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In t roduc t ion  

Although a g r e a t  deaxjof work d e a l i n g  wi th  t h e  e f f e c t  of i o n i z i n g  
r a d i a t i o n  on hydrocarbons k t  low tempera tures  has been r epor t ed ,  very 
l i t t l e  ;?as j e e n  published r ega rd ine  t h e  behavior of t h e s e  systems at 
e leva ted  tempera tures  and p res su res .  It has been we l l  e s t a b l i s h e d  t h a t  
a t  r o o x  temperature pure h y d r o c a r b o x  u l t i m a t e l y  c r o s s  lirk and form 
i n so lub le  gels (1,2). iiecent work has shown t h a t  a t  e l eva ted  temperatures 
the r e v e r s e  process  seems t o  o c c w ;  i.e. deg rada t ion  o f  t h e  hydrocarbon 
rnoiecules ( 3 ) .  If t h e  l a t t e r  f i n d i n g s  a r e  c o r r e c t ,  r a d i a t i o n  may 
then be r e g m d e d  as a p o t e n t i a l  t o o l  f o r  t hose  i n d u s t r i e s  that 
cus tomar i ly  employ h igh  temperatures,  h igh  p res su res ,  aiid ca ta lyg tg ,  
t o  i n i t i a t e  r e a c t i o n s .  A n  obvious a 2 p l i c a t i o n  would be i n  t h e  
G a s i f i c a t i o n  processes  where coa l ,  waxes, ana petroleum s t o c k s  a r e  
hydrocracked t o  n a t w a l  gas s u b s t i t u t e s .  It w a s  wi th  t h i s  g o t e z t i a l  
cse  i n  mind t h a t  t h e  p re sen t  i n v e s t i g a t i o n  was undertaken. 

.4pparatus - 
All runs were conducted i n  a s t a t i c  system. The r e a c t a r ,  w a s  

a type  303 s t a i n l e s s  s t e e l  p re s su re  v e s s e l  r a t e d  at  15,000 p s i a  when 
co la  ana about 6,000 p s i a  when a t  working tempera tures .  A l i p l e s s  
?;'??ex t e s t  t ube  served as a v e s s e l  l i n e r  and as a con ta ine r  f o r  t h e  

The capac i ty  of t h e  r e a c t o r  w i t h  l i n e r  was 40 m l . ,  and 
t he  en t i - e  system ( r e a c t o r ,  l i n e r ,  p ip ing ,  e tc . )  had a capac i ty  of 
108 nl. 
cons tan tan  thermocouple whose j u n c t i o n  was l o c a t e d  about one t h i r d  
of t h e  d i s t a n c e  up t h e  i n s i d e  of t h e  r e a c t o r .  

' wax saTples.  

Temperature i n  t h e  au toc lave  w a s  measured w i t h  a copper- 

A gage was used whose 
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nominal pressure  r e a d i n q  ex tsnded  t o  5,OCO ?si. 
it was c a l i b r a t e d  u i t h  a dead-:.icig?t gage over cize range  of  2CC t o  
3,GCO p s i a ,  mci was s e t  t o  r e a d  t r u e  abso lu te  ? r s s s u r e  a t  1,500 ?s ia .  
The nar.&-.u;n devia5ion  over t h e  c a i i b r a t e d  Yange i<aS 20 ?sia. A 
blowout d i s c  r a t e d  a t  4,200 p s i a  was inco rpora t ed  in zke sys-,eix as a 
safe'-. d 2  precas t ion .  A 750 watt hollow c y l i n d r i c a l  hea t e r  was en?loyed 
t h a t  a f forded  a l/I+ i n .  a i r  b a t h  a l l  around the  r e a c t o r .  i;lmjirac;ilns 
w i t h i n  t h e  r e a c t o r  was r ia in ta ined  sii t i i in * of the  desire:', l eve l .  

ael'ore u s i z g  the  gage 

?he Coco r a d i o i s o t o p e  used has  a h a ~ f - l i f s  of 5.24 g e a r s  and 
emits gamna r a y s  of 1-17 md i.33 n.e.v. ?pi- d i s i n t e g r a t i o n .  ?he 
r a d i a t i o n  f a c i l i t y  i s  i n  t h e  f o r m  of a p i t ,  20 in. Y 20 i n .  squa-e 
and &C i n .  deep 3 d O W  ground l e v e l ,  i n t o  which a bundle of f o u r  
L2 in .  x 2 i n .  x 1/8 i n .  Soeo b ~ ~ s  can be louered. In s i t u  
d o s i x e t r y  was accom2lished wi th  t h e  r ' r i cke  dos i i ie te r .  The dose r a t e  
w a s  46,OCO F,/hr. 

