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ABSTRACT

Several  d i f f e r e n t  shale  o i l s  a t  var ious l e v e l s  o f  

hydrogenat ion from hydrogenated Paraho and Tosco I I  o i l  

were pyro lyzed w i th  steam a t  atmospher ic pressure in a 

bench-scale  unpacked t u b u l a r  r e a c t o r . The r e a c t i o n  v a r i 4 

ables and t h e i r  ranges s tud ied  were temperatures from 

1602°F to 1775°F,  res idence t imes from a 0 .05  s e c . ,  and 

the  steam to o i l  mass r a t i o  was kept  constant  a t  about 1 . 0 .

The maximum y i e l d s  of  o l e f i n  products as a weight  

percent  of  feed were:

Paraho Tosco I I
Hydrogenat ion S e v e r i t y  Hydrogenat ion S e v e r i t y

High Med. Low High Med. Low

Ethy lene 14 .58  28 .57  26 .66  22 .52  30 .15  23 .02

Propylene 4 . 4 5  13 .39  9 .65  8 .06  12 .60  9 .6 0

Tota l  O l e f i n s  21 .92  51 .65  42 .43  35 .68  52 .15  38 .82

These exper iments r e s u l t s  i n d i c a t e  t h a t  the product  

y i e l d s  fo r  hydrogenated shale  o i l s  from Paraho and Tosco I I  

showed expected t rends w i th  the except ion of  the se ve re ly  

hydrogenated Paraho and Tosco I I  o i l s  which have a tendency  

to undergo steam re forming a t  the high temperature  range  

s tud ied due to the c a t a l y t i c  a c t i v i t y  or  sur face  r e a c t i o n .

The r e s u l t s  were c o r r e l a t e d  w i th  a p y r o ly s is  s e v e r i t y  

f a c t o r  which combined the e f f e c t  o f  r e a c t io n  v a r i a b l e s  such

1 1 1
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as temperature  and res idence  t ime .  Increased s e v e r i t y  of  

opera t ion  r e s u l t e d  in decreased y i e l d s  of  e t h y l e n e ,  propy­

le n e ,  1,3 bu ta d ie n e ,  and t o t a l  o l e f i n s .  The t o t a l  gas 

decreased,  then increased above a s e v e r i t y  f a c t o r  o f  1450,  

wh i le  the y i e l d  o f  hydrogen is inc reased.

F i n a l l y  we concluded t h a t  hydrogenated shale  o i l s  

should make e x c e l l e n t  f eedstocks f o r  pet rochemica l  i n t e r ­

mediates p rod uc t ion .

i v
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INTRODUCTION

The petroleum shortage r e c e n t l y  exper ienced by many 

nat ions  throughout  the world has crea ted an in tense i n t e r e s t  

in o b ta i n in g  new and supplemental  energy sources in the  

Uni ted  S ta t e s .  White petroleum w i l l  cont inue to be the  

best  source o f  supply ,  i t  must always be kept  in mind t h a t  

i t  i s  a l i m i t e d  resource t h a t  must be conserved.  The 

i n d u s t r y  must look forward to  the use of  c o a l ,  t a r  sands,  

and biomass f o r  i t s  long range needs ( 1 ) .  Since most o f  

the  important  chemica ls ,  p l a s t i c s ,  and f i b e r s  are based on 

l i g h t  o l e f i n s  and aromat ics  which are der ived  today from 

l i m i t e d  petroleum and n a tu r a l  gas su p p l i e s ,  l i g h t  d i s t i l l a ­

tes from shale o i l  can be an acceptab le  s u b s t i t u t e  feed f o r  

o l e f i n  product  in a convent iona l  p y r o ly s is  u n i t .  So we can 

say shale o i l  may be an impor tant  f u t u r e  o l e f i n s  fe ed s to c k ,  

and appears to be a promising replacement  feed f o r  o e l f i n  

product ion  un i t s  ( 1 , 2 ) .

To da te ,  the g r ea t  m a j o r i t y  o f  study and development  

work done on shale  o i l  has been focused on i t s  r o l e  as an 

a l t e r n a t e  energy source.  Ethylene is the most important  

product  from the pet rochemica l  r e f i n e r y .  The p r i n c i p a l  

raw m a t e r i a l  f o r  i t s  produc t ion  in the Uni ted S tates  has 

been ob ta ined from ethane and propane crack ing obta ined  

Trom na tur a l  gas and r e f i n e r y  f u e l s  gas ( 3 , 4 ) .
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Petrochemical  producers are expected to r e l y  more on using  

naphtha and gas o i l  as a replacement  feeds tock  ( 5 , 6 ) .  

Research and development o f  s y n t h e t ic  fu e l  from o i l  shale  

has been d i r e c t e d  toward processing schemes in vo lv in g  

r e t o r t i n g  fo l lowed  by a combinat ion o f  coking,  h y d r o s t a b i ­

l i z a t i o n ,  h y d r o d e n i t ro g e n a t i o n ,  reforming and cracking ( 7 ) .

The chemical  c h a r a c t e r i z a t i o n  of  shale  o i l  i s  very  

impor tant  in planning f o r  the p o t e n t i a l  use o f  shale o i l  

as an energy or as a chemical  source.  Shale o i l s  produced 

in the Uni ted S ta tes  and in o t her  fo r e ig n  c o un t r i e s  were 

analyzed by a l a b o r a t o r y  procedure which was a m o d i f i c a t i o n  

of  the  Bureau o f  Mines r o u t i n e  method. The r e s u l t s  i n d i c a t e  

t h a t  the o i l s  d i f f e r  g r e a t l y  in such p r o p e r t i e s  as n i t r o g e n  

and s u l f u r  c o n t e n t , pour po in t  d i s t i l l a t i o n  range and hydro­

carbon composi t ion.  Both source o f  shale and r e t o r t i n g  

c o n d i t io n s  must be considered in p r e d i c t i n g  the composi t ion  

o f  a crude shale  o i l  ( 8 ) .  Crude shale o i l  has a high con­

t e n t  o f  o rgan ic  n i t ro ge n  up to 2 .1  weight  percent  and 0 .8  

to 1 .0  weight  percent  of  s u l f u r  content  depending on the  

r e t o r t i n g  c o n d i t io n s  ( 9 ) .  Cady ( 1 0 ) ,  r epor ted  t h a t  NTU 

shale  o i l  cons is ts  o f  39% hydrocarbons and 61% compounds 

of  n i t r o g e n ,  s u l f u r  and oxygen, and the  nonhydrocarbons  

are 36% n i t ro ge n  compounds, 6% s u l f u r  compounds, and 19% 

oxygen compounds. A lso ,  Poulson ( 1 1 ) ,  c h a r a c t e r i z e d  the
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n i t rog en  type compounds in a shale o i l  l i g h t  d i s t i l l a t e  

( 190 -310°C) .  The l i g h t  d i s t i l l a t e  comprises 15% on whole,  

and has as much as 20% n i t r o g e n  compounds, and over  90% 

of  the n i t ro ge n  percent  was ba s ic .  This basic n i t r o g e n  

i s  a poison to most c a t a l y s t s  used in the r e f i n e r y  proces­

ses,  and must be removed by h y d r o t r e a t in g  the crude to 

reduce the heteroatoms to in org an ic  gases ( 8 , 1 2 , 1 3 ) .  Most 

of  the processes in a r e f i n e r y  are  c a t a l y t i c ,  t h e r e f o r e , 

the basic n i t r o g e n  compounds present  in crude shale  o i l  

would a t t a c k  the a c i d i c  r e f i n e r y  c a t a l y s t s  i f  the shale  o i l  

i s  used as a r e f i n e r y  fe ed s t oc k .  Since most o f  the a c i d i c  

c a t a l y s t s  are expensive ,  i t  is expensive to r e f i n e  crude o i l  

o i l  in a convent iona l  petroleum r e f i n e r y .  T h e r e f o r e , any 

a l t e r n a t i v e  use of  shale o i l  which does not need severe  

p r e - r e f i n i n g  o f  the  feeds tock  can be both economical  and 

p r a c t i c a l  ( 7 , 1 4 ) .  Since steam p y r o l y s i s  i s  not a c a t a l y t i c  

process,  i t  could be an a l t e r n a t i v e  use of  shale  o i l  as a 

feedstock f o r  produc t ion  of  petrochemical  i n t e r m e d i a t e s ,  

such as e t h y l e n e ,  p ropylene ,  benzene, t o l u e n e ,  and xy len e .

Extensive s tud ie s  have been made on the e f f e c t  o f  

feedstock type on p y r o l y s i s  y i e l d s  using both model com­

pound and commercial  f e e d s t o c k s . I t  is b e l i e v ed  t h a t  

normal p a r a f f i n s  make the best f eeds tock f o r  e th y le ne  

pr od uct ion ,  fo l lowed  by branched p a r a f f i n s ,  o l e f i n s .
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naphthenes,  and a r o m a t i c s , i . e . ,  p a r a f f i n s  r ea c t  to form 

l i g h t  o l e f i n s .  The l i g h t  o l e f i n s  have a tendency to p o l y ­

mer ize  and condense in to  monoaromatics,  naphthenes have 

a tendency to form higher  a r om at ic s ,  and aromat ics  are  

unconverted dur ing p y r o l y s i s  ( 3 , 1 5 , 1 6 , 1 7 , 1 8 ) .  Zdon id ik  

( 3 )  re por ted  t h a t  the s u l f u r  and po ss ib ly  n i t ro ge n  con­

t a i n i n g  feestocks  r e q u i r e  a d d i t i o n a l  processing c o n s i d e r a ­

t i o n  adding to o v e r a l l  cos t .  The u t i l i z a t i o n  o f  shale  o i l  

as a steam p y r o l y s i s  feeds tock has long been considered in 

the Uni ted S ta tes  by the  Bureau o f  Mines,  da t ing from the  

1950 's  ( 1 9 ) ,  the I n s t i t u t e  o f  Gas Technology ( 2 0 ) ,  and w i th  

e x te n s i v e  s tudies  a t  the Colorado School o f  Mines in the  

19 70 's .

F i n a l l y ,  we conclude t h a t  shale o i l  can be a d e s i r ­

ab le  s u b s t i t u t e  feed f o r  o l e f i n  product ion in a convent iona l  

p y r o l y s i s  u n i t .  Whi le  less  d e s i r a b l e  than to da y 's  b e t t e r  

p r y o l y s i s  feed ,  shale  o i l  may be an impor tan t  f u t u r e  o l e f i n s  

f e e d s t o c k .

Fu r t her  study o f  the u t i l i z a t i o n  o f  shale o i l  as a steam 

p y r o l y s i s  feeds tock f o r  produc t ion  of  petrochemical  i n t e r ­

mediates w i l l  cont inue  a t  Colorado School o f  Mines.  The 

main o b j e c t i v e s  of  t h i s  th e s is  i s  to s tudy ,  exper imenta l  1 y , 

the  u t i l i z a t i o n  of  hydrogenated shale  o i l  as a feeds tock  

f o r  steam p y r o l y s i s  a t  shor t  residence t i m e ( 0 . 0 5 - 0 . 1  seconds)
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and high t e m p e r a t u r e (1600-1775 ° F ) , and to i n v e s t i g a t e  the  

e f f e c t s  o f  such v a r i a b l e s  on the  y i e l d s  of  such v a lu a b le  

products as e t h y l e n e ,  p ropy lene ,  butenes,  and 1 , 3 - b u t a d i e n e .  

Fu r t h e r  o b j e c t i v e s  of  the  study should be the maximiza t ion  

of  e t hy lene  p roduc t ion  as we l l  as the y i e l d s  of  l i g h t  

o l e f i n s ,  and the  c o r r e l a t i o n  o f  the exper imenta l  r e s u l t s  

wi th  a p y r o l y s i s  s e v e r i t y  f a c t o r  which combined the e f f e c t  

o f  r e a c t i o n  v a r i a b l e s .
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EXPERIMENTAL STUDIES

Chemistry o f  p y r o l y s i s :

Thermal rearrangements in to  isomers,  thermal  p o ly m e r i ­

z a t i o n s ,  and thermal  decomposi t ions are a l l  inc luded in the  

term p y r o l y s i s .  I t  inc ludes chemical  change o f  a substance  

by means of  heat  a lone ( 1 8 ) .  Many i n v e s t i g a t o r s  proposed,  

t h a t  thermal  crack ing o f  hydrocarbon occurs v i a  f r e e - r a d i c a l  

mechanisms ( 1 7 , 2 1 , 2 2 , 2 3 ) .  In the fo l l o w i n g  r e a c t i o n s  1 , 2 , 3 ,  

the r e a c t i o n  is  i n i t i a t e d  by homolysis o f  carbon-carbon  

bonds in r e a c t i o n  1. These f r e e  r a d i c a l s  are uns ta b le  

species and they undergo bond sc iss ion  to t rans form i n t o  

more s t a b le  forms to give  e t hy l en e  and a pr imary  r a d i c a l  

which has two fewer  carbon atomsT The c-c  bond sc iss ion  

occurs a t  the c - c -  bond loc a te d  B to the f r e e  r a d i c a l  

carbon atom as s t a te d  by the emperical  B - r u l e  as in r e a c t i o n

2.  Then the newly formed pr imary f r e e  r a d i c a l  can undergo 

f u r t h e r  B -sc is s io n  to give  e t hy l en e  and a small  methyl  

r a d i c a l ,  which can a b s t r a c t  a hydrogen r a d ic a l  from another  

p a r a f f i n  molecule to produce a random secondary r a d i c a l  

and methane as in r e a c t io n  3. This w i l l  in tu rn  undergo 

B -sc iss io n  and the process is r ep ea te d ,  l ead in g  to the  

fo rmat ion  o f  l a r g e  amounts o f  e t h y l e n e ,  small  amounts o f  

methane and small  amounts o f  a - o l e f i n s  ( 2 4 ) .
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r 1ch2ch2 r2 -> RjCHg- + R2 CH2 ( 1 )

RCH2 - CH2 - CH2 * ■>RCH2 - + H2C = C H 2 ( 2 )

H3C* +■ RCH2CH2C'H'2 CH3 ->CH4 + RCH2CH2CH-- -CH3 (3 )

Previous I n v e s t i g a t i o n s  :

The concept  o f  u t i l i z a t i o n  of  shale o i l  in both fue l  

and pe trochemica ls  has been examined in the past  30 years  

by several  i n v e s t i g a t o r s .  The prev ious p y r o l y s i s  e x p e r i ­

mental  t e s t s  on crude shale  o i l  were done by the I n s t i t u t e  

o f  Gas Technology in the 1950's ( 2 0 ) ,  and a t  the Laramie  

Energy Technology Center  of  the Department o f  Energy (19 ,  

2 8 ) .  In a d d i t i o n  to these s tud ies  a group o f  s tudies  

were done a t  the Colorado School o f  Mines f o r  the Steam 

P y r o ly s is  o f  Var ious Shale 011s (31 , 3 2 , 3 3 , 3 4 , 3 5 , 3 6 , 3 7 , 3 8 ) .  

