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THEORFTICAL ANALYSIS OF CYCLIC PROCESSES 
FOR PYROLYSIS OF PETR0L;RTM OILS 

Alan Kardas, S. A. Weil, A. R .  Khan, and Jack Huebler 

I n s t i t u t e  of Gas Technology 
Chicago 16, I l l i n o i s  

INTRODUCTION 

The most severe problem which faces any u t i l i t y  
i s  the a b i l i t y  t o  supply gas, water, o r  e l e c t r i c i t y  during 
periods of peak demand. 
industry, t he  gas comes from wells which a r e  generally a 
great  distance from the  point  of use. T h i s  requires the 
construction of very expensive transmission pipelines. 
use these pipel ines  economically, i t  i s  necesary t o  run them 
at  near t h e i r  maximum capacity a t  a l l  times. 
done during periods of low consumption, the pipelines w i l l  be 
incapable of furnishing the required gas during periods of 
high consumption and means of supplementing gas w i l l  have t o  
be found. 

I n  the case of the na tura l  gas 

To 

If this i s  t o  be 

I n  pract ice ,  the gas industry meets this problem in  
I a lasge var ie ty  of ways. For example, addi t ional  uses o f  gas 

during periods of low consumption are encouraged by seUlng 
the gas on an in t e r rup t ib l e  basis a t  a low cost. 
that when non-interruptible customers - principal ly  r e s iden t i a l  - 
require gas the in t e r rup t ib l e  service can be shutoff. 
qui te  generally so ld  t o  indus t r i a l  manufacturers on tliis basis. 
These concerns meet the problem which confronts them when t h e i r  
service i s  interrupted by putting i n  standby f a c i u t i e s  such 
as combination burners which can burn o i l  as well  as gas. A 
second method, very commonly used by the gas industry, i s  t o  
store the gas near the point of Consumption. 
been used qui te  extensively where na tura l  storage f a c i l i t i e s  
exis t .  Such f a c i l i t j e s  might be depleted o i l  o r  gas wells, 
aquifers, or underground storage caverns which occur na tura l ly  
and which are capable of containing gas a t  r e l a t ive ly  high 
pressure. A t  the present time there i s  great  i n t e r e s t  in 
liquefying na tu ra l  gas and s tor ing it  i n  various types of 
containers near the poin t  of consumption. 

problem there s t i l l  rema.ins, i n  many loca l i t i e s ,  a problem of 
meeting the high peaks of demand which occur during extremely 
cold weather. 
length and occupy only from ten t o  t h i r t y  days of the year. 
I n  the creation of f a c i l i t i e s  to  handle such peaks it i s  
apparent that investment cost i s  a paramount i t e m .  If, f o r  
exmple, the average annual usab i l i t y  of the f a c i l i t y  i s  15 
days, the fixed charge on the investment i u u s t  be carr ied by 
15 days of operation r a the r  than 365 days. 
fixed charge mist be multiplied by a fac tor  of near ly  25 in 
arr iving at the cost  which must be added t o  the cost of the 
gas which is  furnished dur ing  the peak period. 

T h i s  means 

G a s  i s  

T h i s  method has 

W l e  a l l  of the above means are used t o  meet thls 

Commonly, such periods are only a few days i n  

Therefore the 
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One of tlhe methods used t o  meet the peak demands is  
storzge of propane, which can be blended w i t h  a i r  when needed 
and sent out w i t h  the natural  gas which i s  arr iving v ia  
the pipeline. A s  mentioned above, storage of na tura l  gas 
e i the r  i n  underground f a c i l i t i e s  o r  as l iqu id  na tu ra l  gas can 
be used t o  meet the problem. I n  some sections of the United 
Statcs,  pr incipal ly  the northeastern sections, it i s  
advaitageous t o  s tore  o i l  and t o  gasify the oil when the 
supplemental gas i s  required. 
w i t h  the o i l  gasif icat ion process. 

A large number of processes have been developed t o  
gasify oil. 
such as h drogasification (1,2,3) or  thermofor pyrolyt ic  
cracking r4,15), wMch are  both continuous processes capable 
of gasifying a wide range of feedstocks. 
unsuitabye, however, because of their high investment cost .  
The cyclic processes t o  be discussed here most near ly  meet 
the requirements of the gas u t i l i t y  industry i n  the  important 
aspect of having low investment cost. 