Two a n a l y t i c a l  systems were used, one f o r  gasecus and one 
f o r  s o l i d  products.  
some runs was r,ot analyzed. The gaseous prociucts were analyze6 x i t h  
a Perkin-Elmer Hodei 1% Vapor Frac toReter .  A conk ina t ion  si' 
packed colunr?s w a s  used t h a t  made p c s s i b l e  t h e  q u a n t i t a t i v e  aa1:rsis 
of r r i x t w e s  of  hydrogen, n i t r o g e n ,  argon, and hydrocarbons from 3 ,  
t o  C,. A Leeds and Xorti-zup Speedomav Recorder i ias  used i n  c o m b i n a ~ i o n  
w i t h  t i e  f rac tometer .  
ins t rument  en a n a l y t i c a l  r e p r o d u c i b i l i t y  or' h.25$ and ar. a c c w a c y  
of 1-2$, both r igures  be ing  abso lu te  percenSages. The a c t u a l  
exper imenta l  r e p r o d u c i b i l i t y  w a s  found t o  be 2 0.59. 

For t hose  runs where a s o l i d  w t ~ v  r e s i d u e  remained, t h e  wax uas 
examined f o r  evidence or' p h y s i c a l  change by t a k i n g  t h e  mel t ing  po in t  
o f .  t h e  sm.ple. The equipment uised xas a scaled-down ve r s ion  of t h e  
ASTU D8742 appara tus  for t h e  d e t e r x i n a t i o n  of  p a r a f f i n  wax me l t ing  
p o i n t s  (4). A n  ASTW I.@ p a r a f f i n  mel t ing  p o i n t  thermometer having a 
range  of 1GO-180°F and a maxirrw s c a l e  erro-n of 0.2'F was used i n  t h e  
appara tus .  i n  orde? t o  check t h e  r e s u l t s  ob ta ined  by t h e  me l t ing  
i;cir,t method, s e v e r a l  way, samples were examined f o r  evidence of  change 
by  ru-xying then, and cor responding  c o n t r o l  s axp le s ,  i n  a stand&-d 
3ecLma-nn b o i l i n g  po in t  e l e v a t i o n  apparatus.  Toiuene ;.;as chosen as 
t h e  so lven t  f o r  t h e s e  analyseso 

%e s m a l l  amount c f  l i q u i d  r e s i d u e  p r o c x e d  i n  

The T e r k i n a l m e r  company c l a i m  f o r  i t s  
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Procedure - Zxperimental 

A l a r g e  q u a n t i t y  of p a r a f f i n  w a x  was n e l t e d  i n  a 1000 ml. 
Zrlenrr.eSer f l a s k  and while x o l t e n ,  about t u e n t y  ml. was poured 
iri to eech of t h i r t y  c lean ,  l i p l e s s ,  py~e:r t e s t  t ubes  t h a t  had 
p rev iocs ly  b e m  nunbered and t a red .  The sw.ples were t h e n  
care i 'u l iy  degassed uyder vacuum. The w a x  was purchased from t he  
f i s h e r  Scie.i t l i ' ic  Coxpany ar,d nad a me l t ing  p o i n t  of  124'F: From 
a sub i i shed  co rTe la t ion  between n e l t i n g  p o i n t  ~d molecular weight 
( 5 ) ,  i t  :;a3 ? o s s i b l e  t o  e s t i n a t e  t h e  f io lecular  weight of t h i s  
s t r a i g h t  c-air. p a r a f f i n  t o  be about 345. 

-. 

3ei'ore charging, t h e  r e a c t o r  was c leaned  thoroughly w i t h  a 
wire brush  and then  i t  and a l l  o the r  p a r t s  of t h e  system were 
f l c s h e d  w i t h  acetcne.  The r e a c t o r  was t h e n  p r e s s u r e  t e s t e d ,  t h e  
s&??le w a s  i n s e r t e d ,  and then  t h e  system w a s  thorou&ly  sparged 
wi th  n i t rogen .  