A ls o ,  several  s tud ies  on the p y r o l y s i s  of  crude shale  o i l  

and shale o i l  d i s t i l l a t e s  have been done by DuPont ( 2 5 , 2 7 ) ,  

and by Stone and Webster ( 4 8 ) .

I n s t i t u t e  o f  Gas Technology ( IGT) :

The s tud ie s  made by t h i s  i n s t i t u t e  involved  high temp-  

e r a t u r e ,  vapor phase crack ing of  hydrocarbons, and p y r o l y s i s  

o f  a crude shale  o i l  in a cont inuous f low  v e r t i c a l  tube  

r e a c t o r  ( 2 8 ) .  The shale  o i l  s tud ied  was produced from the
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Green River  fo rm at ion  by the Bureau of  Mines gas combustion  

and Union Oi l  Company processes.  The exper iments were run 

f o r  r e a c t i o n  temperature  over  the 1400 to 1550 °F r an g e , a t  

r e a c t i o n  t imes o f  1 .0  to 4 . 5  a second and a t  p a r t i a l  p r e s ­

sures o f  the product  gas from 0 .64  to a 0 .76  a tm. Increased  

r e a c t i o n  t ime o r  tempera tu re  r e s u l t e d  in increased hydrogen 

and methane y i e l d s  and r e s u l t s  in decreased y i e l d s  o f  ethane  

and proy lene .  Decreases in hydrocarbon p a r t i a l  pressure  

r e s u l t e d  in the expected increase  in e t hy l en e  p ro duc t ion .  

Yi e ld s  of  21 weight  percent  o f  feed e thy le ne  and 4 weight  

percent  o f  feed propylene were obta ined a t  the optimum 

co nd i t ions  of  the study.  In a d d i t i o n  t h i s  I n s t i t u t e  

developed a p y r o l y s i s  s e v e r i t y  f a c t o r  by combining the  

e f f e c t s  o f  tempera tu re  and res idence t ime in t o  a s i n g l e  

v a r i a b l e  which can be used to c o r r e l a t e  y i e l d  data ( 2 0 ) .

Laramie Energy Technology Center  ( LETC):

The e a r l i e r  work a t  t h i s  c e n t e r  was conducted on high 

t emperature  r e t o r t i n g  o f  o i l  shale  in both a v e r t i c a l  tube  

e x te rn a l  1 y heated ( 2 9 ) ,  and an en t r a in ed  s o l i d s  r e t o r t  ( 1 9 ) .  

The high tempera tu re  is used by t h i s  cen t e r  to i n v e s t i g a t e  

the e f f e c t  o f  con t inu ing  the crack ing process t h a t  is begun 

when the organic  m at te r  in the shale  is converted to o i l  

( 1 9 , 2 9 ) .  In the f i r s t  s e r i e s ,  t e s t s  i n v o lv in g  the r e t o r t i n g
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of  p u lv e r i z e d  o i l  sh a le ,  e n t r a in e d  in steam or o th er  gaseous 

media in a v e r t i c a l  tube high temperatu re  r e t o r t .  The p ro ­

duced o i l  did not conta in  the expected much l a r g e r  amount 

of  aromat ics t h a t  those produced by convent iona l  r e t o r t i n g .  

In another  s e r i e s  of  t e s t s ,  shale  o i l  from a convent iona l  

r e t o r t  was t h e r m a l l y  cracked f o r  comparison w i th  the  higher  

t emperature  r e t o r t i n g  r e s u l t s .  The r e s u l t s  show a s i g n i f i ­

cant  conversion to the chemical  in t e r m e d i a t e s  of  i n t e r e s t  

up to 20% e t hy le ne  by weight  was ob ta ined ( 1 9 ) .

Colorado School o f  Mines:

In June 1976,  an i n v e s t i g a t i o n  to de te rmine  the s u i t ­

a b i l i t y  o f  shale o i l  as a feeds tock  f o r  pe t rochemica l  i n t e r ­

media te  p roduc t ion  was i n i t i a t e d  as a research program f o r  

study ing the U t i l i z a t i o n  o f  Shale Oi l  as a Feedstock f o r  

Steam P y r o l y s i s .  The i n v e s t i g a t o r s  are Dr.  P h i l i p  F .

Dickson and Dr.  V i c t o r  F . Yesavage,  Department  o f  Chemical  

and Pet roleurn-Re f in ing  Eng ineer ing ,  Colorado School o f  

Mines ( 3 0 ) .

F i r s t  Gr iswold ( 3 1 ) ,  pyro lyzed crude shale  o i l  from the  

TOSCO I I  process in a bench scale  p y r o l y s i s  u n i t  w i th  steam 

a t  atmospher ic  pressure in a t u b u l a r  r e a c t o r  f i l l e d  wi th  

ceramic b a l l s .  The ranges o f  v a r i a b l e s  s t ud i ed  were:  tem­

p e r a t u r e  1300-1600 ° F ,  res idence  t ime 0 . 4 - 1 . 2  seconds,  and 

steam to hydrogen r a t i o  0 .4  to 1 . 2 .  The r e s u l t s  were
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c o r r e l a t e d  w i th  the modi f ied  p y r o ly s is  s e v e r i t y  f a c t o r .

The maximum y i e l d s  of  e t h y l e n e , p r o p y l e n e ,  and t o t a l  l i g h t  

o l e f i n  are given in Table  1.

Next F r i t z l e r  ( 3 2 ) ,  pyro lyzed both TOSCO 11 and s im u l a ­

ted in s i t u  crude shale o i l s  over  r e a c t i o n  v a r i a b l e s  ranges  

of  temperatu re  1305-1610 ° F ,  res idence 0 . 2 - 1 . 3  seconds,  and 

steam to o i l  r a t i o  0 . 4 - 1 . 6 .  Also he modi f ied the res idence  

t ime f o r  no nu n i fo rmi ty  o f  the  temperature  along the r e a c t o r  

l e n g t h ,  but he c o r r e l a t e d  his r e s u l t s  w i th  the same s e v e r i t y  

f a c t o r  used by Gr iswo ld .  The maximum y i e l d  o f  e t h y l e n e ,  

propylene ,and t o t a l  o l e f i n  are given in  Table 2.

For f u r t h e r  i n v e s t i g a t i o n s , Smith (33)  py ro lyzed the  

vacuum d i s t i l l a t e s  of  a TOSCO I I  o i l  and s imu lated in s i t u

o i l .  The cond i t ions in t h i s  study are e s s e n t i a l l y  the  same 

as those used by F r i t z l e r .  Table  3 shows the r e s u l t s  o f  

the maximum y i e l d s  o f  v a lu a b le  p r od uc ts . The r e s u l t s  o f  

t h i s  t a b l e  i n d i c a t e  t h a t  the d i s t i l l a t e  was g r e a t l y  impro­

ved over the Tosco I I  whole o i l ,  wh i l e  the s imulated  

in s i t u  y i e l d s  were comparable to those of  the  whole o i l .

In another  pa r t  o f  the  s tudy ,  the i n v e s t i g a t i o n  was 

focused toward the l i q u i d  products o f  steam p y r o l y s i s  o f  

shale  o i l .  Kavianian (34)  s tud ied  the fo rmat ion  o f  aroma­

t i c s  and d i s t r i b u t i o n  o f  n i t r o g e n  and s u l f u r  in  l i q u i d  

products of  steam p y r o ly s is  o f  whole shale o i l  and vacuum
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TABLE 1. MAXIMUM LIGHT OLEFIN YIELDS (WT % OF FEED) 
OF FEED WHOLE OIL (31)

Ethylene  

Propylene  

Tota l  o l e f i n

TOSCO I I  
Whole O i l

19.9

8 . 5

28

Simulated In S i tu  
Whole Oi l

22 .14

11.4

38 .7

TABLE 2. MAXIMUM LIGHT OLEFIN YIELDS (WT % OF_ FEED) 
OF TOSCO H  CRUDE SHALE OIL (32)

TOSCO I I  Crude 
Shale Oi l

24 .2

10.3  

39.2

Ethylene  

Propylene  

Tota l  o l e f i n s

TABLE 3. MAXIMUM LIGHT OLEFIN (WT. 1  OF FEED)
OF FEED DISTILLATE (33 )

TOSCO I I  S im u l t a te  In S i t u
Vacuum D i s t i l l a t e  Vacuum D i s t i l l a t e

Ethylene 22 .62 28 .80

Propylene 12.3 14.1

Tota l  O l e f i n 40 .5 47 .2
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d i s t i l l a t e s .  The r e s u l t s  show t h a t  the amount o f  n i t rogen  

and s u l f u r  in the l i q u i d  products is much h igher  than tha t  

of  the feedstocks and carbon to hydrogen r a t i o  o f  the l i q u i d  

products is much h igher  than the feedstocks a l s o .  In a 

study r e l a t e d  to the work done by Kav ian ian ,  Angelos (35)  

pyro lyzed severa l  d i f f e r e n t  shale  o i l s  a t  va r ious  l e v e l s  

of  hy dr og en a t io n . He analyzed the l i q u i d  products f o r  

Cg-Cg monoaromatics,  benzene, t o lu e n e ,  and xy lene (BTX) .

He r epo r t ed  BTX y i e l d s  proved to be comparable to values  

re p o r t e d  in o t her  s t u d i e s ,  and the s e v e r i t y  o f  f eedstock  

hydrogena t ion seemed to have an e f f e c t  in maximiz ing BTX 

fo rm a t i  on .

For the e f f e c t  o f  hydrogenat ion s e v e r i t y  on p y ro ly s is  

y i e l d s ,  the vacuum d i s t i l l a t e s  o f  TOSCO I I  and s imulated  

in s i t u  shale o i l  were hydrogenated a t  th re e  l e v e l s  of  

hy d r o g en a t i o n , m i l d ,  modera te , and severe ,  and each one 

was pyro lyzed a t  d i f f e r e n t  va lues of  the r e a c t i o n  v a r i a b l e s .  

This  study was done by th re e  i n v e s t i g a t o r s .  A, A. BaT lu t ,

H. R. Kavianian and C. F . Gr iswo ld .  B a l l u t  ( 36 ) ,  py ro lyzed  

m i l d l y  hydrogenated vacuum d i s t i l l a t e s  o f  TOSCO I I  and 

s imulated in s i t u .  The r e s u l t s  show t h a t  the y i e l d s  o f  

v a l u a b l e  o l e f i n i c  products were in general  h igher  than those  

obta ined using the whole shale  o i l  or t h e i r  vacuum d i s t i l ­

l a t e s .  In a d d i t i o n  to t h i s ,  the k i n e t i c s  o f  crude shale
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o i l  steam p y r o ly s is  was s tudied using hydrogenated TOSCO 

I I  and s imulated in s i t u  shale  o i l .  Kavianian ( 3 7 ) ,  py ro -  

l yzed moderate ly  hydrogenated TOSCO I I  and s imulated in s i t u  

shale  o i l s ;  the exper imenta l  r e s u l t s  i n d i c a t e  t h a t  these  

o i l s  should make an e x c e l l e n t  feeds tock  f o r  steam p y r o l y s i s .  

He developed a s im u l a t i o n  model f o r  steam p y r o l y s i s  o f  

l i q u i d  hydrocarbons. Gr iswold ( 3 8 ) ,  py ro lyzed the most 

se v e r e l y  hydrogenated TOSCO I I  and s imulated in s i t u  o i l  

a t  convent iona l  p y r o l y s i s  o p e r a t i n g  c o n d i t i o n s .  The r e s u l t s  

show t h a t  shale o i l  de r iv ed  l i q u i d  should make e x c e l l e n t  

f eedstocks f o r  pet rochemica l  p roduc t ion .  A lso ,  he i n v e s ­

t i g a t e d  the g a s i f i c a t i o n  c h a r a c t e r i s t i c s ,  by studying the  

r o l e  o f  steam reforming in l a b o r a t o r y  r e a c t o r s .  The r e s u l t s  

show t h a t  the tendency o f  se ver e l y  hydrogenated shale  o i l  to 

undergo steam refo rming to be a q u a l i f i c a t i o n  to the po ten ­

t i a l  advantages o f  using shale o i l  as a petrochemical  f e e d ­

s t oc k .  The maximum y i e l d s  o f  o l e f i n  products found by the  

t h r e e  i n v e s t i g a t o r s  (3 6 ,  37,  3 8 ) ,  a t  the r e a c t i o n  v a r i a b l e s  

ranges 1300-1575 °F average temp er a tu re ,  0 . 4 - 1 . 4  seconds 

r es i de nc e  t im e ,  and 0 . 2 4 - 1 . 1 5  steam to hydrogen r a t i o  are  

presented in Table  4.

DuPont :

DuPont has i n i t i a t e d  programs to ev a lu a te  new sources 

o f  feedstocks f o r  pe t r oc h em ic a l .  Several  steam crack ing
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TABLE 4. MAXIMUM LIGHT OLEFIN (WT % OF FEED) OF
HYDROGENATED VACUUM DISTILLATES ( 3 6 , 3 7 , 3 8 )

TOSCO I I  LETC Simulated In S i tu
Hydrogenated S e v e r i t y  Hydrogenated S e v e r i t y

Low Med. High Low Med. High

Ethylene 28 .1 ; 28. 7 24. 5 29 .5 34 .0 35.7

Prop!yene 12.9 12.7 14. 7 31.1 14.7 15.4

Tota l  O l e f i n 44 .9 46 .3 45 .7 4 5.2 52.5 55.4

TABLE 5. SUMMARY OF STEAM PYROLYSIS YIELDS (WT 1 OF FEE
OF PARA HO SHALE OILS ( 1 )

V i r g i n Hydrogeanted

Feedstock  
React ion  
Condi t  i on s

L GO HGO Naphtha LGO HGO

T, F 1411 1371 1476 1411 137

G, sec. 0. 32 0. 32 0. 36 0.34 0.3:

Rat io 1.0 1.0 0. 75 1.0 1.0

Y i e l d s ,  W t °!

Ethylene 15.6 10.6 21.1 16.1 14.7

Propylene 11. 6 7. 5 11 .2 11.3 10.6

Butadiene 3.3 1.5 3 .9 2 .9 2 .3

Tota l  Conversion  
to C4

49 .8 36.4 57.8 46 .9 46 .0

“Molar  H/C of 11.1 1.23 ,
L igu id  Products
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exper iments on shale  o i l  have been performed by t h i s  company. 

