation (1) is l inear  i n  

The resu l t s  given 

The agreement i s  not perfect  because of end effects  due 

In order t o  discuss the e f fec t  of conduction on radiation in  a stagnant gas 
it is desirable t o  present the r e su l t s  i n  some type of nondhensional parametric 
form t o  obtain complete generali ty.  
dividing through by koT$ where T+ is the temperature of the hot ter  plate .  
It can a l so  be shown that the integrals  on the r ight ,  fo r  a given,temDerature 
f i e l d ,  are  a function only of T ~ ,  m-d the channel aspect r a t i o  L/D. On the 
basis of the above observations it can be shown tha t  the solution of equation (1) 
is a unique function of the boundary conditions ( r a t i o  of cold plate  and end 

Equation (1) may be.nondimensionalized by 
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temperatures to T*), and of the following set of dimensionless parameters 

For the sake of brevity the parameter A / D  
OTj5 

will be designated 

NCR. 
transverse temperature profile for the cases of both weak gas radiation 
( T ~  = 0 . 2 ) ,  and a relatively opaque gas ( T ~  = 3.0). 
ture gradient and therefore the heat conduction at the cold wall were substan- 
tially higher than those for pure conduction (linear temperature profile). At 
the hot wall the temperature gradient may be either greater or less than that 
for pure conduction, depending upon the value of NCR and the opacity of the 
gas. 

Figure 3 shows the effect of combined conduction and radiation on the 

In both cases, the tempera- 

Another effect of combined radiation and conduction is that the total heat 
transferred is greater than the sum of the heat transfer for radiation and con- 
duction, taken separately. This effect is shown in figure 4 where the ratio of 
combined heat transfer to the sum of both components taken separately is plotted 
versus T~ for various values of NCR. This augmentation is due to interaction 
between radiation and conduction resulting from the nonlinear nature of the com- 
bined process. There is no augmentation for the case T~ = 0 since the gas 
is then not, involved in the radiation transfer process, and the energy transport 
by conduction and that by radiation are independent. 
the  rad ia t ion  t ransport  becomes similar to a diffusion process (Rosseland ap- 
proximation) and again the interaction with conduction diminishes. 

For large values of T ~ ,  

For the discussion of the effect of gas flow on radiation without conduc- 
tion it is again desirable to present the results in the form of dimensionless 
parameters. In the discussion to follow both plates are at the same, constant 
temperature T* and the gas enters the channel from one end through the black 
porous plug at a temperature 
L, as shown in figure 1. 
stant. In a manner similar to that described earlier, the solution to equa- 
tion (1) is a function of the dimensionless inlet temperature (T%/T*) and the 

Ti. 
The results to be given are for slug flow, G 

The gas flow is in the direction of length 
is con- 

- 

following set of dimensionless parameters (2, T ~ ,  g). The parameter %! is 
aT* OT2 

known as the Boltzmann number 

senting his results. 

ratio of the actual heat transferred to the gas to the maximum theoretically 
possible. 
the heat transfer to the gas goes through a maximum with increasing 
reason for this behavior is that as 
wall effectively absorb most of the radiation from the wall and thereby shield 
the bulk of the gas stream from any direct radiation. 
of the gas absorbs less radiation with increasing 
overall heat transfer. 

NBo and was also used by Adrianov (3) in pre- 

In figure 5, the parameter A = T* - Ti repres en t s the 

NBo 
The 

To - Ti 

The striking feature of figure 4 is that for a given value of 

T ~ .  

T~ increases the layers of gas next to the 

Because of this the bulk 
ro5 resulting in reduced 

The effect of this self shielding can also be seen by comparing the trans- 
verse temperature profiles at the channel exit for a weak and a strongly ab- 
sorbing gas as shown in figure 6. At = 1.0 there is very little self 
shielding and the temperature profile across the channel is fairly flat. For a 
higher degree of gas opacity at the same value of A, T~ = 4.0, the temperature 
profile shows the variation expected, the temperatures next to the wall being 
higher but the temperatures in the remainder of the stream being reduced due to 
the heavy self shielding. 

i 

3 

62 
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The preceding remarks have indicated some of the e f f e c t s  of conduction and 
gas flow on rad ian t  heat  t ransfer  to absorbing gases. The in te rac t ion  between 
conduction and rad ia t ion  results i n  a!! k c r e a s e  i n  net  heat  t ransfer  i n  compari- 
son t o  the sum of the  conduction and rad ia t ion  heat t r a - s f e r  taken separately.  
For the case of rad ia t ion  t o  a flowing gas f r o m  a constent temperature surface,  
the  net  heat t ransferred t o  the gas goes through a maxjmum as the gas absorb- 
t i v i k y  is increased. 

1. Usiskin, C .  M.,  and Sparrow, E .  M. : T h e m 1  Radiation Between. P a r a l l e l  Plates  
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Mass Transfer, vol .  I, no. 1, June 1980. 

2 .  Viskanta, R . ,  and Grosh, R .  J . :  Heat Transfer by Simultaneous Conduction 
and Radiation irl ax Absorbir?g Medium. ASME Trarls., sec.  C,  vol .  a&,  no. 1, 
Feb. 1962. 

3. Adrianov, V. N.,  and Shorin, S. N. : R a d i a n t  Heat Transfer i n  a Flowing 
Radiating Medium. Izvest iga Akademii Nauk S.S.S.R. 1958. (AEC t rans .  
3928. ) 

4. Hottel ,  H. C . ,  axd Cohen, E. S.:  Radiant Heat Exchange i n  a G a s  F i l l e d  En- 
closure : 
vol .  4, no. 1, i W .  1958. 
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0 PRESENT ANALYSIS 

PARALLEL PLATES 

OPTICAL DISTANCE BETWEEN PLATES, T, CS-24-065 

Fig. 2. - Dimensionless heat transfer between the plates for pure 
radiation (no conduction or flow). 
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FOR PURE CONDUCTION 
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Fig. 3. - Temperature profiles for combined conduction and radiation. 
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Fig. 4. - Augmentation ratio versus T~ for combined radiation and conduction. 
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EXPERIMENTAL SJ?? CTRAL rr TRAN_SMI S S M T Y  OF 
CARBON PARTICLFl CLOUDS 
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Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio 

INTRODUCTION 

Radiation heat transfer is an important consideration at the temperature 
levels associated with current and advanced nuclear rocket concepts. The pri- 
mary mode of heat transfer to the hydrogen propellant in a coaxial flow gaseous 
nuclear rocket is radiation; and since hydrogen is transparent at temperatures 

1 below 6000° K, the necessity of seeding with an absorbing material is evident. 
There are many complex problems attendant to the use of high temperature, seeded 
hydrogen gas as a propellant, and information necessary to sele%t a proper seed 
material is unavailable. 

To provide a means of initially estimating the required seeding densities 
in a gaseous reactor, a study of the transmissivity of carbon particle clouds at 
room temperature was undertaken at Lewis Research Center. The investigation was 
conducted in two phases. First, spectral transmissivity measurements were made 
with a spectrophotometer. Then, total transmissivity was determined with a 
xenon arc source and a total radiation detector. Good agreement was obtained 
with the two methods, and therefore only the spectral results are presented 
here. 

EXPERIMENT 

In all of the tests the seeding powders were dispersed in distilled water 
to minimize problems caused by particle settling. The absorption contribution 
of the water was eliminated by comparing each sample transmissivity with that of 
a reference cell containing only water. Four carbon powders (diameters of 0.08, 
0.15, 0.45, and 1.40 microns) were studied to investigate the effect of particle 
size on transmissivity. Particle sizes were all determined with a Fischer Sub- 
Seive Sizer. 

Spectral transmissivities of the various particles were measured with a 
Beckman model DK-1 recording spectrophotometer which provided the following 
features: a quartz monochromater, with a hydrogen or tungsten lamp, and a 
photomultiplier or lead sulfide detector. 
range of wavelengths from 0.2 to 1.0 microns. 

Transmissivities were measured over a 

Figure 1 illustrates the system under consideration. Radiant energy of 
intensity Io and wavelength A traverses a particle cloud for a distance 2 ,  



and is attenuated to the emerging intensity I. The particle system is defined 
by N, the number of particles per unit volume of dispersion; the particle den- 
sity 5; and 8, the particle radius. The purpose of the measurements is to 
provide information f r o m  which the transmissivity of a seeded medium can be 
easily estimated. 

All of the data are presented in the form of the measured quantity, trans- 
missivity I/Io. If no radiation is removed from the incoming beam by scatter- 
ing, then these values are readily transformed into absorptivities. Light 
scattering by small particles is a complicated process, and is the subject of a 
nuniber of textbooks. Though a detailed study of scattering is beyond the scope 
of this study, two items are worthy of note. One point is that the light beam 
was of small diameter (1/8 in.) compared to that of the sample cell ( 2  cm, see 
fig. 1); and the optics of the spectrophotometer used are such that any scat- 
tered light emerging from the end face of the cell i s  intercepted by the de- 
tector, and thus does not contribute to any apparent absorption. Secondly, 
some brief measurements made on a typical dispersion indicate that the attenua- 
tion of the incoming beam due to scattering vas less than 1 percent. So, it is 
assumed that scattering is not an important factor for the range of conditions 
considered here, and that the measured attenuations represent true absorption. 

DISCUSSION OF RESULTS 

The transmissivity of carbon particle dispersions was measured over a range 
of wavelengths with a spectrophotometer. The results are shown in figure 2 for 
a particle diameter of 0.15 micron. The transmissivity of the particles is seen 
to be essentially independent of vavelength from 0.2 to 1.0 microns. Tvo sets 
of measurements are shown, for particle densities of 0.12~10-~ and 0.2~10-4 
grams per cc. 
viation of the data, and the results show that for the conditions of interest 
here the transmissivity of carbon particles can be considered independent of 
wavelength. 

Any dependence of transmissivity on vavelength is xithin the de- 

A procedure of successive dilutions was used to determine the effect of 
particle concentration on transmissivity. 
eters of 0.08, 0.15, 0.45, and 1.40 microns are shown in figure 3. Monochro- 
matic light, wavelength of 0.36 micron, was used, and the path length was 10 cm 
in all cases. 
follows the exponential dependency s ta ted by Beer's l a w :  

The results for four particle diam- 

The variation of transmissivity vith particle,concentration 

where E is the specific extinction coefficient. The fact that Beer's law is 
operative suggests that E is a true absorption coefficient, and that a large 
percentage of scattering is not present.2 - .. 

Although it is advantageous that transmissivity has a simple exponential 
dependency with concentration, it is not generally useful unless the specific 
extinction coefficient E is h o l m  as a function of particle size. To obtain 
a correlation for all particle sizes, the data were plotted in terms of an ex- 
tinction coefficient per particle E / N ,  obtained from: 

and 
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0 where F, N, R, and 2 are  as previously defined, and p is t h e  material den- 
s i t y ,  taken t o  be 1.6 gm/cc f o r  carbon. 
slopes of t h e  l i n e s  shown i n  f igure  3 f o r  each p a r t i c l e  s ize .  

A value of E w a s  obtained from t h e .  

Figure 4 shows E/N as a function of p a r t i c l e  radius R. A s  p a r t i c l e  s i z e  
decreases, it can be shown3 t h a t  E/N should become proportional t o  R.6 A 
dashed l i n e  with t h i s  slope i s  shown i n  f igure 4, and is i n  good agreement with 
t h e  l i n e  through t h e  data. 

4 

For l a rge  par t ic les ,  it is  a l s o  possible t o  an t ic ipa te  t h e  r e l a t i o n  of E/N 
with p a r t i c l e  radius. Here, t h e  absorption mechanism should be physical ly  
similar t o  a "shutter," or blocking effect ,  and E/N becomes proportional t o  
R.2 A l i n e  with t h i s  slope i s  shown i n  figure 4 t o  be i n  good agreement with 
the  data  f o r  la rge  r a d i i .  It is of i n t e r e s t  t o  note t h a t  
an absorption cross sec t iona l  area, and thus t h e  r a t i o  of 
cross sec t iona l  a rea  of a p a r t i c l e  has significance.  
the smallest p a r t i c l e  tes ted,  and progressively increases t o  a value of 0.91 for 
t h e  la rges t .  
the  equivalent t o  the  expected proport ional i ty  of E/N t o  R2 shown i n  
f igure  4. 

i 

E/N can be viewed as 
E/N t o  t h e  physical 

This r a t i o  is  0.052 f o r  

The f a c t  t h a t  t h i s  r a t i o  approaches uni ty  f o r  la rge  p a r t i c l e s  is 

The a p p l i c a b i l i t y  of the  r e s u l t s  shown i n  f igure  4 t o  a gaseous reac tor  
seeding problem can be exemplified as follows. A t y p i c a l  problem would be t o  
estimate t h e  seeding densi ty  required t o  a t tenuate  a given radiant  energy t o  5 
percent of its i n i t i a l  i n t e n s i t y  i n  a path length of 100 centimeters. 
t h a t  1 micron p a r t i c l e s  a r e  available,  figure 4 gives E/N = 7 . 8 ~ 1 0 ~ .  
a t tenuat ion requirement, I/Io = 0.05, and E = 0.0299 f o r  a path length of 
100 em. 
For a material densi ty  of 1.6 gm/cc, t h e  required seeding densi ty  is 3 . 2 ~ 1 0 ' ~  
grams per cc. 

Assuming 
From the  

Thus the  required p a r t i c l e  concentration is 3 . 8 4 ~ 1 0 ~  p a r t i c l e s  per cc. 

CONCLUDING RF,MARKS 
It i s  reasonable t o  assume t h a t  carbon dispersion data  obtained a t  room 

temperature w i l l  not dupl icate  t ransmiss iv i t ies  which w i l l  occur a t  elevated 
temperatures i n  a gaseous medium such as hydrogen. 
t a b l i s h  t h a t  reasonable a t tenuat ion of rad ia t ion  i s  possible  f o r  seeding den- 
s i t ies  which are s u f f i c i e n t l y  small t o  be of i n t e r e s t  f o r  gaseous reac tor  appli-  
cations. 

The purpose here is  t o  es- 

Further, although t h e  measurements presented a r e  r e l a t e d  t o  t h e  seeding 
problem i n  a gaseous reactor ,  carbon p a r t i c l e s  a re  not necessar i ly  b e s t  f o r  this 
purpose. Tantalum carbide, f o r  example, has been considered elsewhere, and 
other materials may ul t imately prove t o  be more usefu l  than t h e  ones inves t i -  
gated t o  date. 
sideration; t h e  choice of a seeding agent may be d ic ta ted  by t h e  minimum p a r t i -  
c a l  s i z e  a t ta inable  with various materials,  or by chemical s t a b i l i t y  i n  t h e  
presence of hydrogen a t  elevated temperatures. 

I n  addi t ion t o  transmissivity,  other  f a c t o r s  w i l l  require  con- 
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Fig.  1. - Absorption c e l l s ,  and system under consideration. 
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By Robert E. Hyland 
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National Aeronautics and Space Administration 

Cleveland, Ohio 

Introduction 

I n  t h e  last few years t h e r e  have been an increasing-number of ideas  
and schemes on t h e  re ten t ion  of gaseous nuclear & e l  i n  a cavi ty  reac- 
t o r .  Some methods proposed make use of hydrodynamic forces,  such as 
t h e  vortex type discussed by Kerrebrock and Meghreblianl, and t h e  co- 
axial flow type described by Weinstein and R%sdaleZ. Other methods 
require  magnetic forces  t o  contain the  f u e l  i n  t h e  cavity,  such as 
proposed by Spencer3 and Nelson4. There have been other  proposals with 
var ia t ions  on these  methods. With the  exception of the vortex type, 
one common requirement imposed on the  f u e l  i s  t h a t  i t  be cent ra l ly  
located,  away from t h e  cavi ty  walls. 
it i s  expected t h a t  the  c r i t i c a l  mass requirements Will be higher than 
t h a t  of a uniformly f i l l e d  cavity. 

I n  an arrangement such as t h i s ,  

I n  a previous analysis  on spherical  geometries5, t h i s  increase i n  
c r i t i c a l  mass was indicated as being l e s s  than 25 percent f o r  fuel- to-  

, cavi ty  radius  r a t i o s  down t o  0.5, f o r  cavi ty  radii ranging-from 70 t o  
1 7 5  cm. 
located only with resFect  t o  the  radius. As shown in figure I, the  
f u e l  region runs the  en t i re  length of t h e  caxrity. 
t h a t  this would allow a f u r t h e r  decrease i n  t h e  f’uel-to-cavity radius 
r a t i o  without an increase i n  t h e  c r i t i c a l  m a s s .  

I n  a cy l indr ica l  ca-dty reac tor  t i e  f u e l  would be c e n t r a l l y  

It i s  an t ic ipa ted  

Conditions of Analysis 

The moderator-reflector region, as shown i n  figure 1, completely 
surrounds t h e  cavity. 
100 cm f o r  all calculations.  

moderator materials; and U235 and Puz3’ as nuclear fuels .  The radius 
of the  cavi ty  w a s  varied il? a f e w  cases, but f o r  t h e  majority of the  
computations w a s  held constant at  150 cm, along with a reac tor  cavi ty  
L/D ( length- to-d imeter )  r a t i o  of 7.0. 

The thickness of t h i s  region i s  maintained a t  
Graphite and D;lO were considered as 

I 
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The c a v i t y  r ad ius  w a s  chosen on examination of t h e  combined con t inu i ty  
equat ions f o r  t h e  p rope l l an t  (hydrogen) and t h e  f u e l  (uranium or plutonium), 
expressed as a v e l o c i t y  r a t i o  i n  a coaxia l  flow reac tor2 :  

To minimize mixing l o s s e s  it i s  assumed t h a t  t h e  average v e l o c i t y  r a t i o  
must be on t h e  o rde r  of 100 or less. With t h e  mass flow, molecular weight, 
and temperature r a t i o s  r e l a t j -ve ly  inva r i an t ,  t h e  r ad ius  r a t i o  

t h e  dominant f a c t o r .  Small r ad ius  r a t i o s  ease t h e  hydrodynamic r e s t r i c t i o n s  on 
t h e  ve loc i ty  r a t i o  required,  bu t  l e a d  t o  high opera t ing  pressures  because of 
t h e  inc rease  i n  c r i t i c a l  d e n s i t i e s .  Combining these  f a c t o r s ,  a value of 150 cm 
w a s  assumed f o r  a reasonable  cav i ty  rad ius ,  and 0.17 f o r  a fue l - to -cav i ty  r ad ius  
r a t i o .  Inasmuch as t h e s e  are only guesses as t o  rea.sonable values ,  they  should 
n o t  be taken as f i n a l  or recommended values;  they  are, however, s u i t a b l e  f o r  
d i scuss ion  here. 

rF/rHZ becomes 

To determine t h e  e f f e c t  of changing r ad ius  r a t i o  on c r i t i c a l i t y ,  t h e  f u e l  
reg ion  r ad ius  w a s  va r i ed  a.nd cri t ical .  d e n s i t i e s  were obtained. The region of 
t h e  cav i ty  ou t s ide  of t h e  f u e l  region contained hydrogen wi th  a. d e n s i t y  of 
0. 8X1021 atoms/cc. 
removal and absorp t ion  c ross -sec t ions  were taken as zero. A l l  of t h e  r e s u l t s  
presented  he re  were based on c a l c u l a t i o n s  of c r i t i c a l i t y  obtained with PD&02, a. 
two-dimensional r e a c t o r  code wr i t t en6  f o r  t h e  IBM 704. 
c ros s  sec t ions  f o r  t h e  materials were b a s i c a l l y  obtained by f l u x  weighting c ros s  
s e c t i o n s  from BNL 32S7. 
e f f e c t  of Doppler broadening was taken i n t o  account. This  w a s  done p r imar i ly  
because of  low energy level  resonances i n  plutonium and uranium. For a. given 
geometry t h e  f u e l  dens i ty  wa.s va r i ed  u n t i l  a c r i t i c a l i t y  f a c t o r  of 1.00 w a s  
obtained. 

Although d i f f u s i o n  of neutrons i n  t h e  hydrogen wa.s considered, 

Neutron macroscopic 

For t h e  high temperature "thermal" c ros s  sec t ions ,  t h e  

Discussion of Resul t s  

I n  genera1,cavi ty  r e a c t o r s  a,re considered thermal  i n  t h e  sense t h a t  most 
of  t h e  absorp t ions  of  neutrons by t h e  f u e l  occur a t  thermal  energies .  I n  a 
cav i ty  r e a c t o r  t h e  neutrons are born i n  t h e  f u e l  a t  high energ ies  and quickly 
d i f f u s e  i n t o  t h e  ref lector-moderator  region. Here they  are thermalized a.nd f i n d  
t h e i r  way back i n t o  t h e  f u e l  region t o  be absorbed and s ta r t  a new genera t ion  
of  neutrons. A s  t h e  f u e l  region i s  decreased i n  diameter, t h e  p r o b a b i l i t y  t h a t  
r e tu rn ing  neutrons w i l l  i n t e r s e c t  it aga in  i s  reduced. Therefore, t o  maintain 
c r i t i c a l i t y  t h e  ones which do pass  through t h e  f u e l  must have a h igher  p r o b a b i l i t y  
of  being absorbed. This  means t h a t  as t h e  f u e l  r ad ius  i s  decreased, t h e  f u e l  
dens i ty  must increase .  A s  t h e  f u e l  dens i ty  increases ,  t h e  thermal  f l u x  drops 
o f f  more r ap id ly  through t h e  f u e l  region. An example of t h i s  i s  shown i n  f i g -  
u r e  2. For  t h r e e  d i f f e r e n t  f u e l  ra .d i i ,  t h e  f l u x  decreases  more r ap id ly  as t h e  
f u e l  r ad ius  i s  decreased, and t h e  f u e l  dens i ty  i s  increased  t o  maintain c r i t -  
i c a l i t y .  

Since t h e  f u e l  volume i s  decreasing,  an inc rease  i n  f u e l  dens i ty  does not  
necessa r i ly  mean t h a t  t h e  c r i t i c a l  mass has increased.  Severa l  conf igura t ions  
were computed t o  determine t h e  e f f e c t  on c r i t i c a l  mass a.s t h e  f u e l  ra.dius i s  
decreased. This i s  ind ica t ed  i n  f i g u r e  3. The lower curve i s  f o r  a c a v i t y  
r ad ius  of 40 em, and L/D of 2, a.nd i l l u s t r a t e s  t h a t ,  based on d i f f u s i o n  theory,  
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t h e  f u e l  reg ion  can be reduced i n  r ad ius  by f a c t o r s  of 5 and 6 wlth no apprec iab le  
inc rease  i n  c r i t i c a l  mass. 

The remaining curves zTe f o r  a cav i ty  rpzdius of  150 cm. me dashed l i n e  
extensions are ex t r apo la t ions  t o  end po in t s  (cax.Cty completely f i l l e d  with f u e l ) .  
The end p o i n t s  f o r  t h e  %O cases vere determined from a b u c u i n g  analogy5. 
of  t h e  curves f o r  $35 i n d i c a t e  t h a t  t h e  f u e l  r ad ius  can be reduced by f a c t o r s  
of 5 or 6, t h a t  i s ,  fue l - to -cav i ty  r ad ius  r a t i o s  of 0 . 2  t o  0.167, without  i n -  
c r eas ing  t h e  c r i t i c a l  mass by more than 25 percent .  %e curve f o r  Pu239 f u e l  
i n d i c a t e s  a sharp  increase i n  c r i t i c a l  m a s s  at  a rad ius  r a t i o  of about 0 .25,  or 
a f a c t o r  of 4 i n  decreased rad ius .  Although t h i s  i s  less of a reduct ion  i n  f u e l  
r a d i u s  than  a f forded  by t h e  U235, t h e  c r i t i c a l  mass i s  much less (10 kg compared 
wi th  30 kg a t  0.4 r ad ius  r a t i o )  under t h e  sme condi t ions.  

A l l  

A s  w a s  p rev ious ly  ind ica ted ,  a f u e l  r ad ius  of 25 cm appears  t o  be i n  t h e  
reg ion  of i n t e r e s t .  
s e v e r a l  c a l c u l a t i o n s  were performed t o  determine changes i n  c r i t i c a l  mass due 
t o  v a r i a t i o n s  i n  temperature  and materials. The r e s u l t s  are shown i n  t a b l e  I. 
Case (l), as shown i n  t h e  table, had $35 as t h e  f u e l ,  and D20 as t h e  moderator 
(100 cm t h i c k ) .  
temperature  (70° F).  The c r i t i c a l  mass f o r  t h i s  case i s  seen t o  be 6.3 kg. I n  
t h e  next  case,  as shown i n  t h e  diagram with table I, a void region through t h e  
D 2 0  wi th  t h e  same diameter  as t h e  x\el region w a s  added t o  one end t o  ob ta in  
some i n d i c a t i o n  of t h e  e f f e c t  of a~ exhaust nozzle; t h e  increase i n  c r i t i c a l  
m a s s  w a s  s m a l l  (5 pe rcen t ) .  

Hainteining t h i s  f u e l  r ad ius  and a cav i ty  r ad ius  of 150 cm, 

S ince  %O w a s  used, t h e  neutrons were assumed t o  be a t  room 

I n  t h e  t h i r d  case, t h e  %O w a s  rep laced  u i t h  graphi te .  The inc rease  i n  
c r i t i c a l  mass from 6.3 t o  65 kg i s  due p r imar i ly  t o  t h e  increased  absorp t ion  i n  
t h e  g r a p h i t e  moderator, as i s  shown i n  table 11. Therefore, an inc rease  i n  t h e  
thermal  temperature  t o  near  an opera t ing  temperature  (approximately 53000 F )  
should decrease  t h e  c r i t i c a l  mass. Ttzis i s  shown by t h e  r e s u l t s  f o r  case 4. 
Case 5 w a s  run t o  de t e rn ine  t h e  effect of  r ep lac ing  U235 wi th  Pu239. 
ca t ed  result i s  t h a t  t h e  c r i t i c a l  m a s s  decreases  from 38 t o  27 kg. 

The i n d i -  

-. 

Table I1 g ives  a neutron balance f o r  each case. S ince  t h i s  i s  a balance 
of neutrons, and a f i x e d  f ract ion of neutrons mst be absorbed i n  t h e  f u e l ,  any 
i n c r e a s e  of absorp t ions  i n  nonfuel  reg ions  must be accompanied by a decrease  i n  
leakage. One no t i ceab le  fact  i s  t h a t  even though less f u e l  i s  requi red  using 
pU239, more neutrons must be absorbed i n  t h e  fue l .  Tiis i s  due t o  t h e  l a r g e r  
p o r t i o n  of t h e  neutrons absorbed i n  t h e  Pu239 t h a t  do not  produce f i s s i o n  
neutrons. The decrease  i n  c r i t i ca l  m a s s  €or  Pu239 results from t h e  f a c t  t h a t  
a l though t h e  p robab i l i t y  of a f i ss ion  p e r  absorp t ion  is  less than  f o r  U235, t h e  
p r o b a b i l i t y  of an absorp t ion  i s  s u f f i c i e n t l y  g r e a t e r  t o  ove r r ide  t h i s  e f f e c t .  

Concluding R e m a r k s  

- From t h e  two-dimensional calculations performed on c y l i n d r i c a l  c a v i t y  
r eac to r s ,  it appears  t h a t  t h e  f u e l  reg ion  can be reduced i n  r a d i u s  i n s i d e  a 
c a v i t y  more than  appeared poss ib l e  from s p h e r i c a l  results. 
i n d i c a t e  t h a t  i f  g r a p h i t e  i s  t o  be required f o r  high temperature  use, an inc rease  
i n  c r i t i c a l  mass w i l l  result, though no t  as much as would be ind ica t ed  by t h e  
use  of  room temperature  c ros s  sec t ions .  

The c a l c u l a t i o n s  

The c a l c u l a t i o n s  a l s o  show t h a t  c r i t i c a l  mass can be reduced by us ing  
F ’ ~ 2 3 ~  r a t h e r  than  U235. A s i n g l e  ca l cu la t ion  of t h e  e f f e c t  of a nozzle  opening 
through t h e  re f lec tor -modera tor  showed only a s l i g h t  i nc rease  i n  c r i t i c a l  mass. 
Inasmuch as D20 i s  a b e t t e r  moderator, it would seein worthwhile t o  cons ider  a 
p o s s i b l e  combination of D20 and graDhite  i n t o  a two-region modera tor - re f lec tor  
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wi th  high temperature c a p a b i l i t y  and reduced neutron absorpt ions.  F ina l ly ,  i n  
view of some of t h e  s t e e p  f l u x  g rad ien t s  i n  a cav i ty  r eac to r ,  it i s  est imated 
t h a t  t r a n s p o r t  theory  would p red ic t ,  i n  c e r t a i n  cases ,  l a r g e r  c r i t i c a l  masses 
than d i f f u s i o n  theory;  t h i s  has been ind ica t ed  by a f e w  prel iminary one- 
dimensional c a l c u l a t i o n  s. 

1. 

2. 

3. 

4. 

5. 

6. 
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TABLE I. - FUEL 1mSTi.IENTS FOR 2 - D  (R,Z) 

D 2 0  
D20 
C 
C 
C 

C a s e  

1 
2 

3 
4 
5 

U-235 
u-235 
u-235 
U- 2 35 
Pu-239 

D I F F U S I O N  ANALYSIS - CAVITY REACTORS 

R e f l .  I Fuel T e m p .  

70° F 
700 F 
70' F 

5300° F 
5300' F 

N o z z l e  

No 
Yes 
No 
N o  
N o  

R e f l .  thick = 100 cm 
Cavity L/D = 1.0 
C a v i t y  radius = 150 cm 
Fuel radius = 25 cm 

\ 
\ 

~ 2 3 5 1  

1 I 

(I) D,0(7OoF) (2) D2O(7O0F 

~ 2 3 5 -  

(4) C(53OO"F) 

C r i t i c a l  m a s s ,  
kg 

6. 3 
6. 6 

65.0 
38.0 
27 .0  

\ pu23s1 
U 
( 5 )  C(530O"F)  
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Case Refl. Fuel Absorptions Leakage Tota l  

Fuel Nonfuel 

1 D20 U-235 484 67 449 1000 

2" D20 U-235 484 63 45 3 1000 
(70° F) 

(70' F) 

(709 F) 

(5300' F) 

3 c  U-235 480 310 194 1000 

4 c  U-235 482 144 374 1000 

Refl. t h i c k  = 100 cm 
Ca.vity L/D = 1.0 
Cavity rad ius  = 150 cm 
Fuel  rad ius  = 25 cm 

5 c  Pu-239 553 124 I 323 I 1000 , 
(5300' F )  

1 

I 

n 

Fig .  1. - 2 dimensional cav i ty  r eac to r  model. 
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FUEL RADII 

FUEL DENSITY 
ATOMS/C .C. 

CAVITY RAD. FUEL 40r 1 CM 
REFL. 
(TEMP) 

0 I I I I I I 

D2O 
2.0 - 

- 40 U-235 (70 OF) - A 

v 

I .o I 1 1 7 1  I I 
0 .2 .4 .6 .8 I .o 

F U E L  TO CAVITY RADIUS RATIO 
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NASA RESElARCH ON THE COAXIAL €TOW GASEOUS NUCLEAR ROCKET 

By Robert G. Ragsdale and Frank E. Rom 
F h--*-. - - -  ---^ -""- - r. - 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio 

The Concept 

An increasing amount of attention in recent years has been directed to a 
nuclear rocket engine which would employ both the propellant and fuel in a 
gaseous ~tate.',~,~,~ Though the problems imposed by fuel containment are 
severe, the performance potential associated with specific impulses up to 
3000 seconds and thrust-to-reactor-weight ratios on the order of one is suf- 
ficient to warrant the current effort. This paper will describe the gaseous 
reactor concept and the associated research program underway at Lewis Research 
Center. 

The coaxial flow gaseous reactor is illustrated in figure 1. The essence 
of this scheme is that the nuclear fuel gas is injected into the reactor 
cavity at a much lower velocity (on the order of 1/100) than that of the sur- 
rounding hydrogen propellant. 
materials limits by thermal radiation from the fissioning fuel. The contain- 
ment criterion is satisfied if the initial velocity deficit provides a fuel 
residence time that is sufficiently (100 times) larger than that of the pro- 
pellant. As in any gaseous reactor device, the primary problems are hydro- 
dynamics, heat transfer, and nucleonics. 

The hydrogen is heated to temperatures beyond 

Problem Areas 

Diffusion of the nuclear fuel into the faster moving hydrogen stream re- 
duces the average fuel density in the reactor cavity. 
inner stream by momentum transfer also reduces the fuel concentration. The 
fuel density can be increased by raising the operating pressure in the reactor, 
but there is obviously a limit on this. 
analysis to describe the mass and momentum transfer process, and to predict 
to what extent the inner stream will be "swept out" of the reactor. Room 
temperature studies of an air-bromine coaxial flow set-up yield useful informa- 
tion to check the analysis, and provide a means of empirically extending it to 
include the turbulent flow regime. 

Acceleration of the 

It is the purpose of the hydrodynamic 

Elementary considerations show that the primary mode of energy transfer 
from the fuel region is thermal radiati~n.~ This radiation must be attenuated 
by the propellant gas, and not reach the reactor cavity walls. Since hydrogen 
at the maximum permissible wall temperature, say 5000° R, is transparent, the 
necessity of seeding the inlet propellant is apparer~t.~ A solid particle seed 
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material ,  such as graphi te  dust ,  might be adequate up t o  i t s  melting tempera- 
t u r e  of €BOOo R .  
temperatures above 12, OWo R .  
represents the  most d i f f i c u l t ,  and r e l a t i v e l y  unexplored, heat t ransfer  prob- 
l e m .  
of clouds of s m a l l  p a r t i c l e s  as a function of wavelength, p a r t i c l e  density,  
diameter, and mater ia l  a t  room temperature. 
a n a l y t i c a l l y  study the temperature p r o f i l e s  which w i l l  e x i s t  i n  an absorbing, 
re-emitting, conducting propel lant  as it flows through a coaxial  reac tor .  

