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ABSTRACT 

In-situ combustion is a thermal method of enhanced oil recovery 

whereby oil is ignited underground, creating a combustion front which 

is propagated through the reservoir by continuous air injection. 

In recent years, results of laboratory and field experiments have 

been reported in literature describing the forward combustion process, 

but as yet, only limited qualitative or quantitative studies of the 

kinetics of fuel combustion involved in this process have been reported. 

The main purpose of this work was to study the oxidation reaction 

kinetics in the forward combustion oil recovery process. To accomplish 

this, an apparatus was designed. A total of 31 runs were made wherein 

a thin, stationary layer of oil sand was oxidized isothermally in a 

combustion cell. Individual runs were made at various temperatures, 

pressures, and flow rates to permit determination of the effects of 

these variables upon the reaction. In addition, regular combustion tube 

experiments were run to assess the importance of process variables on 

frontal behavior. 

By continuous analysis of the produced gases from the reactor, at 

both isothermal and linearly-increasing temperatures, it was found that 

combustion of crude oil in porous media follows a complex series of 

reactions. These reactions can be divided into three sequences: 

(1) low-temperature oxidation, (2) fuel deposition, and (3) fuel 

combustion. 

xiii 



A model is proposed to analyze and differentiate among these 

reactions. The method deve~cpec? is reasonably fast and can be used to 

measure the oxidation and deposition of fuel for a given crude oil and 

porous medium. 

The conclusions are: 

The amount of fuel deposited on sand decreases as reaction 

temperature is increased; 

Larger amounts of fuel are deposited on the system containing 

clays and finer sands; 

The atomic hydrogen-carbon ratio for the deposited fuel 

decreases when temperature increases; 

A higher weight percentage of hydrogen than weight percentage 

of carbon is burned at the beginning of the combustion run; and 

Increasing the partial pressure of oxygen increases the molar 

carbon dioxide-carbon monoxide ratio. 

Expressions were obtained for the low-temperature oxidation rate of 

oil, the fuel deposition rate and the burning rate of fuel as functions 

of fuel concentration, reaction temperature, and oxygen partial pressure. 

The results show that the reaction rate constants match the Arrhenius 

equation. The reaction rates for four types of crude oil indicated a 

reaction order of one with respect to fuel concentration, but less than 

one with respect to oxygen partial pressure. The activation energy of 

each reaction was different for the few crude oils examined. It decreased 

for a porous medium containing metallic additives or clays. This is 

attributable to the catalytic effects of these additives on the reactions. 

Due to the importance of these effects, it was finally concluded that 

any laboratory study of in-situ combustion should be made on the native 

core material to evaluate the feasibility of this process in the field. 

xiv 



1. INTRODUCTION 

I n  many heavy o i l  r e s e r v o i r s ,  t h e  most e f f e c t i v e  way and sometimes 

t h e  only way t o  s t i m u l a t e  product ion is t h e  a p p l i c a t i o n  of  h e a t .  The 

thermal energy may b e  introduced from t h e  s u r f a c e  i n  t h e  form of e i t h e r  

h o t  water ,  o i l ,  o r  gases ,  o r  by steam i n j e c t i o n .  It may a l s o  be gener- 

a t e d  i n  s i t u  by burning p a r t  of t he  o i l  i n  t h e  underground r e s e r v o i r s ,  

a process  known a s  " in-s i tu  combustion." 

I n - s i t u  combustion i s  b a s i c a l l y  t h e  process  of i n j e c t i n g  a i r  i n t o  

a n  o i l  r e s e r v o i r  through s e l e c t e d  i n j e c t i o n  w e l l s  t o  c r e a t e  a n  a i r  sweep 

w i t h i n  t h e  r e s e r v o i r ,  then i g n i t i n g  t h e  crude o i l  and propagat ing a 

combustion f r o n t  through t h e  r e s e r v o i r  wi th  continued a i r  i n j e c t i o n .  

This i dea  d a t e s  back t o  1923 when a p a t e n t  was granted on a process  

s i m i l a r  t o  i n - s i t u  combustion. However, i t  was n o t  u n t i l  1952 t h a t  two 

modern f i e l d  t e s t s  were conducted i n  t h e  s t a t e  of Oklahoma (Kuhn and 

Koch, 1953; Grant and Szasz, 1954). I n - s i t u  combustion has  been t e s t e d  

i n  over a hundred f i e l d  a p p l i c a t i o n s ,  many of which have been reviewed 

and compared i n  t h e  l i t e r a t u r e  (Farouq A l i ,  1972; Brigham e t  a l . ,  1980).  

There have been s i g n i f i c a n t  v a r i a t i o n s  of t h i s  method devised f o r  

t h e  purpose of handl ing r e s e r v o i r  s i t u a t i o n s  apparent ly  n o t  d e a l t  wi th  

by o r d i n a r y ' i n - s i t u  combustion. For example, i n  t h e  r e v e r s e  combustion 

method, t he  i n j e c t e d  a i r  and t h e  burning f r o n t  move countercur ren t ly .  