Recent ly  a t  DuPont, Gl idden and King ( 1 ) ,  p y r o l y s i s  was done 

on var ious cuts o f  a Paraho shale  o i l .  A summary o f  p y r o l y ­

sis  y i e l d s  o f  e t h y l e n e ,  p ropy lene ,  and t o t a l  o l e f i n s  are  

shown in Table  5. The r e s u l t s  show an inc rease  in o l e f i n s  

y i e l d s  from h y d r o t r e a t i n g  the l i g h t  and heavy gas o i l s ,  and 

the molar  H/C r a t i o n  in the p y r o l y s i s  l i q u i d  show an ac c e p t ­

ab le  r e a c t o r  s e v e r i t y  was o b ta in ed .  In a d d i t i o n .  Rudershauen 

and Thompson ( 2 7 , 4 9 )  s tud ied  the  p o t e n t i a l  f o r  conver t ing  

Paraho shale o i l  to chemical  feedstocks by such r e f i n e r y  

processes as d i s t i l l a t i o n ,  hydrocracking and re fo rmi ng ,  

pyro lyzed var ious  f r a c t i o n s  o f  the o i l ;  whole,  naphtha ,

LGO, MGO. The y i e l d  o f  e th y l e ne  ranged from 16 .2  wt percent  

from whole o i l  to 12 .6  wt percent  from the naphtha . Y i e l d  o f  

e th y l e ne  from p y ro ly z i n g  LGO increased from 11.4 wt percent  

to 18 .5  wt % . A summary o f  t h e i r  work i s  shown in Table  6.

Stone and Webster :

The exper imenta l  steam p y r o l y s i s  work undertaken on 

va r ious  shale  o i l  f eeds tocks  made by Koros i ,  e t  al ( 4 8 ) ,  

r e p r e s e n t  Stone and Webster 's  i n t e r e s t  in the commercial  

u t i l i z a t i o n  o f  a l t e r n a t i v e  feedstocks f o r  the manufacture  

of  o l e f i n s .  In t h e i r  work raw atmospher ic
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and vacuum gas o i l  b o i l i n g  range cuts of  a Paraho shale  

o i l  were steam cracked to e s t a b l i s h  p y r o l y s i s  y i e l d s  

pa t te rn s  and then compared w i th  Arabian VGO y i e l d s .  In 

a d d i t i o n ,  the e f f e c t  o f  hydrot rea tment  and i t s  in f l u e n c e  

on p y r o l y s i s  y i e l d s  was s tud ied  on a p a i r  o f  f u l l - r a n g e  

raw and hydrogenated Occ identa l  shale o i l  samples and 

then compared to a Mideast  gas o i l .  Table  7 shows the  

summary r e s u l t s  o f  t h e i r  work . A maximum of  23 .6  wt % 

of  e t hy lene  ob ta ined from hydrogenated Paraho ke ro s in e ,  

which is h igher  than the e t hy l en e  y i e l d  ob ta ined from 

petroleum p y r o l y s i s ,  wh i le  the e t hy lene  y i e l d s  from Paraho 

raw AGO and VGO are less  than those obta ined from p e t r o ­

leum p y r o l y s i s  o f  Arabian VGO and Mideast  AGO.
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E f f e c t  o f  P y r o ly s is  Condi t i o n  on Y i e l d s :

The most s i g n i f i c a n t  v a r i a b l e s  t h a t  i n f l u e n c e  the  

product  d i s t r i b u t i o n  achieved in a steam p y r o ly s is  process  

a r e ,  feed composi t ion ,  r e a c t i o n  te m p e r a tu r e , r e a c t io n  t ime ,  

and steam to mass r a t i o  ( 3 9 , 4 0 ) .

Feed Compos i t i on :

Several  s tud ies  have been made to i n v e s t i g a t e  the e f f e c t  

o f  feeds tocks  type on p y r o l y s i s  y i e l d s  using both pure com­

pounds and commercial  f e e d s t o c k s , Vanderkooi  ( 39)  and Zdonik ,  

et  a l .  ( 3 ) ,  have s tudied the  conversion of  wide range of  

feedstocks to e t h y l e n e ,  and have summarized t h a t ,  f o r  e t h y ­

lene  p r od uc t io n ,  the fe es tock s  in order  of  decreas ing  

c o n v e r t a b i 1 i t y  are : normal p a r a f f i n s ,  naphthenes , o l e f i n s ,  

and aroma t i c s  ( 3 9 , 3 ) .  P a r a f f i n s  g e n e r a l l y  r e a c t  to form 

l i g h t  o l e f i n s  ( 3 , 3 9 , 1 5 ) .  The l i g h t e r  o l e f i n s  ( e t h y l e n e ,  

propy lene ,  b u ty le n e ,  bu tad iene )  have a tendency to p o ly ­

mer i ze  and condense in t o  mono-aromat ics such as benzene and 

to luene  ( 1 6 , 4 1 , 1 7 ) .  Naphthenes and higher  o l e f i n s  present  

in tire feed have a tendency to form higher  aroma t i  cs ( 3 ,  

3 9 , 4 1 ) .  The aromat ics  may rea r range  but are e s s e n t i a l l y  

unconverted dur ing p y r o l y s i s  ( 3 , 3 9 ) .

Adams ( 2 8 ) ,  r eported  ethane can y i e l d  about 75% e t h y ­

le n e .  From t h i s  we can say the y i e l d  o f  l i g h t  o l e f i n s  is
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a st rong fu n c t io n  o f  the average molecular  weight  o f  the  

f e e ds to c k .  Thus as a general  r u l e ,  the heav ie r  the f e e d -  

_ stock the lower  w i l l  be the y i e l d  o f  pe t roch em ica l .  The 

kind and the p r o p e r t i e s  o f  the feedstocks used in t h i s  

study w i l l  be discussed l a t e r .

React ion Tempera ture:

The crack ing temperature  is important  in p y r o l y s i s  

of  a hydrocarbon.  The r a t e  o f  cracking o f  f eeds tocks  to 

hydrocarbon w i l l  i nc rease  w i th  high tempera tu re .  Vanderkooi  

( 39 )  r e p o r t s  th a t  as the c rack ing  temperature  is in c r e as ed ,  

hydrogen,  methane,  and e th y l e ne  y i e l d s  i n c re a s e ,  propane,  

butanes,  and pentanes inc rease  and then decrease,  and hex­

anes and non-aromat ics decrease.  A lso ,  Chambers and P o t t e r  

( 4 2 )  r e p o r t  t h a t  crack ing r e a c t i o n s  a t  h ighes t  temperature  

gave maximum e t hy lene  y i e l d s .

Few s tudies  on the e f f e c t  o f  high temperatu re  on the  

d i s t r i b u t i o n  of  products have been found in the l i t e r a t u r e .  

The I n s t i t u t e  of  Gas Technology (20 )  made some te s t s  on the  

p y r o l y s i s  o f  shale o i l  between 1400 and 1550 ° F .  Typica l  

h i ghe s t  temperatures conducted a t  Colorado School o f  Mines 

are 1300-1630 °F (3 1 ,  32)  and 1400-1670 °F ( 3 3 ) .  In the  

present  s tudy ,  the h ighes t  temperatures  range covered are  

1600 -  1775 °F more d e t a i l s  about the e f f e c t  o f  t h i s  

Ti igh temperature  w i l l  be discussed l a t e r .
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React ion Time :

The contact  t ime is a s i g n i f i c a n t  v a r i a b l e ,  t h a t  

i n f lu e nc e s  the product  d i s t r i b u t i o n  in steam p y r o l y s i s .  

Chambers and P o t t e r  ( 4 2 , 4 3 )  repo r ted  t h a t  low hydrogen 

res idence t ime is  e s s e n t i a l  f o r  maximum y i e l d s  of  e thy lene  

or t o t a l  o l e f i n s .  Other  i n v e s t i g a t o r s  wi th  petroleum  

der ived  feeds tocks  a t  constant  s e v e r i t y ,  r e p o r t  t h a t  high 

y i e l d s  o f  more v a lu a b le  o l e f i n s  are  g e n e r a l l y  obta ined a t  

s h or te r  res idence  t ime and h igher  temperature  than v i c e -  

versa ( 4 0 ) .  A lso ,  Kamptner (4 4 )  expla ined  the importance  

of  res idence t ime ; the occurrence of  d i s t u r b i n g  secondary  

r e a c t i o n , are g e n e r a l l y  n o t i c e a b l e  in a redu c t ion  in the  

y i e l d  of  va lu a b l e  pr imary cracked produc ts .  Thus the  

sh or te r  the res idence t im e ,  the sma l le r  the e f f e c t  of  

secondary r e a c t i o n s .

The previous s tud ies  have been made w i th  res idence  

t ime ranges o f  1 . 0 - 4 . 5  seconds ( 2 0 ) ,  0 . 5 - 1 . 5  seconds 

( 3 9 ) ,  0 . 2 7 - 1 . 3 4  seconds ( 3 2 ) ,  0 . 4 - 1 . 2  seconds ( 3 2 ) ,

0 . 3 9 - 1 . 1 3  seconds ( 3 3 ) ,  0 . 0 4 - 0 . 1  seconds ( 3 6 ) ,  and 0 . 0 1 -

0 .1  seconds ( 4 0 ) .  The important  r e s t r i c t i o n  on shor t  

res idence t ime o p er a t io n  has been in the pa s t ,  the m e t a l ­

l u r g i c a l  requi rements n e c e s s i t a te d  by higher  temperatu re  

o p e r a t i o n . Thus over  the past  decade, design contac t  

^t imes have been reduced in several  stages from 2 .0  seconds
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to 0 . 2 5  second w h i l e  p rov id ing  an increase in e thylene  

y i e l d  and decrease in r e l a t i v e  t a i l  gas p r o d u c t i o n . In 

t h i s  study we propose to i n v e s t i g a t e  steam py ro lys is  

under shor t  res idence t imes ranging rom 0 .05  to 0 .105  

seconds.

Steam to O i 1 Mass R a t i o :

I t  has been r epo r t ed  (4 5 )  t h a t  the fu nc t io n  of  d i l u ­

t i o n  steam in steam p y r o l y s i s  of  hydrocarbon f o r  produc­

t i o n  o f  l i g h t  o l e f i n s  a re :  lower ing of  hydrocarbon p a r t i a l

pressure  r e s u l t i n g  in b e t t e r  s e l e c t i v i t y  f o r  o l e f i n s ,  

reducing coke f o r m a t i o n ,  and an o x i d i z i n g  

e f f e c t  on the tube metal  to d imin ish  s i g n i f i c a n t l y  the  

c a t a l y t i c  e f f e c t  o f  i ron  and n i ck e l  which would promote 

carbon forming r e a c t i o n s .  A lso ,  the  presence of  steam in  

p y r o l y s i s  ac ts  as an o i l  p reheat  source and as a c a r r i e r  

medium. The mass r a t i o  is  h e a v i l y  dependent on f e e d s t o c k s , 

i n c r e a s in g  w i th  in c r e as in g  high b o i l i n g  f r a c t i o n s .

Chambers and P o t t e r  ( 4 2 , 4 6 )  repo r ted  t h a t  e thy len e  

and the unsa tura ted  component y i e l d  are enhanced as the  

p a r t i a l  pressure is reduced, or  in o ther  words as the mass 

r a t i o  i s  inc reased .  S tud ies  have been made w i th  steam-  

hydrocarbon mass r a t i o  o f  0 . 5 - 1 . 0  ( 4 3 ) ,  and 0 . 2 - 0 . 8  ( 39 )
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f o r  feedstocks in the range of  l i g h t  naphtha to heavy gas 

o i l .  For o i l  shale the work done has been in the range o f

0 . 4 - 1 . 2  ( 3 ) ,  and 0 . 4 - 1 . 6  ( 3 2 ) .  I t  has been found ( 3 1 , 3 9 )  

t h a t  the steam to hydrocarbon mass r a t i o  had less  e f f e c t  

on product  y i e l d s  than e i t h e r  the res idence t ime or  r e a c t i o n  

t e m p e r a tu re .
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FEEDSTOCK CHARACTERISTICS

As p r e v i o u s l y  d iscussed,  the feedstock composi t ion  

i s  an impor tan t  f a c t o r  in product  composi t ion and y i e l d  

in  steam p y r o l y s i s .  Hydrogenated shale o i l  feeds tocks  

were used in the present  study.  Two d i f f e r e n t  types of  

hydrogenated shale  o i l  f eeds tocks  were chosen :

I .  Paraho hydrogenated feeds tocks  (sample number,  

P-6281 ,  P -6280 ,  and P - 3 5 3 6 ) •

I I .  TOSCO I I  hydrogenated feedstocks (sample number, 

T- 619 9 ,  T - 620 9 ,  and T - 6 2 0 6 ) .

These hydrogenated samples were prepared by Chevron Oi l  

Company from vacuum d i s t i l l a t e s  as pa r t  o f  a c o n t r a c t  

under the Department of  Energy. The vacuum d i s t i l l a t e s  

were prepared a t  the l a b o r a t o r i e s  of  Lion Oi l  Company 

from crude shale  o i l .

In the hydrogenat ion process ,  the high p r e s s u r e , 

t em p er a t u re ,  and hydrogen atmosphere s h i f t s  the composi­

t i o n  o f  feeds tocks  toward a h i g h ly  p a r a f f i  ni c composi t ion  

by a combinat ion o f  r in g  s a t u r a t i o n  and bond brea k in g .