Hydrogen i t s e l f  w i l l  begin to at tenuate  the  rad ia t ion  a t  
The intermediate temperature region probably 

An i n i t i a l  s t e p  i n  t h i s  d i rec t ion  has been t o  determine the t ransmissivi ty  

6- A second approach has been t o  

Nuclear calculat ions are necessary t o  determine the  e f f e c t  of geometry 
The prFmary geometric c h a r a c t e r i s t i c  and mater ia ls  on reactor  c r i t i c a l i t y .  

of i n t e r e s t  i s  t h a t  the fuel region is considerably withdrawn i n t o  the  reac tor  
cavi ty .  Other nucleonic information required i s  the e f f e c t  on c r i t i c a l  mass 
o f :  (1) moderator thickness, temperature, and materials;  ( 2 )  an exhaust nozzle 
opening; (3)  a f i e 1  region temperature that i s  higher than t h a t  of the moderator 
region; ( 4 )  the f u e l  material;  and (5) t h e  presence of hydrogen gas between the 
f u e l  and moderator regions.  
dimensional, four-group diffusion progam. 

Such e f f e c t s  have been investigated with a two- 

Performance Capabili ty 

I n i t i a l  r e s u l t s  of the above s tudies  are combined here t o  provide a con- 
s i s t e n t  "reference case" f o r  the  coaxial  flow nuclear rocket concept. I t  must 
be emphasized that t h i s  example ca lcu la t ion  i n  no way represents e i t h e r  t h e  
bes t ,  o r  the most probable performance. 
with the  bes t  information w e  have t o  da te  on hydrodynamic containment, heat  
t ransfer ,  and nucleonics. The following t a b l e  surmnarizes the important dimen- 
s ions and other powerplant c h a r a c t e r i s t i c s  using Pu-239 as tne  f u e l :  

It is simply one t h a t  i s  consis tent  

I 

Dimens ions : 
Cavity length . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 f t  
Cavity diameter . . . . . . . . . . . . . . . . . . . . . . . . . .  10 f t  
Fuel core diameter . . . . . . . . . . . . . . . . . . . . . . . . .  2 f t  
Moderator-reflector thickness . . . . . . . . . . . . . . . . . . .  3.3 f t  
Over-all reac tor  length . . . . . . . . . . . . . . . . . . . . . .  16.6  f t  
Over-all reactor  diameter . . . . . . . . . . . . . . . . . . . .  16.6 ft 

Flow Conditions: 
Fuel core ve loc i ty  (average) . . . . . . . . . . . . . . . . .  0.2 f t / s e c  
Fuel core Reynolds number . . . . . . . . . . . . . . . . . . . . . .  1800 
Hydrogen ve loc i ty  (average) . . . . . . . . . . . . . . . . . .  1 7  f t / s e c  
Propellant-to-fuel ve loc i ty  r a t i o  ( i n i t i a l )  . . . . . . . . . . . . .  158 
Propellant-to-fuel mass flow r a t i o  . . . . . . . . . . . . . . . . . .  57 
Cavity pressure ( f u e l  100 percent s i n g l y  ionized) . . . . . . .  2200 ps ia  
Weight-percent carbon p a r t i c l e s  i n  propel lant  . . . . . . . . .  1 percent 

I Temperatures : 
Fuel region (average) . . . . . . . . . . . . . . . . . . . . .  ZO,OOO~ R 
Hydrogen region (average ) . . . . . . . . . . . . . . . . . . .  10 , 0000 R 
Inner moderator (graphi te)  . . . . . . . . . . . . . . . . . . .  5 ,OOOo X * Outer moderator (%O) . . . . . . . . . . . . . . . . . . . . . . .  70° R 

Performance : 
I 

Specific impulse . . . . . . . . . . . . . . . . . . . . . . . .  2500 sec 
Thrust . . . . . . . . . . . . . . . . . . . . . . . . . . . .  98,000 l b  

Thrust-to-weight r a t i o  . . . . . . . . . . . . . . . . . . . . . . .  0.64  
Weight (moderator) . . . . . . . . . . . . . . . . . . . . . .  154,000 l b  
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Because the specific impulse is higher, but the powerplant thrust-to-weight 
ratio is less, it is not immediately apparent if the coaxial flow system yields 
improved performance over that of an advanced solid-core nuclear rocket with a 
specific impulse of 1000 seconds and a thrust-to-weight ratio of 30. Figure 2, 
obtained from information given in reference 5, allows such a comparison for  a 
typical interplanetary mission. The curves in figure 2 show the required 
specific impulse as a function of thrust-to-weight ratio to accomplish the mis- 
sion with an equal or lighter weight vehicle. 
flow reference vehicle given here is seen to be approximately 65 percent of 
that required by a solid core nuclear rocket. 

"he gross weight of the coaxial 

An alternate, and perhaps more striking, advantage of a high impulse gas- 
core system is shown in figure 3.5 
function of specific impulse for an initial vehicle of 1.7X106 pounds in an 
Earth orbit. 
200 days, a considera,ble gain over the 460 day requirement of a solid-core 
nuclear system. A secondary, but important, advantage of shorter trip time 
capability is the resulting increased flexibility in choice of depart and return 
times. 

Here the total trip time is shown as a 

The required trip t h e  of a coaxial flow gaseous rocket is 160 to 

3 

'6 

In view of the complex interdependency of nuclear, hydrodynamic, and heat 
transfer characteristics, the calculation presented here is at best an estimate. 
It does, however, illustrate the extremely attractive performance potential of 
a coaxial f l o w  nuclear rocket. Much w o r k  has been done to date on the various 
aspects of this concept. Much more remains to be done. 
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CS-20719 



VEHICLE WT. 
SOLID-CORE VEHICLE WT. 

U 
W 
a 
* 2000- 
n 
W 
w - z IOOO- 
W 
lx 

1.00 

POWERPLANT 
THRUST-TO-WEIGHT RATIO 

Fig.  2 .  - Effect  of powerplant thrust-to-weight r a t i o  on 
spec i f i c  impulse required t o  equal or b e t t e r  the per- 
formance of a  vehicle powered with an advanced sol id-  
core nuclear rocket powerplant with a  spec i f i c  impulse 
of 1.000 sec.  7-man, 4606 Venus missio:, ( taken froin 
r e f .  5 ) .  
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Fig.  3. - Effect  of spzc i f i c  impulse on mission time. 
7-man Venus missior~; i n i t i a l  weight i n  o rb i t ,  
1.7,5106 pounds : t h r u s t  per  powerplant weight >loW1 
(taken from r e f .  5 ) .  
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Choking Two-Phase Flow of Hydrogen: Some Idealized Solutions 

R .  V. S m i t h  
Cryogenic Engineering Labor a t  ory 

National Bureau of Standards 
Boulder, Colorado 

_L -*I - -. -- -~. 

Two-phase, single -component flow i s  more  complex than 

single phase flow because of the additional degrees  of f reedom of 

mass, momentum and energy t ranspor t  between the phases;  these 

lead to  many possible flow pat terns .  

pat terns  do not yet exis t ,  and therefore  the accurate prediction of the 

behavior of two-phase flow sys tems cannot be made. The work p r e -  

sented in this report  considers  extreme-model  flow case s ,  intended 

to bracket  the actual choking flow values which will occur.  

Methods for  determining these 

To determine the choking condition this paper analyzes three 

models of saturated,  two-phase fluid flow: ( see  Figure 1).  (IA1) 

The two-phase s a r e  sufficiently mixed to  be considered homogeneous, 

and adequate time i s  available so that thermal  equilibrium exis t s  in 

the fluid throughout the process .  

thermal  equilibrium model. ( I A Z )  The two phases  a r e  homogeneous 

and a r e  a t  the same p res su re  and temperature  but there  has  been 

insufficient t ime for  any mass t ransfer  between the phases .  

called the homogeneous, metastable model. (IB) The two phases  

flow separately and unmixed, but uniform temperature  i s  assumed 

at  each  point. Maximum flow is assumed to occur when the vapor 

reaches  sonic velocity. 

choking model. 

Fanno flow p rocesses  considered in this  paper ,  and the analytical 

expressions f rom which all the equations used in preparing F igures  

3 through 6 were developed. 

Figure 6 for  Case IIA a r e  shown for  Cases  IIB and IIC, however, a 

complete se t  of solutions for  all flow cases  will be presented in a 

subsequent National Bureau of Standards Publication. Some flow 

situations where upstream, ra ther  than choking point, data  a r e  

given may be handled by Figures  3 ,  4 and 5 a s  shown in Example 1. 

F o r  Fanno flow, i f  p 

provides for  a rapid determination of choking flow data. 

This  is  called the homogeneous, 

This is  

This  is called the separated-phase,  vapor-  

Figure 1 a l so  shows models for  the isentropic and 

No general  solution char t s  such as 

i s  known, or  can be determined, Figure 6 
S 
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In Figure 2 the resul ts  of the analyses a r e  compared with 

tes t  resul ts  of various investigators in order  to show the general 

regions of utility of the various models. 

qualities, the vapor choking model is seen to  generally predict  the 

experimental resul ts  f rom adiabatic. constant-flow a r e a  sys- 

F r o m  Figure 2, for higher 

tems.  lo’ 11’ 13’ ’’I* The homogeneous, thermal  equilibrium and 

the homogeneous, metastable models tend to  bracket the experimental 

re  sults of low quality, adiabatic systems using short  tubes, nozzles, 

system in which heat was added a r e  a lso shown. 14] The resul ts  

f rom the ideal models may also be useful in correlating the resul ts  

of systems where the flow patterns deviate appreciably f rom the 

patterns as sume d. 

F o r  a general  design guide, the homogeneous models will 

most closely fit situations where the system promotes mixing (valves, 

elbows, small c learances)  and where the quality (vapor fraction) is 

low. Conversely, the separated model may predict  the behavior 

where the flow is relatively undisturbed (constant a r e a  flow, venturi 

or nozzle flow) and where the quality is high. 

The homogeneous, metastable model is  designed to de scribe 

the cases  where the time necessary for vaporization is limited. 

example, this would be the case where the quality is  low and the 

interface a r e a  available for required vaporization to produce thermal 

equilibrium is small. 

F o r  

Example 1: 

It i s  desired to determine the choking flow rate for 
liquid and vapor hydrogen flowing through a short 
nozzle. The fluid en ters  the nozzle with a quality 
of 0. 01  and a pressure  of 1. 84 atmospheres. 
charge p res su re  of the H 

Dis-  
is  one atmosphere. 

2 

* Numbers in brackets indicate references at  the end of the paper. 
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S olut i on : 

Since the quality a t  choking will be low, the homogeneous 

model solutions will be used. G values will be determined for  three 

cases :  
C 

(1) Thermal  equilibrium in the flow, thermal  equilibrium 

a t  choking, Case IIBla, Figure 1. 

( 2 )  Thermal  equilibrium in the flow, metastable choking. 

This case i s  a mixture of Case IIBla and IIBlb shown 

in Figure 1. 

m a y  be slow enough in the flow to the choking point 

to  maintain equilibrium, but a t  the high choking 

point velocity, metastable conditions will prevail .  

The case p re sumes  the p r e s s u r e  drop 

(3)  Metastable flow, metastable choking, Case IIB l b ,  

Figure 1. 

Case (1)  

The f i r s t  step i s  to determine a p value for  this system. 
S 

This is  done by making an imaginary extension of the flow section 

ups t ream to  the point where the fluid is a saturated liquid. Assuming 
Ps  - P 

= 2 a t m . ,  f r o m  Figure 5, ( isentropic flow) = 0. 08 for  
pS PS 
nozzle entrance conditions. Solving this expression for p shows 

that the initial assumption of p 
S 

= 2 a tm.  is  cor rec t .  
S 

Again, f rom Figure 5, for  p = 2 a tm.  and p = 1 a t m . ,  
S 

x = 0. 058. Then, . f rom Figure 3 ,  

Case ( 2 )  

Figure 2 for  p = 1 a t m  and x = 0. 058 shows 
C C 
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then 

g r a m s  

c m  - sec  
= 156 

c(HO)(ME T 1 
G 

Case (3) 

Metastable flow indicates no quality change in flow, so f rom 
g r a m s  

c m  - sec  g r a m s  

c m  - sec  

= 135 
c(HO)(TH) 

c(HO)(TH) 

Figure 3, for p = 1 a tm and x = 0. 01, G 

and f r o m  Figure 2, G 

C C 

= 370 = 2. 7 2  G 
c(HO)(MET) 

Results of previous investigations would indicate the actual 

value will be between the values obtained for Case ( 2 )  and Case 

Case (1) should represent  an extreme lower l imit  for a 

G 

(3)  above. 

value of G . 

C 

C 

Example 2: 

Hydrogen is  flowing adiabatically through a tube such 
that saturated liquid conditions a r e  reached when 

= 2 atm. 
pS 

a) If the tube length is  125 cm. the two phase 
friction factor is  es t imated at 0. 01  and the tube 
diameter  is  2. 5 cm.  What is the maximum dis- 
charge p r e s s u r e  at which choking will occur? 

b )  What i s  the maximum discharge r a t e?  

Solution : 

tp 0. 01 x 125 
f L  

a)  - = D 2. 5 

= 0. 5 

F r o m  Figure 6 

p /p = 0.745 
c s  

= 1.48 atm. 
pC 

b )  Then 
g r a m s  

c m  - sec  
G = 168 

C 

It should be recognized that these values a r e  obtained f rom homo- 

c 
3 

c 

5 

3 

62 
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geneous, thermal  equilibrium models for  a low quality at  discharge 

(x = 0. 025 f r o m  Figure 4). Assuming metastabil i ty at  choking with 
g r a m s  

c m  - sec  
. This would 2 x = 0 .  025 Figure 2 shows G - 350 

c ( H 0 )  ( 1w;: T )- 

generally represent  the upper l imit  for  G . 
C 

Example 3: 

Hydrogen with a quality of 0. 8 is discharging through 
an orifice-like opening. 
at  discharge i s  one atmosphere.  
mass flow r a t e ?  

The p r e s s u r e  of the hydrogen 
What i s  the maximum 

Solution : 

F o r  high quality, the resu l t s  f r o m  the separated-phase vapor-  

choking model will be determined. 

assume metastable flow. 

0. 8 also.  

F o r  a short  flow section we will 

Therefore the quality at  discharge will be 

F r o m  Figure 3 

Then f r o m  Figure 2 

g r a m s  

c m  - sec  
= 53. 2. 

Since this flow case  would probably involve a vena contracta,  

the actual flow a r e a  in the G 

ing the exit for  minimum flow a r e a  by an appropriate coefficient of 

di s charge . 

value should be determined by multiply- 
C 
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a 

A 

D 

f 

G 

h 

I 

L 

m 

P 

S 

U 

V 

X 

P 

P 

Sub scr ip ts  

1 - - 

- - C 

- f - 

g - - 

- - 
f g 

(HO)(TH)= 

Notation 

acoustic velocity 

total  f low-cross-section a r e a  

pipe diameter  

friction factor 

mass flow flux, m/A 

enthalpy 

any length in  direction of flow 

total or specific length in  direction of flow 

mass ra te  of flow 

p re  s su re  

entropy 

velocity 

specific volume 

ra t io  of vapor weight to  mixture weight 
1 

density (-1 
viscosity 

V 

inlet flow condition 

cr i t ical  (mass- l imit ing)  conditions 

liquid 

vapor 

difference between vapor value & liquid value 

i . e .  v = v  - v  

value obtained by use of a homogeneous, thermal  equilibrium 

mode 1 

fg g f 

(HO)(MET)= value obtained by use of a homogeneous, metastable model 

0 - - stagnation value 

S - - saturated liquid point in  the flow sys tem o r  isentropic 

p r  oce s s 

- - two-phase tP 

(VC)  = value obtained by use of a separated phase,  vapor 

choking model 
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A N A  LY T I C A  L 
E X P R E S S  I O N S  M O D E L S  

CHOKING:  1.CHOKI'NG : 
a =(E) ( 1 )  A.HOMOGENEOUS 

?P s I. Thermal  equ i l ib r ium - .*..:.. v 2. Me to s t a  b l  e 
(2) G, = -=-(E) mC 

A dv  s 

-i- VAPOR CORE 
8 .  SEPARATED PHASE 

VAPOR CHOKING FLOW: 

A S S U M P T I O N S  T l O U I D  
One dimensional , A d i a b a t i c ,  ANNULUS 
S t e a d y  s ta te  , H o r i z o n t a l  

P- D. 
'I a '! 

JI.FL0 W : MOM E N  T U M  
f u 2  

u d u + v d p +  mdP=O (31 A.FA"O 
I. Homogeneous 

CON T I N U I TY Thermal equilibrium 

B. I S E N T R O P I C  
I. Homogeneous 

a .  Thermal  equ i l ib r ium 
b. M e t a s t o  b l e  

ENERGY 
2 

ho = h + -$- = constant ( 5 )  

FLUID PROPERTIES pl (example I. 1 

v = v f + x v f g ]  C. S E P A R A T E D  PHASE --t d V ~ P O R  CORE 

h =  h f + X h f g  (6) VAPOR C H O K I N G  - 

S = S f + X S f g  
ANNULUS 

S 

Figure 1. Analytical  expression and model summary. 
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Figure  4. Quality as a function of p re s su re  for  a constant-area flow 

of H ; 2 
IIA1, F igure  1. 

homogeneous, thermal  equilibrium model, Case 
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I 

0 0.2 0.4 0.6 0.8 1 .O 
Ps -P 

ps 
Ire 5. Quali ty a s  a  function of p r c s s u r e  for  a n  isentropic flow 

F i g u r e  6. Gcornctry ancl fr ict ion fac tor  parameter ( ILtp ) and 
D 

~ n a s s  [low ra tc  p a r a m e t e r  (G / p  ) v e r s u s  thc r a t i o  of  
C 5 

tllc c l ~ o l c l ~ ~ a  p r c s s u r c  to  thc flow p r c  s s u r c  whc rc  the 

fluid is ;r saturatct l  liquid, C a s c  IIAl,  F igure  1. 

of HZ,  homogeneous,  t h e r m a l  equi l ib r ium model ,  Case  

I I B l a ,  F igure  1. 



TEWNSIEN" TBPERATUIEE HISTORY WITH UNIFORM 

ENERGY GENERATION FOR PLATE, CYLINDE3, AND SPHERE 

WITH EXTENSIVE TABUS OF RESULTS 

F _ _  _- _ -  _. - _  

I ~ ". ____1__1--- 
6 ......_--- - -.-- - _  

J. D, Seader' and H. Wolf2 

INTRODUCTION 

In  the u t i l i za t ion  of ?uclear energy f o r  power o r  propulsion, adequate 

provision must be made f o r  maintaining s t ruc tura l  components within specified 

tempereture limits. A detemination of the spatial temperature his tory of 

such components is, therefore, required f o r  d i f fe ren t  boundary conditions. 

In  many cases the energy generation ra te  may be considered suf f ic ien t ly  

uniform t o  p e d t  a solution on tha t  basis. Heisler (1)3 has prepared charts\ 

f o r  estimating temperature h is tor ies  in plates,  cylinders, and spheres f o r  

different values of  surface conductance (surface temperature changing with 

time) with special  emphasis on Fourier numbers l e s s  than 0.2, Reference (1) 

a l s o  gives charts of  temperature var ia t ion w i t h  posit ion f o r  the case where 

the  surface temperature i s  maintained a t  the i n i t i a l ,  unifom temperature of 

the so l id  f o r  Fourier numbers l e s s  than 

generation. The analytical  solutions f o r  the plate,  cylinder, and sphere 

0.2 with uniform in te rna l  energy 

1. Principal Scient is t ,  Research Center, Rocketdyne Div, NAA, Canoga Park, 
California . 

2. Associate Professor of Mechanical Engineering, University of Arkansas, 
Fayettevil le,  Arkansas 

3. Numbers in parentheses indicate references a t  end of paper. 
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Ii i .  

have been derived in d e t a i l  f r o m  t h e  partial d i f f e r e n t i a l  equation f o r  con- 

duction i n  s o l i d s  by Carslaw and Jaeger (2) f o r  t h i s  case. 

It i s  t h e  purpose of this paper t o  present the  r e s u l t s  of an applica- 

t i o n  of Laplace transform techniques t o  the solut ion of the  t rans ien t  conduc- 

t i o n  problem f o r  the  plate ,  cyl inder  and sphere with uniform i n t e r n a l  energy 

generation, but f o r  the  more general  case where t h e  surface temperature i s  

maintained constant a t  a value d i f fe ren t  f r o m  t h e  i n i t i a l  uniform temperature 

of t h e  sol id .  

only f o r  t h e  plate.  

solut ion of d i f f e r e n t i d  equations i s  w e l l  knolm; the  method of superposit ion 

of solut ions has a lso been u t i l i z e d  in cases similar t o  the  one described 

herein. 

Previously, a solut ion f o r  t h i s  case has been ava i lab le  ( 5 )  

The technique of applying t h e  Laplace transforms t o  t h e  

The advantage of using t h e  Laplace transform technique, as  presented 

here, i s  t h a t  i t s  l i n e a r i t y  property readily leads t o  a solut ion in terms of 

already avai lable  ana ly t ica l  solut ions . Thus, e%isting (2) graphical solu- 

t i o n s  can be u t i l i z e d  t o  make calculations.  For grea te r  accuracy, however, 

t h e  solut ions have been calculated t o  six decimal places and a r e  presented 

in extensive tab les .  

ANUYSIS 

The geometries treated are t h e  sphere, cylinder,  and plate;  t h e  

ana lys i s  will be out l ined f o r  t h e  sphere (of diameter 2a) and only t h e  

results presented f o r  t h e  cylinder and plate.  

The d i f f e r e n t i a l  equation f o r  t rans ien t  conduction in a sphere (tem- 

perature  a funct ion of rzdius o n l y  and constant i so t ropic  propert ies)  i s  

given by 

bt /  38 = ab%/ br;! + (2&/r )  bt/  b r  + G (1) 

It i s  convenient t o  rewrite equation 1 in terms of t h e  following dimensionless 

and temperature parameters: Let 
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3 = r/a B = G a 2 / a  

T = t - t o  

The result ing equation is 

The boundary conditions f o r  the case under consideration are  given as Case I11 

i n  Table I, wherein uniform in te rna l  energy generation, uniform i n i t i a l  tem- 

perature, and constant surface temperature a t  $ = 0' 

f ron the i n i t i a l ,  uniform temperature) are  specified. 

Table I a re  boundary conditions f o r  two other cases f o r  which analytical  

(which i s  different  

Also included i n  

solutions a re  already available. 

terns  of the known solutions t o  Cases I and 11. 

The solution f o r  Case I11 i s  obtained i n  

Table I 

Boundary Conditions f o r  Equation 3 

Case I Case I1 
I 

1) Energy generation 0 A 

2) T ( 3  ,Om) f o r  063 4 1 0 0 

3) T(1& fo r  $ > O +  T 1  0 

4)  T(O,$> fo r  a l l  $ Fini te  Fini te  

Case I11 

A 

0 

T 1  

Fini te  

To obtain a solution f o r  Case 111, the Laplace transform of equation 3 

is ta.,en with respect t o  

T (S  ,$) t o  t ( f  ,s), and the l i nea r i ty  property of the transform is applied. 

Accordingly, the Laplace transform (3) with respect t o  

lower case l e t t e r  of the function under consideration 

$, the  boundary conditions a re  translated from 

$ i s  denoted by the 
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t h e  transform with respect t o  jd of the  f irst  der ivat ive,  bT;/ bg,  i s  

given by 

and t h e  t r a n s f o n s  with respect to 

bT/ 33 and a%'/ ', a r e  

jd of the  first and second der ivat ives ,  

where t h e  subscr ipts  on T and t denote d i f f e r e n t i a t i o n  with respect t o  

t h a t  variable.  

From boundary condition 2) in Table I and t h e  appl icat ion of equa- 

t i o n s  5 and 6 t o  equation 3, one obtains 

a s  t h e  d i f f e r e n t i a l  equation in terms of t h e  transform t ( f , s )  

t o  equation 3 .  

equation 7 a r e  l i s t e d  in Table 11. 

corresponding 

The remaining transformed boundary conditions appl icable  t o  

Table I1 

Boundary Conditions f o r  Equation 7 

Case I Case 11 

1) Energy generation 0 A 

2) t (1 , s )  f o r  S > O +  T1/3 0 

3) t(O,s) f o r  s M t e  F i n i t e  

Case I11 

A 

Tl /S  

Finite 

Solution f o r  Case I. With A = 0, equation 7 becomes homogenious and of 

the  second order. 

--- 
The solut ion i s  given by Kamke (4) a s  follows: 
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Application of boundary conditions 2) and 3) i n  Table I1 gives 

C2 such t h a t  

C1 = 0 and 

TI s i n h 5 &  
t I ( f , S >  = - 

3 s  s i&& 
(9) 

Solution f o r  Case 11. 

requires a p a r t i c u l a r  so lu t ion  t o  be added t o  t h e  homogenious solut ion of 

equation 8. 

t i o n  7 was based upon t h e  subs t i tu t ion  u = t3; 

Consideration of t h e  uniform energy generation phenomena 

The solut ion given by Kamke (4) f o r  the  homogenious p a r t  of equa- 

equation 7 takes  t h e  follow- 

ing form upon making t h i s  subst i tut ion,  

b%/ b g 2  - su = - Af:/s. 

The expression ul e: A5/s2 

ticular solut ion,  so t h a t  t h e  complete solut ion is given by 

can be seen t o  s a t i s f y  equation 10 a3 t h e  par- 

o r  

Boundary condition 3) requires  C 1  = 0 f o r  t(0,s) t o  be f i n i t e  and boundary 

condition 2) y ie lds  C2. Thus 

A A s i n h f &  
t I I ( 5 , S )  = - - I__ - 

5 s 2  SinhG 2 
S 

Solution fo r  Case 111. The solut ion f o r  t h i s  case i s  given by equation 12. 

As before, boundary condition 3)  requires  The surface temperature 

boundary condition 2), t ( 1 , s )  = T1/s, permits evaluation o f  C2 y ie lding 

t h e  following expression f o r  t h e  transform function: 

C1 = 0. 

C 

P 

r̂  

Q 

0 

C 
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From an inspection of equations 9, 13 and l.4 it may be seen t h a t  t h e  t r n n s f o m  

f o r  Case III is  t h e  sum of the  transfonns f o r  Cases I and 11. 

because of t h e  l inearity property of  t h e  transform, the  so lu t ion  i s  given in 

terms of t h e  inverse transforms by 

Accordingly, 

where t h e  functions TI and T are given i n  (2). 11 
The above development has been given s p e c i f i c a l l y  f o r  t h e  sphere; it 

can be shown t h a t  parclllel deve lopents  f o r  t h e  p l a t e  and cylinder lead t o  

t h e  same result a s  expressed by equation 15 f o r  the  solut ion t o  Case 111. 

A summary of t h e  transform equations i s  presented i n  Table 111. 

P. more convenient way of expressing TIII(T,@) i s  as follows: 

where the  subscr ipts  a and b refer t o  Cases I and I1 respectively; and 

M = 2,4,6 f o r  t h e  plate ,  cylinder,  and sphere respectively.  

Ya and Yb are repeated here from (2) for convenience: 

The functions 

L 
n = O  
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Table I11 
Summary of Transforn Equations 

Geometry 
Basic Equation 

Transformed 
Differential  Equation 

Solutions t o  Transformed Differential  Equations 

Case 11, A = A I Case I, A = 0 Case 111, A = A 

Plate  - 

1 I 
(1 - Bc) A/s2 (Tl/s - A/s2) Bc + A/s2 

Cylinder 
1 L 

where B, = 1,(5 &)&( fi) 

132 



Cylinder 

where pn are the roots of J O ( P )  = 0. 

Sphere 

AVAlLABLE SOLUTIONS 

Only small charts are  presented in (2) giving Ya and Yb for 

l imited values of $ as functions of f from which approximate estimates 

f o r  Case III can be made. Accordingly, extensive tables  of Ya and Yb 

have been computed from the equations 17 through 22 for f from 0 to 

1.0 i n  increments of 0.05 over the  following ranges: 

Plate: 0.1 4 fl 4 2.0 (25 values) 

Cylinder: 0.1 4 $ 4 0.9 (25 values) 

Sphere: 0.1 Q fl Q 0.6 (25 values) 

The tables  presented in Appendixes A, B, and C give values of Ya and Yb 
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t o  six decimal places, the v,llues of the se r i e s  SUTAS, and the  number of te rns  

required f o r  convergence. 

employed f o r  the computations are a l so  included, 

Compilations of the IEM 7090 Fortran programs 
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t 
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tl 

T 1  

T 

U 

X 

ya 
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ac 
e 

5 
B 

N O K E N C L A W  

Temperature generation function, G a2/t%, R. 

Sphere o r  cylinder radius, f t .  

Integrat ion constants. 

Base f o r  natural logarithms. 

Temperature generation ra te ,  R/hr. 

Nodified Bessel function of first kind, 
t o  Jo( iz ) .  

ro order r r e  sponding 

Bessel function of f i r s t  kind, zero order. 

Thickness of plate ,  f t .  

Laplace transform. 

Constant, 2, 4, 6 f o r  p la te ,  cylinder,  and sphere respectively.  

Ser ies  index. 

Radial distance,  f t ,  

Laplace parameter corresponding t o  $. 

Tenperature, R, and Laplace transform of T. 

Uniform i n i t i a l  t enpera twe of so l id ,  R. 

Surface teuperature,  R. 

Temperature excess t - to, R. 

Temperature excess % - to, R. 

The variable  tf 

Distance from c e n t e r l h e  of plate ,  f t .  

Temperature function, T/T1, f o r  Case I. 

Temperature function, M”/A, f o r  Case 11. 

Thermal d i f f u s i v i t y  of solid, ft2/hr.  

Time, hr. 

Posi t ion r a t i o ,  r/a f o r  sphere and cylinder,  x/L f o r  plate.  

Fourier number, CrQ/L2 o r  &@/a2. 
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APPENDIX A 
TEXPFXUTURE HISTORY FOR THE PLATE 

The resu l t s  presented i n  the ta.bles apply t o  the following geometry: 

z = 5 = X/L 

The posit ion r a t i o  

The following special  terms were employed in the  computer program: 

XN = n, the ser ies  index 

The individual se r ies  terms i n  Quat ion (17) and (18) were designated as 

follows : 

The se r i e s  sums were designated as ASFB and BSER, and N 

terms required t o  converge t o  the  tolerance TOL 

was employed throughout). The values Ya and Yb were calculated as  

gives the number of 

(a value of TOL = 0.0000001 

YA = 1 - ASER 

YE! = 1 - Z' - BSER 

The data cards require DZ and TOL on the first card, then each value of 

PHI ( the Fourier number jd) is entered on a separate card, as many as desired. 

The computations were made on the IBM 7090 with the  Fortran System. 
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C TR SC NO P-005 5-12-41 
C 
C PROGRAMMER-H. WOLr 
C 

00000010 

OU000030 
O O O O O O b O  

0 0 0 0 0 0 2 n  

C SVNOPSIS - CALC. OF TEMP. HISTORV I N  A FLAT PLATE FOR ZERO AN0 UOOOUU50 
C FINITE SURFACE TEMP. w I i n  Z E R O  INITIAL TEUP. 0 0 0 0 0 0 4 0  
C 1 HROUGHOUT o u u u o o 7 u  

00000080 C 
C PURPOSE - GENERATE TABLES OF VALUES 00000090 
C 0 0 0 0 0 1 0 0  
C SVMBOLS - 
C 

o u o u u 1 1 o  
0 0 0 0 0 1  12  c 1 - POSITION R A T I O  OZ - UPDATING FACTOR ON Z 0 0 0 0 0 1 1 4  

C r f l L  - TOLERANCE ON CONVERC. N - NO OF TERMS R E O 0  0 0 0 0 0 1 1 4  
C r”1 - FOURIER NUMBER 0 0 0 0 0 1  20 
C 0 0 0 0 0 1 3 0  
C SEE NOTES FOR SPECIALIZED NOMENCLATURE OF PARTS OF 
C (ERIES TERMS 
C 
C .--. .-.-.-e .--. 
t 
C MAIN CALCULATIONS 
C 

5 REA0 INPUT TAPE 5 r 1 0 .  021 TOL 
10 FORMITIFI2.1, F12.71 

14 FORMlT l4F12.4 l  

22 I F ( P H 1  - 10.1 40, 4 0 1  250 
4 0  W R I T E  OUTPUT TAPE 4 r  45. P H I  
45  F O R H P T I I H I / / / ~ S X I  ZOHTRANSIENT CONDUCTION// 3 4 x 1  37HltAPERATURE 

I R A 1 1 0  TERMS FOR THE PLATE/ / /  45X.lbHFOURIER NO. = F4.2 / / /  21X. 
2 4 7 n  z Y A YB ASER BSER L 
3 H / / I H  1 

15 READ INPUT T A P E  5.14. P n I  

2 0  z 2 n. 