The present paper i s  concerned 

Among these a re  highly sophisticated processes 

They are found t o  be 

GENERAL PROCESS CONSIIERATIONS 

When petroleum o i l s  are heated t o  about 1100'F. 
or  higher, pyrolysis occurs, tha t  is, the' larger o i l  
molecules undergo thermal cracking t o  form a wide var ie ty  of 
end products. The chemistry and the chemical k ine t i c s  of 
this process has been thoroughly studied and reported by 
Linden et; ( 6 , ~ ) .  During the thermal cracking process 
coke, tar, aromatic liquids, and butadienes are formed, as 
well  as permanent gases such as methane, ethane, ethylene, 
hydrogen, etc., which can be used as subs t i tu tes  f o r  na tura l  
gas. The gas issuing from the thermal cracking device is, 
therefore, cooled t o  condense the tar and scrubbed w i t h  light 
o i l  t o  remove objectionable consti tuents such as benzene, 
toluene and the butadienes. 
f l u e  gas t o  adjust  the heating value and density t o  make i t  
subst i tutable  f o r  natural gas, the product gas i s  sent t o  the 
customer. 

I n  sp i t e  of the highly involved chemistry, 
Linden e t  a1 (6,7)have shown that the gas resu l t ing  from 
the cracking operation can be characterized by a f a i r l y  simple 
expression; the heating value and products formed are a 
function of 

After being properly blended with 

t OO.OC3 

i n  which t i s  the temperature a t  which the cracMng occurs in 
O F .  and 8 is  the time i n  seconds. While h d e n ' s  work was 
conducted under essent ia l ly  isothermal conditions one can, 
derive from i t  the integrated e f fec ts  o f  temperature and time 
at temperature i n  a non-isothermal heating process. These 
relat ionships  w i l l  be discussed i n  a future paper. The present 
paper i s  concerned with the heat transfer aspects of an o i l  gas 
s e t  ( t he  cyclic 'heating apparatus) and not d i r e c t l y  with the 
chemical kinetics.  
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The equipment used to carry out the oil gasification 
process can, in principle, be extremely simple. It may 
consist of an insulated shell into which refractory shapes are 
placed in such a fashion as to provide free access of flowing 
oil vapors to the surface of the refractory shapes and to 
allow the refractories to be heated up by a flow of hot flue 
products. For example, one might lay up conventional firebrick 
to form parallel walls with spaces between the walls for the 
passage of the gases. Heat is stored in the refractories by 
passing a combusted oil and air mixture through the passages. 
When the desired amount of heat has been stored in the 
refractory, a small amount of steam is passed through the 
passages to remove most of the flue products. Then oil mixed 
with steam is passed through the passages. The oil-steam 
mixture utilizes the stored heat to vaporize the o i l ,  to heat 
it to cracking temperature, and to furnish the required heat 
of cracking. When the stored heat has been removed, a small 
amount of steam is again passed through the set to remove the 
last of the oil gas and the heating cycle is again initiated. 

regenerative heat exchange device. A significant difference 
between the operation of the oil gas set and the regenerators 
in comon industrial use arises from a fact which can be seen 
in Linden's correlation; i. e., the heating value of the gas 
product is extremely sensitive to temperature. In any 
regenerative process the temperature of the stream being 
heated will be hotter at the beginning of the cycle than it 
will be at the end. Since temperature has such a pronounced 
effect in the oil gas process it is necessary to use extremely 
short cycles to minimize this temperature difference. 

In principle, the oil gas set performs simply as a 

THE HEAT MCMctE PROBLEM 

The numbgr of permutations and combinations of ways 
to accomplish the cyclic heat exchange required in an oil gas 
operation are limitless. One can chose from a large number 
of heat exchange materials and there are limitless variations 
in their size and shape. The process can be operatea cocurrent 
flow (the heating stream and the m a b  (oil) stream traveling 
in the same direction through the set) or countercurrently 
(the heating. stream flowing through the set in one direction 
and the make stream in the reverse direction). The heat or 
make streams can be introduced into the set at a variety of 
points and the heating air can be preheated from the residual 
heat in the make stream before the air is combined with oil 
for combustion on the heating cycle. 
further complicated by carbon deposition, which occurs during 
the cracking portion of the cycle and which is, of necessity, 
burned off during the heating cycle. 
variations, as well as the chemical kinetics, have been built 

The problem can be 

Nearly all of these 



i n t o  a d i g i t a l  computer program which i s  capable of describing 
the de t a i l s  of the process with suff ic ient  accuracy that the 
computed heating value of the product gas i s  i n  very good 
agreement with ac tua l  operating resul ts .  
of this computer program i s  beyond the scope of the present 
paper. We w i l l ,  however, show some very simplified expressions 
f o r  the heat t ransfer  problem which w i l l  give a c lear  indica- 
t i o n  a s  t o  the important variables i n  the heat transfer process 
together with some resu l t s  of the computer program f o r  a typ ica l  
cocurrent-flow set. 