A l so ,  hydrogenat ion e l i m i n a t e s  the un des i rab le  elements  

such as,  s u l f u r ,  n i t r o g e n ,  oxygen, and m et a ls .  T h e r e f o r e , 

hydrogenat ion improves the q u a l i t y  of  f eeds tock f o r  p y r o l y ­

s i s ,  and i t  a lso provides a c l ea n er  feeds tock ( 3 8 ) .
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In order  to study the e f f e c t  o f  p r e f i n i n g  of  feed-; 

s t o c k s , on the  y i e l d  o f  v a lu a b le  p r o d u c ts , th re e  l e v e l s  

of  hydrogenat ion were se l ec ted  f o r  p y r o ly s is  runs,  i n d i c a ­

ted by n i t r o g e n  cont en t .  The hydrogenated samples used 

range in n i t ro ge n  content  from 0 .048  to 0 .44  wt% f o r  the  

Paraho shale  o i l s ,  and from 0 .0 4  to 0 .85  wt% f o r  TOSCO I I  

shale o i l s .  The c h a r a c t e r i s t i c s  o f  each sample are presen­

ted in Tables 8 and 9.
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TABLE 8. CHARACTERIZATION OF TOSCO I I  FEEDSTOCKS

Oil No. 6209 6199 6206

Product Inspections  

Gravi ty ,  °API 39.5 36.7 33.8

Anl ine Point ,  °F 161.5 151.1 136.7

Sul f u r , wt% 0 . 0 2 1 0 . 0 5 1 0 .0 2 1

Nit rogen, wt% 0.035 0.30 0 .823

Carbon, Wt% 8 6 . 291 8 6 . I I 1 8 6 . I I 1

Hydrogen, Wt% 13 .671 13.341 13 .061

Chromatographic Simulated 
TBP, F

St /5 215/301 192/300 228/323

10/30 331/421 333/428 350/444

50 496 515 542

70/90 590/734 619/775 647/793

95/99 798/910 835/945 844/969

Estimated H9 Cone.,  
SCF/BBL c 1190 840

Estimated Liquid Yields  
LV% of feed - 103.8 102.5

C/H Ratio 6.31 6.46 6.5

Molar H/C Ratio 1.90 1.86 1.8:

1 Huffman Laboratories
2 Griswold (38)
3 Kavianian
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TABLE 9. CHARACTERIZATION OF PARAHO FEEDSTOCKS

O i l  Number 

Product  I n s p e c t i o n :  

G r a v i t y ,  0 API  

Sep.  G r a v i t y  

A n l i n e  P o i n t ,  °F  

S u l f u r ,  Wt.% 

N i t r o g e n ,  Wt.% 

Car bon , Wt.% 

Hydrogen, Wt.%

6280

3 7 . 0

0 . 8 4

1 7 1 . 7

0 . 02

0 . 0 5

6281

1 0 . 03

0 . 2 7

8 6 . 3 6 1 ( 8 6 . 0 ) 2  8 6 . 4 3 1( 8 7  0 9 ) 4 

1 3 . 4 4 1 ( 1 4 . 0 ) 2 1 3 . 2 2 1 ( 1 3 . 9 6 ) 4

3536

34 . 2

0 . 854

0 . 09

0 . 4 3

1

86.581(85.9)2

1 3 . 2 7 1 ( 1 3 . 7 ) 2

C hromatogra ph i c 
Si mul a t ed  TBP,

S t / 5

10 / 3 0

50

7 0 / 9 0

9 5 / 9 9

7 1 / 2 5 7

3 1 6 / 4 5 2

563

6 7 7 / 8 2 4

8 8 1 /

Es t i mat ed  HLConc. , 
SCF/BBL 6

Est i mat ed  L i q u i d  Y i e l d  
LV% of  Feed

C/H Ra t i o

Mol a r  H/C R a t i o

«Huffman L a b o r a t o r i e s  
«Gr i swol d  
^Angelos  

Kav i an i an

6 . 4 3 ( 6 . 1 1 )

1 . 87

6 . 5 4 ( 6 . 2 4 )

1.84

6 . 5 2 ( 6 . 2 8 )

1 .84
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EXPERIMENTAL APPARATUS

The o v e r a l l  exper imenta l  apparatus used in t h i s  study  

is  e s s e n t i a l l y  the same as in the previous s tud ies  ( 3 4 , 3 6 ,  

3 7 , 3 8 ) .  The schemat ic o f  the system is presented in F igure

1. The system can be d iv id e d  in t o  th ree  main par t s  :

1. Feed System

2. Reactor  System

3. Cool ing-Sampl ing System 

Feed System :

D i s t i l l e d  water  f o r  g e ne r a t io n  of  steam is pumped from 

250 ml burets  by a Lapp pump to a 24 inch s e c t io n  of  1 inch 

s c h e u d l e - 4 0 , 304 s t a i n l e s s  s tee l  pipe packed w i t h  3 / 8  inch  

Coors ceramic b a l l s  held by ni chrome w i re  gauze i n s i d e  a 

s i n g l e  zone Lindberg fu rnace  w i th  a c o n t r o l l e r  t h a t  operates  

in the range o f  200 to 1200 ° C . The produced steam f lows to 

the  r e a c t o r  i n l e t  through a superheate r  o f  an 18 inch sec ­

t i o n  o f  1/4  inch 0 . D. 316 s t a i n l e s s  s tee l  tub ing wrapped 

w i t h  a B r i s k e a t  heat ing tape and asbestos c l o t h  i n s u l a t i o n .

Shale o i l  is  fed to the r e a c t o r  i n l e t  from 250 ml 

burets  by a Lapp pump through 1 /4  inch O.D. 316 s t a i n l e s s  

s t e e l  tu b in g .  The o i l  i s  preheated by two tub ing  se c t i on s  

wrapped w i th  B r i s k e a t  heat ing t a p e , the heat ing tapes are  

c o n t r o l l e d  w i th  7% amp. rheo s ta ts  fo r  both steam and o i l .  

Then the o i l  is  mixed wi th  steam in a tee j u n c t i o n  a t  the
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r e a c t o r  i n l e t .  The temperatures of  steam and o i l  i n l e t  

are measured by type K 1 /8  inch 0 . 0 .  316 s t a i n l e s s  s te e l  

sheathed ground thermocouples wi red to an Omega 16 9 5 - a u t o ­

mat ic  scanner and Omega 200 d i g i t a l  t emperature  i n d i c a t o r .  

Rea ct o r  System :

A small  unpacked r e a c t o r ,  13 - inch in l ength  of  3 / 8  

inch d iameter  schedule-40  Inconel  A l l o y  601 pipe was d e s i g ­

ned, co ns t r u c t e d ,  and i n s t a l l e d .  The advantages of  using  

the sm a l le r  r e a c t o r  a l lows running wi th sm a l le r  feed v o l ­

umes and thus more runs oer sample can be made a n d  a l l o w s  fo r  

b e t t e r  t emperature  p r o f i l e  c o n t r o l .  The disadvantage of  

the sma l le r  r e a c t o r  is the l i m i t a t i o n  on the s i ze  of  l i q u i d  

product  sample t h a t  can be c o l l e c t e d .

The temperature  p r o f i l e  o f  the r e a c t o r  dur ing each run 

i s  moni tored by a 1 /4  inch O.D. 316 s t a i n l e s s  tubing thermo­

we l l  extending c o n c e n t r i d a l l y  i n s id e  the r e a c t o r ,  co n ta in in g  

nine type K 0 .04  inch O.D. 316 s t a i n l e s s  sheathed grounded 

thermocouples spaced a t  2 inch i n t e r v a l s  from the top to the  

bottom of  the r e a c t o r  f o r  the f i r s t  e ig h t  runs then replaced  

by nine o th er  type K 0 .04  inch O.D. Inconel  600 sheathed  

grounded thermocouples f o r  the r e s t  of  the runs.  The present  

arrangement o f  the c e n t e r l i n e  thermocouples is shown in F i g ­

ure 2.  These thermocouples are  connected to an Omega a u t o ­

mat ic  scanner and an Omega d i t i t a l  i n d i c a t o r .  The des i red
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Figure 2 . —Thermocouple location.
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r e a c t o r  temperature  is re por ted  as the mean average temp­

e r a t u r e  o f  the temperature  from p o s i t i o n  2 to p o s i t i o n  7.

The r e a c t o r  is heated by a Lindberg t h re e - zo ne  tube furnace  

wi th  separate  temperatu re  c o n t r o l l e r s  f o r  each zone in the  

range of  200-1200 ° C . The hot product  gases f low ing  out  

of  the r e a c t o r  passes down through a 1 inch I . D .  316 s t a i n ­

less s tee l  tube where they meet the d i s t i l l e d  water  quench 

stream which cools the products to about 500-700 ° F . This  

has been found s u f f i c i e n t  to stop the p y r o l y s i s  r e a c t i o n s .

The quench water  is pumped by a l i q u i d  metronics  pump 

from another  250 ml b u r e t . A pressure gauge was used to 

measure the pressure of  the system a t  the o u t l e t  o f  the  

r e a c t o r ,  normal ly  1 - 1 . 2  a tmospheres.

Cool i  ng-Sampl ing System :

The quenched vapor mi x tu re  f lows in to  a 200 ml surge 

f l a s k  where the f i r s t  g a s - l i q u i d  se par a t ion  takes p l ac e .

The gas coming o f f  the top o f  the surge f l a s k  passes through  

a 3 / 8  inch O.D. 316 s t a i n l e s s  s t e e l  t u b e , where the gas is  

i n i t i a l l y  cooled by a s i n g l e  pipe condenser 18 inches long.  

The gas from the o u t l e t  o f  the condenser f lows through a.

1 /4  inch O.D. 316 SS tubing to the next  1000 ml f l a s k ,  

which is cooled by an ice bath in which most o f  the l i q u i d s  

are condensed. The remaining gases pass through a two-way 

Whitey SS va lve  ( V I ) ,  which can be swi tched to atmospher ic
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vent ing in case of  an emergency when the pressure suddenly  

increases due to plugging in the system. The product  gas 

f lows through another  s i n g l e  condenser ,  16^ inches long,  1/2  

inch O.D. f o r  f u r t h e r  c o o l i n g .

A d d i t io n a l  cool ing  is  ob ta ined by passing the gases 

through two,  500 ml f l a s k s ,  which are separated by two , 2 4  

inch s in g le  pipe condensers 1 /4  O.D. ar ranged v e r t i c a l l y  

to d ra in  back the l i q u i d s  in to  the f l a s k s .  These f l a s k s  

are cooled by an e t hy lene  g l y c o l / w a t e r  r e f r i g e r a t e d  bath 

cooled to about r - 3 4 ° F .

F i n a l l y ,  the noncondensible gas f lows through a 125 ml 

f l a s k  co nta in in g  pyrex g lass wool to remove en t r a i ne d  

l i q u i d ,  then to a Rockwell  dry gas meter to measure the  

volume of  the gas . P r i o r  to the gas meter  a p a r a l l e l  l i n e  

is connected to the tubing by two Whitey two-way va lves  as 

shown in Figure  1 by V2 and V3 to a l l ow  vent ing the gases to 

the atmosphere ou ts id e  of  the  l a b o r a t o r y  or a sample of  the  

product  gas can be taken in a 300 ml or a 1000 ml ", 316 SS 

sample bomb.

C a l i b r a t i o n  o f  Gas Meter  :

A new simple and accura te  method of  c a l i b r a t i n g  l a b o r a ­

t o r y  gas meters is c a l i b r a t i o n  by the a s p i r a t o r  or weighed-  

water  method. This method was used to c a l i b r a t e  the gas 

nfeter instead of  using the p r e c i s i o n  s c i e n t i f i c  wet t e s t
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meter  which was used f o r  the prev ious s tudies  u n t i l  prob­

lems occurred w i th  the equipment due to long us e . F igure  

3 shows the inexpens ive  equipment f o r  t h i s  method. The 

volume of  gas drawn through the gas meter f o r  a number o f  

r e v o l u t i o n s  o f  the index is obta ined from the corresponding  

weight  of  water  d isp la ced  from the b o t t l e  ( 4 7 ) .
i .

P r i o r  to every run,  be fore  making the c a l i b r a t i o n ,  the  

system should be operated  several  cyc les  to br ing the tem­

pera tures  o f  a l l  pa r ts  as c lose  to ge t her  as p o s s i b le .  When 

temperatures  are as n e a r l y  un i fo rm,  the water  d ischarge  is 

opened to d ischarge  water  in to  a waste bu cke t . As the index  

of  the meter  passes through zero p o s i t i o n ,  the d ischarge  tube  

i s  s h i f t e d  to a l l ow  wate r  to  run in to  the weighing bucket -  

As soon as the meter  index has made the requ i re d  number of  

r e v o l u t i o n s ,  the d ischarge  tube i s  s h i f t e d  back to the  

waste bucket  j u s t  as the meter  index passes through the  

zero p o s i t i o n .  The volume of  the a i r  which passed through  

the gas meter  in to  the b o t t l e  is c a l c u l a t e d  corresponding  

to the weight  o f  water  d i s p la c e d ,  i . e . ,  e q u i v a l e n t  volume 

( f t  ) is  fou nd , then from which the  c o r r e c t i o n  f a c t o r  is 

c a l c u l a t e d .

Sa fe ty  Features :

-  The pressure o f  the  r e a c t o r  is moni tored a t  a l l  t imes  

"during the r u n . A 2 5 psig s a f e t y  r e l i e f  va lve  is  connec­

ted to the steam feed l i n e  and vented to the atmosphere.
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Figure 3 . --Equipment for cal ibration of the gas 
meter by aspirator method.
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- A combust ib le  gas d e t e c t i o n  inst rument  of  M-S-A s e r i e s  

1-501 was used to cont i nuo us l y  ana lyze the atmosphere to 

d e te c t  the presence o f  f lammable gases or  vapors up to 

t h e i r  lower e x p l o s i ve  l i m i t  in a i r  and to an a u d i o / v i s u a l  

alarm when a predetermined c o nc e nt r a t io n  is r ea ch ed .

- The exper imenta l  apparatus i s  enclosed in a s a f e t y  cage 

area to prevent  the op er a t o r  from hazardous gases and to  

p r o t e c t  the o p er a t o r  from co ntac t  wi th heated equipment  

and from any sudden exp l os ion .

- The s a f e t y  cage is equipped w i th  a fan w i th  duct work 

to help co nt i n u o s ly  exhaust  the r e a c t o r  area from the  

product  gases .

- The emergency shutdown procedures is as f o l l o w s :

I f  the pressure bu i lds  up, or  i f  th e r e  is an emergency 

on the o u t s i d e ,  s h u t o f f  the system, and swi tch va lve  VI as 

shown in F igure 1 to vent  and te rm in a te  the r u n .
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EXPERIMENTAL PROCEDURE

E f f o r t s  o f  a t  l e a s t  two people are r eq u i re d  f o r  the  

procedure.  P r i o r  to each run the f o l l o w i n g  steps are  

necessary f o r  each r u n .

1. Clean a l l  l i n e s  in the condensing system and 

condensers w i th  acetone then w i th  compressed a i r ,  and 

weigh a l l  fo u r  c o l l e c t i o n  f l a s k s .

2. C a l i b r a t e  the Rockwell  gas meter  to ob ta i n  the  

c o r r e c t i o n  f a c t o r  by a s p i r a t o r  or weighed-water  method as 

discussed in the  prev ious s e c t io n .

3. Set the c o n t r o l l e r  o f  the r e f r i g e r a t o r  a t  the  

des i red  cool ing  temperatu re  and turn i t  on about 12 hours 

before  the r u n .

4. Set the c o n t r o l l e r  a t  the desi red  r e a c t i o n  tem­

p e ra tu re  on the th re e -z o n e  L indberg .  The top of  the  

r e a c t o r  must be above the de s i red  temperature  and the bottom 

of  the r e a c t o r  somewhat below the de s i red  t e m p e r a t u r e , and 

then turn the fu rnace  on fo u r  to e ig h t  hours to get  the  

des i red  te mpera tu re .

5. Whi le the system is  heat ing up, set  the water  and 

o i l  pumps to the de s i red  f lo w  r a t e s .  F i l l  o i l ,  quench, and 

water  b u r e t s , and then s t a r t  up the  C ar le  GC using the gas 

chromatograph method developed by Smith ( 3 3 ) .
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6. S h o r t l y  be fore  the system reaches the des i red  

t e m p e r a t u r e , the s in g le -z o n e  f u r n a c e , preheat  o i l ,  steam 

superheat  r h e o s t a t s ,  and the condenser coolant  pump, are  

turned on. Then f i l l  out  the  run data sheet  w i t h  the  

r equ i red  d a t a .