2 5  A S E R  = 0.000000 
3 0  BSER = 0.000000 
35 XN = 0.0 
50 P I  = 3 .141592453589793238b4 
55 P I 2  = P I S P I  
4 0  AN = 2.*XN + I .  
6 5  P I 3  P I 2 * P I  
70 1 M l  = COSFlXN.PIl/AN 
75 TM3 = T Y l / I A N * A N )  
80 X = AN*AN*P12*PHIf4.  
85 I F 1  X - 84.1 9 0 .  90. 105 
9 U  E l R  = E X P F I X I  

100 GO T O  135 
105 XB = X / I O I ) O .  
110 0 = EXPF(XBI 
1 1 5  01 = 0e.10. 
I20 0 2  = 01..10. 
130 ETM = 02-*10. 
1 3 5  C T h  = COSFIAN.PI*Z/2.1 
1 4 0  SERA = 4 . *TMl~ClM/ lETU.PI )  
1l15 SERB = 32.*TM2.CTM/IETM.PI3I 
1 4 0  ASERI * ASER + S E R A  
1b5 A I  = AESFIASERI I  
170 
115 
180 
185 
190 
195 
2 0 0  
2 0 2  
2 03 
2 0 b  
2 0 5  
2 0 4  
207 
2 0 8  
209 

2 1 0  
2 12 
2 14 

2 1 4  
2 2 0  
2 2 5  
2 3 0  
2 5 0  
2 5 5  

.~ 
A - A B S F ( A S E R 1  
B = A B S F l A l  - A I  
ASER = ASER SERA 
BSER = BSER + S E R E  
IFITOL - 81 1951  195, 2 0 2  
XN = XN 1. 
bo 18 50 
I F I X N  - I . )  203.  2 0 5 .  2 0 5  
XN = XN * I .  
GO T O  50 
XN = XN + 1. 
C T M l  = ABSFICTUI 
I F I C T I I  - ~OOUUOO1l 50s  5 0 ,  2OU 
I F I I  - -991 210. 210. 2 0 9  
V A  = I .UOOOOO1 
VFI = .0000001 
ASER =.OOOOOO I 
BSER =.0000001 
XN = 0. 
68 T B  2 1 b  
V A  = I. - A S E R  

N = XFIXF(XN1 
V A  = ABSFIYA) 
VB = ABSFIVUl  
WRITE OUTPUT TAPE 4 1  220. Z,YA~YBIASERIBSER, Z. N 
FORMATlF25.2r 2Fl2.6.Fl3.4e f 12.6, F8.21 1 4 1  
Z = L + O Z  
I F 1 1  - 1 - 0 1 )  25. 25. IS 
CALL t a l l  
STOP 
E N D I I ~ U ~ O ~ O ~ U ~ O ~ O ~ O ~ U ~ O ~ O ~ O ~ O ~ O ~ O ~  

VB = 1. - 2.i - esEn 

A-13’1 

o l J o o o 1 ~ u  
00000150 
00000 160 
0 0 0 0 0 1 7 0  
00000I80 
0 0 0 0 0 1 9 0  
oouoo2oo 
000002 IO 
0 0 0 0 0 2 2 0  
0 0 0 0 0 2 2 5  
0 0 0 0 0 2 3 0  
0 0 0 0 0 2 4 0  
0 0 0 0 0 2 5 0  
0 0 0 0 0 2 8 0  
000002Y0 
0 0 0 0 0 3 0 0  
0 0 0 0 0 3 1 0  
0 0 0 0 0 3 1 5  
0 0 0 0 0 3 1 4  
0 0 0 0 0 3 1 7  
0 0 0 0 0 3  1 8  
0 0 0 0 0 3 2 0  
0 0 0 0 0 3 3 0  
000003bO 
0 0 0 0 0 3 5 0  
0 0 0 0 0 3 4 0  
0 0 0 0 0 3 7 0  
0 0 0 0 0 3 8 0  

OOU00400 
0 0 0 0 0 4 1 0  
0 0 0 0 0 4 2 0  
0 0 0 0 0 4 3 0  
OOOOOb40 
00000450 
OOOOU440 
00000470 
~ 0 0 0 0 4 8 0  
00000490 
00000>20 
0 0 0 0 0 5 3 0  
00000540 
00000550 
OOOOU>bO 
00000570 
ooouu>Bu 
00000590 
OOOOU592 
00000594 
0 0 0 0 0 5 9 4  
00000598 
0 0 0 0 0 4 0 0  
00000604 
0 0 0 0 0 4 0 4  

00000610 
0 0 0 0 0 4  12 
0 0 0 0 0 4  1.r 
0 0 0 0 0 4  14  
000006\ 
0 0 0 0 0 4  I8  
0 0 0 0 0 4 2 0  

0 0 0 0 0 4 2 4  
0 0 0 0 0 4 2 4  
0 0 0 0 0 4 2 6  

0 0 0 0 0 6 4 0  
0 0 0 0 0 4 5 0  
0 0 0 0 0 4 4 0  
000007 1 0  
0 0 0 0 0 7 2 0  

no000390 

no000408 

o n o o o 4 z 2  

no000432 



E X T E R N A L  FORMULA NUMBERS W I T H  C O R R E S P O N D I N G  I N T E R N A L  FORMULA NUMBERS AND OCTAL L O C A T I O N S  

FFN 
10 

5 
20 
25 
55 
75  

100 
120 
145 
175 
195 
204 
208  
214 
230 

E X P (  
I F I L  
( T S h  

I F N  L O C  
1 00000 
6 00014 

10 00032 
14 00046 
18 00056 
22 00077 
26 00125 
30 00144 
34 00200 
38 00221 
42 00237 
46 00252 
50 00266 
59 00317 
6 5  00361 

DEC O C T  
349 00535 

TIEC O C T  
7 00007 
4 00004 
1 00001 

E F N  
16 
5 

22 
3 0 
60 

105 
130 
160 
180 
200 
20 5 
209 
216 
250 

no 

I F N  
2 
7 

1 1  
15 
19 
2 3  
27 
31 
35  
3 9  
4 3  
47 
51 
6 2  
66 

LOG 
00000 

00034 

0006 1 
00 105 
00126 
00 152 
002 10 
00225 
00242 
00253 
00273 
00334 
00366 

0 0 0  1 7  

onnsn 

E F N  
45 
15 
40 
35  
65  

110 
135 
165 

202 
206 
210 
216 
255 

n5  

i n 5  

I F N  
3 
8 

12 
16 
20 
24 
28  
32 
36 
40 
44 
48  
5 7  
6 3  
67 

STORAGE NOT U S E D  BY PROGRAM 

U E C  o c r  
37561 77461 

L OC 
00000 
0002 4 
00040 
00052 
00065 
00 114 
00131 

002 13 
00230 
00243 
00256 
00306 
00337 
0037 1 

o o i b n  

L O C A T I O N S  OF NAMES IN TRANSFER VECTOR 

DEL oc1 DEC OCT 
E X P  6 00006 E X I T  8 00010 

I F P T )  0 00000 I R T N )  2 00002 

E F N  
220 

15  
40 
50 
70  
90  

115 
140 
170 
190 
203  
207  
212 
2 2 5  

COS 
( S T H I  

I F N  LOC 
4 00000 
9 00027 

13 00045 
17 00054 
71  00070 
2 5  00120 
2 9  00136 
33 00170 
37 00216 
41 00233 
4 5  00247 
49 00261 
58  00311 
64 00356 

DEC OCT 
5 00005 
3 00003 

STORAGE L O C A T I O N S  FOR V A R I A E L E S  NOT A P P E A R I N G  I N  D I M E N S I O N ,  E Q U I V A L E N C E  OR COMMON S E N r E N C t S  

OEC 
E T H  340 

Dl 344 
B 340 

AN 336 
P I 2  332 

S E R B  328 
X B  324 
Y B  320 

OCT 
00534 
00530 
00524 
00520 
00514 
00510 
00504 
00500 

02 
CTM 

ASER 
A 1  

P I 3  
T M  1 

XN 
2 

OEC OCT 
347 00533 
3 4 3  00527 
339 00523 
335 00517 
331 00513 
327 00507 
323  00503 
319 00477 

D E C  
D 346 

C T M l  342 
A S E R l  338 

N 334 
P I  330 

TM2 326 
X 322 

A-138 

OC T 
00537 
00526 

00516 
005 12 
00506 
00502 

on522 

D EC 
0 2  345 

E S E R  341 
A 337 

P H I  333 
SERA 329 

TOL 325 
YA 321 

OC T 
0053 1 
00525 
0052 1 
00515 
0051 1 
00505 
0050 1 



1 R P N S l E N l  CCNOUCTICN 

1iHPERAlWRE RAllO T E R E S  F O R  THE PLdIE 

F O U . ? I E R  N G .  = 0.C1 

L 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0 .40  
0.45 
0 . 5 0  
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 .oo 

2 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0 .40  
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0 . 9 0  
0 . 9 5  
1.00 

L 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0 . 5 5  
0.60 
0.65 
0.70 
0 . 7 5  
0.80 
0.85 
0.90 
0.95 
1.00 

Y d  

0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.00000 1 
0.000004 
o.co0022 
0.000 IO 1 
0.000407 
0.00 I463 
0.004616 
0.013328 
0.0 33895 
0 . 0 7 7  100 
0.157299 
0.288844 
0.479500 
0.723673 
I .nooooo 

Y A  

0.000001 
0.000002 
0.000007 
0.00002 I 
0.000063 
0.000177 
0.000465 
0.001 154 
0.002700 
0.005960 
0.012419 
0.024449 
0.04 5500 
0 . 0 8 U l l t l  
0.133614 
0.21 I300 
0.317310 
0.453255 
0 . 6 1 7 0 7 5  
0 - 8 0 2 5 8  
1.000000 

Y A  

0.000089 
0.000123 
0.000246 
0.000523 
0.001092 
0.002200 
0.004267 
0.007964 
0.014306 
0.024745 
0.04 1227 
0 -066 193 
0.102470 
0.153042 
0.22067 1 
0.307434 
0.414216 
0.54029 1 
0.683091 
0.838256 
1.000DOG 

Y E  ASER 

0.020000 
0.020000 
0.020000 
0.020000 
0.020000 
0.020000 
0.020000 
0.020000 
0.020000 
0.020000 
0 . 0  19999 
0 .O 19996 
0.0 19985 
0.0 19948 
0.0 19839 
0.0 I9552 
0.0 I8864 
0.017368 
O.Ol4403 
0.00901 7 
0 .oooooo 

1.000000 
I .oooooo 
1 .oooooo 
1.000000 
1.000000 
1 .oooooo 
0.999999 
0.999996 
0.999978 
0.999EF9 
0.999593 
0.998 5 3 7 
0. 995384 
0.986672 
0.966 IO5 
0.922900 
0.842701 
0 . 7 1  I156 
0.520500 
0.27632 7 
0.000000 

FOURIER N O .  = 0.02 

Y 0  

0.040000 
0.040000 
0.040000 
0.040000 
0.040000 
0.039999 
0.039998 
0.039994 
0.039984 
0.039959 
0.039904 
0.039784 
0.039539 
0.039060 
0.038172 
0.036607 
0.033973 
0.029740 
0.02 3229 
0.0 13623 
0.000000 

ASER 

0. 999999 
0.999998 
0.999993 
0.999979 
0.999937 
0.999823 
0.999535 
0 . 9 9 8 8 4 b  
0.997300 
0.994040 
0.98758 1 
0.975551 
0.954500 
0.9 19882 
0.866386 
0.788700 
0.682690 
0.546745 
0 . 3 8 2 9 2 5  
U. I974 I3 
0.000000 

FOURIER NO. = 0.03 

Y B  ASER 

0.060000 
0.059999 
0.059998 
0.059996 
0.059991 
0.059981 
0.059959 
0.0599 15 
0.059830 
0.059672 
0.059387 
0.058893 
0.058064 
0.0567 I6 
0.054595 
0.051 364 
0.046566 
0.039730 
0.030 I65 
0.0 I7 180 
0.000000 

0.9999 1 I 
0.9998 7 7 
0.999754 
0. 0994 7 7 
0.998908 
0.997800 
0.9957 33 
0.992036 
0.985694 
0.975255 
0.958773 
0.933807 
0.897530 
0.84 69 58 
0.779329 
0.692566 
0.585784 
0 .459709 
0.3 16909 
0.1617bb 
0.000000 

B S E R  

0.980000 
0 . 9 7 7 5 0 0  
0.970000 
0.957500 
0 . 9 b 0 0 0 0  
0 .V I7500 

0.857500 
0.820000 
0.777500 
0.7 3000 1 
0.677504 
0.620015 
0.557552 
0.400 I6 1 
0.4 17948 
0.341 136 
0.260132 
0.175597 
0.088 483 
0.000000 

o.a9oooo 

B S E R  

0.960000 
0 . Y 5 7 5 U W  
0.950000 
0.937500 
0.920000 
0.897501 
0.870002 
0.837506 
0.80001 6 
0.75754 1 
0.7 I0096 
0.657716 
0.600462 
0.538440 
0.471828 
0.400893 
0.326027 
O.ZC7760 
0 . 1 6 6 7 7  I 
0.083877 
0.000000 

S S E R  

0.9hooon 
0.93750 I 
0.930002 
0.91 7504 
0.900009 
U.877519 
0.85004 1 

0.7801 70 
0.737828 
0.6906 I3  
0.638607 
0.581 936 
0.52078h 
0.455405 
0.386136 
0.3 13414 
0.237770 

0.080321 
0.000000 

0 .81  7585 

0.159a35 

Z 

0. 
0.05 
0. I O  
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

Z 

0. 
u.05 
0. IO 
0. I5 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0 . 5 5  
0.60 
0.65 
0 . 7 0  
0.75 
0.80 
0.85 
0 . 9 0  
0.95 
1.00 

2 

0. 
0.05  
0.10 
0. I5  
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0 .70  
0.75 
O . R O  
0.85 
0.90 
0.95 
1.00 

ti 

13 
31 
16 
12 
12 
15 
13 
13 
1 5  
13 
1 2  
I 2  
8 

1 3  
15 
I 4  
13 
12 
12 
13 
0 

N 

9 
9 

16 
1 1  
9 
9 

13 
I I  
IO 
9 
9 

1 1  
8 
9 
9 
9 

10 
10 

9 
0 

9 

N 

8 
8 

16 
1 1  
9 
8 
8 

1 1  
IO 
9 
8 
7 
8 
9 
9 
8 
8 
7 
9 
9 
0 
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TRANSIENT CONDUCTION 

TEMPERATURE RATIO TERMS FOR THE PLATE 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.05 
1.00 

z 

0. 
0.05 
0.10 
0.15 
0.20 
0 .Z5  
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.55 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

YA 

0.0008 14 
0.000988 
0.00 1563 
0.002702 
0.004700 
0.008020 
0.013333 
0.02 1558 
0.033896 
0.05 I830 
0.077100 
0.11 1612 
0.157299 
0.215925 
0.288844 
0.376759 
0. h79500 
0.595883 
0 * 723673 
0.859684 
1 .oooooo 

YA 

0.00313 1 
0.003562 
0.004931 
0.007466 
0 .O 11560 
0.017783 
0.026896 
0.039852 
0.057789 
0.08 1995 
0.113848 
0.154730 
0.205904 
0.268382 
0.342782 
0.429195 
0.527089 
0.635256 
0.751830 
0.874367 
1 .oooooo 

YA 

0.007785 
0.008536 
0.010871 
0.0 15039 
0 -02 1453 
0.03069 1 
0.043483 
0.060699 
0.0833 18 
0.11Z~80 
0.148930 
0.193939 
0.2482 17 
0.3 12323 
0.386C77 
0.470487 
0.563703 
0.6b5006 
0.772830 
0.885234 
1,000000 

FOURIER NO. = 0.04 

Y 0  ASER 

0.079992 
0.079990 
0.079983 
0.079968 
0.079939 
0 -079885 
0.079791 
0.079629 
0.079358 
0.078P15 
0.078209 
0.077 114 
0.075457 
0.073007 
0.069472 
0.064487 
0.05761 1 
0.048333 
0.036070 
0.020185 
0.000000 

0.9991 86 
0.999012 
0.998437 
0.997298 
0.995300 
0.991980 
0.986667 
0.978442 
0.9661 04 
0.94B170 
0.922900 
0.888388 
n.84270 1 
0.784075 
0.7 1 1  156 
0.62324 I 
0.520500 
0.4041 17 
0,276327 
0.1403 16 
0.000000 

FOURIER NO. = 0.05 

I0 ASER 

0.099956 
0.099948 
0.099922 
0.099871 
0.099781 
0.099633 
0.099395 
0.099021 
0.098446 
0.097579 
0.096298 
0.094445 
0.09 18 14 
0.088148 
0.083136 
0.076405 
0.067523 
0.056001 
0.04 1300 
0.022836 
0.000000 

0.996869 
0. YV6438 
0.995069 
0.992534 
0.988440 
0.9822 17 
0.973104 
0.940198 
0.942211 
0.918005 
0.886152 
0.845270 
0.794096 
0.731618 
0.6572 18 
0.570805 
0.472911 
0.364744 
0.248170 
0.125633 
0.000000 

FOURIER NO- = 0.06 

Y B  ASER 

0.119851 
0.119832 
0.119769 
0.119650 
0.119856 
0.119155 
0.118695 
0.118018 
0.117036 
0. I15634 
0.113667 
0.110951 
0.107263 
0.102329 
0.095829 
0.087393 
0.076600 
0.062986 
0.046044 
0.025235 
0.000000 

0.9922 15 
0.9V1464 
0.9891 29 
0.984961 
0.978547 
0.969309 
0.9565 17 
0.939301 
0.9 16682 
0.887620 
0.85 1070 
U.806061 
0.75 1783 
0.687677 
0.613573 
0.5295 13 
0.436297 
0.534974 
0.227170 
0.1 l476b 
0.000000 

0SER 

0.920008 
0. V 175 10 
0.910017 
0.897532 
0-880061 
0.857615 
0.830209 
0.797871 
0.7 6 064 2 
0.7 18585 
0.671791 
0.620386 
0.564543 
0.5 0449 3 
0 Jb40528 
0.373013 
0.302389 
0.229168 
0.153930 
0.071515 
0.000000 

0SER 

0.900044 
0.897552 
0.890078 
0.87762 9 
0.8602 19 
0.837867 
0.810605 
0.77847'1 
0.741554 
0.699921 
0.653702 
0 A03055 
0.548186 
0.4 89352 
0.426864 
0.361095 
0.292477 
0.221 499 
0.148701 
0.074664 
0.000000 

8SER 

0.880149 
0.877668 
0.870231 
0.857850 
0.84054 lb 
0.818347 
0.791 305 
0.759482 
0.722964 

0.636333 
0.586599 
0.532737 
0.4 75 17 1 
0.414171 
0.350107 
0.283400 
0.2 14514 
0.143956 
0.072265 
0.000000 

0.6ai866 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 .oo 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0. r5 
0.80 
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 .oo 

N 

7 
7 
16 
1 1  
9 
7 
7 
7 
10 
6 
8 
1 
7 
7 
9 
8 
8 
7 
7 
7 
0 

N 

6 
6 
16 
1 1  
9 
7 
6 
6 
6 
6 
8 
7 
7 
6 
6 
6 
6 
1 
7 
7 
0 

N 

6 
6 
16 
1 1  
9 
7 
6 
6 
6 
6 
8 
5 
7 
b 
6 
6 
6 
7 
7 
7 
0 
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TRANSIENT CONDUCTION 

T E H P E R A I U R E  RATIO TERMS FOR THE P L A T E  

FOURIER N O .  = 0.08 

L 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0 . 8 0  
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.55 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0 . 8 0  
0.85 
0.90 
0.95 
1.00 

L 

0 -  
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

YA 

0.024839 
0.0262 14 
0.030409 
0.037627 
0.048200 
0.06257 1 
0 - 0 8  I272 
O.lOlr901 
0.134080 
0.169420 
0.21 1476 
0.260696 
0.3 17374 
0.38 16 1 1 
0.453276 
0.53 I983 
0.61 7082 
0.707664 
0.802589 
0.90052C 
1 .oooooo 

Y A  

0.050695 
0 .OS2529 
0.058078 
0.067473 
0 .OR0929 
0.09872 1 
0.121175 
0.  I48639 
0.181458 
0.2 19944 
0.264349 
0.314833 
0.37 1440 
0.434073 
0.502479 
0.57624 1 
0.654777 
0.737349 
0.823082 
0.9 1 O Y 8 8  
1 .oooooo 

Y A  

0.135778 
0.138072 
0.144958 
0.1561154 
0.172586 
0.193382 
0.2 1886k 
0.249043 
0.283907 
0.3234 12 
0.367475 
0.4 15962 
0.468684 
0.525390 
0 . 5 8 5  766 
0.649435 
0.7 15957 
0.784836 
0.855529 

1 .oooooo 
0.92r453 

Y8 ASER 

0.159232 
0.159170 
0. I58975 
0.158627 
0.158089 
0.157309 
0.156214 
0.154710 
0.152680 
0.149977 
0.146424 
0.141810 
0.135890 
0.128380 
0. I18959 
0.107268 
0.0929 15 
0.075475 
0.054494 
0.029498 
0.000000 

0.975 161 
0.973786 
0.969591 
0.962373 
0.951800 
0.9371129 
0.9 18728 
0.895099 
0.865920 
0.830580 
0.788524 
0.739304 
0.682626 
0.618389 
0.5116724 
0.46801 7 
0.3829 18 
0.292336 
0.1974 1 1  
0.0994 76 
0.000000 

FOURIER NO. = 0.10 

Y B  

0.197746 
0. I97619 
0.197227 
0.196543 
0.19552 1 
0 .  I9bOW 
0.192167 
0.189634 
0.186356 
0.182168 
0.176878 
0.170264 
0.162073 
0.152022 
0.139799 
0.125061 
0.107440 
0.086543 
0.061958 
0.033257 
0.000000 

ASER 

0.9C9305 
0.947117 1 
0.941922 
0.932527 
0.91907 1 
0.901279 
0.878825 
3.851361 
0.8 18542 
0.780056 
0.735651 
0.685167 
0.628560 
0.565927 
0.497521 
0.423759 
0.345223 
0.262651 
0.176918 
0.089012 
0.000000 

FOURIER NO. = 0.15 

Y 8  

0.2885 7 3 
0.288232 
0.287200 
0.2851140 
0.282897 
0.2791188 
0.275111 
0.269637 
0.2629 17 
0.2511774 
0.2115013 
0.233413 
0.219731 
0.203700 
0.185048 
0.163h62 
0.138628 
0.110213 
0.077874 
0.04 1256 
0.000000 

ASER 

0.864222 
0.86 1928 
0.855042 
0.843546 
0.8274 14 
0.806618 
0 .781  136 
0.750957 
0.7 16093 
0.676588 
0.632525 
0.  584038 
0.5313 16 
0.074610 
0.4 14234 
0.350565 
0.284043 
0.215164 
0.14447 1 
0.072541 
0.000000 

B S E R  

0.840168 
0.838330 
0.83 1025 
0.818873 
0.80191 1 
0.760191 
0.753786 
0.722790 
0.687320 
0.64752 3 
0.603 5 1  6 
0.555690 
0.504 110 
0.1149120 
0.39 1 0 4  1 
0.330232 
0.2 67085 
0.20202 6 
0.135506 
0.068002 
0.000000 

B S E R  

0.802254 
0.79988 1 
0.7 92 7 73 
0.780956 
0 . 7  60479 
0.743408 
0.7 17833 
0.687866 
0.653644 
0.6 15332 
0.573 122 
0.527236 
0.477927 
0.425478 
0.370201 
0.3 12439 
0.252560 
0.190957 
0.128042 
0.064243 
0.000000 

8 S E R  

0.711427 
0.709268 
0.702 & O O  
0.692 060 
0.677 103 
0.65801 2 

0.607863 
0.577083 
0.542726 
0.504987 
0.4 6408 7 
0.420269 
0.373796 
0.324952 

0.221372 
0.167287 
0.112 I27 
0.056245 
0.000000 

0.6348a9 

o.zr4038 

L 

0. 
0 . 0 5  
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0 .40  
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0 . 8 0  
0.85 
0.90 
0.95 
1 .oo 

L 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.31, 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0 . 8 0  
0 .85  
0.90 
0.95 
1.00 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 .oo 

ti 

5 
5 
5 

1 1  
9 
7 
6 
5 
5 
5 
5 
5 
7 
6 
6 
6 
5 
5 
5 
5 
0 

h' 

5 
5 
5 

1 1  
9 
7 
6 
5 
5 
5 
5 
5 
7 
6 
6 
6 
5 
5 
5 
5 
0 

N 

4 
4 
4 

1 1  
9 
7 
6 
5 
5 
4 
4 
4 
4 
4 
1( 

6 
5 
5 
5 
5 
0 
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2 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

z 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
O.hO 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

z 

0. 
0.05 
0.10 
0. 15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

YA 

0.227688 
0.229947 
0.2367 1 4  
0.247968 
0.263673 
0.2M3773 
0.308 I94 
0.336843 
0.369599 
0.4063 1 7  
0.446M24 
0.4909 15 
0.538353 
0.588872 
0.642 170 
0.6979 I6 
0.755752 
0.815292 
0.876131 
0.937845 
1 .oooooo 

Y A  

0,314554 
0.316627 
0.322834 
0.333144 
0.347504 
0.365839 
0.388053 
U.414028 
0 -443621 
0.476670 
0.512987 
0.552364 
0.591r570 
0.639355 
0 6864 39 
0.735539 
0.786344 
0.838532 
0.89 I767 
0.945707 
1.000000 

YA 

0.393196 
0.39 50 53 
0.4006 1 4  
0.409847 
0.422698 
0.439093 
0 .lt58935 
0.482 IO9 
0.508479 
0.537887 
0.570 157 
0.605097 
0.642495 
0.682 12 1 
0.72373U 
0.767077 
0.81 1881 
0.857865 
0.904744 
0.95222 1 
1 .oooooo 

T R A N S I E N T  CONDUCTION 

TEMPERATURE R A T I O  TERMS FOR THE P L A T E  

F O U R I E R  

Y8 

0.370386 
0.369816 
0.568094 
0.365 lM7 
0.36 1038 
0.355569 
0.348679 
0.340247 
0.330 128 
0.318160 
0.304 159 
0.287922 
0.269229 
0.247844 
0.223512 
0.195969 
0 .  I64935 
0. I30122 
0.09 1232 
0.047961 
0.000000 

F O U R I E R  

YB 

0.443212 
0.442425 
0.440052 
0.436064 
0 -430409 
0.4230 15 
0.4 13789 
0.402622 
0.389383 
0.373925 
0.356082 
0.335672 
0.312500 
0.286354 
0.25701 0 
0.224233 
0. I87777 
0. I47389 
0.102809 
0.05376'1 
0.000000 

FOURIER 

Y0 

0.507752 
0.506769 
0.503808 
0.498843 
0.49 1827 
0.482696 
0.47 1368 
0.457744 
0.44 1709 
0.423 129 
0.401859 
0.377737 
0.350589 
0.320227 

0.249061 
0.207833 
0.162544 
0.1 I2966 
0.058864 
0.000000 

0 . 2 ~ 4 5 4  

A 

NO. = 0.20 

ASER 

0.772312 
0.770053 
0.763286 
0.752032 
0.736327 
0.7 16227 
0.69 1806 
0.663 157 
0.630401 
0.593683 
0.5531 76 
0.509085 
0.461 647 
0.41 1128 
0.357830 

0.244248 
0. I84708 
0.123869 
0.062 155 
0.000000 

0.302084 

NO. = 0.25 

ASER 

0.685446 
0.683373 
0.677166 
0.666856 

0.634 I6 1 
0.61 1947 
0.585972 
0.556379 
0.523330 
0.4870 13 
3.447636 
0.405430 
V.56064 r 
0.313561 
0.264461 
0.2 I3656 
0.161468 
0.108733 
0.054293 
0.000000 

0.652496 

NO. = 0.30 

ASER 

0.606804 
0.604941 
0.599386 
0.590153 
0.577302 
0.560907 
0.54 IO65 
0.51 7891 
0.491521 
0.4621 13 
0.429843 
0.394903 
0.357505 
0.31 7879 
0.276266 
0.2 32923 
0. I881 I9 
0.142135 
0.095256 
0.047779 
0.000000 

.-142 

BSER 

0.67961 It 

0.621 9 0 6  
0.61231 3 
0.5 98 962 
0.58 I93  1 
0.56132 1 
0.531253 
0 -509872 
0.4 7934 0 
0.44584 1 
0.409578 
0.370771 
0.329656 
0.286488 
0.241531 
0. I95065 
0. I47378 
0.098768 
0.049539 
0.000000 

0.62fb84 

BSER 

0.556788 
0.555075 

0.54 1436 
0.529591 
0.514485 
0.49621 1 
0.4 74870 
0.45061 7 
0.423575 
0.393918 
0.36 1828 

0.2Y1146 
0.252990 
0.215267 
0.172223 
0.130111 
0.087 I9 I 
0.043731 
0.000000 

0. 5 4 9 ~ 8  

0 . ~ 7 5 0 0  

8 S E R  

0.492248 
d-4VUI3 I 
0.486192 
0.478657 
0.468 173 
0.454804 
0.438632 
0.419756 
0.39829 1 
0.374 37 1 
0.34814 1 
0.319763 
0.28941 1 
0.257273 
0.223546 
0.188439 
0.152 I68  
0.1 I4956 
0.077034 
0.038637 
0.000000 

2 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 

0.35 
0.40 
0.45 
0.50 
0.55 
O . h O  
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 .oo 

0 - 3 0  

z 

0 .  
u.05 
0. IO 
u. 15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0. I >  
0.80 
0.85 
0.90 
0.95 
1-00 

2 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.00 
0.85 
0.90 
0.95 
1.00 

N 

4 
4 
4 

1 1  
9 
7 
6 
5 
5 
4 
4 
4 
LI 

9 
4 
6 
5 
5 
5 
5 
0 

N 

3 
3 
Z 
5 
9 
7 
6 
5 
5 
4 
4 
4 
4 
5 
3 
J 
3 
3 
3 
3 
0 

N 

3 
3 
3 
3 
9 
7 
6 
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5 
4 
4 
4 
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3 
3 
3 
3 
3 
3 
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T R A N S I E N T  C o N o u c r i a N  

TEHPERATUi7E R A T I O  T E R X S  FOR THc P L A T E  

L 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 

0.65 
0.70 
0.75 
o.ao 
0.85 
0.90 
0.95 
1.00 

0.60 

L 

0. 
0.05 
0. IO 
0.15  
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 

0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0 . 9 5  
1.00 

0.60 

2 

0. 
0.05 
0 .  IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.15 
0.80 
0.85 
0 . v o  
0.95 
1.00 

YA 

n. 463323 
0 .464973 
0 . k 6 9 9  13 
0.4781 I4 

0.504078 
0.52 1686 

0.565619 
0.59 I678 
0.620259 
0.65 1 l a8  
0. 684274 
0.7 I9315 
0.756096 

0.833958 
0.874557 
0.91 5936 
0.957837 
1 .oooooo 

o.pa9525 

1!.54224 I 

0.7943a9 

YA 

0.5255 13 
0 . 5 2 6 9 1 ~  
0.53 1349 
0.5386 IO 
0.548714 
a. 56 1599 
5.577185 
9.595378 
11.6 16066 
0.639 I2 I 
0.664403 
0.691757 

0.75 199 I 
0.784502 
0.818345 
0.853309 
0 .e89 I8 1 
0 - 9 2 5  7 38 
0.962754 
I .oooooo 

o -72 in 13 

YA 

0.629223 
0.630365 
0.633 787 
0.639466 
0.647367 
0.65 7443 
0.669630 
0.663854 
0.700026 

0.7378 12 
0.759 I90 

0 .a06260 
0.83 I661 
0 .858 IO 1 
O.ea54 16 
0.91 3438 
0.941994 
0.970907 
1 .oooooo 

0.7 iaosc 

0.7a2053 

F S U R I E R  NO. = 0.35  

Y B  ASER 

0.564857 
0.563698 
0.5602 I3 
0.554377 
0.546149 
0.535472 
0.522273 
0.506465 
0.487944 
0.466594 
0.442285 
0.4 I4873 
0.384205 
0.550 1 I b  
0.312426 
0.270957 
0.2255 16 
0.175904 
0.121919 
0.063354 
0.000000 

0.536677 
0.535027 
0.530087 
0.52 1886 
0.5104 75 
0.495922 
0.4 783 I 4  
0.457759 
0.43438 1 
0.408322 
0.37974 1 
0.348812 
0.315726 
0.280685 
0.24 390U 
0.2056 1 1  
0.166042 
0.125443 
0.084064 
0.042163 
0.000000 

F O U R I E R  NO. = 0.40 

Y B  ASER 

0.6 I5352 
0.6 14038 
0.6 10088 
0.603479 
0. 594 177 
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T R A N S I E N T  C O N O U C T I O N  

TEMPERATURE R A T I O  TERMS FOR THE P L A T E  
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0.349920 
0.269885 
0 .184897 
0.09494 1 
0.000000 

ASER 

0.040244 
0.040120 

0.039 132 
0.038274 

0 .035858 
0.0343 14 
0 .032558 
0 .030602 
0 .028457 
0.0261 3 6  
0 . 0 2 3 6 5 5  
0 .021027 
0.018270 
0.0 1 5 4 0  1 
0.0 1 2 4 3 6  
0 .009395 
0.006296 
0.003157 
0 .000000 

0 .039748 

0 .037181 

F O U R I E R  NO. = 1.60 

Y 8  A S E R  

0.980085 
u .977647 
0 .970330 
0.958136 
0.94 1060 
0.919 101 
0. n922 56 
0 .860520 
0 . 8 2 3 8 8 9  
0 .782357 
0 .735918 
0 .684566 
0.628294 
0 .567095 
0 .500959 
0 .429879 
0 .353846 
0 .272851 
0 .186885 
0.095 9 38 
0 . 0 0 0 0 0 0  