The o b j e c t i v e  of t h i s  process  w a s  recovery of heavy t a r s  which have 

l i t t l e  o r  no n a t i v e  mob i l i t y .  Af t e r  t h e  r eve r se  process  was discovered, 



t he  ad j .ec t ive  "forward" was app l i ed  t o  t h e  o lde r  i n - s i t u  combustion 

process .  Water i n j e c t i o n  i n t o  t h e  w e l l  e i t h e r  concurren t ly  o r  a l t e r n a -  

t i v e l y  wi th  a i r  i n j e c t i o n  is used i n  o rde r  t o  g e t  a more e f f i c i e n t  h e a t  

u t i l i z a t i o n .  The a d j e c t i v e  "wet" desc r ibes  t h i s  process .  I n  t h i s  

paper we w i l l  be  concerned p r imar i ly  wi th  d ry  forward combustion. 

1.1 T h e m i  and Hydrodynamic Aspects 

F igure  1.1 p r e s e n t s  a schematic drawing of t h e  dry ,  forward in- 

s i t u  combustion process .  The events  occurr ing  a s  a high-temperature 

combustion f r o n t  approaches a volume element i n  t h e  porous bed may be 

v i s u a l i z e d  a s  fol lows:  (Martin -- e t  a l . ,  1958; Wilson -- et a l . ,  1958; 

Tadema, 1959; Ramey, 1971; Wu and Ful ton,  1971; Burger and Sahuquet, 

1977).  When t h e  temperature of t h e  volume element s t a r t s  r i s i n g ,  water  

and some l i g h t h y d r o c a r b o n s  a r e  vaporized and c a r r i e d  ahead i n  t h e  gas 

stream. Because t h e  vapors  move f a s t e r  than  t h e  combustion f r o n t ,  they 

soon h i t  t h e  co lder  a r e a s  where they condense. Then, a f t e r  t h e  l ead ing  

edge of zone E passes  through t h e  element,  t h e  o r i g i n a l  o i l  i s  subjec ted  

no t  on ly  t o  ho t  water  d r i v e ,  vapor iza t ion ,  steam and gas d r i v e ,  bu t  a l s o  

t o  mi sc ib l e  displacement by t h e  recondensed l i g h t  hydrocarbons. 

Af t e r  a l l  t h e  water  has  been vaporized,  t h e  temperature i n c r e a s e s  

more r a p i d l y  causing a marked r educ t ion  i n  t h e  o i l  v i s c o s i t y  and an  in-  

c r ease  i n  both o i l  and gas volumes by thermal expansion. These e f f e c t s  

r e s u l t  i n  a d d i t i o n a l  flow of l i q u i d  o i l .  I n  a d d i t i o n ,  more components 

of t h e  o i l  w i l l  vapor ize  as t h e i r  vapor p re s su re s  exceed t h e i r  p a r t i a l  

p re s su re s  i n  t h e  gas phase. 

A s  t h e  combustion f r o n t  moves c l o s e r  t o  t h e  volume element and 

0 
when t h e  temperature exceeds about  600 F, t h e  r e s i d u a l  o i l  i n  t h e  
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element c racks  i n t o  a  v o l a t i l e  f r a c t i o n  and a  non-vola t i le  heavy res idue .  

P a r t  of t h e  v o l a t i l e  f r a c t i o n  recondenses i n  t h e  coo le r  zones downstream, 

and t h e  r e s t  r e m i n s  i n  t h e  gas phase. The non-vola t i le ,  n o n - d i s t i l l a b l e  

residuum c o n s i s t i n g  of coke, tar, and p i t c h  c o n s t i t u t e s  t h e  primary f u e l  

f o r  combustion. The cracking  zone i s  followed by t h e  combustion zone 

( B ) ,  where t h e  f u e l  f o r  combustion genera tes  t h e  thermal hea t  energy 

f o r  t h e  process .  The burning f r o n t  i s  a narrow reg ion  only inches t h i c k .  

0 
This  f r o n t  temperature may range between 600-1200 F. The movement of t h e  

f r o n t  is  a r e s u l t  of combustion of a l l  f u e l  which can  be  consumed a t  

e x i s t i n g  condi t ions .  I f  a i r  i s  used a s  t h e  i n j e c t i o n  medium, t h e  con- 

v e c t i o n  wave iormed by hea t  recovery w i l l  move a t  about  one-quarter 

t h e  v e l o c i t y  of t h e  combustion f r o n t  (Martin e t  a l . ,  1959; Ramey, 1971).  

Af t e r  a l l  t h e  f u e l  has  been burned, a zone of c l e a n  sand (A), w i l l  b e  

l e f t  behind where only a i r  i s  flowing. 

The most important f a c t o r s  i n  any i n - s i t u  combustion p r o j e c t  a r e :  

(1) t h e  amount of f u e l  consumed per  u n i t  of r e s e r v o i r  volume swept by t h e  

combustion zone, ( 2 )  t h e  composition of t h e  f u e l  consued, ( 3 )  t h e  amount 

of a i r  requi red  t o  consume t h i s  f u e l ,  (4)  t h e  p o r t i o n  of t h e  r e s e r v o i r  

swept by t h e  combustion zone, (5) t h e  app ropr i a t e  a i r - i n j e c t i o n  r a t e s  

and p re s su res ,  (6)  t h e  amount of o i l  t h a t  w i l l  be  recoveredy, (7)  t h e  r a t e  

of o i l  product ion and (8) t h e  ope ra t ing  c o s t s  (Alexander e t  a l . ,  1962).  