Sbp l i f i ed  Model 

The simplest model of a regenerative heat exchanger 
i s  one i n  which the heating gas and the cooling gas flow 
through the s e t  i n  the same direction ( p a r a l l e l  flow), and 
having heat exchange material  with an infinite heat capacity. 
The heat exchange material  w i l l  then adopt a constant 
temperature intermediate t o  .the heat and make streams. Thus 
one can write 

A detai led description 

hiA (ti-ti) Ti = b A  ( t i - t z )  T2 

hlA (ti-ti) T i  = - - W I C ~  Ti - dtl  

( 1) 

( 2 )  dx 

where 

h = heat t ransfer  coeff ic ient  - Btuj '(hr 7 ft;* x OF.) 
A = heat t ransfer  area per u n i t  length - ft2/ft 
t = temperature - OF. 
T = time o f  period - hr 
w = mass flow ra t e  of gas per uhit 'open area, 

lb/(hr x f t 2 )  
c = specific heat of gas - Btu/( lb x OF. ) . 
x = length i n  direction of flow - f t  

Subscripts 
1 = heating gas 
2 = cooling gas 
i = heat transfer suGface 

Equation (1) equates the heat t ransfer  r a t e  multiplied 
by the period time of the two par t s  o f  the cycle, assuming no 
purge periods. 
up by the heating ga8 as sensible heat of temperature change 

Equation ( 2 )  equates the same t o  the heat given 



so 

per  un i t  length along the regenerator. Equation ( 3 )  eqdates 
the heat l o s t  by the heating stream t o  the heat’gained by che 
cooling stream. 

Equation (1) i s  used t o  solve for tf i n  terms of t; 
and tg. This r e s u l t  is  substi tuted i n t o  EquatiGn (‘2 I .  
Equation ( 2 ) ,  with the  subst i tut ion,  i s  differi.iitiated ;,:’ 
respect to  x and the resu l t ing  term containing dt2/dx i r  
e M n a t e d  by using i t s  value from Equation (3).  Thus, a 
second order equation i n  tl i s  obtained a8 follows1 

a1 = wlclTl 
a2 = W Z C ~ T ~  

Appropriate boundary Conditions of 

x = 0, tl = t10, tg = t20  

x = OJ, tl = t Z  

can be applied t o  t h e  integrat ion of Equation ( 4 )  and the 
related expressions f o r  t2,and the final result  is  

To a fair degree of approximation, the temperature 
rise of the make stream (100’ t o  - 1300OF.) arid the temperature 
drop of the heating stream (3000’ t o  N L700°F. ) are of the 
same order of magnitude, A s  a consequence, the values of a1 
and a2 are a l s o  of the same order o f  magnitude. If  the periods 
and the heat transfer coef f ic ien ts  a r e  also equal, Equation ( 6 )  
re duc e s t o  

i 
I 
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which is t r i v i a l  except t o  show that the period time w i l l  
tend t o  cancel out under t>hese operating conditfons. 
addition if TP is made lower but not T1 o r  al, then wzcz w i l l  
have t o  go up or  the set capacity w i l l  f a l l  and i f  wzco goes 
up, & w i l l  a l so  rise and &T2 w i l l  tend t o  s tay  the same. 
A s  a r e su l t  the e f f ec t  of the period i s  very small. 
computer program bears this conclusion out as can be seen i n  
Figs. 1, 2, and 3 where the make period has been varied from 
43 t o  86 seconds without appreciable change in the heating 
value of  the o i l  gas produced. The heating value of the o i l  
gas is very senai t ively re la ted  to  the temperature the o i l  
reaches as described above. 

In 

The 

Refined Heat Transfer Model 

!rhe above very simple treatment of  the probleig g-ve 
no information on the e f f ec t  of the propert ies  of the heat 
t ransfer  medium. 
problem can be' obtained i n  .the following way. 

equal t o  ( t l - t o )  is impressed upon a heat transfer material 
having real properties,  ci, pi, ki, ai 
where 

A be t t e r  approximation t o  the ac tua l  

If a sine wave temperature var ia t ion having an anpUtudc 

pi = density - lb/ f t3  
% = conductivity - Btu/hr  x f t  x O F .  
ai = d i f fus iv i tg  - ft2/hr 

and i f  ha is  equal t o  h=., it can be shown (8) tkat the surface 
t e m p e r a b e  of the heat transfer medium w i l l  oscillate between 
ti,l and t i , *  i n  such a way that 

where F is a constant and is given by 

F=l+?!% [ h 6: '$&]1'2 ' ( 9 )  