0.024569 
0 .024493 

0 .023890 
0 .023366 
0.022699 
0.02 I 8 9  1 
0 .020948 
0.0 1 9 8 7 7  
0.0 18682 
0 . 0 1 1 3 7 3  
0.01 5 9 5 6  
0.01 4 4 4  1 
0.012837 
0.0 1 1  1 5 4  
0 . 0 0 9 4 0 2  
0 .007592 
0 .005735 
0 . 0 0 3 8 4 3  
0.00 I 9 2 8  
0.000CG0 

n.024266 

F O U R I E R  NO. = 1.80 

y n  A S i R  

0.987842 
0. 9 8 5 3 8 0  
0.977992 
0 .965678 
0 .948437 
0 .926268 
0 . 8 9 9 1 6 7  
0 .867  134  
0 .830164 
0 . 1 8 8 2 5 5  
0 .74  I 4 0 3  
O.6@9604 
0.632854 
0 .571  I48  
0 .504480 
0 .432847 
0 . 3 5 6 2 4 3  
0 . 2 7 4 6 6 2  
0 . 1 8 6 0 9 8  
0 .096546 
0 . 0 0 0 0 0 0  

O.OI4999 
0.014953 
0.0148 I5 
0.0 1 4 5 8 5  
0.014265 
0.0 I 3 8 5 7  
0 .013364 
0 .012789 
0.0 12 1 3 5  
0.01 1 4 0 5  
0.010606 
0 . 0 0 9 7 4 l  
0.0088 16 
0.0 0 7 8  3 7 
0.006809 
0 .005740 
0 .004635 
0.00 350 1 
0.002346 
0.00 1 1  7 7  
0.000000 

B S E R  

0.032620 
0.032 52 0 
0.0322 I 9  
0.031 7 1 9  
0.0 3 1024 
0.030 137 
0 .029065 
0.027814 
0.026391 
0 .024805 
0 .023066 
0.021 l b 5  
0 .0191 7 4  
0.0 1 7 0 4 4  
0.014809 
0.0 I 2 4 8 3  
0.010080 
0.007615 
0 .005103 
0.00255 Y 
0.000000 

B S E R  

fl.0 1991 5 
0.0 19853 
0.019670 
U. 0 1Y564 
0.0 18940 
0.0 18399 
0.017744 
0.016V60 
0.016111 
0 . 0 1 5 1 4 3  
0 .014082 
0.0 12934 
0 .011706 
0.0 I 0 4 0 5  
0 .00904 1 
0.00762 1 
0.006154 
0.004649 
0.003 1 1  5 
0.001 562 
0 . 0 0 0 0 0 0  

B S E R  

0.012 I 5 8  
0.0 12 120 
0 .012008 
0 .011822 

0 .011232 
0.0 1 0 8 3 3  
0.0 10366 
0 .009A36  
0 . 0 0 9 2 4 5  

0.0078Y6 

0.006352 
0 .005520 
0.00465 3 
0.003757 

0 .001902 
0 .000954 
0.000000 

0.0 1 1  5 6 3  

o . n o ~ 5 ~ 7  

0 . 0 0 7 1 ~ 6  

0 . 0 0 2 8 3 8  

2 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70. 
0.75 
0.80 
0.85 
0.90 
0.95 
1 .oo 

2 

0. 
0 .05  
0.10 
0. I3 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0 .55  
0.60 
0.65 

0.15 
0.80 
0.85 
0.90 
0.95 
1.00 

0.70 

N 

2 
2 
2 
2 
2 
2 
2 
5 
5 
4 
4 
4 
4 
3 
3 
3 
3 
3 
3 
5 
0 

N 

2 
2 
2 
7 
2 
2 
2 
5 
5 
4 
4 
4 
4 
3 
3 
3 
3 
3 
3 
3 
0 

N 

2 
2 
2 
2 
2 
2 
2 
5 
5 
4 
4 
4 
4 
3 
3 
3 
3 
3 
3 
3 
0 

'r' 

1 

c 

0 
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L 

0. 
0.05 
0.10 
0 . 1 5  
0 .20  
u .z5  
0.30 
0.35 
0 . 4 0  
0 . 4 5  
0 . 5 0  
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

T R A N S  I ENT C O N D U C T  ION 

T E H P E R A T W R E  R A T I O  TERMS FOR THE P L A T E  

F O U R I E R  N O .  = 2.00 

Y A  

0.990843 
0.990611 
0-990956 
u. '49 l O Y 6  
0.99 129 I 
0 . Q 9  I540 
0.99 184 1 
0.992 192 
0 . 9 9 2 5 9 2  
0.993037 
0.993525 
0. YVlr053 
0.994616 
0.995215 
0.9958U3 
0.996496 
0.997 170 

0.998568 
u.9v92az 
I .  000000 

0.997e62 

Y 0  

0 .903578 
0.990 100 
0.982669 
0.970Za5 
0.952941 
0.930643 
0.903587 
0.871171 
0.833995 
0.791856 
0.74U152 
0.692680 
0.635637 
0.573622 
0.506630 
0 .434660 
0.357706 
0.275767 
0.188839 
0.0969 18 
0.000000 

ASER 

0.009 1 S 7  
0.009129 
0 .009OU4 
O.OOb904 
0.008709 
0. UU84 6 0  

0.007808 
0.007408 
0.006963 
0.006ri75 
G.005947 
0.005332 
0.004785 
0.004157 
0.00350U 

0.002 I 5 8  
0.001 432 
0.0007 10 
0.000000 

o.ooai  59 

0. 002830 

8 - 1 4 ?  

B S E R  

0 . 0 0 7 4 7 7  
O . O U ~ 3 V V  
0.001331 
0 . 0 0 7 2 1  7 
0.007059 

0.00661 3 
0 .006329 
0.006005 
0.005644 
0 . 0 0 5 2 S 8  
0. OOII  820 
0.004363 

0.006a57 

0.003878 
0.003370 
0.00284 0 
0.0 02 2 9 4  
0.001 733 
G . O O 1  161 
0.000562 
0.000000 

1 

0. 
u .05  
0.10 
u. 15 
0 .20  
0 .25  
0.30 
0.35 
0.u0 
0.45 
0.50  
0.55  
0.60 
0.65 
0.10 
0.15 
0.80 
0.85 
0.90 
0.95 
1.00 

v 

2 
2 
2 
2 
2 
2 
2 
5 
5 
4 
4 
4 
4 
3 
3 
3 
3 
3 
3 
3 
0 



APPF3IDIX 2 
TEMPERATURE HISTORY FOR THE CYLINDER 

The r e su l t s  presented apply t o  the i n f i n i t e  cylinder as follows: 

z = 3 = r/a 

The position r a t io  

z=o Z=1 

The fo l lo idng  special  t e r n  were employed i n  the computer program: 

ET1 = /3* Escp( p$ 
ET2 = p2 ET1 n 

TJ = Jo(zpn)/J l (pn)  

XN = n, the se r i e s  index 

The individual se r ies  te rns  i n  Equations (19) and (20) were designated, as  

follows : 

SERA = 2TJ/LT1 

SERB = 8TJ/ET2 

The se r i e s  sums were designated by ASER and BSER, and N 

t e rns  required t o  converge t o  the tolerance 

was ernplojed throughout). The values Ya and Yb were calculated as 

gives the number of 

( a  value of To1 = O.OOooOO1 TOL 

YA = 1 - ASER 
YB = 1 - z2 - BSER 

The data cards require DZ and TOL on the first card, then each value o f  

PHI ( the Fourier number PI) is  entered on a separate card; as many as  desired. 

The computations were made on the IEM 7090 with the  Fortran system. 
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C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
L 
C 
C 
C 
C 
C 
C 
C 
C 

L 

5 
10 
3 5  
40 
I 5  
1 6  
18  
2 0  
2 2  
2 3  

TRSCND A-005 5-12-61 

PROGRAMMER H. WOLF 

0 0 5 0 0 0 2 0  
0 0 5 0 0 0 3 0  
0 0 5 0 0 0 4 0  
0 0 5 0 0 0 5 0 

SYNOPSIS- CALCULATION OF TRANSIENT CONDUCTION HISTORY FOR THE 0 0 5 0 0 0 6 0  
CYLINDER AS A FUNCTION OF FOURIER NUMBER AND POSITION 0 0 5 0 0 0 7 0  
RATIO W I T H  ZERO AND F I N I T E  SURFACE TEMP. AND W I T H  2ERO 0 0 5 0 0 0 8 0  
IN I T  I AL TEMP. THROUGHOUT. 0 0 5 0 0 0 9 0  

0 0 5 0 0 0 9 5  
PURPOSE - GENtFtATE TABLES OF VALUES 00500100 

0 0 5 0 0 1 0 5  
0 0 5 0 0 1 1 0  

SVMEOLS - 0 0 5 0 0 1 1 2  
Z - POSITION RATIO PHI  - FOURIER NUMBER 0 0 5 0 0 1 1 4  

DZ - UPDATING FACTOR ON Z T O 1  - TOLERANCE ON CONVERG. 0 0 5 0 0 1 1 6  
N - NO. OF TERMS REQD.. T J  - BESEL FUNCT TERM OOSOOllB 

B I I )  - SLNS OF JOIXI=O. ET1 - EXP TERM X 8 1 1 )  0 0 5 0 0 1 2 0  
ASER - S E R I E S  SUM FOR Y A  ET2 - EXP TERM X BII I X B ( 1 )  0 0 5 0 0 1 2 2  
BSER - SERIFS sun FOR VR 0 0 5 0 0 1 2 4  

0 0 5 0 0 1 2 6  .-.-. .-.-.-e 0-.-.  0 0 5 0 0  128 
0 0 5 0 0 1 4 0  

SEE N O T E S  FOR SPECIALIZED NOMENCLATURE EMPLOYED FOR 0 0 5 0 0 1 5 0  
OESIGNATION OF PARTS OF THE SERIES TERMS.  0 0 5 0 0  160 

0 0 5 0 0  170 .-.-. .-0-.-. 0-.-.  0 0 5 0 0 1 8 0  
0 0 5 0 0 1 9 0  
0 0 5 0 0 2 0 0  
0 0 5 0 0 2  1 0  
0 0 5 0 0 2 2 0  

DIMENSION 8 1 3 0 1  0 0 5 0 0 2 2 2  
READ INPUT TAPE 5 1 1 0 1  0 2 s  TOL 0 0 5 0 0 2 3 0  
FORMATIF12.4, F12.71 0 0 5 0 0 2 3 2  
READ INPUT TAPE 5. 40. I B l J ) s J = 1 , 2 Z l  0 0 5 0 0 2  5 0  

0 0 5 0 0 2 6 0  FORHATl6F12.4l 
READ INPUT TAPE 5.16. PHI  0 0 5 0 0 2 7 0  
FORMATlF12.61 0 0 5 0 0 2 7 2  
I F I P H I  - 10.1 20 .  20, 2 3 5  0050027B 
z = 0. 0 0 5 0 0 2 8 0  
WRITE OUTPUT TAPE 6.23. PHI  0 0 5 0 0 2 8 2  
FORI(ATI lH1/ / /45X.  20HTRANSIENT CONDUCTION// 35Xe 40HTEMPERATURE00500284 

UAIN CALCULATIONS 

1 RATIO 1 E R M S  FOR THE CYLINDER// /  Z5Xt  14HFOURIER NO. = F4 .3 / / /21X 0 0 5 0 0 2 8 6  
2.67H 2 V A  YB ASER BSER 2 0 0 5 0 0 2 8 7  

0 0 5 0 0 2 8 8  3 N//IH 1 
2 5  ASER = 0. 0 0 5 0 0 2 9 0  

0 0 5 0 0 3 0 0  30 BSER 0. 
3 4  1 F l L  - -99)  45 .45136 0 0 5 0 0 3 0 2  
3 6  YA = 1.000000 0 0 5 0 0 3 0 4  
3 8  YB = 0.0000001 0 0 5 0 0 3 0 6  
4 1  ASER = 0.0000001 0 0 5 0 0 3 0 8  
4 2  BSER = 0.000000l 0 0 5 0 0 3 1  0 

0 0 5 0 0 3  1 1 
4 3  GO T O  2 0 0  0 0 5 0 0 3 1 2  
4 5  DO195 I = 1 , 2 4  0 0 5 0 0 3 5 0 
5 0  X = B ( I I * B I I I * P H I  0 0 5 0 0 3 6 0  
5 5  I F I X  - 86.) 6 0 ~ 6 0 ~  7 5  0 0 5 0 0 3 7 0  
60 ET1 = E X P F I X I  *BII) 0 0 5 0 0 3 8 0  
6 5  ET2 = E l l . B 1 1 ) . B f I l  0 0 5 0 0 3 9 0 
70 GO T O  100 00500ZOO 
7 5  XB = X/lOOO. 0 0 5 0 0 4 1 0  
7 6  D = EXPFIXB)  0 0 5 0 0 k  IS 
7 7  D l  = 0..10. 00500420 
BO D2= 01**10.  0 0 5 0 0 4 2 5  
8 5  ET1 = 1 0 2 ~ * 1 0 . l * B I I l  0 0 5 0 0 4 3 0  

0 0 5 0 0 4 4 0  90 ET2 = E T l * B l I ) * B l I )  
1 0 0  T J  = B E S E L F I 2 * B I I ) ~ O ~ l l  / B E S E L F l B l l l r l ~ l l  0 0 5 0 0 4 5 0  
1 1 0  SERA = I T J / E T I I * 2 .  0 0 5 0 0 4 6 0  

0 0 5 0 0 4 7 0  1 2 0  SERB = I T J / E T Z l * B .  
1 4 5  XN = F L O A T F I I I  0 0 5 0 0 4 8 0  
1 6 0  ASERl = ASER + SERA 0 0 5 0 0 5  10 
165 A I  = ABSFIASERI I  0 0 5 0 0 5 2 0  
1 7 0  A = ABSFIASERI 0 0 5 0 0 5 3 0  

0 0 5 0 0 5 4 0  1 7 5  EBB = ABSF ( A I  - A1 
1 8 0  ASER = ASER + SERA 0 0 5 0 0 5 5 0  
1 8 5  BSER = BSER + SERB 0 0 5 0 0 5 6 0  

0 0 5 0 0 5 7 0  1 9 0  I F I T O L  - B B B l  195,  1951 196 
1 9 5  CONTINUE 0 0 5 0 0 5 8 0  
1 9 6  Y A  = 1. - ASER 0 0 5 0 0 5 8 2  
197 YB = I .  - 2.2 - BSER 0 0 5 0 0 5 8 4  

005005A6 
1 9 8  ASER = 1.0000001 0 0 5 0 0 5 8 7  

200 W R I T E  OUTPUT TAPE 6,202. 2 ,  Y A ,  YB. ASER. B S E R ,  Z v I 0 0 5 0 0 5 9 0  
2 0 2  FORMATIF25.2, 2F12.6, F13.6, F12.61 F8.29 161 0 0 5 0 0 6 0 0  
2 0 s  z = z + OZ 0 0 5 0 0 6 2 0  
2 1 0  I F 1 2  - 1.011 2 5 9 2 5 t 1 5  0 0 5 0 0 6 3 0  
2 3 5  CALL E X I T  0 0 5 0 0 6 7 0  

STOP 0 0 5 0 0 6 8 0  
E N D 1 1 , 0 ~ 0 ~ 0 , 0 ~ 0 ~ 0 , 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~  

I = O  

I F I Y A )  198.198. 200 

Y A  = 0.0000001 0 0 5 0 0 5 8 8  
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E X T E R N A L  FORMULA NUMBERS W I T H  C O R R E S P O N O I N G  I N T E R N A L  FORMULA NUMBERS 

EFN I F N  L O C  
1 0  2 00000 

202 6 00000 
35 14 00034 
20  18  00056 
30 22 00074 
41 2 6  00110 
50  31  00122 
70 35 00151 
8 0  39 00175 

110 43 00252 
165 47 00272 
185 51  00307 
197 55 00325 
205 6 1  00372 

DEC OCT 
390 00606 

E F N  I F N  
40 3 

5 8 
15 15 
22 19 
3 4  23  
42 2 7  
55 32 
75 3 6  
85 4 0  

120 44 
170 48 
190 52  
198 57 
210 62  

L O C  
00000 
00014 
00040 
00060 
00076 
001 12 
00127 
001 53 
00205 
00256 
002 75 
003 12 
00336 
00375 

E F N  I F N  L O C  
16 4 00000 
5 9 00017 

15 16 00045 
22 20 00065 
36 24 00104 
43 29  00116 
60 3 3  00133 
76 37 00156 
90  41  00217 

145 45 00262 
175 49 00300 
195 5 3  00316 
200 59 00344 
235 63 00402 

STORAGE NOT U S E D  BY PROGRAM 

U E C  OCT 
32561 77461 

AND O C T A L  L O L A T I O N S  
A 

E F N  I F N  LOC 
23 5 00000 
35 10 00024 
18 17 00052 
25  2 1  00072 
38 25 00106 
45 30  00117 
65 34 00144 

100 42 00224 
160 46 00267 
180 50  00304 
196 54 00322 
200 60 00351 

77 38 00165 f 

J 

L O C A T I O N S  OF NAMES I N  T R A N S F E R  VECTOR 

DEC OCT D E C  OCT D E C  OCT OEC OCT 
E X P  13 6 00006 E X P  5 00005 E X I T  8 00010 B E S E L  7 00007 
( F I L )  4 00004 ( F P T )  0 00000 ( R T N )  2 0 0 0 0 2  ( S T H I  3 0 0 0 0 3  
I T S H l  1 00001 

STORAGE L O C A T I O N S  FOR V A R I A B L E S  A P P E A R I N G  IN D I M E N S I O N  A N 0  E Q U I V A L E N C E  S E N T E N C E S  

DEC OCT 
B 389  00605 

DEC OCT OEC O C T  DEC O C T  

STORAGE L O C A T I O N S  FOR V A R I A B L E S  NOT A P P E A R I N G  I N   DIMENSION^ E Q U I V A L E N C E  OR COMMON S E N T E N C E S  

DEC OCT D E C  OCT DEC OCT DtC O C T  
I 359 00547 E T 2  358 00546 E T 1  357 00545 112 356 00544 
D 355 00543 D2 354 00542 D1 353 00541 BSER 352 00540 

BBB 351 00537 A S E K  350 00536 A S E R l  349 00535 A 348 00554 
A 1  347 00533 P H I  346 00532 S E R A  345 00531 SERB 344 00530 
T J  343 00527 T O L  342 00526 X B  341 00525 X N  3 4 0  00524 

X 3 3 9  00523 Y A  338 00522 YB 337 00521 Z 336 00520 
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TRANSIENT C C N O U C T I O N  

TEMPERATURE R A T I O  TERHS FOR THE C Y L l N O E R  

F O U R l E R  NO.  = -010 

z 

0. 
0 . 0 5  
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0. 45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0. IO 
0.15 
0.20 
0 . 2 5  
0.30 
0.35 
0.40 
0.45 
0.50 
0-  55 
0.60 
0.65 
0.70 
0.75 
0 . 8 0  
0 . 8 5  
0 . 9 0  
0.95 
1.00 

L 

0. 
0.05 
0.10 
0. I5 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 

0.75 
0.80 

0.90 
0.95  
1.00 

0. ro 

0 . 8 5  

Y A  

0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000021 
O.OOOl37 
0.000565 
0.00 1967 
0.00604V 
0.016574 
0.0406 18 
0.089238 
0.176228 
0.313821 
0.506049 
0.742968 
1.000000 

Y A  

0.000000 
0.000002 
0.000014 
0.000048 
0.000136 
0.000350 
0.000852 
0.001966 
0.004307 
0 . 0 0 8 9 6 2  

0.0332 I 3  
0.059 I33 
0.09996 1 
0.160521 
0.245059 
0.356054 
0.493024 
0.65 I708 
0.824303 
1 .oooooo 

0.01 n o 8  

YA 

0.000458 
0.000542 
0.000826 
0.00 I 4  19 
0.002534 
0.0045 30 
0.007917 
0.01 3731 
0.023007 
0.037433 
0.059055 
0.0902 57 
0.133585 
0.191439 
0.265676 
0.357 172 
0.465422 
0.588283 
0.72 1947 
0.861 2 I 4  
1.000000 

YB ASER 

0.039975 
0.039975 
0,0399 75 
0.039975 
0.039975 
0.0399 75 
0.039976 
0.039976 
0.039976 
0.039976 
0.039975 
0.039967 
0.039939 
0.039 850 
0.039596 
0.038945 
0.037438 
0.034266 
0.028173 
0.017439 
0.000000 

1 .oooooo 
1 .oooooo 
I .oooooo 
1 .oooooo 
1 .oooooo 
I .oooooo 
1 * 000000 
I .oooooo 
0. 999979 
0.999863 
0 .  9994 35 

0.99395 1 
0.983426 
0.959 382 
0.910762 
0.823772 
0.686 I79 
0. 4939 5 1 
0.257032 
0.000000 

o . w a 0 3 3  

F O U R I E R  i40. = -020 

Y 8  ASER 

0.079975 
0.079975 
0.079975 
0.079975 
0.079975 
0.079973 
0.079968 
0.079955 
0.079925 
0.079855 
0.079704 
0.079393 
0.073781 
0.077636 
0.075593 
0.0721 18 
0.066468 
0.057680 
0.00L578 
0.025823 
0.000000 

1 .oooooo 
0.  999998 
0.999486 
0.999952 
0.999864 
0.999 650 
0. 999 148 
0.998034 
0.995693 
0.99 1038 
0.982292 
0.966787 
0.940867 
0.900039 
0.839079 
0.75494 1 
0.643946 
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TEMPERATURE R A T I O  TERMS FOR THE CYLINOER 
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TEMPERATURE RATIO TERXS FOR THE CYLINDER 
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TRANSIENT CONDUCTION 

TEMPERATURE R A T I O  TERMS FOR THE CYLINDER 
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0.532694 
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0.31 1164 
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0.41 1805 
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0.519883 
0.562336 
0.607378 
0.654564 
0.703401 
0.753361 
0.803885 
0.854394 

0.508855 
0.508098 
0.505812 
0.501944 
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0.489088 
0.479830 
0.46845 1 
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0.4 19320 
0.397053 
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0.000000 
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0.661561 
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0.6 16797 
0.588195 
0.555706 
0.519581 
0.11801 17 
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0.38526 1 
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T R A N S I E N T  C O N D U C T I O N  

TEMPERATURE R A T I O  T E R N S  FOR THE C Y L I N U E R  

F O U R I E R  NO. = . 160 
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0.373072 
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0.29LIU 7 
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0.487775 
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0.899305 
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0.266496 
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0.135845 
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0.032426 
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0.289405 
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0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0.10 
0.15 
0 . Z O  
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

TRANSIENT CONDUCTION 

TEMPERATURE RATIO TERMS FOR THE CYLINDER 

FOURIER NO. = -225 

YA 

0.565051 
0.566604 
0.571249 
0.578937 
0.589590 
0.603100 
0.619326 
0.638103 
0.659236 
0.682506 
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0.734472 
0.762626 
0.791840 
0.82 1 M  11 
0.852224 
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0.9131 19 
0.942975 
0.972030 
1.000000 

Y A  
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0.624506 
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0.898698 
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0.678359 
0.684 170 
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0.714662 
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1.000000 
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0.646431 
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0.150675 
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0.000000 
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0 - 4,3 33 9 6 
0.42875 1 
0.421063 
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0.699580 
0.68 1 886 
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0.349278 
0.290031 
0.225660 
0.155980 
0.0808 15 
0.000000 

ASER 
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0.101302 
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0.299459 
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0.274889 
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0.03932 5 
0.0 19286 
0.000000 

B S E R  

0.260949 
0.260008 
0.2 57 194 
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T R A N S I E N T  C O N O U C T l O N  

TEMPERATURE R A T I O  TERMS FOR THE C Y L I N D E R  
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0.578605 
0.533762 
0.484 380 
0.430320 
0.371445 
0.307613 
0.238687 
0.164529 
0.085008 
0.000000 

0.282490 
0.28 1 479 
0.278435 
0.273397 
0.266421 
0.257580 
0.246969 
0.234702 
0.2209 IO 
0.205739 
0.189351 
0.171919 
0. I53627 
0.134666 
0.115236 
0.095536 
0.075771 
0.056 I40 
0.036842 
0.0 I8069 
0.000000 

0.195460 
0.194755 
0.192646 
0.189156 
0.1 84323 
0.178199 
0. I70850 
0. I62355 
0.152805 
O.Ib2302 
0.130959 
0. I I8695 
0. I06238 
0.093120 
0.079680 
0.066055 
0.052387 
0.0388 1 3 
0.02547 1 
0 .O 12292 
0.000000 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
5 
3 
3 
3 
3 
3 
3 
3 
3 
0 

F O U R I E R  NO. = .350 
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0.000000 
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0.1 41665 
0.138044 
0.133h57 
0.127952 
0.12 I589 
0.114436 
0.106569 
0.098073 
0.089038 
0.079558 
0.069735 
0.059669 
0.049466 
0.039230 
0 - 0 2 9 0 6 5  
0.019073 
0.009354 
0.000000 

0 .  
0.05 

3 
3 

0. IO 
0.15 
0.20 

3 
3 
3 

0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 .oo 

3 
3 0.30 

0.35 
0.40 
0. 45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85  
0.90 
0.95 
1.00 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
0 

F O U R I E R  N O .  = .bo0 

2 Y A  Y 8  ASER BSER 2 N 

0.841503 
0.842076 
0.043786 
0.8466 17 
0.850536 
0.855503 
0.86 1463 
0.868352 
0.876097 
0.8846 14  
0.8938 13 
0.903596 
0.913859 
0.924496 
0.935394 
0.946441 
0.957524 
0.968530 
0.979348 
0.989872 
1 .oooooo 

0.890369 
0.880265 
0.881 948 
0.87 1 406 
0.8566 18 
0.837553 
0.81 4 176 
0.786442 
0.754299 
0.71 7691 
0.676554 
0.630820 
0.580420 
0.525277 
0.465315 
0.400456 
0.330622 
0.255734 
0.1757 I6  
0.090495 
0.000000 

0.150497 
0.157924 
0.156214 
0. I53383 
0.149464 
0.144497 
0.138537 
0.131648 
0. I23903 
0.1 I5386 
0.106187 
0.096404 
0.08614 1 
0.075504 
0.064606 
0.053559 
0.042476 
0.03 1 4 70 
0.020652 
0.010128 
0.000000 

0. IO963 I 
0.109235 
0.108052 
O.lO6094 
0. IO3362 
0.09994 7 
0.095824 
0.091058 
0.08570 1 
0.079809 
0.073446 
0.066680 
0.059580 
0.052223 
0.044685 
0.037044 
0.029378 
0.021 766 
0.014284 
0.007005 
0.000000 

3 
3 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

0. 
0.05 
0. IO 
0. I5 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

5 
3 
3 
3 
3 
3 
3 
3 
3 

3 
3 
3 
0 
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TRANSIENT CONDUCTION 

TEMPERATURE R A T I O  TERMS FOR THE CYLINDER 

FOURIER NO. = -500 

L YA Y8 ASER BSER 2 N 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

0.91 1105 
0.91 I 4 2 6  
0.912385 
0.913973 
0.9161 72 
0.918958 
0.922301 
0.926 165 
0.930509 
0.935286 
0.940446 
0.945933 

0.93851 3 
0.936235 
0.929399 
0.917997 
0.9020 18 
0.68 1445 
0.856257 
0.826430 
0.791035 
0.752739 
0.708808 
0.660 IO3 
0.606585 
0.54821 1 
0.484939 
0.4 16724 
0.343523 
0.265293 
0.181989 
0.093571 
0.000000 

0.088895 
0.088574 
0.0876 15 
0.086027 
0.083828 
0.081042 
0.077699 
0.0738 35 
0.069491 
0.0647 I4  
0.059554 
0.054067 
0.048311 
0.042345 
0.036233 
0.030037 
0.023822 
0.01 7649 
0.01 I582 
0.005680 
0.000000 

0.061487 
0.061265 
0.060601 
0.059503 
0.057982 
0.056055 
0.053 743 
0.05 1070 
0.048065 
0.044761 
0.041 192 
0.037397 
0.033415 
0.029289 
0.025061 
0.020776 
0.0 I6477 
0.012207 
0.00801 1 
0.00392 9 
0.000000 

0. 
0.05 
0. IO 
0 .  I5 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

3 
3 
3 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 0.951689 

0.957655 
0.963767 

3 
3 
2 0.969963 

0.9761 78 
0.98235 1 
0.9884 18 
0.994320 
1.000000 

2 
2 
2 
2 
0 

FOURIER NO. = - 6 0 0  

2 YA Y8 ASER 8SER z N 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

0.950 143 
0.950323 
0.950861 
0.95 1752 
0.952985 
0.954548 
0.956423 
0.958590 
0.961026 
0.963705 
0.966599 
0.9696 76 
0.972905 
0.976251 
0.979679 
0.9831 54 
0.986640 
0.990 102 
0.993504 
0.996814 
I .  000000 

0.9655 15 
0.963140 
0.9560 12 
0.944 128 
0.927481 
0.906062 
0.879059 
0.848858 
0.8l3043 
0.772 396 
0.726897 
0.676526 
0.621259 
0.561 073 
0.495944 
0.425848 
0.350759 
0.270654 
0.185507 
0.095297 
0.000000 

0.049857 
0.049677 
0.049139 
0.048248 
0.047015 
0.045452 
0.043577 
0.04 14 10 
0.038974 
0.036295 
0.033401 
0.030324 
0.027095 
0.023749 
0.02032 1 
0.016846 
0.013360 
0.009898 
0.006496 
0.003 106 
0.000000 

0.034485 
0.034360 
0.033988 
0.033372 
0.032519 
0.031438 
0.0301 4 1 
0.028642 
0.026957 
0.025 I O 4  
0.023103 
0.020974 
0 .O 1874 1 
0 .O 1642 7 
0.014056 
0.0 11652 
0.00924 1 
0 -00684 6 
0.004493 
0.002203 
0 .oooooo 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 

2 
2 
2 0.35 

0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 .oo 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
0 

FOURIER NO. = -800 

L YA Y8 ASER 8SER 2 N 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.6U 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

0.984318 
0.984374 
0.984543 
0.984824 
0.9852 1 1  
0.985703 
0.986293 
0.986974 
0.98774 1 
0.988584 
0.989494 
0.990462 
0.99 I477 
0.992530 
0.993608 
0-994701 
0.995798 
0.996R06 
0.997957 
0.99899H 
I .oooooo 

0.989 153 
0.986 692 
0.979309 
0.967003 
0.949771 
0.92761 1 
0.9005 I9 
0.868491 
0.831 52 1 
0.789604 
0.742733 
0.690903 
0.634105 
0.572333 

0.015682 
0.0 I5626 
0.0 15457 
0.015176 
0.014789 
0.0 14297 
0.0 13707 
0.0 I3026 
0 -0  12259 
0.011416 
0.010506 
0.009538 
0.008523 
0.007470 
0.006392 
0.005299 
0.004202 
0.0031 14 
0.002043 
0.00 1002 
0.000000 

0.0 10847 
0.0 10808 
0.010691 
0.010497 
0 .O IO229 
0.009889 
0.00948 1 
0.009009 
0.008479 
0 50 07 89 6 
0.007267 
0 -006597 
0.005895 
0.005167 
0.004421 
0.003665 
0 -002907 
0.002154 
O.OOl413 
0.000693 
0.000000 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 0.505579 

0.433835 
0.357093 

2 
2 
2 
2 

0.275347 
0.188587 
0.096807 
0.000000 

2 
0 
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Z 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

T R A N S I E N T  C O N O U C T I O N  

TEMPERATURE R A T I O  TERMS FOR TH€ C Y L I N D E R  

F O U R I E R  NO. = .900 

YA 

0.99 1205 
0.99 1236 
0.991 331 
0.99 1488 
0.991 706 
0.991 982 
0.992312 
0.992695 
0.993124 
0.993597 
0.994 108 
0.994650 
0.995220 
0.9958 10 
0.9964 15 
0.997028 
0.99 7643 
0.998254 
0.9988 54 
0.999438 
1.000000 

V 8  

0.9939 16 
0.991 438 
0.984004 
0.97 1613 
0.954263 
0.931 954 
0.904683 
0.872447 
0.835244 
0.79307 1 
0.745928 
0.693300 
0.6366'34 
0.574602 
0.507520 
0.435444 
0.358370 
0.276292 
0.189207 
0.0971 1 1  
0.000000 

4 S E R  

0.008795 
0.008764 
0.008669 
0.0085 12 
0.008294 
0.008018 
0 - 007688 
0.007 305 
0.006876 
0.006403 
0.005892 
0.005350 
0.004780 
0.004 190 
0.003585 
0.0029 72 
0.002357 
0.001746 
0.001146 
0.000562 
0.000000 

B S E R  

0.006084 
0.006062 
0.005996 
0.005887 
0.005737 
0.005546 
0.00531 7 
0.005053 
0.004756 
0.004429 
0.004 076 
0.003700 
0.003306 
0.002898 
0.002480 
0.002056 
0.001 630 
0.00 1208 
0.00079 3 
0.000389 
0.000000 

Z 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 .oo 

N 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
0 
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APPENDIX C 

TE3PFEATURE; HISTORY FOR THE SPHFJU 

The resu l t s  presented i n  the table  apply t o  the sphere as i l lus t ra ted .  

Z = l  
z = 5 = r/a 

The position r a t i o  

The following special  terms were employed i n  the  computer program. 

The individual s e r i e s  terms i n  Equations (21) and (22) were designated 

SERA = ( 2 / r )  TML(STM)/ETM 

SERB = (12/d) TM~(STM)/ETM 

The se r i e s  sums were designated by ASER and BSER, and N 

terms required t o  converge t o  the tolerance 

was  employed). The values f o r  Ya and Yb were calculated as 

gives the number of 

(a  value of TOL = O.OOOOOO1 TOL 

YA = 1 + ASE3 

Y B = l - Z  +BSER 2 

The data cards require DZ and TOL on the first card, then each value of 

PHI ( the Fourier No. $) i s  entered on a separate card; as many as  desired. 