Nelson and McMiel (1961) descr ibed  a  procedure which u t i l i z e d  

labora tory  combustion-tube d a t a  a s  a  b a s i s  f o r  t h e  c a l c u l a t i o n  of some 

of t hese  design f a c t o r s  ( s ee  Appendix B ) .  They used t h e  fol lowing 

s to i ch iome t r i c  equat ion  as a  b a s i s  f o r  t h e i r  c a l c u l a t i o n s :  



where : 

n = t h e  a tomic  hydrogen-carbon r a t i o  

X = t h e  molar r a t i o  o f  produced ca rbon  d i o x i d e  t o  ca rbon  monoxide 

CH = t h e  a tomic  fo rmula  f o r  t h e  f u e l  n 

Although i n - s i t u  combustion h a s  p r o p e r l y  been c h a r a c t e r i z e d  as a h i g h  

m o b i l i t y  r a t i o  p r o c e s s ,  it a p p e a r s  t o  have a r e a l  s t a b i l i t y  w i t h  much 

less f i n g e r i n g  tendency t h a n  cou ld  be  expected from m o b i l i t y  r a t i o  con- 

s i d e r a t i o n s  a l o n e .  The r e p o r t e d  a r e a l  sweep e f f i c i e n c i e s  have been 

around 50% (Farouq A l i ,  1972) .  

I n  t h e  p u b l i s h e d  l i t e r a t u r e ,  i n i t i a l  a t t e m p t s  were d i r e c t e d  toward 

a n  a n a l y t i c a l  t r e a t m e n t  o f  t h e  h e a t  f l o w  mechanism w i t h o u t  c o n s i d e r a t i o n  

f o r  f l u i d  f l o w  e f f e c t s  (VogeP and Krueger,  9955; Ramey, 1959; B a i l e y  and 

Lark in ,  1960; Chu, 1963; Thomas, 4963; Penber thy and Ramey, 1966; Gott-  

f r i e d ,  1966; P e r b e r t h y ,  19671, A 1 4  of  t h e s e  t r e a t m e n t s  were h i g h l y  

i d e a l i z e d  i n s o f a r  as t h e  chemical  and p h y s i c a l  dynamics o f  t h e  p r o c e s s  

were  n o t  t a k e n  i n t o  a c c o u n t .  R e c e n t l y ,  s o p h i s t i c a t e d  numer ica l  models 

have been developed which i n c l u d e  t h e  complex physico-chemical  phenomena 

w i t h  a s e t  o f  e lementary  k i n e t i c  e x p r e s s i o n s  (Crookston e t  a l . ,  1979; -- 

Youngren, 1980; Coa t s ,  1980) .  

1 . 2  K i n e t i c s  Aspects  

The r e a c t i o n  between f u e l  and oxygen i n  a forward combustion pro- 

c e s s  i s  a he te rogeneous  f l o w  r e a c t i o n ,  For t h e  b u r n i n g  f r o n t  t o  move, 

i t  i s  n e c e s s a r y  t h a t  i n j e c t e d  o x i d a n t  g a s  p a s s  through t h e  burn ing  zone.  

Within  t h e  b u r n i n g  zone,  a number of k ~ o m  t r a n s p o r t  p r o c e s s e s  o c c u r .  

F i r s t ,  oxygen moves from t h e  b u l k  gas s t ream t o  t h e  f u e l  i n t e r f a c e .  Then, 



perhaps, the oxygen adsorbs and reacts with the fuel. Combustion 

products then desorb, and finally transfer into the bulk gas stream. 

If any of these steps is inherently much slower than the remaining ones, 

the overall rate will be controlled by that step. Also, the rate of 

each of the series of steps must be equal in the steady-state condition. 

However, no useful correlations exist for computation of adsorption 

and desorption of oxygen in a porous medium. 

Unfortunately, consideration of each of these phenomena becomes 

extremely difficult for even simple reactions. Theoretical expressions 

for postulated mechanisms often contain ten or more arbitrary constants. 

Because of the large number of arbitrary constants, several expressions 

developed for widely different mechanisms will often match experimental 

data equally well. 

The overall in-situ combustion process can be characterized by a 

simple two-step chain reaction. These steps are fuel deposition and 

fuel combustion which are essentially competitive (Bousaid and Ramey, 

1968; Dabbous and Fulton, 1974; Thomas -- et al., 1979). However, another 

type of reaction, low-temperature oxidation of crude oil (LTO reaction), 

is also important. LTO takes place upon air injection either before or 

after ignition, when oxygen is available downstream from the combustion 

front (Ramey, 1959; Moss -- et al., 1959; Tadema and Weijdema, 1970; 

Burger, 1976). This may result from: (1) incomplete oxygen consumption 

in the high temperature combustion zone, (2) air channeling around the 

front, or (3) a tilted combustion front surface, (Dabbous and Fulton, 

1974) . 



In general, the combustion rate, 
Rc' 

of crude oil in a porous 

medium can be described as follows, (Wilson et al., 1963; Bousaid and 

Ramey, 1968; Burger and Sahuquet, 1979): 

where : 

Cf = instantaneous concentration of fuel 

k = rate constant 

p = partial pressure of oxygen 
O2 

m,n = reaction orders 

The reaction constant, k, is often a function of temperature, T, as 

expressed in the following equation (Smith, 1970; Carberry, 1976): 

where: 

A = the Arrhenius constant 
r 

E = the activation energy 

R = universal gas constant 

For heterogeneous reactions, rhe constant, 
*r 

is a function of the 

surface area of the rock (Smith, 1970). 