Equations (1) ,and ( 2 )  may be revised t o  account f o r  
the f a c t  that the heat exchange medium has an average surface 
temperature which i s  higher than ti during the heating cycle 
and cooler dur ing  the cooling cycle. 

h l A  (tl - ti,l) TI = &A (ti,2-;tz) T2 (La) 
(28 )  h l A  (tl - ti,l) T i  = -WlC1Tx 

I f  Equation (8) is used Fn combination with (la) and (2a) 
and the same rocedure followed as shown above the  resulting 
solutions wid be exactly as i n  Equations (5)  and (6)  except 
f o r  the def in i t ion  of b which becomes b ' .  
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Some values o f  F have been computed for reasonable 
values of the various parameters and using a f i r ec l ay  and a 
s i l i con  carbide re f rac tory  as the heat exchange medium. 
Table I shows the propert ies  of these two re f rac tor ies  

Table I 

01 Material - P - C - k 

Firec lay  0.88 0.295 130 0.023 

Sil icon Carbide 9 0.289 160 0.195 

Si l icon carbide represents a nearly optimum material 
while f i rec lay  represents about the l e a s t  expensive material 
which has suf f ic ien t  s t ruc tu ra l  strength under the conditions 
of use. Table I1 shows the assumed values o f  T and h and the 
resu l t ing  values of (1-F). 

Table I1 

Period Time, Heat Exchange 1-F 
T, min. Medium h =  5 h = 10 

1.5 Fireclay 0.93 0.87 

1.5 Si l lcon  Carbide 0.98 0.96 

2.5 F i rec lay  0.90 0.84 

2.5 Si l icon Carbide 0.97 0.94 

This tab le  shows that the thermal propert ies  of the 
heat exchange material a re  not an overriding consideration. 
The la rges t  e f fec t  i s  a t  an h of 10 and a period of 2.5 
minutes (5  minute cycle) where the s i l i con  carbide shows a 
12% higher value of (l-Fj. T h i s  would allow the use o f  12% 
less surface area of s i l i con  carbide ( l e s s  refractory) or 12% 
more roduction of o i l  gas w i t h  the same surface and no change 
in h ?same amount of re f rac tory  but rebricked t o  keep the gas 
ve loc i t ies  unchanged) .) 

I n  an extensive monograph on regenerative heat 
transfSr,  Hausen (8) derives equations which a r e  very similar 
t o  those given above but which cover long cycles as well  as 
short  ones. If the two a re  compared f o r  the conditions of 
Interest i n  o i l  gas sets the quant i ta t ive r e su l t s  are very 
close although t ,he\algebraic form of expressions showing the 
e f f ec t  of the propert ies  of the heat exchange medium are qui te  
different .  I n  place of F given above in Equation (g), Hausen has 
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1 -  

h6 
1 + O.375 62 l / B  

k(0.3 + z) 
where 

6 i s  the brick half thickness - f t  

He a l so  has tils same harmonic form of combining 
the values of hlTl and b T 2 ,  T1 and TB as wel l  as al and a2. 

The Computer Model 

While the f oregohg relat ionships  a r e  very useful  
t o  examine the a f f ec t s  of . the  variables they can not be used 
to  predict  ac tua l  operating resu l t s .  Pa r t ly  this i s  due t o  
the f a c t  that the r e su l t s  of the cracking react ion are dependent 
upon time as w e l l  as on temperature and i n  a very complex 
fashion. The capabi l i ty  of being able t o  consider the large 
number of possible ways t o  construct and operate a set is 
important. 

I n  addition the heat t ransfer  coeff ic ient  during the 
heating period var ies  by a subs tan t ia l  amount due t o  the intense 
gas radiat ion i n  the first several  courses of br ick and the 
effect ive heat capacity of the make stream var ies  considerably 
due t o  heat of vaporization i n  the f i r s t  f e w  courses and heat 
of cracking i n  the cen t r a l  sections. 

Fig. 4 shows an example of a very common cocurrent 
set  design. 
empty crossover section. 
these s e t s  me ac tua l ly  converted carburetted water gas sets .  
A s  mentioned e a r l i e r  there  a re  a large var ie ty  of shapes and 
s izes  of this design and many other designs as w e l l .  

The open space a t  the top of the l e f t  hand section 
is  required as a combustion section on the heating period. 
refractory i n  the f i r s t  few courses j u s t  below the combustion 
chamber i s  usually made of s i l i con  carbide In order t o  with- 
stand the extreme temperature f luctuat ions which occur in the 
switch from hot f l u e  gas ( 3 0 0 0 9 . )  t o  cold o i l  and s t e m  
(200'F. ). The h i g h  thermal conductivity and d i f fus iv i ty  of 
this material g rea t ly  minimizes i t s  temperature f luctuat ion 
as can be seen i n  Table I1 and Equation (9) .  Below the  
s iHcon carbide are courses of br icks  which are usua l ly  
f i r ec l ay  and which a r e  not always l a i d  up in the same pat tern 
as the s i l i con  carbide. 