T o  m&e a r u n  the  system w a s  i n s e r t e d  i n  i t s  h e a t i n g  j acke t  
art t he  aoyier was t w n e a  on. The d u r a t i o n  of t h e  i n i t i a l  hea t ing  
z e r i c d  var ied  between 30 and 50 n i n u t e s ,  t h e  l a t t e r  d u r a t i o n  
he ins  fiecessmy t o  r each  900'F. The au tor ra t ic  tempera ture  
c o z t r o l l e r  t hen  maintained the t e n p e r a t r e  l e v e l  t o  w i t h i n  f, 10aF 
ol t h e  d e s i r e d  s e t t i n g .  A t  t h e  conclus ion  of 2 pun t h e  f i n a l  
tezrper-ature and p res su re  were recorded. aai  t h e  r e a c t o r  was 
v i i t hc ram from the  hea te r  and allowed t o  cool. Aboct t h e e  hours 
were requi-ed f o r  t he  r e a c t o r  t o  c o o l  from 90C'F t o  ambient 
tex pera ture .  

Tke gas a n a i y s i s  w a s  complicated by the  f a c t  t h a t  due t o  a 
mall moun t  of l i q u i a  p re sen t  a f t e r  each run, t'nere e x i s t e d  a n  
equ i l ib r ium betvieen t h e  gaseous and t h e  l i q u i d  products ,  hence t h e  
composition of t h e  gas i s  a f u n c t i o n  of t he  number of samples 
taken. 
r e a c t o r  s anp l ing  p res su re .  This d i f f i c u l t y  was c i rcunvented  In 
m s t  or' t he  ana lyses  'a;; ob ta in ing ,  w i t h  a sy r inge ,  a 50 ml gas 
saxpie  a t  a r e a c t o r  p re s su re  o f  500 2 5 p s i a  .ma another  a t  
200 f 5 psiao 
be made i n  o rde r  t o  determine t h e  r e p r o d u c i b i l i t y  o f  t h e  a n a l y s i s ,  
and it would a l s o  be p o s s i b l e  t o  c0npA-e t h e  product  composition 
of d i f f e r e n t  runs ,  provided that they  were compared f o r  the  same 
sanp l ing  p res swt io  Toward t h e  end, of th is  i n v e s t i g a t i o n  a sniall 
gas c y l i n d e r  of 857 m l .  capaci ty  became a v a i l e b l e ,  and by u s i n g  
i t  as  a r e s e r v i o r  i n t o  which a i l  of t h e  r e a c t o r  gas vas bled ,  it 

F igure  1 shows t h e  v a r i a t i o n  of product  composition w i t h  

I n  t h i s  way s e v s r a l  ana lyses  of  a gas sample could  
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I 
w a s  p o s s i b l e  t o  i s o l a t e  v i r t u a l l y  a l l  of. t h e  product gas from the  
l i q u i d  r e s i d u e  i n  the  r e a c t o r ,  and thus  a r r i v e  a t  a composition 
for t h e  t o t a l  amount of gas produced. 

Discuss ion  of Resu l t s  

F igure  2 show a p L o t  of  r e a c t o r  temperature VS. pressure  as 
suggested by Shul tz  and Linden ( 6 ) .  The g a p h  c l e a r l y  shows that 
u n t i l  about 86OOF i s  reached ,  no th ing  happens other than  hea t ing  
of t h e  gas  i n  t h e  r e a c t o r .  At 86OOF cracking  begins,  and because 
of t h e  a d d i t i o n a l  gas formed, the  p re s su re  begins  t o  r i s e  r ap id ly .  
The maximum d u r a t i o n  of a c rack ing  r u n  w a s  only 5 hours which w a s  
no t  s u f f i c i e n t  t o  a t t a i n  e q u i l i b r i m .  F igure  2 shows a t y p i c a l  
p l o t  of p re s su re  vs. t ime f o r  a r u n  i n  p r o m e s s .  Because of t h e  
n e a r l y  cons tan t  r a t e  f o r  r u n  t imes  exceeding 3 hours, no attempt 
w a s  made t o  ob ta in  data f o r  very long  d u r a t i o n s .  I n s t e a d ,  runs  
of  2, 3, 5, a d  5 hour d u r a t i o n  were made, w i t h  t he  g r e a t e s t  number 
of d u p l i c a t e  r u n s  a t  2 hours. F igu re  3 shows t y p i c a l  product s p e c t r a  
f o r  t h e  c racking  runs. It i s  r e a d i l y  seen  t h a t  t h e  products  a r e  
alnost i d e n t i c a l  f o r  r a d i a t i o r ,  ana f o r  non-rad ia t ion  runs.  This  
t ends  t o  i n d i c a t e  t h a t  t h e  same type  r e a c t i o n  p r e v a i l s  f o r  bo th  
processes ,  and t h a t  if r a d i a t i o n  has  any in f luence ,  i t  serves  n e r e l y  
as an acce le ra to r .  