2. LITERATURE REVIEW 

Early studies of crude oil oxidation in a porous medium were mostly 

qualitative. Differential thermal analysis (D.T.A.) was performed on 

samples of crude oil (Tadema, 1959; Berry, 1968). The resulting thermo- 

grams represented the thermal history of each sample as it was heated at 

0 
a uniform rate (usually lO C/min) in a constant air flow (usually 35 

scf/hr). These thermograms (Fig. 2.1) indicated the presence of a 

number of exothermic reactions. 

Another method of analysis is Thermogravimetric Analysis (T.G.A.). 

Here, a sample of crude oil is weighed continuously as it is heated at a 

constant rate. The resulting curve of weight change vs time or temper- 

ature gives the TGA thennogram. A coupling of TGA and DTA thermograms 

also indicated the occurrence of at least two reactions at different 

temperatures (Bae, 1977). 

Finally, some investigators attempted to measure the kinetic para- 

meters by oxidizing crude oil in a packed bed and analyzing the produced 

gases (Bousaid and Ramey, 1968; Weijdema, 1968; Dabbous and Fulton, 1974; 

Thomas -- et al., 1979). Although the use of an Arrhenius-type equation for 

the oxidation of crude oil has been questioned by some investigators 

(e.g., Bae, 1977) this approach has been accepted by others. 

Tadema (1959) described the existence of two main reactions, one at 

a low temperature and one at a higher temperature, which are quite common 

for a large number of crude oils. About the same time, Gates and Ramey 

(1958) described a third oxidation reaction which took place at measurable 





r a t e s  a t  t h e  i n i t i a l  formation temperature dur ing  a i r  i n j e c t i o n .  La ter  

on, work done on k i n e t i c s  of crude o i l  ox ida t ion  i n  porous media con- 

ffrmed t h e  occurrence of t h r e e  major r e a c t i o n s  i n  i n - s i t u  combustion 

(Bousaid and Ramey, 1968; Weijderna, 1968; Dabbous and Ful ton ,  

1974: Thomas e t  a l . ,  1979).  These were: 1. Fuel  Deposi t ion,  2 .  Fuel  -- 

Combustion, 3 .  Low-temperature oxida t ion .  

2 .1  Fuel Deposi t ion 

The terms coke formation,  f u e l  lay-down, c racking ,  and f u e l  deposi- 

t i o n  of t h e  i n - s i t u  combustion l i t e r a t u r e  a l l  d e s c r i b e  t h e  process  of 

l eav ing  f u e l  on t h e  s o l i d  ma t r ix  a s  t h e  crude o i l  moves forward. I n  t h i s  

paper ,  t h e  term f u e l  depos i t i on  w i l l  be  used. 

The quan t i t y  of f u e l  depos i ted  and t h e  r e a c t i o n  r a t e  w i t h i n  t h e  burning 

zone have been t h e  s u b j e c t s  of i n t e n s i v e  s tudy  f o r  a  number of reasons .  

F i r s t ,  t h e  maximum o i l  recovery i s  t h e  d i f f e r e n c e  between t h e  o r i g i n a l  

o i l  i n  p l ace  (OOIP) a t  t h e  s t a r t  of t h e  ope ra t ion  and t h e  o i l  consumed a s  

f u e l .  Second, one of t h e  most important f a c t o r s  i n  t h e  economic evalua- 

t i o n  of any i n - s i t u  combustion p r o j e c t  is  t h e  c o s t  of a i r  compression. 

Excessive f u e l  depos i t i on  causes t h e  burning f r o n t  t o  advance slowly and 

t h i s  i n c u r s  l a r g e  a i r  compression c o s t s .  

On t h e  o the r  hand, i f  t h e  f u e l  concen t r a t ion  i s  too  low, t h e  h e a t  of 

combustion w i l l  n o t  be s u f f i c i e n t  t o  r a i s e  t h e  temperature of t h e  rock 

and t h e  contained f l u i d s  t o  a  l e v e l  of s e l f - sus t a ined  combustion. This  

may l e a d  t o  combustion f a i l u r e .  

The mechanism of f u e l  depos i t i on  has been discussed by many Inves t i -  

ga to r s .  Some b e l i e v e  t h a t  t h e  f u e l  r e spons ib l e  f o r  combustion i s  carbon 

which is  depos i ted  on t h e  rock a f t e r  t h e  fol lowing p y r o l y s i s  r eac t ion :  



Others assume t h e  dominant mechanism i s  a cracking phenomenon, 

from t h e  breaking down o f  molecules due t o  h e a t ,  and l eav ing  a 

r e s i d u e  c a l l e d  "coke" on t h e  rock: 

( C H ) + C H + + C x n H  
X Y n m - y-m 

Early measurements of t h e  depos i ted  f u e l  on t h e  r e s e r v o i r  

(2.1) 

r e s u l t i n g  

heavy 

(2 2) 

rock were 

made i n  t h e  l a t e  1950's .  I g n i t i o n  s t u d i e s  of coke-bearing samples taken 

from South Bel r idge  f i e l d  (Gates and Ramey, 1958) i nd ica t ed  f u e l  d e p o s i t s  

3 ranging from 1 t o  5.4 l b l f t  of bu lk  volume. This  was around 15% by 

weight of t h e  i n i t i a l  051 i n  p lace .  Extremely h igh  f u e l  d e p o s i t s  of  8.9 

3 t o  14.2 l b / f t  were found i n  s e v e r a l  r e s e r v o i r  rock samples which appeared 

t o  be  composed mainly of c lays tones  o r  f i n e  s i l t .  The atomic hydrogen- 

carbon r a t i o  of t h e  coke was determined t o  be 1.67 and i t s  s p e c i f i c  g r a v i t y  

averaged 1.38 (compared t o  t h e  g r a v i t y  of t h e  i n i t i a l  o i l  which was 12  -9' 

API-0.98 s p e c i f i c  g r a v i t y ) .  