It i s  built with two v e r t i c a l  sect ions with an 
T h i s  construction comes about because 

The 
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; ~ n , i  c:l-c;i.i-li fi : ~ I , : .  i!: :.cj.*41~!.~~ i t ~ ~ ; - l , ~ ' ~  ' 21.'. 

oj' t,l!c ( : ~ j ~ i i p ~ .  

i,he iiO0.l. ~i,l-tl.1j3.I-c 
the gases are  co 
ei2.st at that  pcs2t.i on. T'he viZi+atioJi in time of imth the 
refr:J,ct,oi?y and lilt go.ses i s  c o i n p t e d .  at thi: subuii.;.: ~ L o n  with 
tile rei'rcx tory te!tlperat;ure bsiiit; cmput-eu as a func i.. -,n of 
depi.il h-ib i t  liomilal i.o the ~ 3 s  flow ZLrection. I n  si.ct.:!ons 
where thermal creclri~-q occurs 1;hc heating value and y i i .  - of 
the o i l  gas are  coinpiitetl as a fimction of tim over the p riod 
and time weighi;eu Fivemge values calculated. 

I b e  cocul;i~e~;t s c t s  crc  rc.1ntively sinple t o  compute 
conqxreci 1.0 t , ix  c o ~ u i ~ , ~ ~ ~ ~ u i . ~ ~ ~ e ~ i I , .  TI ils j. s because the 
teinperat:xr,e of CXCII gas stream i s  known a t  t he i r  common inlet; 
p o i n t  t o  the sei. 
front,  solve the fi-rst subdivision and then proceed t o  the 
second, etc. If, 1.s !-lot; inferred that, ille solution i t s e l f  is 
simple but only- that tho pi-docedure i s  sti~ei.i3iit,foruerd. I n  
the cowitercurrent set this can not be done because the 
i n i - t i a l  gas s t i ~ ~ r n  teaiperatures are known at opposite ends of' 
the set .  This ~imkcs it necessary t o  ~mke ar "educated guess" 
for the en t i re  so t ,  run through .tihe solution; "twess again" 
and repeat unti.1 an acceptably clone agreement i.s obtained. 
This i t e r a t ion  process is superimposed on the i t e r a t i v e  
processes used a t  oach subdivi s.i.on and the required computer 
time i s  considerably greater. 

and 7. 
a t  the beginni-ng and end of each period. Fig. 6 shows the 
var ia t ion In heating value of the o i l  gas during the make 
period at various posi t ions i n  the set. Fig. 7 shows the 
heating value and y ie ld  a t  the start and end of a period 
as w e l l  as the average values as a function of the length of 
the set .  
represent ac tua l  operation but ac tua l  r e su l t s  would not appear 
too different  in prlnciple .  

T h i s  makes Jt, possible t o  s tart  at the 

Typical comp7Jter resul1,s are shown i n  Figs. 5, 6, 
Fig. 5 shows t h e  heating gas and o i l  gas temperatures 

These r e s u l t s  a re  f o r  an idealized s e t  and do not 
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C ONCUJSION 

A highly sophisticated computer lC;;w<ram has been 

The program i s  being used t o  analyze 

developed which i s  capable of handling both the complex heat 
exchange relationships and the chemical kinet ics  involved i n  
cycUc o i l  gas sets. 
e x i s t h g  sets and t o  enable recomendationsfor improvbg 
them t o  be made. 
o i l  gas s e t  in  the near future. 

It w i l l  a l so  be used t o  design an optinnM 

Closed form solutions of the heat t ransfer  problem 
have been obtained. These solutions can be used t o  show 
the general  e f fec ts  of the parameters and their in te r re la t ion-  
Bhips and t o  approximate the design of the optimum set. 
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Fig. 3. - EFFECT O F  SUPERHEATER LENGTH AND 
MAKE PERIOD DURATION ON MAKE GAS HEATING 
VALUE FOR A MAKE OIL RATE O F  1988 POUNDS 
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Fig. 4. - SCHEMATIC DIAGRAM O F  TWO-SHELL 
COCURRENT OIL GAS SET 
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Fig. 7 . -EFFECT O F  REACTOR LENGTH ON 
MAKE GAS HEATING VALUE AND 

AVERAGE MAKE GAS YIELD 
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