7. When the r e a c t o r  reaches the des i red  r e a c t i o n  

t e mpera tu re ,  record bure t  l e v e l s ,  a t tac h  surge f l a s k s ,  and 

then record the temperature  p r o f i l e  o f  the r e a c t o r  and a l l  

o t h e r  moni tored temperatures  using the Omega scanner i n d i ­

c a t o r .

8. To s t a r t  the r u n , tu rn  va lve  VI to condenser  

p o s i t i o n ,  va lve  V3 to meter  p o s i t i o n ,  and then s t a r t  the  

run by t u rn in g  the o i l ,  quench, and steam pumps s i m u l t a n ­

eously w i th  stopwatch and record the t ime.

9. During each r u n , the temperatu re  p r o f i l e  along the  

r e a c t o r  is moni tored and recorded a t  equal i n t e r v a l s  o f  10,  

20,  and 30 minutes .  The f low ra te s  of  the g a s , steam, and 

o i l  are recorded every f i v e  minutes to con t r o l  the f low  

r a te s  to the des i red  f l o w .

10. Gas samples are taken w i th  two sample c y l i n d e r

bombs of  300 cc and 1000 cc a t  20,  and 30 minutes from the

s t a r t  of  the r u n . This t ime is be l i eved  to be s u f f i c i e n t

f o r  the system to reach steady s t a t e  c o n d i t i o n .
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11. The run is t e rm ina ted  s h o r t l y  a f t e r  the second 

sample c y l i n d e r  bomb is t a ken ,  by sh ut t i ng  o f f  the steam, 

o i l ,  and quench pumps s imu l t an eou s ly .  Then tu rn  o f f  the  

Lindberg f u r n a c e s , su pe rh e a t e r ,  o i l  p r e h e a t , and the  

r e f r i g e r a t e d  bath.

12. Record the gas meter  re ad in g ,  and the buret  l e v e l s  

on the data s h e e t s . Steam is  a l lowed to f low a few more 

minutes to purge to remaining gases.

13. Al low the system to cool o v e r n i g h t ,  and disconnect  

the gas meter ,  then purge i t  w i th  compressed a i r  to f l u s h  

out the remaining gases and the condensed l i q u i d .

Gas Analysi  s System:

The gaseous products are analyzed by a Car le-Model  I I I  

a n a l y t i c a l  gas chromatograph.  The a n a ly s is  is done by using  

a vacuum sampling system wi th  a hel ium c a r r i e r  gas to o v e r ­

come the lack of  enough pressure between the chromatograph 

and the gas bomb ( 3 3 ) .  For each run one t e s t  can be made 

on the 300 cc sample c y l i n d e r  bomb and four  t e s t s  on the  

1000 cc sample c y l i n d e r  bomb. The i n d i v i d u a l  component 

peaks are determined by p h y s i c a l l y  count ing the t r a c e s , 

using a Houston inst rument  recorder  #7302 omniscr ibe 1 mv 

complete wi th  i n t e g r a t o r .  The chromatograph and i t s  

op era t ion  procedure has been descr ibed by Smith ( 3 3 ) .  The
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components analyzed and the r e l a t i v e  amounts of  each com­

pound from t h e i r  peak area are  c a l c u l a t e d  by the computer  

program ESY.FOR as shown in Appendix ( C) .
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RESULT AND DISCUSSION

A ser i es  o f  exper imenta l  runs were made wi th  the hydro­

genated Paraho and Tosco I I  shale  o i l s .  A t o t a l  of  16 runs 

were made; 7 runs f o r  the Paraho and 7 f o r  the Tosco I I  

shale  o i l s ,  and 2 a d d i t i o n a l  runs to check the r e p r o d u c i b i l ­

i t y  of  the p y r o l y s i s  system.

The two r e a c t i o n  v a r i a b l es- - r e s i d e n c e  t ime ,  r e a c t i o n  

t em p er a t u re ,  were v a r ie d  a t  constant  steam to o i l  mass r a t i o  

to determine t h e i r  r e l a t i o n s h i p  to gaseous product  y i e l d s .

The runs were at tempted a t  temperatures  of  1603,  1702,  and 

1 7 7 5 . 0 F and res id en ce  t imes of  0 . 0 5 ,  0 . 0 7 ,  and 0 .1  seconds,  

the steam to o i l  mass r a t i o  was kept  a t  about 1 .0 .

A summary of  f eeds tock c h a r a c t e r i s t i c s ,  r e a c t i o n  co n d i ­

t i o n s ,  t o t a l  gas and l i q u i d  p roduc ts ,  molar  H/C r a t i o ,  and 

C/H r a t i o  of  l i q u i d  products is  given in Tables 10 and 11. 

Tables 12 and 13 are a co mp i la t i on  o f  se lec ted  product  

r e s u l t s  o f  exper imenta l  runs on Paraho and Tosco I I  o i l s .

D e t a i l e d  in fo r m a t i o n  of  the product  gas composi t ions ,  

t o t a l  gas and l i q u i d  y i e l d s ,  and the p r ed ic t ed  molar  H/C 

r a t i o  and C/H r a t i o  are l i s t e d  in Appendix C. The computer  

program PSY.FOR and the equat ions used fo r  c a l c u l a t i n g  the 

product  y i e l d s  are given in Appendices A and B.

The exper imenta l  r e s u l t s  to be discussed in the f o l l o w ­

ing sec t ions  w i l l  cover the f o l l o w i n g  areas of  i n v e s t i g a t i o n s :
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A. The e f f e c t s  o f  the r e a c t i o n  v a r ia b le s  on the product  

y i e l d ,  the i n v e s t i g a t i o n s  take two d i r e c t i o n s :

1. Short  res idence t ime p y ro ly s is

2. High temperatures p y r o l y s i s

B. The e f f e c t s  of  feed composi t ion and n i t ro ge n  le v e l  on 

product  d i s t r i b u t i o n  and y i e l d s .

C. Comparison of  the r e s u l t s  of  steam p y r o ly s is  of  hydro­

genated shale o i l  wi th o t h e r ^ s t u d ie s  o f  shale p y r o l y s i s  of  

convent iona l  shale o i l  f eeds tocks .

A. E f f e c t  o f  the React ion V a r i a b l e s :

1. Short  Residence Time

A se r i e s  o f  exper imenta l  runs were made on the Paraho 

and Tosco I I  hydrogenated samples to study the e f f e c t  of  

sh or t  res idence  t ime on the y i e l d  o f  va l ua b le  gaseous p r o ­

ducts .  This e f f e c t  was i n v e s t i g a t e d  at  0 . 0 5 ,  0 . 0 6 9 ,  and 

0 .1 0  seconds t imes a t  average temperature  about 1606 °F and 

a steam to o i l  mass r a t i o  a t  about 1 .0 .  A summary o f  the  

exper imenta l  r e s u l t s  on the p y r o l y s i s  of  d i f f e r e n t  s e v e r i t y  

f o r  hydrogenated Paraho and Tosco I I  shale o i l s  can be 

found in Tables 12 and 13.

The weight  percent  of  f eeds tock  converted to d i f f e r e n t  

gaseous products is p l o t t e d  as a f u n c t i o n . o f  res idence  t ime  

in Figures 4 and 5. And the vo l um et r ic  gaseous product
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y i e l d s  are p l o t t e d  as a f u n c t i o n  o f  res idence t ime in F i g ­

ures 6 and 7.

Paraho Shale O i l :

Exper imental  runs were made wi th  the medium se ver ­

e l y  hydrogenated Paraho shale  o i l  (Sample #6281,  0 .27  wt.% 

n i t r o g e n ) ,  the runs were at tempted at  constant  average  

temperatu re  (1609 ° F ) .  As can be seen from Figure 4,  lo w er ­

ing res idence  t ime from Oi l  to  0 .05  seconds r e s u l t s  in 

i ncreased weight  percent  o f  feéd converted to t o t a l  gas,  

t o t a l  o l e f i n ,  e t h y le n e ,  p y r o l y l e n e ,  and 1 ,3  bu tad iene .  The 

t o t a l  gas y i e l d  increased g r a d u a l l y  from 60 .76  wt.% o f  feed  

( 1 2 . 4 2  SCF/#feed)  to 72 .09  wt.% of  feed (1 3 . 24  SCF/#feed)  

then increases  s lowly  to a maximum of  76 .60  wt.% of  feed  

( 1 2 . 6 5  SCF/#Feed) a t  1608 ° F .  The y i e l d  of  e t hy lene  

e x h i b i t s  a maximum of  28 .57  wt.% of  feed ( 3 . 9 3  SCF/#Feed)  

a t  0 .050  second and 1608 ° F .  The r e s u l t s  show a lso a 

decreas ing in the y i e l d s  of  hydrogen,  carbon monoxide,  and 

methane as the res idence  t ime decreased from 0 .1 00  to 0 .05  

seconds. A summary of  the more important  r e s u l t s  is given  

in Tables 10 and 12.

Tosco 11 O i l :

E f f e c t  o f  0 . 0 5 ,  0 . 0 7 1 ,  and 0.105 seconds res idence  

t ime were examined at  an average temperature  (1608 °F )  and 

s-team to o i l  mass r a t i o  about 1 . 0 .  The exper imenta l  r e s u l t s
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f o r  medium s e v e r i t y  hydrogenated Tosco I I  shale  o i l  

(Sample #6199,  0 .3  wt.% n i t r o g e n )  show t h a t ,  decreas ing  

the res idence t ime r e s u l t s  in increased weight  percent  o f  

t o t a l  gas,  t o t a l  o l e f i n ,  e t h y l e n e ,  py ropylene ,  1 ,3  bu ta ­

diene as shown in F igure 5. The y i e l d  o f  the e thy len e  

increased from 21 .39  wt.% of  feed (2 .9 4  SCF/#Feed) a t  

1610 °F and 0 .105  se c . to a maximum of  30 .15  wt.% o f  feed  

( 4 . 1 4  SCF/#Feed) a t  1609 °F and 0 .050  sec.  as shown in  

F igure  5 and 7, which is h igher  than the e t hy lene  y i e l d  

found a t  the same co nd i t i on  from medium s e v e r i t y  hydro­

genated Paraho o i l .  The y i e l d s  o f  t o t a l  o l e f i n  is increased  

from 35.17 wt.% to 52 .15  wt.% o f  f eed.  The y i e l d s  of  t o t a l  

gas increased sharp ly  at  f i r s t  from 53.46 wt.% of  feed  

( 9 . 4 9  SCF/#Feed) a t  0 .05  second to 69 .58  wt.% of  feed (1 1 .1 4  

SCF/#Feed) a t  0 .071 second then become constant  above 0 .071  

second. The y i e l d s  of  hydrogen and carbon monoxide decreased  

from 1.10 and 5.01 wt.% to 0 .77  and 4 .49  wt.% o f  feed r esp ec ­

t i v e l y  .

2. High React ion Tempera ture :

Tests f o r  high temperature  e f f e c t s  were made a t  

average temperatures  of  1600,  1700,  1775 °F f o r  0 .1 00  second 

residence t ime and about 1 .0  steam to o i l  mass r a t i o .  The 

r e s u l t s  of  these t e s t s  are given in Tables 12 and 13. The 

weight  percent  of  v a lu a b le  products and the vo lu m et r i c
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gaseous product  y i e l d s  are p l o t t e d  as a f u n c t io n  o f  tem­

p e ra tu r e  in F igures 8 ,  9, 10,  and 11 r e s p e c t i v e l y  f o r  hydro­

genated Paraho and Tosco I I  o i l s  

Paraho O i l :

As shown in  F igures 8 and 10, an inc rease  in the  

temperature  causes a decrease in t o t a l  o l e f i n ,  e t h y l e n e ,  

propy lene,  and 1,3 bu tad iene .  The e thy lene p roduc t ion  

decreased from 20 .83  wt.% o f  feed ( 2 . 8 6  SCF/#Feed) a t  

1605 °F and 0 .1  second to 11.86 wt.% of  feed ( 1 . 6 3  SCF/ 

#Feed) at  1773 °F and 0 .100  second f o r  medium se ve re ly  

hydrogenated Paraho o i l  (Sample #6281,  0 .27  wt.% n i t r o g e n ) ,  

a t  corresponding tempera tu res  propylene decreased from 6 .65  

wt.% o f  feed (0 .6 1  SCF/#Feed) to 1 .69  wt.% of  feed ( 0 . 1 5  

SCF/#Feed) ,  and 1,3  butadiene decreased from 3 .27  wt.% of  

feed ( 0 . 2 3  SCF/#Feed) to 0 .51  wt.% of  feed ( 0 . 0 4  SCF/#Feed) .  

The y i e l d  of  t o t a l  gas is almost  co ns ta n t ,  wh i le  the y i e l d  

of  hydrogen increased from 1.96  wt.% of  feed ( 3 . 7 5  SCF/ 

#Feed) to 5 .09  wt.% of  feed ( 9 . 7 3  SCF/#Feed) ,  which i n d i ­

cate  the medium se ver e l y  hydrogenated Paraho o i l  w i l l  under ­

go steam re forming and g a s i f i c a t i o n  takes place over the  

range o f  temperatu res s t u d i e d .  More of  the gaseous p r o ­

ducts were converted to hydrogen,  carbon monoxide,  and meth­

ane;  t h i s  maybe a t t r i b u t e d  to secondary r e a c t i o n  and conden­

sing to monoaromatics at  , the high temperature involved  

( 1 6 , 1 4 , 5 0 ) .



T -2 6 0 6 54

A poss ib le  cause o f  t h i s  re fo rming which must be considered  

is  the p o s s i b i l i t y  o f  c a t a l y t i c  a c t i v i t y  or surface  r e a c t i o n  

w i t h i n  the r e a c t o r  system, which w i l l  be discussed l a t e r .

Tosco 11 O i l :

Test  a t  average res idence t ime of  0 .1  seconds and

an average steam to o i l  mass r a t i o  of  1 .0  were made a t  1610,

1705,  and 1775 °F f o r  medium se vere ly  hydrogenated Tosco I I  

o i l  (Sample #6199,  0 .3  wt.% n i t r o g e n ) .  The r e s u l t s  o f  these

t e s t s  are p l o t t e d  in F igures  9 and 11. As can be seen from

these f i g u r e s ,  the y i e l d s  o f  e t h y l e n e ,  propylene and 1 ,3  

butadiene were decreased as the temperature  is  inc reased.