I n  another  f i e l d  experiment,  Moss -- et a1.(1959) achieved a c l o s e  

3 correspondence between f u e l  depos i t i on  i n  t h e  f i e l d  (1.9 l b / f t  sand) and 

3 i n  t h e  l a b o r a t o r y  (1.8-2.2 I b l f t  of sand) .  This  l e d  t o  ex t ens ive  work 

i n  t h e  l a b o r a t o r i e s  on i d e n t i f i c a t i o n  of t h e  quan t i t y  and q u a l i t y  of f u e l .  

However, r a t h e r  than  d i r e c t l y  measuring t h e  amount of f u e l  depos i ted ,  

most i n v e s t i g a t o r s  est imated t h e  quan t i t y  of depos i ted  f u e l  through 

s to i ch iome t r i c  equat ions  developed by Nelson and McNiel (1961). 

Alexander et a l .  (1962) d id  a comprehensive s tudy on t h e  f a c t o r s  -- 

a f f e c t i n g  f u e l  a v a i l a b i l i t y  (or  depos i t i on ) .  These f a c t o r s  were o r i g i n a l  

and r e s i d u a l  051 s a t u r a t i o n ,  API g r a v i t y ,  v i s c o s i t y ,  atomic H/C  r a t i o ,  



and Conradson carbon r e s i d u e  (ASTM). Although i t  i s  doubt fu l  t h a t  t h e  

f i r s t  few crude o i l  p r o p e r t i e s  can  be  unique c o r r e l a t i n g  parameters ,  

t h e  l a t t e r  f a c t o r ,  i.e. Conradson carbon r e s idue ,  should be a n  i n d i c a t o r  

of t h e  coke-forming p rope r ty  of t h e  crude o i l .  The f u e l  a v a i l a b i l i t y  

showed roughly d i r e c t  l i n e a r  dependence on t h e  Conradson carbon r e s i d u e  

and an i n v e r s e  dependence on API g r a v i t y .  S imi la r  r e s u l t s  were obtained 

by Showalter (1963). However, bo th  t h e  l abo ra to ry  and f i e l d  da t a  show 

t h a t  rock l i t h o l o g y  could be  more s i g n i f i c a n t  than  o i l  g r a v i t y  i n  

determining how much f u e l  i s  depos i ted  (Gates and Ramey, 1958; Bousaid 

and Ramey, 1968).  

Alexander -- et a l .  (1962) a l s o  i n d i c a t e d  t h a t  high o i l  s a t u r a t i o n  and 

low burning f r o n t  temperature y i e l d  g r e a t e r  f u e l  depos i t ion .  Wilson, 

e t  a l .  (1963) concluded t h a t  f u e l  depos i t i on  is independent of i n i t i a l  -- 
o i l  s a t u r a t i o n ,  bu t  i n s t e a d  depends on t h e  r e s i d u a l  o i l  s a t u r a t i o n  a t  

t h e  steam p la t eau .  I n  t h i s  r eg ion  steam d i s t i l l a t i o n  was found t o  be t h e  

main mechanism f o r  f u e l  depos i t i on .  The amount of o i l  s a t u r a t i o n  was 

found t o  be  nea r ly  cons t an t  i n  t h i s  r eg ion  (Wu and Ful ton,  1971).  A 

similar s tudy  was c a r r i e d  ou t  i n  t h e  USSR by Nagorny (1974) i n  which o i l  

d e n s i t y  and a i r  f l u x  were found t o  be important f a c t o r s  i n  f u e l  deposi- 

t ion .  

Using TGA thermograms of 15  d i f f e r e n t  crude o i l s  i n  a  wide g r a v i t y  

0 
range (6-38 API) i n  t h e  presence  of both n i t rogen  and a i r ,  Bae ( 1 9 7 7 )  

showed t h a t ,  i n  gene ra l ,  t h e  o x i d a t i o n  of crude o i l  s t a r t s  a t  h igher  

temperatures  and less h e a t  i s  r e l e a s e d  as t h e  p re s su re  is  lowered. For 

most of  t h e  samples s t u d i e d ,  a t  50 p s i g  and up t o  500°F, t h e  weight l o s s  

i n  t h e  presence of n i t r o g e n  o r  a i r  was around 60%. It was deduced t h a t  



distillation was the dominant mechanism for fuel deposition. At higher 

pressures, less distillation would occur and more fuel would be avail- 

able for reaction. In Bae's work, only a few crude oils were reactive 

enough at low temperatures to generate the heat necessary to sustain a 

low-temperature combustion front. 