3.e computations were made on the IBM 7090 with the Fortran system. 

5 
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C TR SCND 
C 
C PROGRMR - 
C 
C SYNOPSIS- 
L 
C 
C 
C PURPOSE - 
C 
C SYMBOLS - 

SO05 5-15-61 0 0 5 0 0 0 2 0  
00500030 

H. YOLF 0 0 5 0 0 0 3 5  
00500040 

CALCULATION OF TEWP H I S T O R Y  I N  A SPHERE A S  A FUNCTION 0 0 5 0 0 0 4 5  
OF FOURIER NO AN0 POSITION RATIO FOR Z E R O  AND F I N I T E  0 0 5 0 0 0 5 0  
SURFACE TEMP WITH Z E R O  I N I T I A L  TEMP THROUGHOUT 0 0 5 0 0 0 5 5  

0 0 5 0 0 0 6 0  
GENERATE TABLES CF VALUES. OC5C0065 

0 050007 0 
0 0 5 0 0 0 7 5  

C 2 - POSITION R A T I O ,  R I A  02  - UPDATING FACTOR ON Z 0 0 5 0 0 0 8 0  
C TOL - TOLERANCE Oa CONVERG XN - S E R I E S  TERK OR I N D E X  0 0 5 0 0 0 8 5  
C S T M  - SINE TERM E T M  - EXPONENTIAL TERM 0 0 5 0 0 0 9 0  
C A S E R  - S E R I E S  SUM FOR YA BSER - SERIES SUM FOR YB 00500 100 
C 0 0 5 0 0 1 4 0  
C SEE NOTES FOR SPECIALILED NOMENCLATURE EMPLOYE0 FgR 0 0 5 0 0 1 5 0  
C DESIGNATION OF PARTS OF THE S E R I E S  TERMS.  0 0 5 0 0  I60 
C O0500 I 7 0  
C .-.-. .-.-.-* .-.-* 0 0 5 0 0 1 8 0  
C 0 0 5 0 0 1 9 0  
C MAIN CALCULATIONS 0 0 5 0 0 2 0 0  
C 0 0 5 0 0 2 1 0  
C 0 0 5 0 0 2 2 0  

5 R E A 0  INPUT TAPE 5*10.DLI TOL 0 0 5 0 0 2 3 0  
IO FORMATlF12.2r F12.71 0 0 5 0 0 2 3 5  
12  READ INPUT TAPE 5,13, PHI  0 0 5 0 0 2 3 7  
13 FORMATlF12.61 0 0 5 0 0 2 3 8  
I4 I F I P H I  - 10.1 15. 15. 130 0 0 5 0 0 2 4 0  

0 0 5 0 0 2 4 5  I5 2 = 0.000 
16 W R I T E  OUTPUi TAPE 6 r l 7 .  PHI  0 0 5 0 0 2 5 0  
17 F O R M A T I I H I / / / ~ ~ X I  2OHTRANSlENT CO>4OUCTION// 36x9 38HlEMPERATURE00500252 

1 R A T I O  TERMS FOR THE SPHERE/// b5X, l4HFOURIER NO. = F 4 . 3 / / /  21X00500254 
2967H Z Y A  YB ASER 8SER Z 0 0 5 0 0 2 5 6  
3 N / / I H  I 0 0 5 0 0 2 5 7  

22  A S E R  = 0. 0 0 5 0 0 2 6 1  
8SER = 0. 0 0 5 0 0 2 6 2  
I F ( Z  - . 9 9 l  25. 25, 2 3  0 0 5 0 0 2 6 3  

23 Y A  = 1.000000 0 0 5 0 0 2 6 4  
YB = 0.00000001 0 0 5 0 0 2 6 5  
A S E R  = 0.00000001 0 0 5 0 0 2 6 6  
BSER = 0.00000001 0 0 5 0 0 2 6 7  
GO T O  I60 0 0 5 0 0 2 6 8  

2 5  XN = I .  0 0 5 0 0 2 7 0  
2 9  P I  = 3.14159265 00500300 

0 0 5 0 0 3 1 0  
30  T M l  = COSFIYI /XN 0 0 5 0 0 3 2 0  
35  TM2 = T M l / l X N * X N l  0 0 5 0 0 3 3 0  

P I 2  = 3 . 1 4 1 5 9 2 6 5 * P l  00500340 
4 0  X = XN*XN*PIZ*PHI 0 0 5 0 0 3 5 0  
4 1  I F ( L 1  42 ,421 140 0 0 5 0 0 3 6 0  

0 0 5 0 0 3 7 0  42 STM = Y 
43 IF IX-80.1  4 4 . 4 4 ~ 1 7 0  0 0 5 0 0 3 7 2  
41i E T M  = E X P F I X I  0 0 5 0 0 3 7 4  

0 0 5 0 0 3 7 6  
1 7 0  XB = X / l O O O .  0 0 5 0 0 3 7 8  
172 D = EXPFIXBI  0 0 5 0 0 3 8 0  
174 01 = D * * 1 0 .  0 0 5 0 0 3 8 2  
176 02 = 01**10. 0 0 5 0 0 3 8 4  
1 7 8  E T M  = 02**10.  005003B6 

GO TO 60 0 0 5 0 0 3 8 8  
I40 IF IX-80.1  45. 45,  145 0 0 5 0 0 3 9 1  

4 5  E T M  = EXPF1XI.L 0 0 5 0 0 3 9 2  
46 GO TO 50 0 0 5 0 0 3 9 3  

0 0 5 0 0 3 9 4  
I45 XB = X / l O O O .  0 0 5 0 0 3 9 5  
1 5 0  0 = EXPFIXBI  0 0 5 0 0 3 9 6  
151 01 = O**IO. 0 0 5 0 0 3 9 7  
152 02 = 01**10.  0 0 5 0 0 3 9 8  
1 5 3  E T M  = 1 0 2 * * 1 0 . 1 * 2  0 0 5 0 0 3 9 9  

00500410 5 0  Y Z  = Y.2 
55 STM = S I N F I Y Z I  00500420 
60 SERA = I2.*TMI*STMl/lETM*PIl 00500430 

0050044C h5 SERB = 1 1 2 . * T M 2 * S T M I / ~ E T ~ . P I . P 1 2 )  
ASERI = ASER + SERA 0 0 5 0 0 4 9 2  
A I  = ABSFIASERI I  0 0 5 0 0 4 9 4  

00500496 A = ABSFIASERI 
B A B S F I A I - A I  0 0 5 0 0 4 9 8  
ASER = ASER + SERA 00500500 
ESER = BSER + SERE 00500502 
I F I T O L  - B l  1 0 0 ~ 1 0 0 ~ 1 0 5  00500504 

100 XN = XN + 1. 0 0 5 0 0 5 2 0  
102 GO T O  29 0 0 5 0 0 5 2 5  
103 I F I X N  - 1 . 1  1 0 0 ~ 1 0 0 ~ 1 B O  0 0 5 0 0 5 2  7 
I B U  SrMl = ABSFISTMI 0 0 5 0 0 5 2 9  

182 I F ( 5 T M l  -.000001l l o o t  100, 185 00500531 
185 YA = I .  + ASER 0 0 5 0 0 5 3 2  

YB = 1. - L*Z + B S E R  0 0 5 0 0 5 3 4  

Y = XN.PI 

GO TO 60  
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158 N = XFIXFIXN) 
160 WRITE OUTPUT TAPE 6 ,  165. Z t Y A  t Y B t  ASERI B S E R ,  L ,  N 
165 FORHATlF25.2r 2F12.6. F13.6. F12.6, F8.2, 1 6 )  
105 Z = Z +OZ 
110 l F I Z  - 1.011 22,  22. 12 
130 CALL E X I T  

STOP 
E N 0 ~ 1 ~ 0 ~ 0 ~ 0 ~ 0 t 0 ~ 0 ~ 0 ~ O ~ O ~ O ~ O I O )  

00500535 
00500538 
00500540 
0050051r5 
00500550 
00500580 
00500590 
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E X T E R N A L  F O R M U L A  N U M B € R S  W I T H  C O R R E S P O N O I N C  I N T E R N A L  F O R H U L A  N U M B E R S  A N D  O C T A L  L O C A T I O N 5  

E F N  I F N  L O C  E F N  I F N  LOC E F N  I F N  L O C  E F N  IFN L O C  
10 1 00000 13 2 00000 17 3 00000 165 4 00000 

5 6 00015 5 7 0002c 12 8 0002s  
1 4  
22 
30 
42 

172 
140 
150 

50 
100 
182 
160 

10 00033 
1 4  00047 
2 5  00100 
30 00131 
35  00150 
4 0  00200 
44 00217 
4 8  00250 
59 00333  
63  00347 
6 8  00377 

DEC O C J  
380 00574 

15  
2 3  
35 
43 

174 
45  

151 
55 

102 
185  
105 

1 1  
17 
26 
31 
36 
41 
45 
4 9  
60 
64  
6 9  

00037 
00060 
00106 
001 3 3  
00155 
00204 
00224 
00253 
00336 
00354 
004 16 

16 12 00041 
25 22 00071 
40 20 00117 
44 32 00137 

176 37 GO163 
46 42 00213 

152 46 00232 
60  50 00260 

103 61 00537 
158 66 00365 
110 70 00421 

S T O R A G E  N O T  U S E D  B Y  PROGRAM 

DEL OCT 
32561 77461 

L O C A T I O N S  OF N A M E S  I N  T R A N S F E R  V E C T O R  

9 0 0 0 ~ 0  12 
16 13 00044 
2 9  2 3  00073 
41 29 00126 
70 34 00145 
18 38  00171 
45 43  00214 
53  4 7  00240 
65  51 00271 
80  62 00344 
60  67 00374 
30  71 00426 

DEC OCT D E C  O C T  D E C  O C T  OEC O C T  
E X P (  3 7 00007 E X P  6 00006 E X I T  9 00011 C O S  5 00005 

S I N  8 00010 ( F I L I  4 00004 I F P T  I 0 00000 ( R T N I  2 00002 
( S T H I  3 00003 I T S H I  1 00001 

STORAGE L O C A T i B N S  FOR V A R I A B L E S  NOT A P P E A R I N G  I N  OIHENSION, E Q U I V A L E N C E  OR COMMON S E N l E i J C E S  

E T M  
D I  

A S E R l  
P H I  

S E R B  
TM2 

X 
Y Z  

OEC 
379 
375 
37 1 
367 
363  
359 
355 
35  1 

OC T 
00573 
00567 
00563 
00557 
00553 
0054 7 
00543 
00537 

DEC O C T  
UZ 378 00572 

B S E R  374 00566 
A 370 00562 

P I 2  366 00556 
STMI 362 00552 

YA 354 00542 
L 350 00536 

roL 358  00546 

DEL ocr 
D 377 00571 
8 373  00565 

A 1  369 00561 
P I  365 00555 

S T M  361 00551 
X B  357 00545 
Y B  353 00541 

I 
0 2  

A S E R  
N 

S E R A  
T M  1 

x N 
Y 

I E C  O C T  
376 005lO 
372 00564 
368  00560 
364 00554 
1160 00550 
356 00544 
352 00540 
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TRANSIENT CONDUCTION 

TEMPERATURF R A T l f l  TERMS FOR THE SPHERE 

2 

0. 
0.05 
0. tu 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 .oo 

2 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
C. 65 
0.70 
0.75 
0.80 
0.65 
0.90 
0.95 
1.00 

YA 

0.000000 
0.000000 
0.000000 
0.000000 
0.000000 
0.000001 
0.000003 
0.0000 12 
0.000055 
0.000224 
0.000814 
0.002660 
0.007797 
0.020505 
0.04842 I 
0.102827 
0.196624 
0.339817 
0.532778 
0.76 1761 
1.000000 

Y A  

0.000030 
0.000038 
0.000068 
0.000 142 
0.00031 7 
0.000707 
0.001551 
0.003297 
0.006750 
0.01 3243 
0.024839 
0.044453 
0.075834 
0.123259 
0. I90878 
0.28 1733 
0.396638 
0.53324 1 
0.685639 

1.000000 
0.844a29 

Y A  

0.001566 
0.001740 
0.00231 5 
0.00345 1 
0.005449 
0.008797 
0.0 14222 
0.022 753 
0.035765 
0.054988 
0.082454 
0.120350 
0.170784 
0.235449 
0.31 5245 
0.4099 12 
0.517770 
0.635637 
0.758990 
0.882375 
1.000000 

FOURlER NO. = -010 

YB ASER RSER 

0.060000 
0.060000 
0.060000 
0.060000 
0.060000 
0.060000 
0.060000 
0.060000 
0.060000 
0.059999 
0.059994 
0.059978 
0.059923 
0.059759 
0.0595 I2 
0.058209 
0 -05574 1 
0.05071 1 
0.04 1343 
0.025318 
0.000000 

- 1 .oooooo 
-1.000000 
-1 .oooooo 
-1.000000 
-1.000000 
-0.999999 
-0.999997 
-0.999988 
-0.999945 
-0.999774 
-0.999186 
-0.997340 
-0.992203 
-0.979495 
-0.95 1579 
-0.897 173 

-0.660 183 
-0.447222 
-0.2 38 2.39 

0.000000 

-0. a03376 

-0.940000 
-0.937500 
-0.930000 
-0.917500 
-0.900000 
-0.877500 
-0.850000 
-0 -8 17500 
-0.780000 
-0.737501 
-0 .690006 
-0.637522 
-0.580077 
-0.517741 
-0.450688 
-0.37929 1 
-0.304259 
-0.226789 
-0 - 1 48 657 
-0.072182 

0.000000 

FOURIER NO. = .020 

Y8 ASER ESER 

0.120000 
0.120000 
0.119999 
0.119998 
0.119996 
0.119991 
0.119978 
0.119947 
0.119878 
0.119730 
0. I19424 
0.118823 
0.1176'93 
0.115660 
0.112167 
0.106427 
0.097398 
0.083 788 
0.064096 
0.036706 
0.000000 

-0.999970 
-0.999962 
-0 -999932 
-0.999858 
-0.999683 
-0.999293 
-0.998449 
-0.996703 
-0.9932 50 
-0.984757 
-0.975141 
-0.955547 
-0.9241 66 
-0.8 7674 1 
-0.809122 
-0.718247 
-0.603362 
-0.446759 
-0.3 14361 
-0.155171 
0.000000 

FOURIER NO. = -030 

Y8 

0.179971 
0. I79967 
0.179953 
0.179924 
0.179869 
0.179768 
0.179587 
0.179269 
0.178723 
0.17781 1 
0.176324 
0. I73963 
0. I70318 
0.164841 
0.156837 
0.145454 
0.129699 
0.108458 

0.044 778 
0.000000 

0. 080550 

ASER 

-0.998434 
-0.998260 
-0.997685 
-0.996549 
-0.99455 1 
-0.991203 
-0.9857 78 
-0.977247 
-0.964235 
-0.945012 
-0.917546 
-0.879650 
-0.829214 
-0.76455 1 
-0.684755 
-0.590088 
-0.482230 
-0.364343 
-0.24 10 10 
-0.11 7625 
0.000000 

-0.880000 
-0.877500 
-O.87000 1 
-0.857502 
-0.840004 
-0.817509 
-0.790022 
-0.757553 
-0.720122 
-0.477770 
-0.6 30 57 6 
-0.578677 
-0.522308 
-0.461640 
-0.397833 
-0.331073 
-0 -262602 
-0.193712 
-0.125904 
-0.060795 
0.000000 

BSER 

-0.820029 
-0.8 17533 
-0.810047 
-0.7975?6 
-0.780131 
-0.757732 
-0.73041 3 
-0.498231 
-0.641277 
-0.6 19689 
-0.573674 
-0 -523537 
-0.469682 
-0.4 I2659 
-0.353163 
-0.292046 
-0.23030 1 
-0.169042 
-0.109450 
-0.052723 
0 .oooooo 

2 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 

0.90 
0.95 
1.00 

0.85 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
I .oo 

L 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

N 

14 
13 
15 
13 
13 
13 
13 
12 
12 
12 
13 
12 
IO 
12 
10 
8 
10 
12 
10 
12 
12 

N 

10 
10 
9 
9 
9 
9 
9 
9 
9 
9 
9 
V 
9 
9 
9 
8 
9 
9 
9 
9 
9 

N 

8 
8 
8 
7 
8 
9 
7 
8 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

C-164 



T R A N S  I E N 1  CONDUCT ION 

TEflPERATURE R A T I O  TERMS FOR THE SPHERE 

FOURIER NC. = .Ob0 

z 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

z 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0.10 
0. I5 
0.20 
0.25 
0.30 
0.35 
0.40 
0.4s 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

Y A  

0.010891 
0.01 1551 
0.01 362 1 
0.01 7375 
0.023278 
0.032000 
0.044413 
0.06 I584 
0.084 135 
0.1 I51 77 
0.15b200 
0.202930 
0.262 I65 
0.332 I92 
0.4 I2635 
0.502345 
0.599375 
0.70 1039 
0.804082 
0. 904930 
1 .oooooo 

YA 

0.034001 
0.035284 
0.039223 
0.046089 
0.056321 
0.070515 
0.089391 
0. I13751 
0.14U25 
0.182191 
0.22 7688 
0.281324 
0.343 171 
0. 4 12894 
0.489688 
0.572260 
0.65886 1 
0.747360 
0.835366 
0.920386 
I. 000000 

YA 

0.071b20 
0.073244 
0.078786 
0.088247 
0.101947 
0 . 1 2 0 2 9 9  
0. I43778 
0.172870 
0.208028 
0.249606 
0.297800 
0.352588 
0.413682 
0. 480492 
0.552 IO8 
0.6273 I5  
0.704628 
0.782359 
0.858700 
0.931 825 
1.000000 

Y B  A S E R  

0.239656 
0.239628 
0.239539 
0.239369 
0.239084 
0.238627 
0.2379 I 4 
0.236823 
0.235184 
0.232 764 
0.229255 
0.224260 
0.217284 
0.207726 
0. 194881 
0.177947 
0.156042 
0. I28233 
0.093566 
0.051 110 
0.000000 

-0.989109 
-0. 988b49 
-0.986379 
-0.982625 
-0. 9 76722 
-0.968000 
-0.955587 
-0.9384 I6 
-0 -9 15265 

-0.84 5800 
-0.797070 
-0.737835 

-0.587365 
-0.497655 
-0.400625 
-0.298961 
-0.195918 
-0.095070 
0.000000 

-0.8841323 

-0.66 71308 

F O U R I E R  NO.  = .050 

Y 8  

0.298384 
0.298298 
0.298028 
0.297 539 
0.296768 
0.295619 
0.293960 
0.29 16 12 
0.288343 
0.283857 
0.277790 
0.269700 
0.259069 
0.245300 
0.227726 
0.205619 
0. I7821 1 
0.14u710 
O.lOb332 
0.056325 
0.000000 

A S E R  

-0.965999 
-0.964716 
-0.960777 
-0.9539 1 I 
-0.983679 
-0.929485 
-0.910609 
-0.886249 
-0.855575 
-0.817809 
-0.772312 

-0.656829 
-0.587106 
-0.510312 
-0.427740 
-0.34 1 I39 
-0.252640 
-0- 164634 
-0.0796 14 
0.000000 

-0.7 113676 

FOURIER NO. = -060 

Y B  

0.355287 
0.355 107 
0.354551 
0.353568 
0.352072 
0.349939 
0.346999 
0.343035 
0.337777 
0.330895 
0.322002 
0.310645 
0.296314 
0.278441 
0.2564 10 
0.229571 
0.197251 
0.153774 
0.113479 
0.060743 
0.000000 

ASER 

-0 .V28580 
-0.926756 
-0.921214 
-0.9 1 1753 
-0.898053 
-0.879701 
-0.956222 
-0.82 7 I30 
-0.79 1972 
-0.750394 
-0.702200 
-0.6474 12 
-0.5863 18 
-0.519508 
-0.bbT892 
-0.372685 
-0.295372 
-0.2 1764 1 
-0.l41300 
-0.068 I75 
0.000000 

C-165 

B S E R  

-0.760344 
-0.757072 
-0.750461 
-0.738131 
-0.7209 I 6  
-0 .698813 
-0.672006 
-0.640677 
-0.6048 I6 
-0.564736 
-0.520 7U 5 
-0.473240 
-0 .422 7 I6 
-0.369 774 
-0.3151 I9 
-0.2 59 553 
-0.203958 
-0.149267 
-0.096235 
-0 .Ob6390 
0.000000 

esEw 

-0.70 I6 16 
-0.699202 
-0.691972 
-0.67996 1 
-0.663232 
-0.64 188 1 
-0.616040 
-0- 505888 
-0.5 5 165 7 
-0.513643 
-0 .b722 IO 
-0.427800 
-0.38093 I 
-0.332200 
-0.282274 
-0.2318kil 
-0.181769 
-0.132790 
- 0 . 0 8 5 6 6 8  
-0.041175 
0 .oooooo 

B S E R  

-0.644713 
-0.642393 
-0.635449 
- 0.6 2 3.9 32 
-0.607928 
-0.587561 
-0.56300 1 
-0.534465 
-0.502223 
-0.466605 
-0.427998 
-0.386855 
-0.343686 
-0.299059 
-0.253590 
-0.207929 
-0.162749 
-0.1 18727 
-0.07652 1 
-0.036757 
0.000000 

L 

0. 
0.05 
0. IO 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

z 

0. 
0.05 
0. IO 
0.15 
0 . 2 0  
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 .oo 

2 

0. 
0.05 
0. IO 
0. I5 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

iJ  

7 
7 
7 
7 
7 
7 
7 
6 
7 
7 
7 
7 
7 
6 
6 
6 
6 
6 
6 
6 
6 

N 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
7 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

N 

6 
6 
6 
6 
6 
6 
6 
5 
6 
5 
5 
5 
6 
5 
5 
5 
6 
5 
5 
5 
5 



L 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.55 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0-VG 
0.95 
1.00 

TRANSIENT CONDUCTION 

TEHPERATURE RATIO r E R M S  FOR THE S P H E R E  

F O U R I E R  NO. = .070 

Y A  

0.11 9910 
0.122105 
0.128735 
0.159919 
0.155844 
0.176742 
0.202856 
0.2344 10 
0.271 567 
0.314383 
0.362776 
0.41 6486 
0.475051 
0.53 77V 1 

0.672044 
0.741223 
0.809999 
0.876964 
0.940731 
1.000000 

0.603a18 

Y A  

0.175283 
0.177681 
0.184894 
0.196976 
0.214002 
0.236059 
0.2632 14 
0.295498 
0.332873 
0.375205 
0.422245 
0.473604 
0.528745 
0.586980 
0.64 7476 
0.709279 
0.771335 
0.832537 
0.891762 
0.9479 19 
1.000000 

Y A  

0.233862 
0.236329 
0.243730 
0.256069 
0.273344 
0.295535 
0.322590 
0.3544 11 
0.390829 
0.431 598 
0.476572 
0.52470 1 
U.5[6027 
0.629684 
0.684V 12 
0.740870 
0.796662 
0.851 366 
0 -9040 63 
0.953876 
1.000000 

Y B  ASER B S E R  

0.409592 
0.409290 
0.408366 
0.406760 
0.404569 
0.40 10 5 1 
0.3966 14 
0.390821 
0.383382 
0.373958 
0.362 157 
0.347537 
0.329610 
0.307847 
0.281687 
0.250547 
0.213838 
0.170973 
0.121388 
0.064557 
0.000000 

-0.880090 
-0.87 7895 
-0.871265 
-0.86008 1 
-0.8441 56 
-0.823258 
-0.797 144 
-0.765590 
-0.728433 
-0.685617 
-0.637224 
-0.5835 14 
-0.524949 
-0.462209 
-0.396 182 
-0.327956 
-0.258777 
-0.190001 
-0.123036 
-0.05V269 

0.000000 

-0.590408 
-0.5882 10 
-0.581 634 
-0.570740 
-0.555631 
-0.536449 
-0.5 13386 
-0.486679 
-0.456618 
-0.423542 
-0.387843 
-0.349963 
-0.3 10390 
-0.269653 
-0.22831 4 
-0.106953 
-0.146 163 
-0.106527 
-0.060612 
-0 -0 32944 

0.000000 

F O U R I E R  NO. = -080 

YB ASER B S E R  

0.460760 
0.460320 
0.458979 
0.4 566 70 
0.453287 
0.448673 
0.442632 
0.434P16 
0.425234 
0.413249 
0.398579 
0.380603 
0.359461 
0.334068 
0.304 113 
0.269075 
0.228433 
0.181675 
0.128312 
0.067890 
0.000000 

-0.8247 17 
-0.822319 
-0.8 15 106 
-0.803024 
-0.785998 
-0.763941 
-0.736786 
-0.704502 
-0.667 127 
-0.624795 
-0.577755 
-0.526396 
-0.471255 
-0.413020 
-0.352524 
-0.29072 1 
-0.228665 
-0.167463 
-0.108238 
-0.05208 1 
0.000000 

-0.539240 
-0.537 180 
-0.531 02 1 
-0.520830 
-0.506713 
-0.408827 
-0.467368 
-0.442584 
-0.4 14766 
-0.384251 
-0.35 142 1 
-0.316697 
-0.280539 
-0.243432 
-0.20588 7 
-0.168425 
-0.131 567 
-0.09582 5 
-0.061 688 
-0.0296 10 

0.000000 

FOURIER NO. = -090  

Y 8  ASER ESER 

0.508494 
0.507908 
0.506126 
0.503082 
0.498666 
0.492721 
0.485049 
0.475405 
0.463505 
0.449022 
0.431 595 
0.4 10825 
0.586289 
0.357539 
0.524113 
0.285546 
0.24 1375 
0.191 142 
0. 134427 
0.070831 
0.000000 

-0.766 138 
-0.763671 
-0.756270 
-0.743931 
-0 -726656 
-0.704465 
-0.677410 
-0.645589 
-0.6091 7 1 
-0.568402 
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TRANSIENT CONOUCTION 

TEMPERATURE R4TIO TERMS FOR THE SPHERE 
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0.338150 
0.26 1616 
0.179789 
0.092603 
0.000000 

ASER 

-0.153600 
-0.152970 
-0.151089 
-0.147985 
-0. I43704 
-0.138307 
-0.131874 
-0.124498 
-0. I16285 
-0.107353 
-0.097824 
-0.087847 
-0.077545 
-0.067065 
-0 .056548 
-0.046132 
-0.035952 
-0.026136 
-0.0 I6802 
-0.OOir058 
0.000000 
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-0. I38590 
-0. I 3802 1 
-0.136324 
-0.133523 
-0 .129658 
-0.12478A 
-0.118983 
-0.112326 
-0.104915 
-0.096856 
-0.088262 
-0.0 79 255 
-0.069960 
-0.060504 
-0.05101 5 
-0.041618 
-0.0 32434 
-0.023578 
-0.0 15158 
-0.007270 
0.OOOOOG 

BSER 

-0.113783 
-0.113316 
-0.11 I922 
-0.109621 
-0.106447 
-0.102447 
-0.097679 
-0 -0922 I2 
-0.086126 
-0.079508 
-0.072451 
-0.065056 
-0.057425 
-0.049662 
-0 .04 I872 
-0.034159 
-0.026621 
-0.0 19352 
-0.0 1244 1 
-0.005966 
0.000000 

BSER 

-0.093409 
-0.093026 
-0.09 188 1 
-0.089991 
-0.087385 
-0.084 10 1 
-0 .080 I86 
-0.075697 
-0.070 700 
-0.065266 
-0.059473 
-0.053402 
-0.047137 
-0.040764 
-0.034370 
-0.028038 
-0.02 1850 
-0.0 15884 
-0.010211 
-0 .00489 7 
0.000000 
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z 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

2 

0. 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
3.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

1 

0. 
0.05 
0.10 
0. IS 
0.20 
0.25 
0.30 
0.35 
0.uo 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

Y A  

0.873889 
0.874407 
0.875952 
0.878502 
0.8820 19 
0.886452 
0.891736 
0.897794 
0.904539 
0.91 1874 
0.91 9695 
0.927092 
0.936350 
0.944954 
0.953587 
0.9621 37 
0.970495 
0.978550 
0.9862 10 
0.993387 
1.000000 

YA 

0.896468 
0.896893 
0.8981 62 
0.400256 
0.903144 
0.906784 
0.911124 
0.91 6098 
0.92 1637 
0.927659 
0.934080 
0.940809 
0.947753 
0.9548 16 
0.96 1904 
0.968922 
0.975781 
0.982394 
0.988682 
0.994572 
1.000000 

YA 

0.936787 
0.937047 
0.937822 
0.939101 
0.940865 
0.943088 
0.945738 
0.948776 
0.952 158 
0.955835 
0.959756 
0.963865 
0.9681 05 
0.9724 17 
0.976744 
0.98 1028 
0.9852 15 
0.989252 
0.993091 
0.996686 
1.000000 

T R A N S I E N T  CONDUCTION 

TEMPERATURE R A T I O  TERMS FOR THE SPHERE 

F O U R I E R  NO. = .280 

Y B  ASER 

0.923319 
0.921 134 
0.914574 
0.903625 
0.888265 
0.868462 
0.844176 
0.815361 
0.781963 
0.143924 
0.701180 
0.653665 
0.601307 
0.544039 
0.481 788 
0.414485 
0.342065 
0.264462 
0.181618 
0.093480 
0.000000 

-0.1261 11 
-0. I 25593  
-0.124048 
-0.121498 
- 0 -  117981 
-0.113548 
-0. I08264 
-0.102206 
-0.095461 
-0 -088 126 
-0.080305 
-0.072108 
-0.063650 
-0.055044 
-0.044413 
-0.037863 
-0.029507 
-0 -02  1450 
-0.0 13790 
-0.0066 13 

0.000000 

F O U R I E R  NO. = -300 

Y8 

0.937053 
0.934812 
0.928084 
0.916857 
0.901 114 
0.t180828 
0.855966 
0.826S9 1 
0.792359 
0.7 5 3.5 2 1 
0.709926 
0.661 517 
0.608239 
0.550033 
0.486842 
0.418608 
0.345278 
0.266798 
0.183120 
0.094200 
0.000000 

ASER 

-0.103532 
-0.103107 
-0.101838 
-0.099744 
-0.096856 
-0.0932 15 
-0.088876 
-0-083902 
-0.078343 
-0.072341 
-0.065920 
-0.059191 
-0.052247 
-0.045 184 
-0.038096 
-0.03 1018 
-0.0242 19 
-0.017606 
-0 .O 1 I 3  18 
-0.005428 

0.000000 

F O U R I E R  NO. = -350  

Y B  

0.961 570 
0.959228 
0.952 199 
0.940477 
0.924049 
0.902901 
0.877012 
0.846359 
0,810915 
0.77065 1 
0.725535 
0.675553 
0.620610 
0.560732 
0.495862 
0.425961 
0.351 012 
0.270966 
0.185800 
0.095486 
0.00000u 

ASER 

-0.063213 
-0.062953 
-0.062178 
-0.060899 
-0.059135 
-0.054912 
-0.054262 
-0.051 224 
-0.047842 
-0.044165 
-0.040244 
-0.0361 35 
-0.031895 
-0.027583 
-0.U23256 
-0.018972 
-0.0 14785 
-0.010748 
-0.006909 
-0.003314 
0.000000 

C-170 

BSER 

-0.07668 1 
-0.076366 
-0.075426 
-0.073875 
-0.071735 
-0.049038 
-0.065824 
-0,062 139 
-0.058037 
-0.053574 
-0.048820 
-0.043835 
-0.038493 
-0.033461 
-0.02821 2 
-0.023015 
-0.017936 
-0.013038 
-0.0 08382 
-0.004020 

0.000000 

8 S E R  

-0.06294 7 
-0.062688 
-0.06 191 6 
-0.060643 
-0- 0 58886 
-0.056472 
-0.054034 
-0.051009 
-0.047641 
-0.043979 
-0.040074 
-0.035983 
-0.031761 
-0.027467 
-0 -023 158 
-0.0 18892 
-0.0 14722 
-0.0 10702 
-0.006880 
-0.003300 

0.000000 

E S E Q  

-0.038430 
-0.038272 
-0.03780 1 
-0.037023 
-0.035951 
-0.034599 
-0 -0 32988 
-0.031 141 
-0.029085 
-0.024849 
-0.024465 
-0.021 967 
-0.0 19390 
-0.0 16768 
-0.014138 
-0.0 11 533 
-0.008988 
-0.006534 
-0.004200 
-0.002014 
0.000000 
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1 
T R A N S I E N T  C O N D U C T I O N  

T E M P E R A T U R E  Q A T 1 0  T E R N S  FOR T H E  S P H E R E  

F O U R I E R  N O .  = -400 
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0. IO 
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0 - 2 5  
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0.40 
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0.30 
0.35 
0.40 
0.45 
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0.70 
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0.95 
1.00 

2 

0. 
0.05 
0. IO 
0.15 
0.20 
0 . 2 5  
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 

0.75 
0.80 
0.85 
0.90 
0.95 
I .  00 

0. To 

Y A  

0.961408 
0.961566 
0.962039 
0 . 9 6 2 8 2 0  

0.965255 
0.966872 

0.963897 

0.96872 r 
0.970792 
0.973037 
0.97543 1 
0.977940 
0 . 9 8 0 5 2 8  
0.983 16 I 
0 . 9 8 5 8 0 2  
0.9884 18 
0.990974 
0.993439 
0.995782 

1.000000 
0.997977 

Y b  

0.976439 
0.976536 
0.976825 
0.977302 
0.977959 
0.978788 
0.9 19776 
0.980908 
0.9821 69 
0.983539 
0. 98500.l 
0.986532 
0.9881 12 
0. 989720 
0 -99 1332 
0.992929 
0.994490 
0.995991r 
0.997425 
0.998765 
1 .oooooo 