The y i e l d  o f  e t hy le ne  decreased from 21 .39  wt.% of  feed  

( 2 . 9 4  SCF/#Feed) a t  1610 °F to 11 .29  wt% o f  feed ( 1 . 5 5  SCF/ 

#Feed) a t  the same c o n d i t i o n s  propylene from 8 . 2 1  to 2 .64  wt% 

of  f e e d , and 1 ,3  bu tad iene decreased from 3 . 2 6  to 1 .87 wt% of  

f e ed .  The y i e l d  o f  t o t a l  gas is almost cons tant  as shown in 

Figure 9. Whi le the hydrogen y i e l d  increased from 1.10  wt%

( 2 . 1 1  SCF/#Feed) to 4 . 2 9  w t % o f  feed (8 .0 1  SCF/#Feed) and 

carbon monoxide increased a lso from 5.02 wt% ( 0 . 6 9  SCF/#Feed) 

to 22 .37  wt% o f  feed ( 3 . 0 8  SCF/#Feed) as can be seen in Appendix 

C f o r  runs R1 and G2, which i n d i c a t e s  a lso t h a t  the medium 

s e ve r e l y  hydrogenated Tosco I I  shale  o i l  g a s i f i e d  over  the  

high temperature  range s t u d ie d  as the hydrogenated Paraho o i l .
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3. E f f e c t  o f  S e v e r i t y

The s e v e r i t y  f a c t o r  is  a r e a c t i o n  parameter  t h a t  combines 

the e f f e c t  o f  o p e r a t i n g  co nd i t i on s  such as r e a c t i o n  tem­

p e ra tu r e  and res idence t i m e , i n t o  a s i n g l e  v a r i a b l e  which 

can be used to c o r r e l a t e  y i e l d  data (20 ,  39,  42,  43 ,  15 ) .  

Several  s e v e r i t y  f a c t o r s  have been developed or  u t i l i z e d  

f o r  c o r r e l a t i n g  p y r o l y s i s  r e s u l t s ,  the common form of  the  

s e v e r i t y  f a c t o r  ( $ )  i s  t h a t  used by the  IGT (20 )  is

S = T Q ° * 06

F igure 12 and 13 show the weight  percent  o f  the gas product  

y i e l d  as a f u n c t io n  of  s e v e r i t y  f o r  hydrogenated Paraho and 

Tosco I I  r e s p e c t i v e l y .  As the s e v e r i t y  r i s e s ,  e thy len e  

y i e l d  decreased from 28 .57  to 11 .86  wt.% o f  feed f o r  Paraho 

o i l  and from 30 .15  to 11 .27  wt% of  feed f o r  Tosco I I  o i l .

The y i e l d  o f  1,3  butadiene is  decreased s l i g h t l y  u n t i l  the  

s e v e r i t y  is above 1477 i t  begins more decrease f o r  Paraho

o i l ,  but above 1489.4 begins to increase fo r  Tosco I I .  The 

y i e l d  o f  t o t a l  gas f o r  both o i l s  decreased r a p i d l y  in the  

s e v e r i t y  range 1366 to 1400 and then decreased s l i g h t l y  u n t i l  

s e v e r i t y  is above 1 4 8 0 . i t  begins in c r e as in g  s t e a d i l y  wi th  

s e v e r i t y .  The y i e l d  o f  hydrogen and carbon monoxide are gener  

a l l y  increased wi th  increased s e v e r i t y  f o r  both o i l s .
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Figure 12.. — Effect of Severity factor on weight percent y ields
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B. The E f f e c t  o f  Feed Composi t ion and Ni t rogen Level on 

the Product  Y i e l d

Gr iswold (38)  re por ted  t h a t  the tendency of  

s e v e r e l y  hydrogenated shale  o i l  to undergo steam reforming  

a t  high r e a c t i o n  temperature  appeared a t  f i r s t  to be a 

q u a l i f i c a t i o n  to the p o t e n t i a l  advantages of  using shale  

o i l  as a pet rochemica l  f e e d s t o c k . To i n v e s t i g a t e  the causes 

of  g a s i f i c a t i o n ,  the e f f e c t  o f  feeds tock composi t ion and 

r e a c t o r  m e t a l l u r g y  w i l l  be discussed r e s p e c t i v e l y .  The 

a n a l y s i s  o f  f eeds tock  e f f e c t s  on steam reforming dur ing  

steam p y r o l y s i s  was made by s e l e c t i n g  two d i f f e r e n t  types  

of  hydrogenated shale  o i l  f eedstocks from Paraho and Tosco 

I I  shale  o i l s .  Three l e v e l s  of  hydrogenat ion were se lec ted  

f o r  p y r o l y s i s  runs,  i n d ic a t e d  by n i t ro ge n  content  0 . 0 4 8 ,  

0 . 2 7 ,  and 0 .44  wt.% of  feed n i t r o g e n  f o r  hydrogenated  

Paraho o i l  and 0 . 0 3 5 ,  0 . 3 0 ,  and 0 .82  wt% of  feed n i t r o g e n  

f o r  Tosco I I  o i l .  F igures 14 and 15 show the e f f e c t  of  

h y d r o t r e a t i n g  ( n i t r o g e n  co nte n t )  on the product  y i e l d s  f o r  

hydrogenated Paraho and Tosco I I  o i l s  r e s p e c t i v e l y .

Paraho Oi l  #6281 ( 0 . 2 7  Wt% N)

Tests were made a t  temperatures  of  1605,  17 02,  and 

1773 °F and about 0 .100  second. The r e s u l t s  show t h a t  the  

hydrogen and carbon monoxide dominated the gas product
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y i e l d  w i th  corresponding low o l e f i n  content  as shown in 

Appendix C f o r  runs T 1 , P I ,  and P2. Figures 6 and 10 show 

t h a t  the l i g h t  o l e f i n  y i e l d s  decreased as the temperature  

is  inc re as ed .  The e thy len e  i s  decreased r a p i d l y  to 11 .83  

wt% o f  feed ( 2 . 8 6  SCF / # f eed ) but the hydrogen and carbon 

monoxide increased up to 5 .09  wt% o f  feed ( 9 . 7 3  SCF / # f eed ) 

and 28 .62  wt% of  feed ( 3 . 9 4  SCF/# feed)  r e s p e c t i v e l y .

Paraho Oi l  #3536 ( 0 . 4 4  Wt.% N)

For f u r t h e r  i n v e s t i g a t i o n  i f  a less sev ere ly  hydrogenated  

o i l  would g a s i f y ,  a run a t  1611 °F and 0.101 sec.  was made. 

The r e s u l t s  given in Table  12 showed no apparent  g a s i f i c a ­

t i o n  , the y i e l d  o f  e t hy l en e  is 26 .66  wt.% of  feed (3 .66SCF/

# Feed) ,  propylene y i e l d  is 9 .65  wt% of  feed ( 0 . 8 8  SCF/

# Feed) ,  1 ,3  butadiene y i e l d  is 3 .8 5  wt.% of  feed ( 0 . 2 7  SCF/

# Feed) ,  and the y i e l d  of  t o t a l  o l e f i n s  42 .43  wt.% of  feed  

( 4 . 9 8  SCF/ # Feed) ,  w h i le  the y i e l d  of  hydrogen is very low 

0 . 9 4  wt.% o f  feed compared to  the y i e l d  of  hydrogen f o r  

medium s e ve r e l y  and high se v e r e l y  as we can see l a t e r .

Paraho Oi l  # 6280 ( 0 .0 4 8  Wt.% N)

A run a t  1607 °F and 0 .106  sec was made w i th  the most 

s e v e r e l y  hydrogenated Paraho o i l .  The r e s u l t s  i n d i c a t e  th a t  

a  ̂g a s i f i c a t i o n  took p lace .  As shown in Appendix C, "and
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Run H2, the product  gas was ext remely  high in hydrogen and 

carbon monoxide c o n t e n t . The y i e l d  of

hydrogen was ex t reme ly  high about 45 .91  mole % gas ( 6 . 9 5  

SCF/# Feed) and carbon monoxide e x h i b i t s  about 19 .97  mole % 

( 3 . 0 3  SCF/# Feed) ,  where the y i e l d  of  e thy le ne  is  about  

14 .58  wt.% of  feed ( 2 . 0 0  SCF/# Feed ) which is less  than the  

e t hy le ne  y i e l d  o f  the medium se ver e l y  Paraho o i l  a t  the same 

c o n d i t i o n .  This demonstrates t h a t  the most se ver e l y  hydro­

genated Paraho o i l  w i l l  undergo steam reforming in the  

r e a c t o r  system used over  the range of  t emperature  s t ud i e d .

Tosco U_ O i l  #6199 ( 0 . 2 7  Wt.% N)

For f u r t h e r  a n a l y s i s  o f  f eeds tock  composi t ion and p r op er ty  

e f f e c t s  another  kind of  shale o i l  was s e l e c t e d .  As discussed  

p r e v i o u s l y ,  the runs e x h i b i t e d  the same g a s i f i c a t i o n  observed  

f o r  medium se v e r e l y  hydrogenated Paraho o i l  a t  the high 

t emperature  range s t u d i e d .  The hydrogen weight  percent  of  

the  product  y i e l d  increased r a p i d l y  to 4 . 1 9  wt.% (5 2 . 2 0  mole 

% gas ) and the carbon monoxide increased to 22 .37  wt.% of  

feed (2 0 .0 5  mole % gas)  wh i le  the weight  percent  of  e t h y l e n e ,  

propylene ,  1 ,3  bu tad ien e ,  and t o t a l  o l e f i n  decreased.

Tosco 11 Oi l  #6206 ( 0 . 8 2  Wt.% N i t r o g e n )

^ The less se ve re ly  hydrogenated Tosco I I  o i l  was pyro lyzed
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a t  1606 °F and 0 .1 00  second, the r e s u l t s  show no apparent  

g a s i f i c a t i o n .  Table  13 is a comp i la t i on  o f  se l ec ted  y i e l d s .

- The y i e l d  of  e t hy l en e  is  23 .02  wt% of  feed ( 3 . 1 6  SCF/#Feed) 

which is comparable w i th  e t hy lene  y i e l d  from Paraho f e e d ­

stock o f  less  s e ve r e l y  hydrogenated o i l .

Tosco 11 0 i 1 #6209 ( 0 .0 3 5  wt% N i t r o g e n )

To analyze  i f  the high s e v e r i t y  hydrogenated Tosco I I  

o i l  would g a s i f y  a t  the same c o n d i t i o n ,  a run was made a t  

1611 °F and 0.101 second. The y i e l d  o f  e t hy le ne  e x h i b i t s  a 

maximum o f  23 .02  wt% ( 3 . 1 6  SCF/#Feed) ,  and the hydrogen 

y i e l d  is 0 .93  wt% ( 1 . 7 7  SCF/#Feed) ,  which i n d i c a t e s  t h a t  

l ess  se ve re ly  hydrogenated Tosco I I  did not g a s i f y  over  

the  range s tudied  w i th  e t h y l e n e ,  p ropylene ,  1 ,3  bu tad iene ,  

and t o t a l  o l e f i n s  h igher  than high s e v e r i t y  Paraho o i l  and 

comparable w i th  y i e l d s  from medium and less se ver e l y  

Tosco I I  o i l .

To determine the h y d r o t r e a t i n g  (n i t r o g e n  conten t )  

e f f e c t  on product  y i e l d s  the n i t r o g e n  weight  percent  on 

f eed o i l s  is  p l o t t e d  versus the weight  percent  of  va lu a b l e  

products at  approximate e q u i v a l e n t  s e v e r i t i e s  o f  1399-1404  

f o r  Paraho o i l s  and 1397-1409 f o r  Tosco I I  o i l s  as given  

by Figures 14 and 15. F igure 14 c l e a r l y  shows t h a t  as the  

degree of  hydrogenat ion decreases (n i t r o g e n  content
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i nc re as es )  the y i e l d s  of  va lu a b le  products o f  Paraho o i l s  

i nc re as e ,  which is an unusual r e s u l t .  The y i e l d  o f  e t h y -  

l ene increased from 14 .59  wt% o f  feed a t  0 .048  wt% n i t r o ­

gen to 26 .66  wt% of  feed a t  0.44,  wt% n i t r o g e n .  The y i e l d  

o f  t o t a l  o l e f i n s  increased also from 21.92 wt% a t  0 .048  

wt% o f  n i t ro ge n  to 42 .43  wt% to 42 .43  wt% a t  0 .44  wt% n i t r o ­

gen. There is l i t t l e  increase in the y i e l d  o f  t o t a l  g a s , 

prop y lene ,  and 1,3 b u t a d ie n e . For Tosco I I  o i l s  the e f f e c t  

of  h y d r o t r e a t in g  is very small  as shown in F igure  15 com­

pared to Paraho o i l s .  There is l i t t l e  inc rease in the y i e l d  

o f  e t h y le n e ,  p ropylene ,  1 ,3  bu tad iene ,  and t o t a l  o l e f i n s .

The y i e l d  o f  t o t a l  gas is  f i r s t  decreased from 62 .99  wt% of  

feed a t  0 .035 wt% o f  n i t ro ge n  to 53 .46  wt% o f  feed a t

0 .3 0  wt% n i t ro ge n  then increased up to 57 .43  25% o f  feed  

a t  0 .44  wt% n i t r o g e n .  This i n d i c a t e s  th a t  low n i t ro ge n  

shale  o i l  w i l l  undergo steam reforming in t h i s  r e a c t o r  

system f o r  both o i l s .

Reactor  Metal  1urgy

A po ss ib le  cause o f  the g a s i f i c a t i o n  which may be 

considered is the p o s s i b i l i t y  o f  c a t a l y t i c  a c t i v i t y . o r  

sur face  r e a c t i o n  w i t h i n  the r e a c t o r  system. The s i g n i f i ­

cance of  sur face  r e a c t i o n  in l a b o r a t o r y  p y r o l y s i s  is g r e a t e r  

t-han f o r  commercial  u n i t s ,  because the p y r o l y s i s  l a b o r a t o r y
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u n i ts  use much sma l le r  d iameter  reac tors  wi th  g r e a t e r  surface  

area/volume r a t i o ,  and f r e q u e n t l y  they operate  at  lower  

p r e s s u r e s .

The un de s i ra b l e  by-products  o f  coke and carbon oxides  

are produced v ia  surface  r e a c t i o n  wi th  the steam which is 

used as a feeds tock d i l u e n t .  This phenomena w i l l  occur in 

metal  r e a c to r s  using steam s ince a t  p y r o l y s i s  c o n d i t i o n s ,  

steam r ea c ts  wi th  n i c k e l ,  i r o n ,  and chromium to form oxides  

of  these m et a ls .  These undesi red products reduce the y i e l d s  

of  des i re d  products ( 1 8 ) .  The p y r o ly s is  run of  t h i s  study  

were made in 3 /8  inch d iameter  schedule 40 Inconel  A l l o y  

601 pipe (h igh  n i c k e l ) , the composi t ion of  t h i s  kind of  

r e a c t o r  is g iven in Table  14. Chambers and P o t t e r  ( 51 )  

reported high n i cke l  a l l o y s  are u t i l i z e d  in commercial  

p y r o l y s i s  u n i t s  i f  the  temperature  used exceeds 1500 °F .