The importance of the specific surface area was discussed by 

Poettman, -- et al. (1967). They deduced that the surface area had a direct 

effect on fuel deposition characteristics of high-gravity, paraffin-base 

crude oil. Their results showed that high oil saturation, around 70%, 

0 
relatively low temperature, approxiamtely 117 C, and air flux, around 

2 
O.lcc/cm -s (12 scf/hr-sq ft), maximizes the amount of fuel deposition 

( 3 . 6 5 % ,  carbon weight/rock weight). Also, the minimum fuel required to 

initiate a combustion wave was found to be about 1% by weight. Given 

these conditions, sufficient time is necessary to promote the deposition 

of carbon on sand. Table 2.1 sumarizes results from some studies of 

the deposition rate. 

2.2 Fuel Combustion 

Because fuel combustion occurs at the combustion front, investigators 

have used the data of combustion tube experiments to define the combustion 

front and its characteristics, Their goal was to obtain correlations 

relating the combustion front velocity and front temperature to experi- 

mental variables such as pressure and air flux. Given such a correlation, 

the air requirement could then be easily assessed. In their pioneering 

work, Martin -- et al. (1958) found a direct relationship between air flux 

and frontal velocity. They were also able to correlate the frontal 

velocity with the rate of total oxygen consumption (flux times oxygen 

consumed). 
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This  work was supported by Benham and Poettmam (1958) who used 

Eq. 1.1 combined wi th  a m a t e r i a l  ba lance  equat ion  t o  g e t :  

where: 

U = ai r  f l u x ,  sef  h / f t  
2 

Y = f r a c t i o n  of oxygen consumed 

V = f r o n t  v e l o c i t y ,  f t / h r  
f  

3 Cf = depos i ted  f u e l  l b / f t  of formation 

Of course,  t h e  above equat ion  is  another  ve r s ion  of t h e  gene ra l  m a t e r i a l  

ba lance  equat ion  (Penberthy and Ramey, 1966): 

- - u 
'f Cf (AFR) 

where : 

AFR = Air-fuel  r a t i o ,  s c f / l b  

The same kind of c o r r e l a t i o n  was r epo r t ed  by Moss e t  a l .  (1959), Showalter -- 

(1963), and Wilson -- et a l .  (1963),  ( s e e  Fig.  7 .9) .  

These r e l a t i o n s h i p s  could i n d i c a t e  t h a t  i f  t h e  a i r  f l u x  drops below 

a c e r t a i n  l i m i t  i n  t h e  f i e l d ,  t h e  burning f r o n t  may ex t inguish .  

On t h e  con t r a ry ,  f i e l d  tests have ind ica t ed  t h a t  t h e  burning f r o n t  could 

remain s t a t i c  f o r  long pe r iods  of t ime, a s  w e l l  a s  move normal, o r  counter- 

c u r r e n t  t o ,  t h e  d i r e c t i o n  of a i r  f low (Ramey, 1971).  The f r o n t  moves i n  

t h e  d i r e c t i o n  i n  which f u e l ,  ox idant  and temperature were s u f f i c i e n t  t o  

permit t h e  r e a c t i o n  t o  cont inue.  

Wilson and o t h e r s  showed t h a t  f r o n t  temperature increased  wi th  a i r  f l o w  

b u t  became independent of a i r  f l u x  a t  s u f f i c i e n t l y  high pressure .  Pressure  



w a s  a l s o  found no t  t o  a f f e r t  bvth  f r o n t  temperature and i ts  v e l o c i t y  

a t  high a i r  f l u x ,  wh i l e  a t  low f l u x ,  a h ighe r  p re s su re  i n c r e a s e s  t h e  

peak temperature and decreases  t h e  burning f r o n t  v e l o c i t y  (Martin -- e t  a l . ,  

1958; Wilson e t  a l . ,  1953).  However, t h e  p re s su re  e f f e c t  is minor. 

Berry and P a r r i s h  (1960) d id  a t h e o r e t i c a l  s tudy  on r e v e r s e  combus- 

t i o n  which was r e in fo rced  by t h e  experimental d a t a  of Wilson -- et a l .  (1963). 

They no t  on ly  included t h e  e f f e c t  of p re s su re  and a i r  f l u x  on f r o n t  tempera- 

t u r e ,  bu t  a l s o  s tud ied  t h e  e f f e c t  of hea t  l o s s .  They found t h a t  h e a t  l o s s  

reduces t h e  f r o n t a l  v e l o c i t y  wi thout  a change i n  temperature.  Such a s tudy  

has n o t  been done on forward combustion. 

Although l i t t l e  q u a n t i t a t i v e  work has been done on t h e  r e a c t i o n  

k i n e t i c s  involved i n  forward combustion, ex t ens ive  l i t e r a t u r e  e x i s t s  on 

t h e  ox ida t ion  of carbon and o i l  which i n d i c a t e s  f i r s t - o r d e r  r e a c t i o n  

dependency on both carbon concen t r a t ion  and oxygen p a r t i a l  p re s su re .  

Bousaid and Ramey (1968) r epo r t ed  a s tudy of t h e  carbon burning r a t e  

f o r  two types of crude o i l .  Thei r  f i n d i n g s  a r e  i n  agreement w i th  s e v e r a l  

o the r  s t u d i e s .  However, t h e  c o n d i t i o n s  under which they s tud ied  t h e  f u e l  

depos i t i on  probably do n o t  s imu la t e  t h e  sequence of hydrodynamic and 

thermal e f f e c t s  experienced by a r e s e r v o i r  volume element a s  a combustion 

f r o n t  approaches. Furthermore, t h e  r e s i d u a l  hydrocarbon had no t  been 

sub jec t ed  t o  low temperature o x i d a t i o n  r e a c t i o n s  p r i o r  t o  combustion. 