YA 

0.9856 I 6  
0.985675 
0.985852 
0.986143 
0. 986544 
0.987050 
0.987653 
0.988344 
0.9891 I 4  
0.98995 1 
0. WOd43 
0.99 I778 
0.992743 
0.993724 
0.994108 
0.995683 
0.996636 
0.997555 
0.9984 28 
0. 999246 
1.000000 

Y B  A S E R  

0.976539 
0.974 I35 
0.966923 
0.954897 
0.938052 
0.915377 
0.88966 1 
0.858488 
0.822244 
0.781 IO9 
0.735064 
0.684089 

0.567263 
0.501369 
0.430459 
0.354513 
0.27351 I 
0.187436 
0.096270 
0.000000 

0.628 I 62 

-0 -038592 
-0.038434 
-0.037961 
-0.037180 
-0.036 IO3 
-0.034745 
-0.033128 
-0.031213 
-0 .029208 
-0.026963 
-0.024569 
-0.022060 
-0.0 19472 
-0 - 0  16839 
-0.0 I 4  198 
-0.011582 
-0.009026 
-0.006561 
-0.004218 
-0.002023 
0.000000 

F O U R I E R  NC. = .450 

Y 8  

0.985 6 77 
0.983236 
0.9759 I 1  
0.963701 
0.946601 
0.92s 605 

0.865893 
0.829 I60 

0.740882 
0.6893 13 
0.632773 
0.571250 
0.504731 
0.433202 
0.355650 
0.275065 
0.188C35 
0.096749 
0.000000 

0.897705 

0.787493 

A S E R  

-0.02356 1 
-0.023h64 
-0.023175 
-0.022698 
-0.02204 1 
-0.02 I 2  12 
-0.020224 
-0.0 19092 
-0.0 I 783 I 
-0.0 1646 I 
-0.0 I4999 
-0.01 3468 
-0.01 I888 
-0.0 10280 
-0.008668 
-0 -00 70 7 1 
-0.005510 
-0.OOhOO6 
-0.002575 
-0.00 I235 
0.000000 

F O U R I E R  NO. = . S O 0  

YB 
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0.981399 
0.967076 
0.951820 

0.902494 
0.8704l4 
0.833 382 
0.791 39 I 
0.74bh33 
0.692502 
0.635588 
0.5 73685 
0.506763 
0.434876 
0.357955 
0.2750 13 
0. 189044 
0.097042 
0.000000 

0.929627 

A S E R  

-0.0 14381r 
-0.0 14325 
-0.014148 
-0 .O I3657 
-0.0 13456 
-0.012950 
-0.012347 
-0.01 I656 
-0.010886 
-0.0 loo49 
-0.0091 57 
-0 .008222 

-0.0062 76 
-0.005292 
-0.OOU311 
-0.003364 
-0.002445 
-0.00 1572 
-0.0001 54 
0.000000 

-0.007257 

B S E R  
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-0.022603 
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- 0 . 0 2 l l 2 3  
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-0.014936 
-0.01341 1 
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-0.010237 
-0.008631 
-0.00704 1 
-0.005487 
-0.OO39d9 
-0.002564 
-0.001 230 
0.000000 

B S E R  

-0 .O 1 432 3 
-0.014264 
-0.Ol4089 
-0.0 13799 
-0.0 I3399 
-0.012895 
-0.0 12295 
-0 .O 11607 
-0.0 10840 
-0.0 10007 
-0.009118 
-0 -008 I 8  7 

-0.006250 
-0.005269 
-0.004298 
-0.003350 
- 0 . 0 0 2 h 3 5  
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0.000000 
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BSEH 
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- o . o o ~ l a o  
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-0.007086 
-0.006618 
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-0.005567 
-0.004998 
-0.004412 
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0.000000 
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T R A N S I E N T  C O N D U C T I O N  

TEMPERATURE R A T I O  TERMS FDR THE S P H E R E  

F O U R I E R  NO. = - 6 0 0  

YA 

0.994639 
0.994661 
0.994721 
0.994855 
0.994985 
0.9951 7 3  
0.995398 
0.995656 
0.995943 
0.996255 
0.996581 
0.996936 
0.997295 
0.99766 1 
0.998028 
0.998391 
0.998746 
0.999089 
0.9994 14 
0.999719 
1 .000000 

Y 8  

0.99614 1 
0.994254 
0.986794 
0.974 360 
0.95695 1 
0.934566 
0.907202 
0.874659 
0.837533 
0.795225 
0.747925 
0.695637 
0.638356 
0.576078 
0.508801 
0.436522 
0.359238 
0.276946 
0.189644 
0.097329 
0.000000 

ASER 

-0.005361 
-0.005339 
-0.005273 
-0.005165 
-0.005015 
-0.004827 
-0.004602 
-0.004344 
-0.004057 
-0.003745 
-0.0034 13 
-0.003064 
-0.002705 
-0.002339 
-0.001972 
-0.001609 
-0.001254 
-0.00091 1 
-0.000586 
-0.00028 1 

0.000000 

BSER 

-0.003259 
-0.003246 
-0.003206 
-0.003140 
-0.003049 
-0.002'434 
-0.002 798 
-0.00264 1 
-0.002467 
-0.002277 
-0.002075 
-0 .OO 1863 
-0.001 64b 
-0.001422 
-0.001 199 
-0.000978 
-0.000762 
-0.000554 
-0.000356 
-0.000171 

0.000000 
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Rodney S. Thurston and Ray Pollock 
Univer s i ty of Cal if orn ia 

Los Alamos Scientific Laboratory 
Los Alamos, New Mexico 

Introduction 

It was cfecided in the Fall of 1959 to develop a digital code which could 
calculate the entire startup transient of a Rover reactor. The power fluctua- 
tions which might be caused by admission of high density hydrogen into the core 
made this study imperative. This paper describes, in three parts, the codes 
which have been developed to date, experiments which have been and will be run 
to provide checks for the codes, and startup studies which have been performed 
by means of the codes. 

We needed a code which could calculate wall temperatures and the hydro- 
a gen state throughout the reactor as a function of time. 
that are of particular importance are as follows: 

1. Nozzle cooling inlet pfessure. 

2. Total hydrogen reactivity. 

The several numbers 

3 .  Hydrogen temperature at the core inlet plenum. 

4 .  Temperature gradients in the core. 

In writing the code the major obstacle was the lack of techniques and 
data needed to describe the two-phase heat transfer and fluid flow regimes. 
Some heat transfer data was correleated and a quasi-steady flow model was 
chosen in order to get a code started. The first code, STUP, was written to 
investigate models for two phase flow calculations and to calculate the be- 
havior of the reflector alone as it is cooled by liquid hydrogen. Following 
this, HEX was written to incorporate similar heat transfer and flow relations 
into a complex systems code designed particularly to handle Kiwi-B type re- 
actors. Both STUP and HEX, and a modification of STUP called TRIP, will be 
discussed in the balance of the paper. 

Cescription of Model Used 

All calculations discussed here employ the quasi-steady-state assump- 
- tion, or what is sometimes called the "single m a s s  velocity model". It assumes 
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that at any instant the mass-flow rate W(t) = pvA is spatially constant. Both 
STUP and HEX use time-dependent equations for the thermal behavior of the tube 
walls, and both are single-tube models. 

In STUP, a mean temperature is applied at the center section of the 
tube. The radial temperature distribution is assumed uniform, and an arbi- 
trary longitudinal temperature gradient is imposed. The overall temperature 
level is then determined by the cooling rate. 

TRIP modifies STUP by applying the same calculations to three thermally 
insulated tubes in parallel, representing three sections of the reflector: 
reflector segment, control rod, and reflector cylinder. Flow is balanced to 
yield agreement on exit pressure. 

In HEX, a single flow passage from each section of the reactor is con- 
sidered, all joined in series. Energy is introduced into the channel walls at 
a pre-programmed rate and with an arbitrary spatial distribution. 
temperatures are determined by solving a time-dependent diffusion problem with 
a convective boundary condition at the flow-passage wall and an outer bound- 
ary condition appropriate to the section of the reactor represented. Axial 
heat conduction in the channel walls is neglected in comparison with the con- 
duction radially into the coolant, and the calculation is thus one-dimensional. 

Heat Transfer and Pressure DroD Correlations 

The wall 

The heat transfer and pressure loss correlations used in both STUP and 
HEX are displayed in Fig. 1. 
transfer to two-phase hydrogen by Core, et al.' This correlation has a standard 
deviation of 27% and an exceptionally strong dependence on Prandtl number. The 
correlation gave reasonable results in the STUP calculations to be described 
shortly. 
in trying to calculate an experimental cool-down run; by setting the Prandtl 
number to a constant value of 0.714, good results were obtained. 

The correlation of Hendrichs, et has not been tested at this writing 
since it may require extensive revision in HEX. 
probably be included in the code at some future date. 

Equation (1) is a correlation of data on heat 

The strong Prandtl number dependence caused some difficulty with HEX 

It appears promising and will 

Frictional pressure losses for two-phase flow are computed according to 
the correlation or' Lockhart and Martinelli, equations (3 )  through (61, and the 
friction factor for gaseous flow is computed from Colburn's correction to 
Reynold's analogy, equation (7). 

Numerical Methods 

STUP and HEX both employ finite-difference methods for the solution of 
the differential equations involved. The integration of the ordinary differ- 
ential equations for steady compressible flow is accomplished by Euler's 
method on a mesh of cells imposed along the channel axis. Higher order methods 
proved to be of no significant benefit in this model, which deals only with 
subsonic flow. In HEX, wall temperatures are computed for each of a number of 
radial cells associated with each axial cell using a Crank-Nicholson form of 
differencing with the spatial derivatives evaluated only at the advanced time. 
This form of differencing was chosen to avoid difficulties with negative wall 
temperatures -in beryllium, the cp of which becomes very small at temperatures 
below 80'K. The wall calculation is coupled to the flow equations through an 
iterative scheme, whereby the flow equations are integrated using the heat 
flux from the previous iteration, and the hydrogen temperature so determined 
used as a boundary condition to improve the wall temperatures. This iteration 
is continued in a given axial cell until the temperatures stabilize. 

174 



ExDerimental Backnround 

The STUP calculation has been checked against results from the experi- 
mental cool-down by liquid hydrogen of an aluminum block, which served as a 
model of the reflector (Fig. 2). The experiments are described in detail in 
Part 2 of this paper, "Cryogenic Cool-Down Experiments", by Watts, Lyle, and 
Balcomb. 
were selected for analysis. 
since the flow rate was uncertain at earlier times. 
computations and observed conditions are shown in Figures 3 to 5 .  
culations were undertaken with HEX, and, after the modification in the two- 
phase heat transfer coefficient described earlier, these gave .iesults very simi- 
lar to those of STUP. 

Three experimental runs with flow rates of 15.2, 31.2, and 41.0 gpm 
The calculations were started at time 10 seconds 

Comparisons between STUP 
Similar cal- 

Studies of the Kiwi-B reflector system by means of the TRIP code showed 
that because of the changing rates of cooling in the reflector segment, control 
rod and reflector cylinder, their relative impedance varies significantly during 
a startup. 
the reflector, which is used by HEX, indicates good agreement on mean exit 
propellant temperatures but disagreement on pressure drop across the reflector. 
For example, in a typical startup computation the two codes computed tempera- 
tures only 15 Ro apart, but differed by 50% in pressure drop. 

Comparing a TRIP calculation with a single tube representation of 

Conclusion 

The work described in this paper has provided a tool which is capable 
of describing to some degree the sequence of events occurring in the startup 
of a nuclear rocket. The accuracy of this description appears to be satis- 
factory in describing the sequence of events occurring in the startup of a 
nuclear rocket. Quasi-steady-state equations do not appear to yield erroneous 
results in this system. The use of a single tube model for the reflector, 
which has three different subsections, gives good agreement on temperature, 
but poor agreement on pressure drop when compared to a three tube model. Modi- 
fications to improve this model by using better two-phase correlations are 
under consideration. 
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SUMMARY 
This paper outlines the resu l t s  of a tes t  p rogram which was planned 

to  demonstrate  the feasibility of using a tank mounted, a l l - inducer ,  high 
speed liquid hydrogen booster pump to provide NPSH for the turbo pump in 
a reactor-powered vehicle. 
pumping liquid hydrogen, when used a s  a propellant,  i s  fur ther  aggravated 
by localized h e a t i x  caused by radiation f rom the reac tor .  

The cavitation problem associated with 

This heating occurs  f rom gamma ray  and neutron flux absorption in 
the bottom two or th ree  feet  of the liquid hydrogen tank. 
the amount of sub-cooling available in the liquid hydrogen when the reac tor  
i s  s ta r ted ,  i t  i s  poss ib le  for the neutron slowdown to heat the hydrogen to 
the saturat ion point, o r  even superheat  some  localized regions.  

Depending upon 

Es t imates  of heating near  the bottom of the tank have indicated that 

F igure  I indicates how this heating takes 
it can be  equivalent to  a power level  of 1. 0 wat t /cm2,  which is equal to a 
heat flux of 53 BTU/sq . f t .  -min. 
place. 

The question that the tes t  p rog ram was planned to answer is this:  

Can a tank mounted booster pump deliver saturated o r  violently 
boiling liquid hydrogen to the inlet  of a downstream pump with sufficient 
NPSH to suppress  any incident of cavitation? 

INTRODUCTION 
A tes t  p rogram to prove the feasibility of using a tank mounted 

booster  pump to provide maximum NPSH for the turbo pump in a reac tor  
powered vehicle mus t  demonstrate  hydraulic and thermal  s imilar i ty .  

181 



Hydraulic Similar i ty  

Hydraulic s imilar i ty  mus t  be established f rom a non-cavitation and 
cavitation performance standpoint. 
between prototype ( r eac to r  installation) and model ( tes t  vehicle) can be 
established, the prototype flow ra t e  mus t  be determined. 
generation reac tor  powered vehicle,  a flow ra t e  of 8 ,  000 gpm (approxi- 
mately 80 pps of liquid hydrogen) was assumed.  To establish hydraulic 
s imi la r i ty ,  it i s  a l so  necessa ry  to determine pump inlet  and outlet 
p re s su res .  
with a pump head r i s e  of five to  10 ps i  were  assumed.  
these a r e  valid numbers  for a f i r s t  at tempt a t  solving the problem. 

Before any hydraulic s imi la r i ty  

F o r  a f i r s t  

F o r  purposes  of this p rogram,  tank p r e s s u r e s  of 15 to  20 psia  
It  i s  believed that 

Non - C avita ti on Similar i ty  

Here  the c r i te r ion  i s  the pa rame te r ,  Specific Speed, N,, i s  defined 
a s :  where N = Pump r p m  

Gpm = Pump flow 
H = Pump head in feet. 

Inducers operate  in  the specific speed range of 5 , 0 0 0  to  9 , 0 0 0  rpm.  
Assuming an N, = 
calculates a prototype operation speed of: 

7 , 0 0 0  and a head r i s e  of 300 feet  (a lmost  10 ps i ) ,  one 

N = 7 , 0 0 0  (300) 3 / 4  = 5,450 r p m  

T/m 

Hydraulic s imi la r i ty  will be obtained in  pump developing the same  
head, i f  the ra t io  of pump speed i s  inversely proportional to  the square  
root  of the flow, thus:  

where caps r e fe r  to  prototype or 
= NF q l a rge r  pump 

F o r  N = 5,450 

and q = 1,000 

n = 5,450 d-= 15,300 r p m  

The t e s t  vehicle used in this p rogram delivered 1 , 0 0 0  gpm with a 
head r i s e  of 330 feet  (10 ps i )  a t  i t s  bes t  efficiency point, while operating 
a t  14,800 rpm.  
hydraulic s imilar i ty  to  a 9 ,  000 specific speed number.  

Tes t  data obtained a t  20 ,  000  r p m  demonstrated inlet  

Cavitation Similar i ty  

When comparing s imi la r  installations (tank or  l ine mounted pumps)  
pumping s imi la r  f luids,  the parameter  suction specific speed can be used 
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to  c o m p a r e  and predic t  the cavitation per formance  of cent r i fuga l  pumps. 
Suction specif ic  speed,  SSS, is defined a s  follows: 

Where N = P u m p  speed,  r p m  

GPM = P u m p  del ivered flow in gallons 
per  minute .  

Hsv = Net posit ive suction head,  which i s  the physical  head of 
liquid above the pump inlet  when pumping a boiling liquid. 

P e s c o  tank mounted l iquid hydrogen pumps have demonst ra ted  the 
capabili ty of consis tent ly  achieving suction specif ic  speeds of over  200,  0 0 0 .  
An opt imum tank-bottom instal la t ion uti l izing a good inlet  be l l ,  has  
achieved SSS n u m b e r s  of over  400,000.  

To  demonst ra te  the s a m e  capabili ty of emptying a tank of boiling 
liquid; i. e . ,  the abil i ty to  pump to the s a m e  Hsv value,  the model  pump 
speed calculates  a s  follows: 

n = N e  = 5 , 4 5 0  
1 , 0 0 0  

= 15,300 r p m  

T h e r m a l  S imi la r i ty  

Heat  leak conditions and t h e r m a l  s i m i l a r i t y  w e r e  establ ished by 
m e a s u r i n g  liquid hydrogen boil-off. 
noting the change of liquid leve l  in  the tank p e r  unit  of t ime.  
la ten t  hea t  for  vaporizat ion of l iquid hydrogen,  the exposed a r e a  of the tank 
and the tank p r e s s u r e ,  it was  poss ib le  t o  d e t e r m i n e  the hea t  leak p e r  unit  
a r e a .  T h e s e  calculat ions a r e  somewhat  conserva t ive ,  s ince  m o s t  of the 
hea t  leakage takes  place a t  the  pump mounting s u r f a c e ,  which i s  in  i t se l f  
a hea t  shor t .  
calculated g r e a t e r  by 50  per cent  than the es t imated  r a t e s  expected in  a 
nuc lear  r e a c t o r  powered vehicle .  

The  boil-off r a t e  was de te rmined  by 
Knowing 

Heat  leak  r a t e s  in  e x c e s s  of 80 BTU/min .  - f t .  w e r e  

P u m p  Descript ion 

T h e  inducer  t e s t  pump,  which was  dr iven  by a hydraul ic  m o t o r  is  
An inducer - impel le r  pump was modified for  this  i l lus t ra ted  in  F i g u r e  2 .  

p r o g r a m .  T h e  modifications w e r e :  

A. T h e  second s tage  pump i m p e l l e r  was removed and rep laced  
with a s ta t ionary  spool p iece ,  which effectively guided the 
liquid flow into the volute.  

B .  The outside d iameter  of the inducer  was reduced to 3 . 8 3  inches 
with an inlet  angle of 10. 7" and a d ischarge  angle of 21. 2 " .  
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C. A st raight  inlet  adapter was provided over the modified 
inducer . 

TEST PROGRAM 

1. Normal  Speed Movie Observation 

The boiling activity of liquid hydrogen a t  the inlet  of a tank mounted 
booster pump was filmed with a Bolex camera  a t  a speed of 18 
f r a m e s  per  second. 
tank pressur ized  to  5 psig,  and second, with the tank un-pressurized.  
The boiling was filmed while the tank was under constant p r e s s u r e ,  
and a l so  while it was being de-pressur ized ,  

This was done in  two s tages;  f irst ,  with the 

2 .  High Speed Still Photography Observation 

The above procedure was repeated and photographed with a Nikon F 
camera  and an  Edgerton microf lash unit in order  to  observe the 
actual vapor formaticn around and within the inducer ,  

APPARATUS 

Description of Tes t  Installation No. 1 (See F igure  3 )  

F o r  the moving picture  tes t  setup, the pump and dr ive  assembly  
were  mounted to the 7 ,  000 gallon dewar sump,  and were  foam insulated a t  
the mounting base.  
allowed through this a r e a  to  s imulate  the radiation heat leak condition in  the 
space.  

Sufficient heat leak (over 80  BTU/min. - f t .  2 ,  was 

Three  banks of l ights and r e f l ec to r s  were  installed inside the dewar,  
one se t  being submerged in the liquid hydrogen. 
a reduced voltage to  protect  their  f i lament.  
pat terns  were  photographed through an eight inch diameter  vacuum 
insulated view por t  located on top of the dewar cover .  
taken with a Bolex movie camera  equipped with an e lec t r ic  motor  dr ive.  
The camera  was se t  a t  f2 .8  lense  opening and operated a t  a speed of 18 
f r a m e s  per  second. 

All lamps were  lighted a t  
The liquid hydrogen flow 

The pictures  were  

Description of Tes t  Installation No. 2 (See F igure  4)  

F o r  the high speed sti l l  photographic tes t  setup, the pump instal la-  
tion was the s a m e  a s  fo r  t e s t  installation No.  1. The l ight source ,  however, 
was obtained by using an electronic flash unit manufactured by Edgerton, 
Germeshausen,  and G r i e r ,  Inc. The microf lash  unit ,  model No. 549 was 
housed inside a vacuum insulated container which was attached to a sight 
duct. The en t i re  unit was lowered into the liquid hydrogen tes t  dewar.  
unit was so  a r ranged  that when a stroboscope was t r iggered,  a m i r r o r  
attached to the duct would ref lect  light onto the inducer inlet  a r e a .  
f lash duration f rom this unit  was 0 .  5 microseconds with peak light intensity 
of 50 x 10 

The 

The 

A still image of rotating elements was 6 beam candle power. 
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photographed by a motor  dr iven ,  remote ly  operated Nikon F c a m e r a  
equipped with a 200 mm f4 t-elephoto l e n s e  which was s e t  a t  an  opening of 
approximately f8. Kodak T r i  X film was used .  

RESULTS AND DISCUSSION 

Normal  Speed Photoeraphv 

A seven minute  f i lm c l ip  showing the boiling activity of liquid 
hydrogen in  the vicinity of the pump in le t ,  under var ious  t e s t  conditions,  
was shown a t  the o r a l  presentat ion of this paper .  Of par t icu lar  i n t e r e s t  i s  
the ac t ive ,  deep foaming condition to which the boiling liquid f l a r e d  during 
the d e - p r e s s u r i z a t i o n  testing. 

High Speed Photography 

F i g u r e s  5 and 6 a r e  typical photographs of the liquid hydrogen s u r f a c e  
during saturat ion.  
where  photographs can b e  taken of liquid and vapor entering the pump inlet  
and ind i rec t  p a s s a g e s  below the s u r f a c e  of the liquid. 
continued dclring the next y e a r  to  obtain this  photographic data .  

Photographic technique has  not proceeded to  a point 

This  p r o g r a m  will be 

T e s t  Data 

F i g u r e  7 i s  a plot of "s ta t ic"  boiling tes t  data obtained with the t e s t  

This  i s  followed by a 
Suction 

vehicle without an  inlet  bell .  
in te rmedia te  liquid leve l ,  f r o m  20 to  17-1/2 inches.  
gradual  de te r iora t ion  in p e r f o r m a n c e  with decreas ing  liquid leve l .  
specific speeds in excess  of 350, 000, before  any apprec iab le  fall-off in 
p e r f o r m a n c e ,  w e r e  obtained with the t e s t  vehicle .  This  r e p r e s e n t s  
exceptionally good cavitation per formance .  

Note the fall-oif in  flow and p r e s s u r e ,  and an  

F i g u r e  8 i s  a plot of "dynamic" boiling t e s t s  r u n  in  this p r o g r a m .  
"Dynamic" boiling t e s t s  differ f r o m  "static" boiling a s  follows: 

Stat ic  boiling ri i s  the  condition existing when the liquid hydrogen is a t  

saturat ion.  
rapidly d e c r e a s e d  f.rom sa tura t ion  conditions.  
of 1 p s i  p e r  second w e r e  used  for  this  p r o g r a m .  
F i g u r e  8 ,  shows tha t  the pump was s t a r t e d  a f t e r  tank de-pressur iza t ion  
was  init iated.  E v e  under  these  e x t r e m e  boiling conditions,  the t e s t  
vehicle  del ivered s ingle  phase  l iquid with adequate net posit ive suction head. 

Dynad'ic boiling conditions occur  when tank p r e s s u r e  is 
Depressur iza t ion  r a t e s  

if 

4 

Note that the t e s t  data  in  I( 
P 

CONCLUSIONS 

T h e  t e s t  p r o g r a m  repor ted  on h e r e i n ,  d e m o n s t r a t e s  that  a tank 
mounted boos ter  pump can be used  to  del iver  boiling liquid hydrogen to  the 
turbo  pump of a reac tor -powered  vehicle with adequate NPSH to prevent  
cavi ta t ioc.  I t  fur ther  demonst ra tes  that  tank-mounted,  high speed ,  a l l  
inducer  type booster  pumps exhibit extr  e m e  improvements  in the commonly 
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accepted cavitation pa rame te r s .  
special  design fea tures ,  thermal  proper t ies  of liquid hydrogen, and cer ta in  
physical phenomena associated with tank mounted pumps. 

These improvements  a r e  attr ibuted to 

The phenomena a r e :  

1. High vapor-handling capability of a properly designed inducer 
pump .' 

2 .  A tank installation having an inlet  bell to the pump will prevent 
the formation and coalescence of vapor f rom choking the inlet  
to the pumping mechanism.  

The cavitation performance of a pump depends not only upon the net 
positive suction head or  s ta te  of the liquid entering the pump, but a l so  on the 
rat io  of vapor and liquid in  the flowing s t r e a m  and the distribution of vapor 
and liquid therein.  
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FIGURE 5 

SURFACE O F  LIQUID HYDROGEN DURING SATURATION 
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THE WELDING OF 7000 SERIES ALUMINUM 

FOR NUCLEAR ROCKET APPLICATIONS 
- -, --L.-. . _ _  

A. J. -KISH, Senior hetallurgical Engineer 
Applied Research and Development 
ACF Industries, Incorporated 
Albuquerque Division 

INTRODUCTION: The 7000 series aluminum alloys are of considerable interest for a 
variety of applications because of the high strength levels attainable in this alloy series. 
After heat treatment, they exhibit strength levels approaching 80 KSI  ultimate and 70 # S I  
yield and strengtwdensity ratios ,of 750,000 plus. Where strength-weight ratio i s  a major 
factor, 7000 series aluminum i s  generally considered equivalent to 250,000 psi steels. 

applications because of the questionable welding characteristics normally associated with 
this alloy series. 
tion of welding processes on 7000 series alloys. 
at the Albuquerque Division since 1957 involving weldability studies in this area. 
these results are discussed and i t  i s  hoped that further interest w i l l  be stimulated in filler 
alloy improvement, optimization of welding technique, and application of welded 7000 
series aluminum. 

The use of 7000 series aluminum, although very extensive, has been limited in many 

Relatively l i t t le information i s  available on the procedures and applica- 
A research program has been in existence 

Some of 

GENERAL COMPOSITION EFFECTS: The nominal composition of these alloys in- 
clude the elements zinc, magnesium, and copper, each of which contribute to the heat 
treated strength properties but are not especially desirable for optimum welding character- 
istics. The effects resulting from presence of these elements can best be described in terms 
of the as-cast microstructure of a 7000 series alloy. During cooling from the melt, various 
constituents with varying compositions are formed in discrete temperature ranges (Figure 
1). The temperatures at which these constituents solidify, vary, depending on the compo- 
sition of the s t i l l  molten area. 
whether by high heat treating temperature or welding heat input, w i l l  remelt these local- 
ized areas. 
and temperature conditions, diffusion in the incipient melted area can occur. When this 
structure i s  cooled, tiny areas of incipient porosity can result with drastic detrimental 
effects on elongation and strength of  the material. Such an effect can occur either in the 
weld metal area or base metal material. 
occurs i s  normally lower in cast material than wrought material since the wrought material 
i s  more homogenous and severe composition gradients have been diffused. 

The structure of deposited weld metal i s  much finer in constituent size and arrange- 
ment than the as-cast structure of a casting, since the weld cooling rate i s  much more rap- 
id. The formation 
of eutectic does not appear detrimental provided that i t  i s  diffused into solid solution at 
temperatures below that which result in melting of the structure and resultant incipient 

Naturally, subsequent heating of the solidified material, 

The result i s  a localized molten area in a solid matrix. Depending on time 

The minimum temperature at which this effect 

Composition difference and constituent content, however, are similar. 

porosity. 191 



FIGURE 1 .  Typical constituents in the as-cast 7075 
aluminum and approximate melting range. 
500X Dilute Kellers Etch 

WELD PROBLEMS - BASE IVrETAL: Two major areas of concern must be evaluated 
when 7000 series alloys are subjected to the influence of a welding arc. 
(1) The effect of welding heat input on the base metal heat affected zones. 
effect of welding heat input on the structure of the weld metal and previously deposited 
weld passes. 

The weld area i s  heated to the melting point of aluminum or higher. Areas in the 
base metal are thus subjected to varying temperature gradients. 
base metal that contain concentrations of alloying element melt under the influence of this 
heat input and form a eutectic structure (Figure 2). 
thus characterized by formation of eutectic at grain boundaries or in conjunction with con- 
s t i  tuent previously present. 

The weld metal so deposited exhibits a structure that depends on the type of  welding 
process and the current conditions used in welding. Since the cooling rate of the weld 
puddle i s  normally very rapid, constituent formation i s  extremely small, and generally uni- 
formly dispersed. Welding conditions that produce excessive heat input, high interpass 
temperature, or excessive base metal preheat temperature generally result in a stringer 
type eutectic or constituent formation at grain boundaries. The influence of subsequent 
weld passes or rapid solution treatment on this type structure can result in incipient melting 
of these areas and resultant weld cracking (Figure 3). The use of homogenization treat- 
ments at temperatures below normal solution temperature i s  extremely beneficial in avoid- 
ing this type cracking characteristic. It i s  advantageous to avoid the init ial  stringer or 
grain boundary formation through use of modified filler alloy composition or adjustment of 
welding process and technique. 
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These areas are: 
(2) The 

Localized areas in the 

Base metal heat affected zones are 

T 
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FIGURE 2. 
boundary and constituent area in 7079 
base metal subjected to welding heat 
input. 

Eutectic formation at grain 

500 X Dilute Kellers Etch 

FIGURE 3. (TOP) &Welded weld 
area showing stringer eutectic formo- 
tion. (BOTTOM) Same area after 
rapid solution treatment and water 
quench. 
250X (reduced 50%) Dilute Kellers Etch 

If 7000 series alloys are not used os filler materiol, then the joint configuration and 
filler alloy must be adjusted such that weld dilution produces a weld composition respon- 
sive to 7000 series heat treotment cycles. 

HEAT TREATMENT CONSIDERATIONS: Heat treotment after welding should consist 
of o homoganizotion cycle to refine or diffuse the eutectic formation present in the weld 
and heat affected zones. After homogenization i s  complete, normal solution treatment can 
be conducted. 

Aging cycles should be performed to produce optimum ductility in the weld area. Best 
results have been obtained through use o fa  progressive age cycle or slight over-aging treat- 

ment. 

WELDING CONSIDERATIONS: This welding research program was initiated with 
possible future application in joining of a 7000 series alloy Rover Case Section. Consid- 
erations that were established as applicable included: (1) The welding process should be 
reproducible and not overly complex, i t  should be adaptable to joining of 1 to 1-1/2 inch 
aluminum with circumferential welding of approximate 50 inch diameter. (2) Full heat 
treatment would be performed aEter welding since optimum across-weld strength wos de- 
sired. 
and 3% elongation in 2 inches were desired. 
Double-Vee type joint with welding performed from both sides. 
corrosion resistance of the weld joint were not of major concern. 
behave satisfactorily in a cryogenic environment of - 18OoF to - 20OoF. 
area should not be overly notch sensitive. 

(3) Mechanical properties across the weld joint of 70 KSI ultimate, 60 KSI yield, 

(5) Fatigue strength and 
(4) Welding would be conducted on a 

(6) The weld joint must 
(7) The weld 

WELDING PROCESS: Four welding processes were evaluated in this program. 

TIGFusion welding was conducted ut i l iz ing the standard tungsten electrode and a 

Perti- 
nent characteristics of each are shown in Figure 4. 
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butt type joint on the material to be welded. Weld metal areas consisted of remelted areas 
of the base metal joined since no f i l ler addition was added. 

lized for fusion welding. 
aluminum faying strip, placed between the butting edges. 
approximately 1/16 inch over the thickness of material to be welded. 
the normal surface depression due to welding, i s  eliminated. The weld area consists of 
diluted base metal and alloy addition from the faying strip material. 

MIG welding was conducted on conventional grooved 7000 series base material. 
this process, the weld wire addition serves as the arc source since the arc occurs between 
the added filler wire and the base metal groove area, No tungsten electrode i s  used and 
the weld area consists of essentially fil ler alloy composition with normal welding element 
loss. Over-all heat input 
levels tend to be higher than those characteristic of the TIG processes. 

material to be joined. 
introduced in front of the arc area. Welding conditions approach those of the fusion, or 
faying strip process and normally result in small weld passes. 

Results in 5/8 inch 7000 series aluminum welded by these processes are included in 
Table I. 

The TIG-Fusion welds were characterized by high strength levels since the weld 
composition was sufficient for adequate responsive to heat treatment. Elongation, however, 
was extremely low and resulted from excessive melting at  weld grain boundaries and con- 
stituent areas. Occasional difficulties resulted from incipient cracking in the base metal 
heat affected zones. 

TIG-Faying Strip welding was conducted under essentially the same conditions uti- 
A butt type joint was utilized with a 1/16 wide 5000 series 

This faying strip protrudes 
In this manner, 

In 

This process i s  usually faster and results in larger weld passes. 