Thus, t h i s  study ne c e s s i t a te d  using the high n i cke l  a l l o y s  

to prov ide  su pe r i o r  cor ros ion  r e s i s t a n c e  as wel l  as high 

r e s i s t a n c e .  As p r e v io u s ly  d iscussed,  the g a s i f i c a t i o n  

occurrence a t  high temperatu re  range s tudied  demonstrates  

t h a t  a high metal  sur face  of  n icke l  w i t h i n  the r e a c t o r  

w i l l  enhance produc t ion  o f  hydrogen and carbon monoxide as 

shown in Appendix C f o r  high temperatu re  range.
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TABLE 14 COMPOSITION OF THE REACTOR USED 

IN THE PYROLYSIS SYSTEM (52)

Kind o f  the r e a c t o r :  Inconel  A l l o y  601 Pipe

M e l t in g  Range: 2375-2495 ° F ,  1300-1370 °C

Dens i ty :  8 .0 5  g/cu cm

Nomi nal Composit ion Wt. %

Ni 60 .5

Cr 23 .0

Co -

AT 1.40

Fe 14.0

Mn 0 .5

Si 0 .2

C 0.05

Cb -

Ti
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C -Comparison With Other S t u d i e s : The runs H I ,  S2, T2,

and H2 were compared wi th  K a v i a n i a n ' s (37 )  s tud ies  and 

G r i s w o l d ' s ( 38 { s t u d i e s  on hydrogenated Tosco I I  and 

Paraho o i l s .  The comparison was made a t  approximate  

e q u i v a l e n t  (C/H)  carbon to hydrogen r a t i o n  on l i q u i d  

products as presented in Tables 15,  16, 17,  and 18.

As can be seen from these t a b l e s ,  the sh o r te r  the  

res idence  t ime the g r e a t e r  the y i e l d  o f  e th y le ne  and 

t o t a l  o l e f i n s  f o r  seve re ly  and medium hydrogenated Paraho 

o i l s  as i n d i c a t e d  by Table  17 and 18. For low s e ve r e l y  

hydrogenated Tosco I I  and Paraho o i l s ,  the s h o r te r  the  

res idence  t ime the g r e a t e r  the y i e l d  of  e t hy le ne  and a 

l i t t l e  b i t  l ess  t o t a l  o l e f i n s  as i n d ic a t e d  by Tables 15 

and 16. The product  y i e l d s  proved to be comparable to 

values in K a v i a n i a n 1s (37)  and Gr isw o l d ' s  (38)  s t u d i e s , 

wi th  higher  e t hy lene  y i e l d  and • lower p ropy lene,

1 .3  butad iene and b u tè n e s .and w i th  comparable t o t a l  

o l e f i n s  y i e l d s .
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TABLE 15 COMPARISON WITH OTHER STUDIES
(TOSCO I I  OI L)

I n v e s t i g a t o r  Author

Run # S2

Oi l  # 6206

Ni t rogen  wt% o f  feed 0.82

React ion Time,  Sec . 0 .100

React ion Temp. ,  0 F 1606

S te a m -o i1 Rat io 0 .966

C/H Rat io (Feed)  6 .59

Kavianian

H22

6206

0.82

0.743

1301

0 .820

6.67

Y i e l d s ,  wt% of  Feed

C2H4

C3H6

C4 H6

C4 H8 ' s

Tota l  O l e f i n s

C/H Rat io  o f  
( L i q .  P roduc ts )

23 .02

9 . 6 0

3 .76

2 .42

38 .80

11.10

22 .48

11 .30

4 .1 4

5 .07

42 .99

10.86



T - 2 6 0 6 73

TABLE 16 COMPARISON WITH OTHER
(PARAHO OI L)

I n v e s t i g a t o r  Author

Run # HI

Oi l  # P-3536

N i trogen,wt% Feed 0 .44

React ion T ime , Sec. 0 .101

React ion Temp. , 0F 1611

Steam-Oi1 Rat io 0 .997

C/H Rat io (Feed) 6 .37

Yi elds,wt% of  Feed

C2H4 26 .66

C3H6 9.65

C^Hg 3.85

C4 H8 's 2 .27

Tota l  O l e f i n s  42 .43

C/H R a t i o  o f  1 1 . 6 9
( L i q .  P r o d u c t s )

STUDIES

Griswold  

G16 

P-3536  

0.44  

0.41  

1351 

0.971  

6.37

21 .58

13.83

4 .98

5.97

46 .36

11.24
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TABLE 17 COMPARISON WITH OTHER
(PARAHO OI L)

I n v e s t i  ga to r  Author

Run # T2

Oi l  # 6281

Ni t r og en  wt% Feed 0 .2 7

React ion Time,Sec.  0 .069

React ion Temp. ,  °F 1604

Steam-Oi1 Rat io  0 .997

C/H Rat io  (Feed)  6 .24

Y i e l d s ,  wt% o f  Feed

C2 H4 

C3H6 

C4 H6 

C4 H8 ' s
To ta l  O le f in s

C/H R a t i o  o f
( L i q .  Pr oduct s)

24.02  

10.29

4 . 3 9

2.32

41 .02  

10.67

STUDIES

Kavianian  

K - 13 

6281 

0 .27  

0 .100  

1397 

1.03  

6 .24

16.36

11.52

4 .4 4

5.11

37.43

10.99
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TABLE 18 COMPARISON WITH OTHER STUDIES
(PARAHO OI L)

I n v e s t i g a t o r  

Run #

Oi l  #

N i t r o g e n ,  wt% Feed

React ion Time,  Sec

React ion Temp. , °F

Steam-Oi1 (Feed)

C/H Rat io  ( f e e d )  
Y i e l d s ,  wt% of  Feed

C2H4

C3H6

C4 H6

C4 H8 ' s

T o ta l  O l e f i n s

C/H R a t i o  o f
( L i q .  P r o d u c t s )

Author

H2

6280

0.048

0.106

1607

0 .976

6.43

14.58

4 .45

1.96

0.93

21 .92

11.55

Gr iswold

G7

6280

0 .048

0.411

1493

0.984

6 . 2 0

11. 59 

4 .4 0  

1.71  

0. 96 

18.66  

11 .70
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Reproduci b i l i t v  and Discussion o f  E r ror

Determining the r e p r o d u c i b i l i t y  o f  the  r e a c t i o n  system 

i s  ex t reme ly  d i f f i c u l t ,  because exact  reproduc t ions  o f  o i l ,  

steam f low r a t e s ,  and tempera tu re  p r o f i l e s  along the  r e a c t o r  

were hard to o b t a i n .  Poss ib le  e r r o r s  encountered in the  

gas product  a n a l y s i s  came from those e r r o r s  w i t h i n  the  

chromatography a n a l y s i s .

To check the cons is tency o f  the  exper imenta l  r e s u l t s  

obta ined in t h i s  s tudy ,  a d d i t i o n a l  runs H3 and S3 were made 

in an at tempt  to d u p l i c a t e  runs PI  and R1 r e s p e c t i v e l y .

The r e a c t i o n  c o n d i t io n s  f o r  each run are given in Tables  10 

and 12 f o r  Paraho o i l  and Tables 11 and 13 f o r  Tosco I I  o i l .  

Tables  19 and 20 show the percent  d e v i a t i o n s  in the  y i e l d  

o f  e t h y l e n e ,  p ropy lene ,  1 ,3  b u ta d ie n e ,  t o t a l  o l e f i n s ,  and 

t o t a l  gas , f o r  Paraho and Tosco I I  o i l s  r e s p e c t i v e l y .

Good agreement was obta ined w i th  maximum percent  d e v i a t i o n  

of  about  7% f o r  Paraho o i l  as i n d i c a t e d  in Table  19,  and 

wi th  maximum percent  d e v i a t i o n  o f  about 4% f o r  Tosco I I  o i l  

as shown in Table  20.
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TABLE 19 PARAHO SHALE OIL (SAMPLE # 6 2 8 1 )

Wt% of  Feed

Run #H3 Run #P1 _  %
Component ( S . F . 14 78 .9 )  ( S . F . 1477) X De v ia t io n

Ethy lene 15.45 14.63 15.04 2 .73

Propylene 2 .9 5 2 .56 2 .8 0 6 .96

1,3 Butadiene 2 .84 2.91 2 .8 8 1.22

To ta l  O l e f i n 21 .7 20 .38 21 .04 3.14

To ta l  Gas 59. 04 58.68 58 .86 0.31

TABLE 20 TOSCO I I  SHALE OIL (SAMPLE # 6199)

Wt% o f  Feed

Run #R1 Run #S3 _  %
Component (S .F .  14 09 .7 )  ( S . F .  1395J ) ' X D ev ia t i o n

Ethy lene 21 .39 23 .10 22 .250 3 .84

Pro py1ene 8 .21 8 .0 6 8 .1 40 0.92

1 ,3  Butadiene 3 .26 3.51 3 .380 3 .69

To ta l  O l e f i n 35 .17 36 .62 35.895 2 .0 9

To ta l  Gas 53.46 53.33 53 .39 5 1 .13
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Overa11 Mass Ba lance :

Overa l l  mass balances were made f o r  a l l  exper imenta l  

runs in t h i s  study as an important  c r i t e r i o n  in e s t a b l i s h ­

ing the v a l i d i t y  f o r  the exper imenta l  da ta .  The mass 

balances f o r  each run c a l c u l a t e d  from the t o t a l  o i l ,  wa t e r ,  

and quench water  inputs and the t o t a l  outputs which c a l c u ­

l a t e s  from the c o l l e c t i o n  f l a s k  weighings and the amount of  

feed out  as a gas .

The r e s u l t  o f  the o v e r a l l  mass balance are given in  

Table  21. The percent  of  mass balance recovery ranges from 

a high of  105.0  percent  to a low of  92 .56  perc en t .  The 

spreads are due the e r r o r  invo lved in n e g le c t in g  the amount 

of  coke s o l i d s .  But f o r  the s i ze  o f  the system used in 

t h i s  study,  the percent  recovery range shows an acceptab le  

r e s u l t .
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SUMMARY AND CONCLUSIONS

1. Steam p y r o l y s i s  c h a r a c t e r i s t i c s  a t  shdr t  it 

res idence t imes of  hydrogenated Paraho and Tosco I I  

sha le  o i l s  were s tud ied  in a bench-scale  unpacked t u b u l a r  

r e a c t o r .  The r e s u l t s  were reasonably  successful  and 

i n d i c a t e  t h a t  hydrogenated Paraho and Tosco I I  shale  

o i l s  should make e x c e l l e n t  feeds tocks  f o r  produc t ion  o f  

e t hy l en e  by steam p y r o l y s i s .  The maximum e t hy lene  p r o ­

duc t i on  and t o t a l  o l e f i n s  f o r  hydrogenated Paraho o i l

are r e s p e c t i v e l y  28 .57  weight  percent  o f  feed a t  a s e v e r ­

i t y  f a c t o r  o f  1342.7  and 51 .65  weight  percent  of  f ee d .

For hydrogenated Tosco I I  o i l  a maximum o f  30 .15  

weight  percent  o f  feed was converted to e thy le ne  a t  a 

s e v e r i t y  f a c t o r  o f  1344 .4  and 52 .15  weight  percent  o f  feed  

was converted to t o t a l  o l e f i n s .

At high p y r o l y s i s  s e v e r i t y  of  15 52 .4 ,  g a s i f i c a t i o n  

t endencies  were observed w i th  most se ver e l y  hydrogenated  

Paraho o i l ,  hydrogen and carbon monoxide dominated the  

gas product  y i e l d s  w i t h  corresponding low o l e f i n  c o n t e n t .

2.  Wi th in  the ranges s t u d i e d ,  the decrease in r e s i ­

dence t ime r e s u l t e d  in an inc rease  in o v e r a l l  convers ion  

and the y i e l d s  of  va lu a b l e  products .  The inc rease in  

r e a c t i o n  temperature  or w i th  increase  in the res idence
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t ime r e s u l t e d  in decrease in the y i e l d  of  e t hy l en e  and 

t o t a l  o l e f i n s .

3. In c re as ing  the s e v e r i t y  of  the o p e r a t i o n  r e s u l t e d  

in decreased weight  percent  o f  e t h y le n e ,  p r opy lene ,  

and t o t a l  o l e f i n s .  The hydrogen and carbon monoxide 

y i e l d s  are g r a d u a l l y  in c re as ed ,  w h i l e  the y i e l d  of  1 ,3  

butadiene is  s lowly  inc reased.  Also as the s e v e r i t y  is  

increased the weight  percent  of  t o t a l  gas is sharp ly  

decreased a t  f i r s t ,  and then l e v e l s  o f f  s l i g h t l y ,  and then  

g r a d u a l l y  increases  above the s e v e r i t y  f a c t o r  of  1480.

4. The l i q u i d  product  carbon to hydrogen and molar  

hydrogen to carbon r a t i o s  p r ed ic te d  from the carbon and 

hydrogen percentages in the feed and product  gas f o r  a l l  

the runs show th a t  f a i r l y  r e p r e s e n t a t i v e  l i q u i d  products  

was ob ta ined and the hydrogenated shale o i l s  feeds tocks  

were pyro lyzed a t  optimum c o n d i t i o n s .  The molar  H/C range  

obta ined is 0 .98  to 1.31 which shows an accep tab le  r e a c t o r  

s e v e r i t y  was ob ta i ne d .  King and Gl idden ( 1 ) ,  r eported  

t h a t  a va lue of  1 or  g r e a t e r  f o r  molar H/C r a t i o  o f  the  

l i q u i d  products is  des i red  in p y r o ly s is  oeprat  i on and 

cr ac k in g .  S e v e r i t y  is  ad jus ted  to meet t h i s  c r i t e r i o n .

The product  y i e l d s  proved to be comparable to va lues r e p o r ­

ted in o t her  s tud ies  ( 3 7 , 3 8 ) ,  w i th  higher  e t hy l en e  y i e l d  

artd s l i g h t l y  lower  p ropy lene ,  1 ,3  butadiene and butenes.
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RECOMMENDATION

A, Fur t her  study of  product  composi t ion and y i e l d s  o f  the  

va lu a b l e  components o f  steam p y r o ly s is  o f  shale o i l  a t  high 

temperature  and shor t  res idence t ime is needed.

Also ,  r e a c t o r  performance can be enhanced and the type  

of  r e a c t o r  improved by b e t t e r  cont ro l  o f  the temperature  

p r o f i l e  and reduct ion o f  the  c a t a l y t i c  a c t i v i t y  or sur face  

r e a c t i o n  w i t h i n  the r e a c t o r ,  by the f o l l o w i n g  means :

1. New and unique r ea c to r s  from Coors alumina ceramics  

t h a t  combine the d e s i r a b l e  p r o p e r t i e s  o f  metals (h igh  

s t r e n g t h ,  hardness and high temperature  r e s i s t a n c e ,  and 

chemical  r e s i s t a n c e ) .