Bousaid and Ramey d id  no t  s tudy  t h e  e f f e c t  of s u r f a c e  a r e a  on t h e  r a t e  of 

r eac t ion .  

Dabbous and Ful ton  (1974) observed t h a t  t h e  combustion r e a c t i o n  i s  

f i r s t - o r d e r  wi th  r e s p e c t  t o  oxygen p a r t i a l  p re s su re ,  bu t  second-order wi th  

r e spec t  t o  carbon concent ra t ion .  They a l s o  found t h a t  t h i s  r e a c t i o n  is  

c o n t r o l l e d  by d i f f u s i o n .  Although they  observed some e f f e c t s  of s u r f a c e  
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area of clay additives on the reaction rate, they did not measure them. 

Table 2.2 summarizes measured combustion rate parameters from several 

studies. 

By using a special sampling probe, Thomas, -- et al., (1979) were able 

to obtain gas samples from a combustion tube at different temperatures. 

They measured the rates of both fuel deposition and fuel combustion. 

Their work showed that operating pressure had no effect on the activation 

energy, but that it did affect the Arrhenius constant. However, their 

data were not accurate enough to detect low-temperature oxidation (LTO) 

reactions. 

2.3 Low-Temperature Oxidation 

LTO reactions are characterized by either no carbon oxides or low 

levels of carbon oxides in the effluent stream. In other words, more 

oxygen reacts with the hydrocarbons than can be found in the produced 

gases. 

This reaction occurs with the oxygen dissolved in the whole volume 

of the dispersed oil phase. Oxygen diffusion to the hydrocarbon molecules 

is faster than the oxidation process (Dabbous and Fulton, 1974). 

Some of the products of low-temperature oxidation of oils are 

alcohols, aldehydes, ketones, acids and peracids. It has also been 

reported that aldehydes promote the reaction (Crawford, 1968). It appears 

that: the reaction rate is proportional to the specific surface area of the 

matrix raised to a power of between 0 and 1 (Dabbous and Fulton, 1974; 

Burger and Sohuquet, 1977). In addition, certain soils and metallic 

derivatives have catalytic effects on this reaction (Bousaid and Ramey, 

1968; Johnson et al., 1968; Crawford, 1968). 
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By subjecting a sample of oil sand to a heating schedule, Alexander 

et al. (1962) found that LTO reactions, over an extended period of time, -- 
promote the deposition of coke-like residues on the sand grains. For a 

21.8' API crude, the amount of this material was maximized at an LTO 

0 
reaction temperatrue of 425 F and then it decreased sharply to zero at 

700'~. They also found that if the heating rate schedule is decreased, 

more fuel is deposited as a result of increased LTO reactions. They 

emphasized that LTO reactions increase the oil viscosity and alter the 

distillation characteristics of crude oil. The same conclusion was 

reached by Bae (1977) who found that crude oils generally gain weight 

in an air atmosphere at low temperatures. Bousaid and Ramey (1968) 

reported several experiments studying the rate of LTO reaction. 

Several authors have indicated that the ignition delay corresponds 

to the initial part of the oxidation process during which a very small 

fraction of crude oil is altered. They used the heat released by the 

oxidation reaction to estimate the spontaneous ignition time for crude 

oils (Tadema and Weijdema, 1970; Burger, 1976). Dabbous and Fulton 

(1974) found that light crudes are more susceptible to partial oxidation 

than are heavy oils. LTO reactions may affect the movement of oil and 

water and, ultimately, the performance of an in-situ combustion process 

(Alexander - et * a1 Y 1962). Some of the reported LTO rates are shown in 

Table 2.3. 
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3 .  STATEMENT OF THE PROBLEM 

In the previous sections, the interdependency of the different 

mechanisms involved in in-situ combustion was discussed. As it was 

shown, the attempts to correlate the laboratory data and to apply these 

data to the field have not been entirely successful. Part of the reason 

is the use of combustion stoichiometry which is not adequately defined. 

The oxidation of multicomponent hydrocarbon mixtures is very complex in- 

volving several reactions. 

A knowledge of the kinetic data for the various reactions involved 

is imperative for making meaningful predictions of the effectiveness of 

any in-situ combustion project. Also, the kinetic model should be based 

on the oxygen reacted rather than the carbon oxides produced. This is 

because: (1) low-temperature oxidation reactions consume more oxygen than 

can be accounted for in the effluent gas; (2) the heat release per mole 

of oxygen reacted is approximately the same, regardless of the mechanism 

(Wilson et al., 1963). 

The work done on the kinetics of in-situ combustion is limited and 

sometimes inconclusive. The investigators either have used the regular 

kinetic models based on the effluent gas composition to estimate the 

reaction rates (Bousaid and Ramey, 1968; Dabbous and Fulton, 1974), or 

else they have neglected some of the reactions in their calculations, 

(Thomas -- et al., 1979). Thus, due to the scarcity of applicable data in 

the current literature and also to provide a better understanding of the 



reactions occurring at and ahead of the combustion front, it was necessary 

to undertake new laboratory studies. 

The first objective of this investigation was to build an apparatus 

for neasuring the reaction rates involved in in-situ combustion. The 

second was to measure the effects of variables such as temperature, 

oxygen partial pressure, flow rate, crude oil type, and lithology on 

these reaction rates. These kinetic data will provide useful informa- 

tion about the relative importance of the individual oxidation reactions. 