The TIG-Cold Wire Feed process also utilizes conventional type weld grooves in the 
The arc i s  furnished by a tungsten electrode and a f i l ler addition i s  

TlG - FW 

M I G  
TIG - F S  

1IG - FUSION WELDING 
(rlGiw) 

A -  BUT1 JOINT 
I ~ 1UNGSltN tUCRODT 

73.4 70.4 0.0 20 
64.1 - 0.3 80 
74.5 67.4 4.1 114 

C O N S W  t lMlODT WELDING 

A - FIL IB  W l l l  *M) t l€tROK 
WlQ) 

1IG PAYING SnlP WTLDING 

A -  F l u  ULOY 
I - 1UNGSlEN EUCRODT 

nlGW 

I I I I I 

I I I 1  I TIG - CWF (7000 FILLER) 71.2 63.9 3.8 214 

FIGURE 4. Welding Processes used in joining TABLE 1. Strength results of 7075 and 7079 
of 7000 series aluminum. aluminum joined by four welding processes. 

somewhat lower across-weld strength. Detrimental effects in the base metal heat affected 
zones were much more severe. With heat input levels that did not detrimentally effect 
base metal, the weld quality and properties were poor. Additional investigation should be 
conducted with MIG drop transfer or short-arc techniques where heat input levels would 
be lowered. TIG-Faying strip welds were characterized by good strengths and elongation, 
Weld dilution was adequate for good heat treatment response and the heat input effects on 
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base metal were negligible. This process, however, i s  limited to applications for which a 
faying strip can be fabricated and to material thicknesses up to one inch. Welding must be 
conducted in a maximum of two passes, one from each side of plate. 

elongation welds, but this process i s  limited to a base metal thickness and a joint config- 
uration that produces adequate weld dilution with the 7000 series base metal. In material 
thickness over 3/4 inch with a single U joint,proper base metal dilution i s  not obtained. 
The across-weld strength i s  then a function of  the 5000 series filler alloy strength. 

elongations. 
weld composition i s  st i l l  adequate for proper heat treatment response. 

modified filler composition containing lower nominal magnesium and slightly higher copper 
content that the conventional 7079 filler. This special fil ler alloy, designated "Alloy 1. 'I 

was developed from studies of weld compositions that were optimum in TIGFaying Strip 
welds, 
nificant. 
1 'I fil ler have been consistently good. 

T I G C W F  welds with 5000 series f i l ler alloys also produced high strength - high 

T I G C W F  welds with 7000 series f i l ler also produce desired strength levels with good 
In material thickness over 3/4 inch some element weld loss occurs, however, 

Better welding characteristics and elongation levels were obtained through use of a 

Beneficial results in weld metal microstructure and as-welded ductility were s ig -  
Results in 7079 alloy up to 1-1/2 inches thick welded with the modified "Alloy 

GEbJERAL WELDING VARIABLES: The most successful welding process investigated 
has been the Tungsten Inert Gas - Cold Wire Feed Process with Alloy 1 fil ler. Some gen- 
eral comments regarding the weld variables involved follow: (1) Current levels should be 
maintained as low as possible, consistent with good quality. Most successful results have 
been obtained with current levels of: 

Thickness Amperes Thickness Amperes 
250- 2 70 
260-280 

195-205 v 
2 10-220 1 - 1/2 

r 
3/8 

The first pass in thick sections should deposited at low current levels since burn 
through of the land area i s  not desired. 
a rate of 6 to 10 inches per minute depending on welding behavior. 
not be used; faster travel generally results in entrapped dross, porosity, and poor weld 
quality. (3) Voltage should be between 11 to 14 volts and i s  a function of other weld 
variables. (4) Wire feed should be introduced at 30 to 45 inches per minute for 1/16 inch 
diameter wire. The rate w i l l  vary depending on weld behavior, head travel, type, and 
size of weld pass desired. 
best in thick sections. 
line i f  possible. In section sizes of 5/8 inch or less, Single-U or Single-Vee joints are 
satisfactory. T I G C W F  welding of  7000 series alloys above 1-3/4 inches i s  not recom- 
mended. (6) Each weld pass should be arranged such that fusion with adjacent passes i s  
obtained and welding over sharp laps or narrow areas i s  not performed. Continuous weld- 
ing in multipass circumferential welds i s  not recommended. B) The filler alloy should be 
such that adequate heat treatment response i s  obtained. Most successful results have been 
obtained with the Alloy 1 filler, however, investigation of other modified filler alloys 
should be conducted. (8) Best results are obtained with 100% helium shield. (9) Tung- 
sten electrodes of 1/16 inch diameter are advisable with either blunt or angled nose de- 
pending on weld pass appearance desired. (10) Although manual welds can be performed, 
they generally exhibit lower strength levels. Automatic welding i s  recommended. (1 1) 
Small defects can be readily repaired without detriment to weld strength levels. Chipping 
of  defective areas can introduce difficulties i f  the chipped surface i s  rough. 
most common type weld defects are linear entrapped dross or linear porosity. 
most often caused by improper weld pass fusion or arrangement. 

(2) The welding operation should be conducted at 
Slower travel should 

(5) Double U joints with 45O to 60° included angle appear 
Weld material should be balanced on both sides of thickness center 

(12) The 
They are 

(13) The influence of 

195 



linear weld defects are most pronounced on across-weld ultimate strength and elongation. 
Detrimental strength effects are generally more severe in across-weld tensile tests than in 
longitudinal all-weld test specimens. (14) M o s t  welding i s  conducted with base metal in 
the -W or -T4 condition since maximum solution of alloying elements i s  present. Material 
in the -T6 condition has been successfully welded. 

CHARACTERISTICS OF THE AS-WELDED AND AGED CCNDITIONED: In applica- 
tions where weldments receive only a subsequent aging treatment, the base metal over- 
aged zone caused by welding and heat input, influences the final strength of the joint. 
Weldments that are to receive only an aging treatment must be joined in a maximum of two 
passes or the subsequent weld passes w i l l  over-age the weld to low strength levels. 
welding heat input i s  excessive, the over-aged zone in the base metal w i l l  exhibit low 
strength levels typical of annealed material. 

fil ler and welded with one pass each side exhibited exceptionally good strength results. 
Subsequent aging for 4 hours at 2OO0F, 4 hours at  250°F, and 4 hours at 315OF produced 
average across-weld strengths of 63.3 KSI ultimate, 53.6 KSI yield, and 6.0% elongation 
in 1.4 inches. Considerable elongation occurred in both the weld and base metal over- 
aged zones, with failure occurring randomly either in the weld or base metal. The 5/8 
inch 7075-T6 alloy was joined in two passes at 270 amperes current and 10 IPM travel. 

If 

7075-T6 Aluminum in 5/8 inch thickness joined by the T I G C W F  process with 5183 

CHARACTERISTICS OF THE SOLUTION TREATED AND OVER-AGED CONDITION: 
In applications where high across-weld elongation i s  of greater interest than maximum 
strength levels, over-aging after solution treatment can be performed to advantage. Yield 
strength levels become more consistent when these over-aging cycles are used. Over- 
aging cycles investigated included variation of the final four hour portion of  the progres- 
sive age cycle (4 hrs 2OO0F, 4 hrs 25OoF, 4 hrs 315OF). Typical results are summarized in 
Figure 5. 

FIGURE 5. Across Weld mechanical 
properties of  welded 7075 aluminum 
as influenced by final four hour pro- 
gressive age temperature. 
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FHT-A 

FHT-8 
FHT-C 

AGE A 

AS W. 
8M-T 

.85 

.81 

.92 

TABLE II. Notch-Unnotch properties 
across-weld in welded 7079 aluminum. 
Standard NASA .001 R Specimens. 

FHT = Full k t  Treat 
AGE A = Age Only 
AS W = PS Welded 
W\-T = Base k t a l  Transverse 
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NOTCH CHARACTERISTICS: The notch characteristics of  7000 series weld metal 
were evaluated at room temperature with the standard NASA type notch tensile 
specimen (Table 11). Notch-Unnotch strengths were evaluated in conditions representing 
weldments given three variations in age cycle as well as age only and as-welded condi - 
tions. 
at temperatures of 315OF, 33OoF, and 345 F respectively. 
sively notch sensitive regardless of heat treated condition. 

These included variation in the fin81 four hour portion of the progressive age cycle 
The weld material i s  not exces- 

~ N.R. 

CRYOGENIC BEHAVIOR: Weldment application in the Rover Program would !wolve 

Tensile tests were conducted on unnotched and notched across-weld specimens at 
use of weld material in a cryogenic environment of -180O to 200OF. 

room temperature, -lOO°F, -3OO0F, and -423OF. 
evaluated in terms of .177 inch diameter round specimens, both unnotched and with .001 
notch radius. Results of these across-weld tests are included in Table 111. As temperature 
decreases, across-weld strength increases, Bhi le elongation and notch strength decrease. 
This effect i s  most significant between -200 F and -423OF. 

Base metal cryogenic tests were conducted on 7079 unnotched and notched (.010 
radius) 1/4 inch flat specimens. 
decreases (Table IV). The elongation tends to decrease but notch strength remains sub- 
stantial. The base metal notch ratio decreases to a low of .84 at -423OF. 

(TABLE V) with the lowest notch ratio of .79 obtained at -423OF. 

A series of 7075 weldments were 

The results show increase in strength as the temperature 

Similar across weld specimens in welded 7079 aluminum show a comparable behavior 

1.22 

1.18 

.77 

.67 

1 YS 
1 KSI 

63.0 

69.3 
77.2 

TABLE Ill. Cryogenic across-weld TABLE IV. Cryogenic base metal 
notch-unnotch properties in welded notch-unnotch properties in 7079 
7075 aluminum. Round . 177 diameter aluminum base metal. Flat 1/4 
.001 R notch specimens fully heat inch .010 R notch specimens 
heat treated. heat treated. 

fully 

PRESSURE VESSEL BEHAVIOR: The behavior of a number of 7000 series welds was 
evaluated under the stress conditions involved in testing of a pressure vessel configuration. 
Six 4.5 inch ID spherical vessels were fabricated by circumferential welding of two hemi- 
spherical shapes. 
up in the weld area. 

behavior was good. 

Each sphere was of nominal . 100 wall thickness with a 1/8 inch build- 
Hydrostatic pressure test results are included in VI. 

Even with a substantial weld defect present (Sphere No. 6), the pressure vessel 
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N-UTS 
KSI  

66.5 
69.5 
71.3 
64.0 

N. R. 

.98 

.99 

.93 

.79 

TABLE V. Cryogenic across-weld 
notch-unnotch properties of welded 
7079 aluminum. 
notch specimens fully heat treated. 

Flat 1/4 inch - .010 

FIGURE 6. Typical burst failure of 
welded 7075 aluminum sphere. 

NO. 
__ 

2 

3 
4 
5 
6 

- 

PSlG 
- 
6500 

7000 
6500 
6500 
6000 

TEST 

BURST 

BURST 
PROOF 
PROOF 
BURST 
DEFECT) 

CALC. 
STRESS 

KS I 

73 .5 

79.2 
73.5 
73.5 
67.9 

WT. 
LBS. 

.75 

.74 

.74 

.73 

.77 

TABLE VI. Hydrostatic pressure test 
results of welded .lo0 inch wall 7075 
aluminum spheres - fully heat treated. 

FIGURE 7. Typical burst failure of 
welded pressure vessel. KIWI B 
thickness to diameter 1/2 scale model. 

Q 
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observed approximately 200-300 PSlG before burst. A typical burst failure i s  shown in 
Figure 6. 

ness-diameter ratios in  the weld area as the KIWI  B case vessels. 
both were pressurized to failure. Vessel No. 1 failed at 2350 PSlG with a maximum weld 
strain of 10,000 micro inches per inch and a maximum weld stress of 72,500 psi (measured 
at 2200 PSIG). The second vessel failed at 2150 PSlG with maximum weld strain of 5850 
micro inches per inch and a maximum weld stress of 67,000 psi (measured at 2000 PSIG). 
A typical burst failure (Vessel No. 1) i s  shown in Figure 7.  

Two one-half scale cylindrical pressure vessels were fabricated with identical thick- 
After full heat treatment 

TEST RESULTS FROM SIMULATED CIRCUhFERENTIAL JOINT IN THE ROVER 
REACTOR VtSSEL: In order to verify the results of 7000 series test plates prior to actual 
fabrication of  a KIWI  vessel, a series of  full scale cylindrical 7079 test rings were fabri- 
cated. 
Rover case section (Figure 8). In fact, the r ing material was removed from 4-1/2 inch 
thick 7079 pressings fabricated for KIWI B reactor vessel applications. 
conditions, as determined from previous testing, were used in welding of the test rings. 

ference of each weldment. Average results are included in Table VII. 

be expected to exhibit strength levels of  73.4 KSI ultimate, 64.5 KSI yield, and 3.0% 
elongation or higher. 

These rings were of  identical diameter and thickness as that to be used in the 

Optimum welding 

Across-weld tensile specimens were removed from 450 segments around the circum- 

Statistical analysis showed that with 95% confidence, 99% of the specimens could 

UTS 
SEGMENT/ K S I  I 1 2% 

75.2 

74.4 
75. I 
75.2 

74.3 
74.9 
74.8 
15.2 

66.3 

65.6 
65.8 
65.5 
65.1 
65.9 
66.2 
65.8 

5.3 

4.0 
5.5 
7.0 

5 .o 
6.0 
5.5 
6.0 

FIGURE 8. Simulated Rover reactor 
vessel circumferential joint of  welded 
7079 aluminum. 

TABLE VII. Average mechanical 
properties a t  45' segments in simulated 
vessel joint. Average of  f ive .505 
diameter specimens. 

WELDING THE KIWI  B REACTOR VESSEL: The KIWI B reactor vessel i s  fabricated 
by pressing a dome shape from a 4-1/2 inch thicC 7079 circular blank. 
conducted a t  75OoF and i s  completed in  one stage. A cylindrical section of  4-1/2 inch 
thickness i s  then machined from a second pressing and welded to the dome shape. 

tion, so the weld area was machined to a one inch thickness approximately 4 inches each 
side of  the weld groove. The weld groove configuration was a double-U type with the ID 
portion machined to the centerline of  thickness. Nine weld passes were first deposited in 
the ID groove by the T I G C W F  process. 
weld metal and the remaining weld passes alternated in  groups of  four to minimize dis- 

The operation i s  

Welding of  7079 aluminum above 1-1/2 inches thick was not desired in this applica- 

The OD groove was then back machined to sound 
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tortion and stress bui Id-up. 
The welding operation employed the T I G C W F  process with Alloy 1 filler. Each 

Weld pass was separate, that is, involved a weld start and stop. 
around the weld circumference and welding was not conducted i f  interpass temperature 
exceeded 200OF. Y. 

We I ding conditions were : 
Current 250-280 amperes Tungsten Extension 9/16 inches 
Volts 14 volts Shield 100 CHF Helium 
Traverse 6.5-7.5 IPM Wire 1/16 diameter AI loy 1 
Weld Feed 
Tungsten Diam. 1/16 inches lnterpass Temperature 125 - 15OoF 

Weld starts were staggered 

0 28 - 45 IPM 

The welding operation on the OD groove portion i s  shown in Figure 9. This unit, 
after final processing, was pressurized through 75 cycles to 1000 PSIG. 
KIWI B 7079 welded case sections have been successfully fabricated. 

An additional 4 

FIGURE 9. Welding of the KIWI  B reactor vessel by the tungsten 
Inert G a s  - Cold Wire Feed Process. 

CONCLUSIONS: The weldability of  7000 series aluminum alloy has been investi- 
gated by the evaluation of 158 weldments in material 1/4 inch to 3 inches in thickness. In 
addition, twenty 7000 series pressure vessels and cylindrical weldments have been success- 
fu I ly fabricated. 

Welding of the 7000 series aluminum alloys i s  particularly sensitive to equipment 
reliability and operator skill. The welding technique and procedure must be developed 
and verified ut i l iz ing test weldments and scale model configurations. 

that 7075 and 7079 aluminum structures can be successfully welded. 
Based upon the results of the development program described, i t  may be concluded 

a 

0 

c 
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THE IMFORTANCE OF EHGINE DESIGh! 

T h i s  paper d e t a i l s  t he  tyoes  of equipment t h a t  have been designed t o  r e -  
motely handle  the  ?!ER\l.* engine a t  t he  Nuclear Rocket Development S t a t i o n ,  
Jackass  F l a t s ,  i\!evada. The au tho r  s t r e s s e s  throughout  t he  r e p o r t  t h e  necess i ty  
f o r  c lose  coord ina t ion  of nuc lea r  engine-remote handl ing equipment des ign  
e a r l y  i n  t h e  program and examines some of t h e  oroblems assoc ia t ed  w i t h  i\!€RVA 
engine remote handl ing t h a t  have been considered.  Seve ra l  c r i t e r i a  a r e  pro- 
vided a s  g i l ide l ines  t o  be followed on des ign  i n i t i a t i o n .  Thei r  a p p l i c a t i o n  
t o  subsequent phases of t h e  des ign  program and t o  the  types of equipment t h a t  
have r e s u l t e d  a r e  i l l u s t r a t e d  through d i scuss ion  of equipment c a p a b i l i t y .  

I HTROWCT IOb! 

Nuclear rocke t  engine t e s t  programs completed t o  d ~ t e  and planning f o r  
those  t o  be conducted i n  t h e  f u t u r e  have made i t  apparent  t h a t  t he  remote 
handl ing equipment used f o r  subsequent disassembly and re-assembly of t h e  i r-  
r ad ia t ed  power p l a n t  and i t s  a s soc ia t ed  subassemblies  m u s t  be considered an 
i n t e g r a l  p a r t  of t he  t o t a l  engine des ign  and development program. Because of 
t h e  l i m i t a t i o n s  imposed on engine handl ing procedures  through t h e  n e c e s s i t y  of 
conducting a l l  ope ra t ions  i n  a r ad ioac t -ve  "hot  ce l l "  f a c i l i t y ,  c l o s e  coordina-  
t i o n  of t h e  des ign  of both t h e  engine and t h e  equipment t h a t  will handle  i t  
should be e s t a b l i s h e d  e a r l y  and cont inue  through t h e  des ign  completion. 

This  concern f o r  remote handl ing t o o l s  and equipment may seem a l i e n  t o  
t h e  t a s k  of engine development, as  such. Eut c a r e f u l  cons ide ra t ion  of t h e  
unique problems i n v e s t i g a t e d  i n  c u r r e n t  p r a c t i c e  t h a t  a r e  a s soc ia t ed  w i t h  en- 
g ine  assembly/disassembly r e a d i l y  i l l u s t r a t e  t h e  i n t e r r e l a t e d n e s s  of des ign  
requirements  f o r  both engine and handl ing equipment t h a t  ensures  maximum per- 
formance c a p a b i l i t y  of t he  power p l an t .  

S IGNIFICAWT DIFFERENCES B E T E E N  DIRECT h?idD REMOTE OPERA? IOI\!S 

Di rec t  assembly and disassembly of a convent ional  rocke t  engine i s  not  a 
simple ma t t e r .  S ince  2 rocke t  engine does not  have a through s h a f t ,  i t s  a s -  
sembly and disassembly i s  i n  some ways s impler  than t h a t  of a l a r g e  t u r b o j e t  
engine;  bu t ,  neve r the l e s s ,  many s p e c i a l  t o o l s  and handl ing f i x t u r e s  and many 
manhours of s k i l l e d  l abor  a r e  r equ i r ed  f o r  i t s  asssmbly and disassembly.  
Accurate pos i t i on ing  and al ignmnet  of components i s  r equ i r ed ,  n u t s  m u s t  be 
proper ly  torqued down and s a f e t y  wired,  e t c .  

I n  t h e  case  of a nuc lear  rocke t  engine,  i n i t i a l  assembly may be performed 
d i r e c t l y  s i n c e  t h e r e  will be no r a d i a t i o n  ?roblem a t  t h i s  t ime. 
t h e  case  of a t e s t e d  nuc lear  rocke t  engine ( o r ,  f o r  t h a t  ma t t e r ,  a new engine 
wi th  a c t i v a t e d  or contaminated ? a r t s )  remote assem'bly and disassembly are r e -  

Ho~/Iever, i n  
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quired if the radiation level precludes direct access by personnel. 

As was the case with direct operations, special tools and handling fix- 
tures can be used in remote operations. But now the skilled labor can contact 
the engine only by remote means such as master-slave or electro-mechanical 
manipulators. 

It is true that an experienced operator can perform surprising feats with 
a master-slave manipulator. However, the load and reach capabilities of such a 
manipulator severely limit its use during gross assembly or disassembly of a 
nuclear rocket engine in a large hot cell. It is not until we come to remote 
assembly, disassembly or post mortem of an engine subsystem or component that 
the use of master-slave manipulators becomes desirable. 

Electromechanical manipulators, with their greater power and travel, are 
usually required for the qross assembly or disassembly of an engine. 
general-purpose manipulators may be installed in a large hot cell either over- 
head or on the walls. 

These 

For more specific operation, such as clamping, gripping or providing a 
precise motion, single-purpose remotely actuated mechanisms are used. These 
are usually mounted on the engine handling fixtures or stands. 

In addition to manipulators, the operators of a remote facility normally 
have at their disposal remotely operated cranes, small tools and viewing equip- 
ment. 

It is in its use that the remote handling equipment mentioned above most 
significantly differs from its counterpart in direct assembly and disassembly 
operations. Some points for consideration are: 

Load Capacity 

Cranes, handling fixtures and stands and special-purpose mechanisms can be 
selected or designed to handle the weight of any anticipated nuclear rocket 
engine. General-purpose electromechanical manipulators, however, are sorely 
pressed to maneuver the weights involved and to provide the necessary torques 
without themselves becoming unwieldy. 

"Feel I' 

Electromechanical manipulators presently used and those actively contempla- 
ted for use on nuclear r&Ot engines do not provide feedback to their operators. 
This is a serious drawback when it comes to inserting or withdrawing a fragile 
component or to tightening a clamp or tubing connection which later must prove 
to be leak tight. Similarly, the act of lowering an engine or a subsystem onto 
a stand without benefit of sensitive guiding hands can at times present problems. 

Accessibility 

If an engine is to be remotely assembled or disassembled, the manipulators 
(or the tools they hold) must have access to every disconnect point. 
manipulators are not always as small as desired and do have a limited number of 
motions, accessibility of nuts, electrical disconnects and pipe joints is often 
a problem. And it is here, perhaps more than anywhere else, that the early and 
continued coordination of the design of the engine and its remote handling 
equipment pays off handsomely. 

Since 
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V i  e w i  n q  

Viewing th rough  a s h i e l d i n g  window pe rhaps  f i v e  o r  s i x  f e e t  t h i c k  t o  pe r -  
form a remote d i s a s s e m b l y  p rocedure  which s i g h t  be t a k i n g  p l a c e  t e n  o r  twenty 
f t .  from t h e  i n s i d e  s u r f a c e  of t h e  window l e a v e s  much t o  be d e s i r e d ,  p a r t i c u l a r -  
l y  when you a r e  t r y i n g  t o  perform a d e l i c a t e  o p e r a t i o n .  C l o s e d - c i r c u i t  t e l e v i -  
s i o n  h e l p s  i n  many i n s t a n c e s  f o r  c l o s e  up viewing and f o r  a l t e r n a t e  viewing 
a n g l e s .  

Speed of O p e r a t i o n  

I t  i s  n o t  s u r p r i s i n g  i n  view of t h e  p o i n t s  c o n s i d e r e d  above t h a t  remote 
assembly and d i s a s s e m b l y  o p e r a t i o n s  a r e  a g o n i z i n g l y  slow when compared w i t h  
s i m i l a r  o p e r a t i o n s  t h a t  a r e  performed d i r e c t l y .  I n  a t e s t  program where re-  
l i a b i l i t y  of a n u c l e a r  e n g i n e  i s  t o  be demons t r a t ed  by many t e s t s ,  remote a s -  
sembly. and d i s a s s e m b l y  cou ld  become a " b o t t l e n e c k "  i f  n o t  a d e q u a t e l y  implemen- 
t e d  w i t h i n  t h e  s c h e d u l e .  Even w i t h  a more l e i s u r e l y  t e s t  s c h e d u l e ,  f a s t  t e a r -  
down of a t e s t e d  eng ine  i s  v e r y  i m p o r t a n t  s i n c e  e a r l y  a c c e s s  t o  t h e  f u e l  e l e -  
ments  f o r  a n a l y s i s  i s  d e s i r e d .  

FACTORS GOVERNI!NG SELECTIOH OF A RUAO'IOTE ZWDLING SYSTEM 

I n  most i n s t a n c e s ,  t h e r e  a r e  s e v e r a l  approaches  t o  t h e  accomplishment of a 
remote h a n d l i n g  t a s k .  A t  one ex t r eme ,  a remote h a n d l i n g  system c o n s i s t i n g  o f  
v e r y  s imple  equipment w i l l  perform t h e  t a s k  f o r  t h e  l e a s t  c a p i t a l  equipment 
e x p e n d i t u r e  b u t  i t  may r e q u i r e  an  i n o r d i n a t e l y  long o p e r a t i n g  t ime ;  whereas ,  
a t  t h e  o t h e r  ex t r eme ,  a s p e c i a l ,  automated machine a*!i11 perform t h e  same t a s k  
i n  t h e  l e a s t  time, b u t  i t  p robab ly  will be v e r y  expens ive .  

If  a t  a l l  p o s s i b l e ,  i t  is  a d v i s a b l e  a t  t h e  o u t s e t  of a program i n v o l v i n g  
remote o p e r a t i o n s  t o  i n v e s t i g a t e  s e v e r a l  i n t e n t i o n a l l y  d i f f e r e n t  systems f o r  
accompl i sh ing  t h e  d e s i r e d  t a s k .  The c o n c e p t u a l  d e s i g n  of t h e s e  remote hand- 
l i n g  systems shou ld  be c a r r i e d  forward t o  t h e  p o i n t  ivhere an  e v a l u a t i o n  can be 
made. A l so ,  d e t a i l e d  time a n a l y s e s  of remote h a n d l i n g  p rocedures  shou ld  be 
made of each system. 

One method f o r  e v a l u a t i n g  d i f f e r e n t  remote h a n d l i n g  systems i s  t o  e s t a b -  
l i s h  a l i s t  of p o i n t s  f o r  c o n s i d e r a t i o n .  I n  t h e  c a s e  of the remote h a n d l i n g  
equipment f o r  t h e  NERVA program, for example,  some f o r t y  p o i n t s  were c o n s i d e r -  
ed.  S i n c e  a l l  p o i n t s  were no t  of e q u a l  impor t ance ,  a w e i g h t i n g  f a c t o r  of one 
t o  f o u r  was a s s i g n e d  t o  each p o i n t .  

A committee of q u a l i f i e d  t e c h n i c a l  p e r s o n n e l  of v a r i o u s  d i s c i p l i n e s  was 
formed t o  e v a l u a t e  o b j e c t i v e l y  t h e  v a r i o u s  remote h a n d l i n g  sys t ems .  Fol lowing 
a g e n e r a l  r ev iew o f  t h e  sys t ems  and a d i s c u s s i o n  o f  t h e  meaning of t h e  p o i n t s  
c o n s i d e r e d ,  each member of t h e  committee r a t e d  each of t h e  p o i n t s  f o r  each r e -  
mote h a n d l i n g  system. Weight ing f a c t o r  v a l u e s  were n o t  a v a i l a b l e  t o  committee 

. members a t  t h e  time of r a t i n g .  

The r e s u l t s  o f  such  an  e v a l u a t i o n ,  a l t h o u g h  n o t  i n f a l l i b l e ,  p o i n t  o u t  t h e  
a n t i c i p a t e d  s t r e n g t h s  and weaknesses  of t h e  v a r i o u s  approaches  t o  a remote 
h a n d l i n g  system. O f t e n  an  examina t ion  of t h e  r e s u l t s  s t i m u l a t e s  a more e x t e n -  
s i v e  i n v e s t i g a t i o n  of some p a r t i c u l a r  a s p e c t  of t h e  system. Also,  i t  is  some- 
times p o s s i b l e  t o  blend t h e  f a v o r a b l e  f e a t u r e s  of more t h a n  one sys t em,  t h e r e b y  
f u r t h e r  improving t h e  s e l e c t e d  approach .  

I n  t h e  c a s e  of t h e  remote h a n d l i n g  system f o r  t h e  NERVA program, an eva lu -  
a t i o n  of t h e  r e q u i r e m e n t s  h a s  l e d  t o  t h e  s e l e c t i o n  of t h e  f o l l o w i n g  equipment:  
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1. Engine  I n s t a l l a t i o n  V e h i c l e  ( E I V )  
2. Overhead P o s i t i o n i n g  Sxbsystem (OPS) 
3. Floor-Mounted Hand l ing  Subsys tem (FMHS) 
4. 

Items 2 ,  3 and 4 c o n s t i t u t e  t h e  sys t em used  i n  t h e  main h o t  bay of t h e  

Wa 11 -Mounted Hand1 i n g  Subsys tem ( WMHS ) 

Engine Main tenance ,  Assembly and Disassembly  (E-MAD) B u i l d i n g  f o r  remote  a s -  $' 
sembly and d i s a s s e m b l y  of t h e  NERVA eng ine .  

Enqine I n s t a l l a t i o n  V e h i c l e  ( E I V )  

The E I V  (shown i n  F i g u r e  1 )  i s  a s p e c i a l - p u r p o s e  r a i l  f l a t  c a r  u sed  t o  
t r a n s p o r t  a NERVA e n g i n e  between a n  Engine Test S t a n d  and a Main tenance ,  A s -  
sembly and Disassembly  f a c i l i t y .  
expe r imen t  o r  a r a d i a t i o n - e f f e c t s  r e a c t o r .  

I t  can a l s o  accommodate a non-nuc lea r  eng ine  

The v e h i c l e  weighs  a p p r o x i m a t e l y  75 t o n s  and measu res  52 f e e t  from t h e  
c e n t e r l i n e  of  t h e  c a r r i a g e  t o  t h e  o p p o s i t e  s t r i k e r .  I t  t r a v e l s  o v e r  a s t a n d -  
a r d  gauge t r a c k  a t  a speed  of t h r e e  t o  f i v e  mph, p r o p e l l e d  by a Prime Mover 
System. 
Mover System. 

Power and c o n t r o l  f o r  a l l  mo t ions  on t h e  E I V  o r i g i n a t e  on t h e  Prime 

The r o l l i n g  s t o c k  u n d e r c a r r i a g e  of t h e  v e h i c l e  i s  of s t e e l  c o n s t r u c t i o n .  
A s  f a r  a s  p o s s i b l e ,  i t  i n c o r p o r a t e s  s t a n d a r d  c a r - b u i l d i n g  components,  such  a s  
t r u c k s ,  s u s p e n s i o n  s y s t e m s ,  w h e e l s ,  b r a k e  sys t ems ,  c o u p l e r ,  d r a f t  g e a r  and 
c u s h i o n i n g  u n i t .  
s e r v e  t o  l e v e l  and s t a b i l i z e  t h e  v e h i c l e  d u r i n g  e n g i n e  t r a n s f e r  o p e r a t i o n s .  
An i n c h i n g  d r i \ f e  mechanism on t h e  fo rward  t r u c k  p r o v i d e s  f i n e  p o s i t i o n i n g  of 
t h e  v e h i c l e  f o r  t h e  f i n a l  few f e e t  of t r a v e l  i n t o  t h e  e n g i n e  t e s t  s t a n d .  

A t t ached  t o  t h e  under f rame a r e  fow power-dr iven  j a c k s ,  which 

A c a r r i a g e  mounted on t h e  forward  end of t h e  f l a t  c a r  s u p e r s t r u c t u r e  h o l d s  
t h e  eng ine .  V e r t i c a l ,  f o r e - a n d - a f t ,  t r a n s v e r s e  and az imuth  mot ions  a r e  i n -  
c o r p o r a t e d  i n  t h e  c a r r i a g e .  The e n g i n e  i s  s u p p o r t e d  by a s e m i - c i r c u l a r  member 
a t  t h e  f r o n t  of t h e  c a r r i a g e  which f i t s  benea th  t h e  u p p e r  f l a n g e  of t h e  e n g i n e  
p r e s s u r e  v e s s e l .  
t o  t h e  c a r r i a g e .  

Four  r e m o t e l y  o p e r a t e d  clamps a r e  used  t o  s e c u r e  t h e  e n g i n e  

I n  o p e r a t i o n ,  t h e  E I V  (pushed  by t h e  Prime Mover Sys t em)  c a r r i e s  t h e  
e n g i n e  from i t s  a s sembly  a r e a  t o  t h e  Engine T e s t  S t a n d  a r e a .  
r e m o t e l y  decoup led  from t h e  Prime Mover System. E l e c t r i c a l  c o n n e c t i o n s  between 
t h e  two, however,  a r e  m a i n t a i n e d  t h r o u g h  a f l e x i b l e  c a b l e .  The v e h i c l e  i n c h e s  
i t s e l f  i n t o  p o s i t i o n  i n  t h e  Engine Test S t a n d  and  t h e  f o u r  j a c k s  a r e  lowered  
o n t o  h a r d  s p o t s  on t h e  ramp. The f l a t  c a r  i s  t h e n  r a i s e d  s u f f i c i e n t l y  t o  e l i -  
m i n a t e  t h e  e f f e c t  o f  t h e  t r u c k  s p r i n g s  and l e v e l e d  w i t h  r e s p e c t  t o  t h e  Engine  
T e s t  S t a n d  i n  tilt and r o l l .  F o r e - a n d - a f t ,  t r a n s v e r s e  and  az imuth  mot ions  of  
t h e  c a r r i a g e  a r e  t h e n  u t i l i z e d  t o  p o s i t i o n  t h e  u p p e r  f a c e  of t h e  e n g i n e  d i r e c t -  
l y  benea th  t h e  a t t a c h m e n t  f i x t u r e  on t h e  s t a n d .  V e r t i c a l  mot ion  of  t h e  c a r -  
r i a g e  t h e n  ma tes  t h e  e n g i n e  w i t h  t h e  s t a n d .  Once t h e  eng ine  i s  s e c u r r e d  t o  t h e  ' 
s t a n d ,  t h e  E I V  i s  wi thdrawn from t h e  a r e a .  