From t h e  experimental  d a t a  a value of S, des igne ted  as t h e  
moles of gas,formed pe r  gram of wax i n i t i a l l y  p re sen t ,  was coizguted. 
f o r  each run. In computing S it w a s  necessary  t o  know n, -,he nmoel- 
of moles forn;ed d w i n g  t h e  r e a c t i o n .  Accoraingly, a c o r r e c t i o n  
f a c t o r  z w a s  in t roduced  so that  a t  qoO°F', the express ion  i'Lr = z(r!.?T) 
would be va l id .  The f a c t o r  w a s  coxputea as t h e  r a t i o  of the  a c t c a l  
system p res su re  at 900aF, (determined by h e a t i n g  a gas x i t n  no wax 
i n  t h e  r e a c t o r )  t o  t h e  p s r f e c t  gas c r e s s u r e  a t  90G'F f o r  a comparabie 
quan t i ty  of  gas. The value o f  t h e  f a c t o r  w a s  t aken  t o  be 0.78. 
Figure  4 shows a p l o t  o f  S VS. run time wherein a l l  t he  c a l c u l a t e d  
S values  fo r  2 hour r a d i a t i o n  runs were averaged t o  g ive  a po in t ,  
ar-d the  same procedure w a s  fo l lowed t o  o b t a i n  the  o the r  p o i n t s  show.. 
The p o i n t s  show. r e p r e s e n t  t h e  averages  of over t h i r t y  runs.  The 
i n i t i a l  hycirogen p res su re  i n  each  r u n  w a s  about 1000 psi .  

: I  

I 
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I t  i s  of i n t e r e s t  t o  determine t h e  value of G ,  which is  the 
nLi5er of gas  rnoleclules formed 3er  lG0 ev. of  i n c i d e n t  
r_aaiat ion.  F i g m e  5, shows a p i o t  of G vs. r u n  d u r a t i o n .  The 
G values  a r e  i n  the  range of 60,000 t o  60,000, and a r e  seen 
to decrease  wi th  i n c r e a s i n g  r u n  d;iration. The e x p e r h e n t a l  G 
values  a r e  iojr winen compared with tiie r e s u l t s  ob ta ined  by 
Lucchesi,  e t  a l .  (13) who r e p o r t  a value of about  560,000 f o r  
t h e  same condi t ions .  Xowever, t h e  l a t t z r  value was determined 
for a s h o r t  r a d i a t i o n  exposure a C z i n i s t a r e d  d u r i n g  t h e  f i r s t  
rninute of cracking.  I t  h a s  been s'no%.ir- i n  t h e s e  experiments 
t ' ra t  the  c racking  r a t e  i s  very r a p i d  a t  f i r s t  and t h e r e f o r e  
th-e G value would n e c e s s a r i i y  be g-iiite hi& f o r  s h o r t e r  
d w a t i o n  runs.  -7igux-e 5 sho;.is t h a t  t h e  G value curve i s  
asp-.?totic v i t h  the  ordirzate axis a-.d i t  can be seen  t h a t  f o r  
a r u n  d u r a t i o n  of abost  one  minute,  t h e  va lue  of G would be 
apprec iab ly  n igher  t h a n  60,~300. 

Since t h e  p o i n t s  considered u n t i l  now have i n d i c a t e d  
t h a t  r a d i a t i o n  ser-led t o  a c c e i e r e t s  t h e  c racking  r e a c t i o n ,  i t  
i s  important  t o  deteri?ine if t h i s  c o x l u s i o n  c a n  a l s o  b e  
reached bjr a s t a t i s t i c a l  a n a l y s i s  of t h e  d a t a .  The value 
chosen f o r  cornparison between r u n s  .vas S; t h e  moles of gas 
formed ? e r  gram of t i a s  charged. Since t h e  number of p a i r e d  
s e t s  of r a d i a t i o n  a n d m n - r a d i a t i o n  r u n s  w a s  mal:, it was 
necessar;? to employ a non-paraTetr ic  test ( 7 ) .  A s u i t a b l e  one 
i s  t n e  'dilcoxon Sigzed fianii Tes t  ( 8 ) .  3y means of i t  one i s  
a b l e  t o  S?-O:.I t h a t  ac  t h e  3.025 l e v e l  of  s i g n i f i c a n c e  r a d i a t i o n  
has  served t o  i n c r e a s e  c racking  y i e l d s .  O r ,  p u t  i n  d i i ' f e ren t  
words,  t h e r e  i s  a p o s s i b l e  e r r o r  of 2 1/2 percent  when one 
concludes t h a t  r a d i a t i o n  i n c r e a s e s  c racking  y i e l d s .  
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