2.  A new fu rn ac e ,  w i th  more heat ing elements w i th  

separate  c o n t r o l s  f o r  t i g h t e r  temperature  contro l  along the  

r e a c t o r .

3. A b e t t e r  steam superheat  system to ob ta i n  h igher  

steam temperature  to e l i m i n a t e  heat  losses and to help the  

temperatures  in the r e a c t o r  to r i s e  to a des i red op er a t in g  

t e m p e r a t u r e .

B. Fur ther  study to i n v e s t i g a t e  the e f f e c t  o f  h y d r o t r e a t -  

ing on product  y i e l d s  is in o r d e r ,  to study why hydrogenated  

Paraho o i l  is  a f f e c t e d  by n i t r o g e n  l e v e l ,  and hydrogenated  

Tosco I I  is  not .
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APPENDIX A 

COMPUTER PROGRAM LISTING AND NOTATION 

(PSY.FOR)
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NOTATION

Arrays

ATEN( I ) - Standard component chromatograph a t t e n u a t i o n  on 

C ar le  GC.

C FR( l )  - Component mass f r a c t i o n  of  carbon.

CMWT(I) - Component molecula r  we ight .

CMLPC( I ) -  Component mole percent  o f  product  gas.

CVOL( I )  -  Component volume in product  gas,  ScF/# -Feed.

CPA( I )  - Component chromatograph peak area at  standard

a t t e n u a t i o n .

HFR( I )  - Component mass f r a c t i o n  o f  hydrogen.

R F ( I )  -  Component chromatograph response f a c t o r  o f  Car le

GC r e l a t i v e  to methane standard.

WTPCF(I)  -  Component weight  percent  on feed o i l .

WTPCG(I) - Component weight  percent  on product  gas.

V a r i a b l e s

ACH^ -  Chromatograph methane c a l i b r a t i o n  area .

AMWT - Mo lec u la r  Weight o f  feed o i l .

AVMWT -  Average molecular  o f  product  gas.
3

CFVOL - To ta l  volume of  product  gas made dur ing run,  FT .

CHR - Carbon/hydrogen r a t i o  of  l i q u i d  products c a l c u ­

l a t e d  by gas y i e l d  d i f f e r e n c e .

LRTIME -  Length of  run,  minutes.
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MHCR - Molar  hydrogen/carbon r a t i o  o f  l i q u i d  products  

c a l c u l a t e d  by gas y i e l d  d i f f e r e n c e .

MOF - Mass o f  o i l  feed f lowed ,  g .

NITC - Weight percent  of  n i t o r ge n  content  in feed o i l .

OILNUM - Number o f  the feed o i l .

OILSV - S p e c i f i c  volume o f  feed o i l  a t  average r e a c t o r
3

t emperature  Cm / g .

PCI - L iqu id  weight  percent  of  feed.

PRS -  Atmospheric pressure ,  T o r r .

PCGF - Gas weight  percent  o f  feed.

PYRSF - P y r o ly s is  s e v e r i t y  f a c t o r .

Ra t io  - Steam-hydrocarbon mass r a t i o .

RUNNUM - Run number.

SPFG - S p e c i f i c  g r a v i t y  of  feed o i l .

STMSV - S p e c i f i c  volume o f  steam at  average r e a c t o r
3

tempera tu re  Cm / g .

SUMX - Sum of  a l l  mole f r a c t i o n  of  gas p r o d u c t s .

TAV - Mean average r e a c t o r  t e m p e r a tu r e , ° F .

TAD - Reactor  res idence t ime a t  average r e a c t o r  tempera­

t u r e ,  sec.
3

TOTVF - T o ta l  volume of  steam and o i l  vapor .  Cm .

TPG - Temperature of  product  gas,  °F .

TVPG - To ta l  volume of  product  gas.  S c F / # - F ee d .

VTLIL - Actual  l i q u i d  volume o f  o i l  feed used in the r u n ,

ml .
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VOF - Volume
3

of  o i l  vapor f lowed .  Cm .

VSF - V o l ume
3

of  steam f lowed .  Cm .

VSTM - Actual l i q u i d  volume o f  water  used in the r u n , m l .

WCH - Weight percent  hydrogen on feed o i l •

WCC - Weight percent  carbon on feed o i l .

WPGAS - Weight of  gas p r o d u c t , g.

WTPC - Weight percent  carbon of  feed o i l  in product  g a s .

WT PH - Weight percent  hydrogen o f  feed o i l in product

g a s .

The Components Analyzed Are:

1. Hydrogen

2. Carbon monoxide

3. Carbon d io x i d e

4.  Methane

5. Ethylene

6. Ethane

7. Propylene

8. Propane

9. 1-Butene

10. Trans-Butene

11. C I S - 2 Butene

12. 1 ,3  Butadiene

13%v N-Buta ne

14. T-Butane
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C * * * * * * * * * * * * * * * * * * **COMPUTER P R O G R A M * * * * * * * * * * * * * * * * * * * * * * *

C * ABDALLAH S .  ELKABÜLE
C *
C * MASTER T H E S I S  F E B . , 1 9 8 2
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ * * * * * * * * * * * * *  * * * * * * * * * * * * * * *

C THE FOLLOWING COMPUTER PROGRAM CALCULATES THE STEAM P Y R O L Y SI S  
C PRODUCT COMPOSI TI ON AND YI EL D FOR EACH COMPONENT I N PRODUCT 
C GAS AND P R E D I C T S  THE L I Q U I D  PRODUCTS YIELD,MOLAR HYDROGEN- 
C CARBON RA T IO , AN D CARBON HYDROGEN RATIO OF L I Q U I D  PRODUCTS .

, 5 6 8 4 /

p ï î p f i f e
READv 4 , 1 0 0 ) F E E D

1 0 0  F 0 R M A T V Ô A 5 )

200 ? ^ DH^f42S r 0ILNUH
3 0 0  PS88i4t̂ d)NITC

READ( 4 , 4 0 0 ) L R T I M E , V O I L , V S T M , T A V , P R S  
4 0 0  F O R M A T ( 5 F )
5 0 0  R g A D J 4 ^ 0 0 ) C F V O L , T P G ,  AMWT, S P F G ,  ACH4, WCH,  WCC

600
MO F =V OI L *S P FG
O I L S V = ( T A V * 4 6 Q . > * 3 4 6 3 4 . 4 4 / (PRS*AMWT)
S T M S V = ( T A V * 4 6 0 . ) * 3 4 6 3 4 . 4 4 / ( P R S * 1 8 . )
V O F= O IL SV *H O F
VSF=STMSV*VSTM
TOTVF=VOF+VSF

îi?ïâ2«iî8#tISRï(SMïI,,I*60-0,)
S U M X - 0 . 0

EgLioC(H l = p a )
C H 4 = A C H 4 * 1 0 2 4 .

1 0  C M L P C ( I ) = R F ( I ) * C P A ( I ) * A T E N ( I ) / C H 4
Do 2 0  1 = 1 , 1 4  

2 0  SU MX=SUMX* CMLPC( I)
DO 3 0  1 = 1 , 1 4  

3 0  CMLPC( I )  = C M L P C ( D / S U M X * 1 0 0
AVMWT=0.0 
DO 4 0  1 = 1 , 1 4  

4 0  A V M W T = A V M W T * C M W T ( I ) * C M L P C ( I ) / 1 0 0 . 0



T - 2 6 06 93

50

6 0

7 0

1 5 0

1 0 6

1 5 1

155

P C L = 1 0 0 . 0 - P C Ô F

: ^ f ï 5 » c £ H ï H « î ;S p § « f i : ^ f ï 5 » c £ H ï H « î £ " "
HTPH =
WTPC=
DO 6 0  „ — .
H T P H = t i Î P H * y T P C F ( I ) e H F R ( I
DO 6 0  1 = 1 , 1 4  
WTPH=WTPH+WTI , , 
W T P C = W T P C + W T P C F ( I ) * C F R ( I )  
K H C R = ( W C H - t i T P H ) * l 2 . / ( y C C - W T P C )
C H R = ( W C C - W T P C ) / ( H C H - H T P H )
T V P G = 0 . 0  
DO 7 0  1 = 1 , 1 4
C V 0 L ( I ) = 3 . 8 5 5 * M T P C F ( I ) / C H t i T ( I )
T V P G = T V P G + C V O L ( I )
P Y R S F = T A V * T A U * * Ô . 0 6
W R I T E C 4 , 1 4 5 ) F E E Û

K ï î i  « ; i î l  Biï? 
#8H I î î #  « ï; ï l l l:H ÎI8;PHiïî?8£P;ï?P8
W R I T E ( 4 , 1 0 6 )

2I1ÎI lîlS  ppgj[«îHPggiHîHPSfH}:gï8l:iHïï3;«i 
H H l l f c l i i  f a « ^ 8  
ï ? î H * (i 2 ï n î M É?IBI ' ïR ÏS; *T3II8: ' ,7*1' ' DW F*
V 1 4 X '  STEAM - O I L  R A T I O " , F 5 . 3 

/ 1 4 X "  P Y RO L Y S I S  S EVE RRI TY F A C T O R " , F 7 . 1
   GASEOUS P R O D U C T S '

WT % OF F E E D ' , F 6 . 2
. / / 1 4 X ;/  16 X/ "w i » ur r C.C.U / __

Ï / 1 6 X , " S C F / L B  OF F E E D ' , F 6 . 2 )
F O R M A T ( / I 5 X 4 "COMPONENT Ï 2 X 'MOL % G A S " 3 X ' W T  %GA S' 3X 
1 ' W T  % FEED 3 X ' S C F / #  F E E D "
I  / 1 5  X ——— ——— " 1 2X ————— ——— "3X ————————— "3X

i jP â i lS w iM î M ï f î h i ' î î ï E » ? ’;
ia§X'ETHANE:iQX*2(§X*F5.2),2(1X*F5.2>

.........................................................W
  i : " 4 X , 2 f 6 X , F 5 . 2 ) , 2 f 7./I6X 'CIS-2BUTÊNE "5J

716x; n-BOTANE'8X^2(6X>F5,2I,2(7X;F5.2V 
f6rmaT[ / f ^5"LIq0i 6 PRo66Et iv?5X"#HTei  FEED",F6.2
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STOP
END
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SAMPLE CALCULATION
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SAMPLE CALCULATION

A. Reactor  Volume C a l c u l a t i o n

Pipe Volume: ( tt/ 4 ) ( 0 .4 9 3  i n ) ^ ( 1 3  i n )' - )  ̂ =

4 0 .6 7  Cm3

Thermocouple Well  Volume: ( i r / 4 ) ( l / 4  i n ) 3 ( 13 in )  ( 3 ~ 3 j n- m) 3

10 .47  Cm3

Reactor  Volume: 4 0 .6 7  - 10 .47 = 30 .196 Cm3

B. Computer Program C a l c u l a t i o n

1. React ion parameters:

8
Average r e a c t o r  = £ TT / 7

Temperature Tc = 2

where TC = Thermocouple

S p e c i f i c  Volume = RT 
of  Steam P'(l"I )

S p e c i f i c  volume = RT t  
o f  o i l  vapor

Tota l  Vapor = ( s p e c i f i c  vo l . -  o f  o i l  v a p o r ) (mass of  o i l  
Volume f low

f lowed)

+ ( s p e c i f i c  v o l .  o f ■ stem)(mass of  water  

f 1 owed)

Volumet r ic  f low r a t e  = To ta l  v a p o r /  I 1 + ( r a t i o )
Vol . f l ow /  L -I

(MWTo i l ) / 1 8  J
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r , , , .  c ” , ; ; r ) -

Steam-hydrocarbon r a t i o  -  g * “  g f  ' " ^ t o ô ê d ^

2. Product  Gas Composit ion

M n i  r  f n r t i n n  n f - ( P e a k  area ) ( a t ténua  t  i on ) (isen s i t  i  v i t y  ) 
comp " V  on (Methane standard a r e a ) ( 1 0 2 4 )
product  gas

Cor rected  Mole = Mole A c t i o n  of  comp." l "  on
f r a c t i o n  o f  _______ product  gas_____________
r n m n  ' ■ ? "  n n  Sum of  a l l  mole f r a c t i o n  of
product  gas 9as P ^ u c t s

Average molecula r  = ( c o r r e c t e d  mole f r a c t i o n )  
weight  of  product
gas /mo le cu la r  weighty

Ko f  c o m p ." i " ;

Mass of  product  = ( P/RTpp ) (MWTp r ) ( Volume o f  p r od uc t ) 
gas gas

where Tpg = Temp, o f  product  gas and MWTpç = Mo lecu lar  

weight  o f  product  gas .

Component- / •=  (Co r rec te d  mole f r a c t i b n  ) ( mo] ? c '̂!?1*' uf I 9 *1*
Weight  ,------- ,--------—=—r-r— —QJ— — --------
o f  product  molecular  weight  of  product
gas

100
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Gas weight%. = (Mass of  product ) /  (Mass o f  feed ) x 100 
of  feed gas o i l

Component weight% = (Component weight%) (Gas we igh t%) /100  
of  feed o f  product  gas of  feed

L i qu id  wei ght% = 100 -  gas weight  % 
of  feed

Volume of  = E ( R T / P ) ( GomPonî nt  weight r^^Component ,  
n r n d u r t  o f  feed ' ' vm o l e c u ! a r ;
gas weight

( Standard  
C o n d i t i on )

Wei ght% = Z (component weight%)(component  mass) 
Hydrogen of  feed f r a c t i o n  of
on product  hydrogen
gas

W e i g h t  % carbon = Z ( component weight%)(component  mass ) 
on product  gas of  feed o f  carbon )

3. Molar  Hydrogen-Carbon Rat io  o f  L iquid  Products

Weight% Hydrogen = (we igh ts  hydrogen) - (wei g h t % hydrogen) 
in l i q u i d  in feed on product  gas

W e i g h t  % carbon = (we igh ts  carbon)  - (Weight"  ca rbon) 
in L iqu id  in feed on product  gas

■ siita Sîm.’î.iiii” » -
of  l i q u i d  products
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Carbon/hydrogen = (we igh t#  ca rbon) / (we igh t#  hydrogen)  
r a t  ip o f  1 i quid in l i q u i d  in l i q u i d
product

4.  P y r o ly s is  S e v e r i t y  Factor  = ( r e a c t i o n  te mpera tu re )

( r es ide nc e  t im e) ^*^ ^
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REACTION CONDITIONS AND PRODUCT ANALYSIS 

ON THE SAMPLES OF HYDROGENATED PARAHO OILS 

(RUNS T1 THORUGH H3)
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APPENDIX C 

COMPUTER PROGRAM PSY.FOR OUTPUT
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REACTION CONDITONS AND PRODUCT ANALYSIS 

ON THE SAMPLES OF HYDROGENATED TOSCO I I  OILS 

(RUNS R1 THROUGH S3)
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