Here t h e  E I V  i s  

Fo l lowing  a t e s t  of t h e  e n g i n e ,  t h e  E I V  i s  a g a i n  b rough t  i n t o  t h e  s t a n d  
and p o s i t i o n e d .  The e n g i n e  i s  g r i p p e d ,  r e l e a s e d  from t h e  s t a n d ,  and t r a n s -  
p o r t e d  back t o  t h e  h o t  bay of t h e  Mainten'ance, Assembly and Di sas sembly  f a c i l -  
i t y .  

- Overhead P o s i t i o n i n q  Subsystem (OPS) 

Remote assembly  and d i s a s s e m b l y  of t h e  NERVA e n g i n e  i s  per formed i n  t h e  
main h o t  bay of t h e  E-MAD B u i l d i n g  by t h e  OPS working  i n  c o n j u c t i o n  w i t h  t h e  



Floor-Mounted Handl ing Subsystem and t h e  Wall-Mounted Handling Subsystem. 

The OPS c o n s i s t s  of a b r i d g e ,  t r o l l e y ,  t e l e s c o p i n g  mas t ,  azimuth d r i v e ,  
a u x i l i a r y  m a n i p u l a t o r ,  a f a m i l y  of s i x  p o s i t i o n i n g  heads ,  and a c o n t r o l  system. 
As shown i n  F i g m e  2 ,  t h e  b r i d g e  of  67+ f e e t  l e n g t h  spans  t h e  wid th  of t h e  h o t  
bay. .The 196 f e e t  t r a v e l  of t h e  b r i d g e  i s  shown i n  F igu re  3. E l e v a t i o n  of 
t h e  b r i d g e  runway r a i l s  i s  51 fee t  above t h e  f l o o r  of t h e  main bay. 

h4ounted th rough  an opening i n  t h e  b r i d g e  t r o l l e y  i s  t h e  t e l e s c o p i n g  mast .  
Concur ren t  v e r t i c a l  motion of  t h e  t h r e e  movable s e c t i o n s  of t h e  mast i s  ob- 
t a i n e d  from a s i n g l e  d r i v e .  
f u l l y  extended p o s i t i o n ,  t h e  p o s i t i o n i n g  head a t  t h e  bottom of t h e  mast r each -  
e s  w i t h i n  s i x  f e e t  of t h e  f l o o r  and t h e  a u x i l i a r y  man ipu la to r  (when ex tended)  
e a s i l y  r e a c h e s  t o  t h e  f l o o r .  With t h e  mast f u l l y  r e t r a c t e d ,  t h e  0% can move 
i n t o  t h e  c r a n e  maintenance a r e a  and s t i l l  p rov ide  m a n i p u l a t o r  coverage.  

T o t a l  s t r o k e  of t h e  mast  i s  3e f e e t .  I n  t h e  

An azimuth d r i v e  a t  t h e  bottom of  t h e  mast  p r o v i d e s  a t o t a l  of 720O o f  
r o t a t i o n  t o  t h e  a u x i l i a r y  m a n i p u l a t o r  c a r r i a g e  and p o s i t i o n i n g  head g r i p p e r s .  

The a u x i l i a r y  m a n i p u l a t o r  i s  a t t a c h e d  t o  a c a r r i a g e  l o c a t e d  w i t h i n  t h e  
bottom t e l e s c o p i n g  s e c t i o n  of t h e  mast .  
a l  t y p e  w i t h  a c a p a b i l i t y  of  s u p p o r t i n g  and p o s i t i o n i n g  a load  of 600 pounds 
i n  any a t t i t u d e  o r  p o s i t i o n  when f u l l y  extended.  V e r t i c a l  t r a v e l  of t h e  mani- 
p u l a t o r  c a r r i a g e  w i t h i n  t h e  mast  p e r m i t s  e x t e n s i o n  of t h e  man ipu la to r  ( s o  t h a t  
t h e  uppe r  p i v o t  p o i n t  of t h e  m a n i p u l a t o r  can be brought  below t h e  p o s i t i o n i n g  
head)  and r e t r a c t i o n  ( s o  t h a t  t h e  m a n i p u l a t o r  can be brought  f u l l y  w i t h i n  t h e  
mast s t r u c t u r e ) .  

The man ipu la to r  i s  of e l ec t romechan ic -  

Any one of  s i x  p o s i t i o n i n g  heads  can be r emote ly  a t t a c h e d  t o  t h e  azimuth 
d r i v e  r i n g  a t  t h e  bottom of t h e  mas t .  A s e p a r a t e  p o s i t i o n i n g  head i s  used f o r  
t h e  eng ine  t e s t  s t a n d  a d a p t e r ,  t h e  uppe r  t h r u s t  s t r u c t u r e ,  t h e  lower t h r u s t  
s t r u c t u r e ,  t h e  p r e s s u r e  v e s s e l ,  t h e  t o p  s h i e l d  and t h e  turbopump assembly of 
t h e  NERVA eng ine .  

C o n t r o l  of a l l  0% o p e r a t i o n s  i s  accomplished r emote ly  from c o n s o l e s  l o -  
c a t e d  i n  t h e  g a l l e r i e s  a d j a c e n t  t o  t h e  main h o t  bay. I n  a d d i t i o n ,  p o s i t i o n  of 
t h e  b r i d g e ,  t r o l l e y ,  'mast  and azimuth d r i v e  and v e r t i c a l  l oad  measurement on 
t h e  mast a r e  i n d i c a t e d  on t h e  conso le s .  A l l  power and c o n t r o l  connec t ions  
from t h e  f a c i l i t y  t o  t h e  b r i d g e  a r e  v i a  bus b a r s .  

The 0% i s  used t o  g r a s p ,  t r a n s p o r t ,  e l e v a t e  and p o s i t i o n  t h e  NERVA eng ine  
o r  i t s  major  subsystems i n  t h e  main h o t  bay of t h e  E-MAD Bu i ld ing .  For ex- 
ample,  when a t e s t e d  eng ine  i s  d e l i v e r e d  i n t o  t h e  b u i l d i n g  or! t h e  E I V ,  t h e  
mast i s . p o s i t i o n e d  d i r e c t l y  o v e r  t h e  e n g i n e  and is  t h e n  lowered u n t i l  t h e  up- 
p e r  t h r u s t  s t r u c t u r e  of t h e  e n g i n e  can be g rasped .  The eng ine  i s  t h e n  r e -  
l e a s e d  from t h e  EIV c a r r i a g e  and moved to  a n o t h e r  a r e a  i n  t h e  h o t  bay where 
d i sa s sembly  of t h e  eng ine  i s  i n i t i a t e d .  

The a u x i l i a r y  m a n i p u l a t o r  on t h e  OPS p r o v i d e s  heavy m a n i p u l a t o r  c a p a b i l i t y  
th roughou t  t h e  main h o t  bay and c r a n e  maintenance a r e a  whenever t h e  p o s i t i o n i n g  
head a t t a c h e d  t o  t h e  mast i s  unloaded.  Th i s  freedom of  movement of t h e  a u x i l i -  
a r y  man ipu la to r  i s  p a r t i c u l a r l y  h e l p f u l  when working i n  c o n j u n c t i o n  w i t h  one o r  
two wall-mounted m a n i p u l a t o r s  on a compl i ca t ed  h a n d l i n g  and viewing o p e r a t i o n .  

Floor-Mounted Handlinq Subsystem (FMHS) 

Some 36 s imple  s t a n d s  and f i x t u r e s  c o n s t i t u t e  i n e  FMHS. These s t a n d s  and 
f i x t u r e s  a r e  used t o  hold 2nd s t o r e  t h e  eng ine  ana eng ine  subsystems d u r i n g  
remote assembly and d i sa s sembly  and t o  t r a f i s o o r t  eng ine  subsystems t o  o t h e r  
c e l l s  i n  t h e  f a c i l i t y .  
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A t y p i c a l  a r r angemen t  of t h e  FMHS i n  t h e  main h o t  bay of t h e  E-MAD B u i l d i n g  
i s  shown i n  F i g u r e  4. Ample f l e x i b i l i t y  f o r  v a r i e d  assembly  and d i s a s s e m b l y  
p r o c e d u r e s  i s  p rov ided  s i n c e  t h e  s t a n d s  can be moved anywhere i n  t h e  bay by t h e  
OPS, t h e  Wall-Mounted Hand l ing  Subsys tem,  o r  t h e  f a c i l i t y  c r a n e .  

Two r e m o t e l y  o p e r a t e d  c a r r i a g e s  o p e r a t e  on t h e  s t a n d a r d  gauge t r a c k  runn- 
i n g  th rough  t h e  main h o t  bay. An e n g i n e  subsys t em,  such  a s  t h e  r e a c t o r  c o r e ,  
may be t r a n s p o r t e d  i n  a s t a n d  t e m p o r a r i l y  mounted on one of t h e s e  c a r r i a g e s  from 
t h e  main h o t  bay t o  a n o t h e r  d i s a s s e m b l y  c e l l  i n  t h e  f a c i l i t y .  Power and c o n t r o l  
a r e  b rough t  t o  t h e  c a r r i a g e s  th rough  bus b a r s  i n s t a l l e d  i n  a t r o u g h  between t h e  
r a i l s  i n  t h e  f l o o r .  

I n  F i g u r e  5, a c a r r i a g e  i s  shown i n  c o n j u n c t i o n  w i t h  t h e  Engine Checkout 
S t a n d .  T h i s  s t a n d  i s  used  t o  ho ld  t h e  c o m p l e t e l y  assembled  e n g i n e  d u r i n g  i t s  
f i n a l  checkou t .  The framework of  t h e  s t a n d  i s  d e s i g n e d  t o  s u p p o r t  t h e  eng ine  
w i t h o u t  undu ly  r e s t r i c t i n g  a c c e s s  t o  c r i t i c a l  e n g i n e  components. A s  i n  t h e  c a s e  
of t h e  E I V ,  t h e  e n g i n e  i s  s u p p o r t e d  by a s e m i - c i r c u l a r  member on t h e  s t a n d  which 
f i t s  benea th  t h e  u p p e r  f l a n g e  of t h e  e n g i n e  p r e s s u r e  v e s s e l .  R e t r a c t a b l e  clamps 
a r e  used  t o  s e c u r e  t h e  e n g i n e  t o  t h e  s t a n d .  Four independen t  j a c k s  a r e  used  t o  
r a i s e  t h e  s t a n d  c l e a r  of  t h e  c a r r i a g e  and ,  i f  r e q u i r e d ,  t o  l e v e l  t h e  s t a n d .  

Two o t h e r  s t a n d s  a r e  shown i n  F i g u r e  6. The uppe r  of  t h e s e  two s t a n d s ,  tk 
Subsystem s t a n d ,  i s  used  t o  h o l d  t h e  non-nuc lea r  e n g i n e  (i.g., t h e  p r e s s u r e  
v e s s e l  head and a l l  e n g i n e  subsys t ems  above it w i t h  t h e  e x c e p t i o n  of t h e  major  
e x t e r n a l  d u c t s  and w i r i n g  h a r n e s s e s ) .  Remotely o p e r a t e d  clamps a r e  used  t o  
s e c u r e  t h e  p r e s s u r e  v e s s e l  head t o  t h e  s t a n d .  I f  t h e  e n a i n e  p r e s s u r e  v e s s e l  i s  
a t t a c h e d  t o  t h e  p r e s s u r e  v e s s e l  head ,  t h e n  t h e  H i g h - P o s i t i o n  S u p p o r t  S t a n d  i s  
a l s o  employed t o  e l e v a t e  t h e  p r e s s u r e  v e s c e l  c l e a r  of t h e  f l o o r .  

When it  i s  n e c e s s a r y  t o  l i f t  and t r a n s p o r t  t h e  Subsys tem S t a n d  i n  t h e  main 
h o t  bay ,  a h a n d l i n g  yoke i s  a t t a c h e d  t o  t h e  s t a n d  i n  o r d e r  t o  p r o v i d e  a c e n t r a l -  
l y  l o c a t e d  l i f t i n g  eye .  Remotely o p e r a t e d  mechan ica l  l o c k i n g  d e v i c e s  a r e  p ro -  
v i d e d  f o r  l o c k i n g  t h e  yoke o n t o  t h e  s t a n d .  

The same h a n d l i n g  yoke can be used  t o  l i f t  o t h e r  s t a n d s .  I n  F i g u r e  7 ,  i t  
i s  shown a t t a c h e d  t o  t h e  P r e s s u r e  V e s s e l  S t a n d .  T h i s  s t a n d  u s e s  r e m o t e l y  ope ra -  
t e d  arms t o  h o l d  t h e  e n g i n e  p r e s s u r e  v e s s e l .  R o l l e r s  on t h e  s t a n d  b e a r  a g a i n s t  
t h e  uppe r  f l a n g e  of  t h e  p r e s s u r e  v e s s e l ,  t h e r e b y  p r o v i d i n g  freedom of r o t a t i o n  
of  t h e  e n g i n e  a b o u t  i t s  own a x i s .  
remot e assembly/d i  s a s sembly  o p e r a t i o n s .  

Such i n d e x i n g  mot ion  i s  n e c e s s a r y  f o r  c e r t a i n  

A f i n a l  example of t h e  FMHS s t a n d s  i s  t h e  Lower T h r u s t  S t r u c t u r e  S t a n d  
S5orn.n i n  F i g u r e  8. 
z o n t a l  a x i s  i n  o r d e r  t o  p r o v i d e  optimum a c c e s s  t o  t h e  e n g i n e  turbopump as sembly ,  
which i s  l o c a t e d  i n s i d e  t h e  t h r u s t  s t r u c t u r e .  

T h i s  s t a n d  p r o v i d e s  a t o t a l  of 270' r o t a t i o n  a b o u t  a h o r i -  

Wall-Mounted Handl inq  Subsys tem (WMHSL 

The t h i r d  member of t h e  remote  h a n d l i n g  sys tem i n  t h e  E-MAD B u i l d i n g  i s  t h e  
WMHS. A s  i l l u s t r a t e d  i n  F i g u r e  9 ,  t h i s  subsys t em h a s  f o u r  e l e c t r o m e c h a n i c a l  
m a n i p u l a t o r s  mounted on t r a v e l i n g  booms. Each t r a v e l i n g  boom c o n s i s t s  of a 
t r o l l e y ,  a c a r r i a g e ,  and a boom assembly .  The t r o l l e y  r i d e s  t h e  l e n g t h  of t h e  
main h o t  bay between uppe r  and lower  r a i l s .  The c a r r i a g e  t r a v e l s  v e r t i c a l l y  ap-  
p r o x i m a t e l y  25 f e e t  on t h e  column of t h e  t r o l l e y .  I t  a l s o  p i v o t s  t h r o u g h  180' 
i n  a h o r i z o n t a l  p l a n e  r e l a t i v e  t o  t h e  column. The boom assembly  i s  p i v o t e d  
from t h e  c a r r i a g e .  A t e l e s c o p i n g  s e c t i o n  and a u n i v e r s a l  j o i n t  i n  t h e  boom a s -  
sembly p r o v i d e s  f u r t h e r  f l e x i b i l i t y  of  movement t o  t h e  t r a v e l l i n g  boom. 

S i n c e  t h e  v a r i e t y  of t a s k s  r e q u i r e d  of t h e  m a n i p u l a t o r s  c o v e r s  a wide r a n g e ,  
two d i f f e r e n t  c a p a c i t i e s  of  m a n i p u l a t o r s  have been c o n s i d e r e d .  They a r e  d e s i g -  
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n a t e d  a s  heavy-duty m a n i p u l a t o r s  and medium-duty m a n i p u l a t o r s .  Without  d e l v i n g  
i n t o  t h e  d e t a i l e d  motion and load  r e q u i r e m e n t s ,  s u f f i c e  i t  t o  s a y  t h a t  t h e  
heavy-duty m a n i p u l a t o r  must p o s i t i o n  and s u p p o r t  a 600-pound load  i n  any p o s i -  
t i o n  o r  a t t i t u d e  when extended t o  i t s  maximum l e n g t h ,  whereas  t h e  medium-duty 
m a n i p u l a t o r  need o n l y  hand le  a 250-pound load  unde r  s i r n i l a r  c o n d i t i o n s .  

The m a n i p u l a t o r s  a r e  a t t a c h e d  t o  the mounting p l a t e s  on t h e  booms i n  a 
s t a n d a r d  manner such t h a t  remote c o n n e c t i o n  and d i s c o n n e c t i o n  are p o s s i b l e .  
T h i s  f e a t u r e  p r o v i d e s  i n t e r c h a n g e a b i l i t y  of m a n i p u l a t o r s  t o  e a s e  t h e  mainte-  
nance problem and t o  f u r t h e r  augment t h e  f l e x i b i l i t y  of t h e  o v e r a l l  remote 
h a n d l i n g  system. I t  a l s o  p e r m i t s  f u t u r e  upgrad ing  or' t h e  YVMHS t o  i n c o r p o r a t e  
t h e  l a t e s t  i n  man ipu la to r  hardware and t o  p r o v i d e  f o r  a w ide r  spectrum of mani- 
p u l a t o r s  i f  t h e  need a r i s e s .  

The WMHS performs a wide v a r i e t y  of t a s k s ,  such a s  t h e  l i f t i n g ,  s u p p o r t i n g  
and t r a n s p o r t i n g  of t o o l s ,  f i x t u r e s ,  and components,  and t h e  b a s i c  m a n i ? u l a t i n g  
mot ions  n e c e s s a r y  f o r  e n g i n e  assembly and d i s a s s e m b l y  o v e r  a l m o s t  t h e  e n t i r e  
working a r e a  of t h e  main h o t  bay. When any  two t r a v e l l i n g  booms a r e  p o s i t i o n e d  
d i r e c t l y  a c r o s s  t h e  bay f r o m  each  o t h e r ,  t h e i r  m a n i p u l a t o r s  a r e  c a p a b l e  of pas -  
s i n g  a t  f l o o r  l e v e l  an  item from one m a n i p u l a t o r  t o  t h e  o t h e r .  
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In the  normal s t r u c t u r a l  design of rocke t s ,  temperature  e f f e c t s  a r e  
g e n e r a l l y  of major importance e s p e c i a l l y  f o r  components a s soc ia t ed  w i t h  
t h e  combustion chamber and w i t h  cryogenic  l i q u i d s .  
gamma r a d i a t i o n  f i e l d  i s  p re sen t ,  a s  i n  a nuc lea r  rocke t ,  a l l  s t r u c t u r a l  
members a r e  s u b j e c t  t o  temperature  e f f e c t s  produced by the  gamma hea t ing .  
T h i s  s i t u a t i o n  l eads  t o  two main a r e a s  of concern: 
a t u r e  on t h e  phys ica l  p r o p e r t i e s ,  such a s  the  t e n s i l e  s t r e n g t h ,  and ( b )  t he  
a s soc ia t ed  thermal s t r e s s e s  caused by the  temperature  g rad ien t s .  Both of 
these e f f e c t s  a r e  common problems but  t he  i n t e r a c t i o n  of th ickness  a n d  
temperature  l eads  t o  an i n t e r e s t i n g  "diminishing r e t u r n s "  s i t u a t i o n .  

However, once a s t rong  

( a )  t he  e f f e c t  of temper- 

Temperature D i s t r i b u t i o n s  & Thermal S t r e s s e s  

The temperature  d i s t r i b u t i o n  wi th in  a m a t e r i a l  due t o  gamma hea t ing  
can 'be  approximately handled by u t i l i z a t i o n  of a modified l i n e a r  energy 
absorp t ion  c o e f f i c i e n t ,  a t  l e a s t  i n  one .dimensional problems. 
!tB, r e p r e s e n t s  t h e  bui ld-up e f f e c t  (1) due t o  m u l t i p l e  Compton s c a t t e r i n g  of 
gamma photons a s  wel l  a s  r egene ra t ion  a s  t h e  r e s u l t  of p a i r  p roduct ion .  The 
a t t e n u a t i o n  law t h e n  i s  

T h i s  c o e f f i c i e n t ,  

'B I = I exp ( - 1  
0 

where I r e p r e s e n t s  t h e  gamma f l u x  i n t ens i ty .  and X t he  l i n e a r  d i s t a n c e .  
The  volumetr ic  r a t e  of energy absorp t ion  becomes the  product  of the  c ros s  
s e c t i o n  and t h e  f l u x ,  i . e .  

H = !I B I TI b o  T exp ( -  'IgX) ( 2  1 

s i n c e  I-Lgalso r e p r e s e n t s  a c r o s s  s e c t i o n  f o r  energy absorp t ion  per  u n i t  volume. 
T h e  t o t a l  r a t e  of energy absorp t ion  w i t h i n  a f i n i t e  t h i ckness ,  L ,  of s l a b  
t h e n  be com e s 

q = HdV = AI 0 ( 1  - exp (;bL)) ( 3 )  

where A i s  t h e  a rea  involved ( i n  Y ,  Z d i r e c t i o n s ) .  

I n  many ins t ances  t h i s  q/k r e p r e s e n t s  t h e  h e a t  f l u x  ou t  of the s l a b  
s i n c e  u s u a l l y  one boundary i s  assumed t o  be thermal ly  in su la t ed .  
vec t ion  c o e f f i c i e n t ,  h ,  i s  einployed t h e n  

I f  a con- 

q / A  = hT 7 Io ( 1  - ex? ( -  LkL)) ( 4 )  L 
where now T i s  the  excess  of t he  su r face  temperature  over  t he  coolan t  t en -  
pe ra tu re .  
thermal r a d i o t i o n  froin the  a r e a s  phys i ca l ly  away from the  combustion o r  
a s soc ia t ed  a r e a s  of the  rocke t .  

!n most rocke t  a p p l i c a t i o n s  the  only  cool ing  mechanism w i l l  be the  

This g ives  a n  equivElent  r a d i a t i o n  c o e f f i c i e n t  

211 



t o  black space a s  

3 hr  = br €TL (5) 

whereo; i s  t h e  Stefan-Boltzmann cons t an t  and E 
face.  The su r face  temperature  t h e n  becomes 

t h e  emmissivi ty  of the sur- 

The temperature  d i s t r i b u t i o n  w i t h i n  t h e  s l a b  i s  determined from the  
s o l u t i o n  t o  t h e  h e a t  conduction d i f f e r e n t i a l  equat ion  

H 
k + - 7 0  d 2T 

dX * 
( 7 )  

where t h e  thermal conduc t iv i ty ,  k ,  i s  assumed cons t an t  a t  an average value.  
U s i n g  E q .  ( 2 )  w i t h  a source s i d e  i n s u l a t e d  boundary and a cons t an t  ou t s ide  
su r face  temperature ,  i .e. 

- 
The average temperature ,  T, f o r  t h e  s l a b  t h e n  i s  

- 2 
T = 

+ (1 + c l p ~ )  exp ( - p B ~ )  -13 
TdX = T L + (I 0 /! lg2Lk)[i  (l*gL) 

L J O  

I n  t he  case of small  %L4<0.2) t h i s  reduces t o  

2 - 
T - T = I pBL /3k L o  (11) 

T h i s  d i f f e r e n c e  between t h e  su r face  and t h e  average s l a b  temperature  i s  used 
t o  determine the thermal  s t r e s s e s , a ,  a s soc ia t ed  w i t h  t h i s  temperature  grad- 
i e n t  a s  ( 2 )  

22 (T - TL) 
I - V  6 =  

where a is t h e  c o e f f i c i e n t  of thermal expansion, E is the modulus of e l a s -  
t i c i t y ,  and V i s  Po i s son ' s  r a t i o .  This  express ion  i s  only  approximate bu t  
u sua l ly  i s  s a t i s f a c t o r y  s i n c e  t h e  thermal stresses a r e  gene ra l ly  small  com- 
pared w i t h  t he  s t r e n g t h  of t h e  m a t e r i a l .  The  temperature  T i s  a l s o  used f o r  
eva lua t ion  of phys i ca l  p r o p e r t i e s .  

The t e n s i l e  s t r e n g t h  of t he  m a t e r i a l  eva lua ted  a t  t h i s  average temp- 
e r a t u r e  and co r rec t ed  f o r  t h e  thermal stresses l eads  t o  an e f f e c t i v e  ten- 
s i l e  s t r eng th ,  S e f f ,  f o r  t h e  p a r t i c u l a r  t h i ckness  of t h e  s l ab .  For  use 
through t h e  ac tua  
s t r e n g t h  and t h e  t h i ckness  thus  producing a curve conta in ing  a maximum. 
i s  

load ,  W ,  u t i l i z e s  t h e  product  of t h i s  e f f e c t i v e  t e n s i l e  
That 
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w z LS - L (S - a )  
eff - (13) 

where a s  L i nc reases ,  then S e f f  dec reases ,  
i m u m  load pe r  u n i t  width i s  obtained w i t h  a d e f i n i t e  t h i ckness  f o r  any cons tan t  
su r f ace  gamma f l u x .  For a t h i ckness  g r e a t e r  t h a n  t h i s  va lue ,  the  al lowable 
load i s  reduced. T h i s  would i n d i c a t e  t h a t  from a design viewpoint t h i s  t h i ck -  
ness ,  i s  t h e  maximum f e a s i b l e .  The a s soc ia t ed  load i s  r e f e r r e d  t o  a s  
I?'max. 

T h i s  cond i t ion  shows t h a t  t he  m a x -  

Example Determinat ions 

The eva lua t ion  of t h i s  maximum cond i t ion  f o r  a p a r t i c u l a r  ma te r i a l  i n -  
vo lves  da t a  on t h e  v a r i a t i o n  of phys i ca l  p r o p e r t i e s  w i t h  temperature  (3 )  a n d  
i n  a d d i t i o n  t h e  va lue  f o r  t he  bui ld-up a t t e n u a t i o n  c o e f f i c i e n t .  T h i s  VB i s  a 
func t ion  on the energy of t he  gamma photons a s  wel l  a s  t he  type of m a t e r i a l  
and the  depth w i t h i n  t he  m a t e r i a l .  Hoviever, f o r  gamma photons of a n  &verane 
energy of two MeV, such a s  i s  usua l ly  obtained from a nuc lear  r e a c t o r ,  t h i s  
f a c t o r  i s  approximately a cons t an t  when converted t o  a mass b a s i s  of p 1'9 
where Q i s  t h e  d e n s i t y  of t h e  m a t e r i a l .  T h i s  va lue  i s  0.92 cm2/gm (4B and 
r e p r e s e n t s  a c r o s s  s e c t i o n  f o r  i n t e r a c t i o n  based upon a per  u n i t  mass b a s i s .  
So t h a t  f o r  many purposes 

w h e r e  n a t u r a l l y  f i s  i n  gm/cc. 

C a l c u l a t i o n s  performed f o r  t y p i c a l  m a t e r i a l s  of 4130 carbon s t e e l  and 
6063 aluminum a l l o y  g ive  the curves  shown i n  F igures  1 t o  4.  A 1 1  phys ica l  
p rQper t ies  except  t he  t e n s i l e  s t r e n g t h  were assumed t o  vary l i n e a r l y  w i t h  
temperature .  I n  a d d i t i o n  a va lue  of O.W W ~ S  used f o r  t he  emmissivity of 
s t e e l  w h i l e  0.25 was employed f o r  aluminum. fibsolute temperatures  were used 
f o r  t h e  i n i t i a l  computations.  

Because of t he  high thermal conduc t iv i ty  of aluminum, the  su r face  and 
average temperatures  a r e  e s s e n t i a l l y  the same, t h u s  r e s u l t i n g  i n  p r a c t i c a l l y  
no thermal s t r e s s e s .  Hence t h e  decreased s t r e n g t h  r e s u l t s  from the  e f f e c t  of 
temperature  upon t h e  t e n s i l e  s t r e n g t h  e n t i r e l y .  F igure  l shows a t y p i c a l  s e t  
of c a l c u l a t i o n s  f o r  an aluminum type a l l o y .  The d i s t i n c t  maximum i n  t h e  load 
curve r e a d i l y  shows the  "diminishing returns" of increased  th i ckness .  However, 
f o r  s t e e l ,  t h e  thermal s t r e s s e s  a r e  important ,  and t h e  e f f e c t i v e  t e n s i l e  
s t r e n g t h  becomes e s s e n t i a l l y  zero  a t  approximately a s l a b  th i ckness  of 4 .8  
cen t ime te r s  f o r  a su r face  gamma f l u x  of lo5 B t u / h r ,  f t * .  

' The r e s u l t a n t  maximum va lues  f o r  s t e e l  and aluminum shown i n  F igures  
2 and 3 can be c o r r e l a t e d  by B log-log type e m r e s s i o n .  These become 

)0.936 " m a x  = 8 . 7 0  (Lmax 

W max = 19.0 tLmax)o*967 

(aluminum) 

( s t e e l )  

(15) 

(16)  

Here t h e  u n i t s  of t h i ckness ,  L ,  a r e  cen t ime te r s  while f o r  t he  load,  Vi, they 
a r e  1000 lb/inch w i d t h .  
q u a n t i t i e s  a r e  c o r r e l a t e d  w i t h  t he  gamma f l u x  i n t e n s i t y  such a s  i n  F i o u r e  4. 
The r e s u l t a n t  equa t ions  then become f o r  a l u m i n u m  
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A more use fu l  express ion  can be obtained i f  t hese  



-1.102 

-1.031 

= 1.99  (Io/100O) Lmax 

W = 16.6 ( I o / l O O O )  max 

w h i l e  f o r  s teel  the va lues  a r e  

-0.979 L = 214 ( I o / l @ O O )  

W = 2890 (Io/l@OO) 
max 

max 
-0.911 

2 The u n i t s  of Io here a r e  Btu/hr, f t  
sents t h e  in tens i t ies  i n  t he  immediate v i c i n i t y  of a 1000 megawatt nuc lear  
r e a c t o r  which i s  of nominal s i z e  f o r  a nuc lear  rocke t .  I n  t h i s  r e s p e c t  a 
u s e f u l  conversion f a c t o r  i s  

while  t h e  range of va lues  employed repre-  

(21 1 - 10 2 
1 Mev/sec, c m 2  = 5.08 (10) B t u l h r ,  ft 

s i n c e  t h e  former i s  the commonly given u n i t s  of gamma photon f l u x e s ,  

Fo r  a l l  these equa t ions  a l e a s t  squares  a n a l y s i s  was performed when 
s u f f i c i e n t  d a t a  was p re sen t  t o  warran t  such a t rea tment ,  such a s  i s  shown i n  
F igure  4 f o r  aluminum. 

C ONC LUS IONS 

This  paper  shows the "law of diminishing r e tu rns"  a s  it a p p l i e s  t o  
s t r u c t u r a l  cons ide ra t ions  i n  nuc lear  rocke t s  i n  t h e  presence of an intense 
gamma f i e l d .  I n  many cases  t h i s  a n a l y s i s  l eads  t o  t h e  requirement of a u x i l i a r y  
cool ing ,  p a r t i c u l a r l y  s ince  the  b e s t  poss ib l e  s i t u a t i o n  of black space has 
been assumed. Although t h e  a c t u a l  va lues  f o r  t h e  maximum load a s  given by 
Equat ions (16), (18), and (20) i s  h ighly  s e n s i t i v e  t o  the  value of t h e  
emmissivi ty  chosen, t h e  va lues  given by Equation (17) and (19)  f o r  t h e  maxi- 
mum th i ckness  a r e  be l ieved  t o  be approximately c o r r e c t  r e g a r d l e s s  of t h e  
emmissivity.  In  t h i s  r e s p e c t  they  would r ep resen t  a p r a c t i c a l  des ign  l i m i t .  

Although cons ide ra t ions  a r e  given only f o r  s l a b  geometry, i n  a c t u a l  s i t u -  
a t i o n s  an equ iva len t  t h i ckness  can be es t imated .  An express ion  f o r  a rod i s  
D/ ( n-2) where D i s  t h e  diameter .  T h i s  r e p r e s e n t s  an average s t r a i g h t - l i n e  
cons t an t  X-di rec t ion  d i s t a n c e  through t h e  rod obta ined  w i t h  a weight ing f a c t o r  
of t h e  Y-distance.  T h i s  weight ing f a c t o r  i s  employed t o  compensate f o r  t he  
v a r i a b l e  d i s t a n c e  of hea t  conduction. 

I n  gene ra l ,  t he  gamma hea t ing  i s  p resen t  both dur ing  and a f t e r  r e a c t o r  
ope ra t ion  s ince  t h e  source i s  t h e  r e s u l t  of f i s s i o n  products  a s  w e l l  a s  
prompt gammas. I n  t h i s  r e s p e c t  t he  s t r u c t u r a l  degrada t ion  w i l l  cont inue 
even a f t e r  r e a c t o r  shut-down, so  t h a t  gamma hea t ing  might be a p a r t i c u l a r l y  
cognizant  problem f o r  nuc lear  r o c k e t s  having r e s t a r t  c a p a b i l i t i e s .  
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T E M P E R A T U R E  (OF) 

F I G U R E  I: 
LOAD-TEMPERATURE -THICKNESS R ELATIONSHIP FOR A 

TYPICAL ALUMINUM - TYPE ALLOY 
(I =3050 B T U  /HR, F T . ~ ; E = o . ~ ~ )  
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FIGURE 4: G A M M A  FLUX INTENSITY EFFECT ON 
MAXIMUM SLAB THICKNESS FOR 

6 0 6 3  ALUMINUM ALLOY 
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