This, in turn, may lead to an understanding of whether the combustion 

front moves as a result of fuel dominated reactions or as a result of 

diffusion control. 

The purpose of the investigation was also to demonstrate experi- 

mentally the importance of the process variables on the frontal movement 

and to measure the saturation distribution ahead of the front, the gas 

produced as the combustion front approaches the deposited fuel, and, 

finally, the burning front thickness. For these reasons, several 

combustion tube runs were made. The final goal of the study was a 

theoretical evaluation of the burning front thickness using the kinetic 

data. 



4. EXPERIMENTAL EQUIPMENT 

Two s e p a r a t e  k inds  of experimental  appara tus  were cons t ruc ted .  

The f i r s t  w a s  designed f o r  displacement and s imu la t ion  purposes,  and 

cons i s t ed  mainly of a l i n e a r  ( v e r t i c a l l y  downwards) combustion tube  

wi th  t h e  necessary  hea t ing  devices ,  temperature c o n t r o l l e r s ,  product 

s epa ra t ion ,  gas sampling and a n a l y s i s  equipment. The second experi-  

mental appara tus  w a s  designed f o r  r e a c t i o n  k i n e t i c  s t u d i e s .  It cons i s t ed  

of a combustion c e l l  equipped wi th  a furnace ,  temperature and flow r a t e  

c o n t r o l ,  and record ing  equipment, a u x i l i a r y  flow system and gas a n a l y s i s  

equipment. 

4 .1 Combustion Tube Apparatus 

F igure  4 .1  shows a schematic  diagram of t h e  combustion tube  appara- 

t u s ,  wi th  Table 4 .1  p re sen t ing  t h e  combustion tube  d a t a  ga the r ing  

equipment. The combustion tube  i s  of s t a i n l e s s  s t e e l  and has  f l a n g e s  a t  

both ends which a r e  s i l v e r  so ldered  t o  t h e  tube  as shown i n  Fig.  4.2. 

Two Viton gaske t s  a r e  used t o  secure  t h e  f l anges  and two s t a i n l e s s  s t e e l  

w i r e  s c reens  of d i f f e r e n t  mesh a r e  f i t t e d  i n  t h e  bottom f l ange .  The 

upper s c reen  i s  of 200 mesh t o  prevent  t h e  sand from e n t e r i n g  t h e  produc- 

t i o n  l i n e .  The suppor t ing  sc reen  i s  of 10  mesh. 

A 1/16" needle  tube  was i n s e r t e d  through t h e  i n j e c t i o n  l i n e  i n t o  t h e  

combustion tube and was s i l v e r  so lde red  t o  t h e  c e n t e r  of  t h e  10 mesh 

sc reen  t o  s ecu re  i t  i n  p l ace .  For gas  sampling purposes,  t a p s  were in-  

s t a l l e d  on t h e  tube a t  21 cm, 41  cm, and 61 cm from t h e  bottom f l ange .  





EQUIPMENT USED I N  THE CIRCUIT (Fig .  4 .1)  

P r e s s u r e  Gauge 

Drierite Holder  

Mass Flow C o n t r o l l e r  

Temperature  C o n t r o l l e r  

D i g i t a l  Temperature  Reader 

Temperature Recorder 

S e p a r a t o r  

I c e  Bath 

P r e s s u r e  Transducer  

P r e s s u r e  I n d i c a t o r  

Recorder  

Back-Pressure Regula to r  

Needle Valve 

F i s c h e r  Gas P a r t i t i o n e r  

2-p F i l t e r  

Carbon Dioxide Analyzer  

Carbon Monoxide Analyzer  

Oxygen Analyzer  

Ro tameter 

Wet T e s t  Meter 

V a r i a c  

Condenser 

Flow Meter 



Combus tion Tube 

Pressure Shell 

Themowell 

Thermocouple 

Table 4.1 COMBUSTION TUBE APPARATUS 

Flanges 

Mesh 

Temperature Controller 

Temperature Reader 

Temperature Recorder 

Gas Sampling Lines 

Type 321 Stainless steel 
3" O.D. x 0.016" wall, 39.2" length 

Type 304 Stainless steel 
6-518" O.D. x 0.28" wall, 44" length 

Type 321 Stainless steel needle tube 
0.65" O.D. x ,009 wall 

Type J Iron constant 
.04" O.D. x 50" length 

Type 304 Stainless steel 

200 Mesh S.S. used at bottom of pack 

Proportional 10 amp. triac output 
Range 0-800°~, type "J". 

Numatron Digital indicator, type "J" 
thermocouple 

Type 321 Stainless steel needle tube 
0.65" O.D. x .009" wall 
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A s p e c i a l  gas  sampler was designed by so lde r ing  a union t o  a 1/4" tube  

and connected t o  t h e  1/16" needle  tube.  The l a t t e r  was i n s e r t e d  i n t o  

t h e  tube  through t h e  top.  Three h o l e s  were d r i l l e d  i n  t h e  bottom of 

t h i s  tub ing  f o r  gas  sampling probes.  The 114" tub ing  i s  used a s  a l i q u i d  

t r a p  t o  prevent  plugging of t h e  l i n e .  The produced gases  can  pass  

through t h i s  device  t o  a 1/16" tub ing  l i n e  and t o  t h e  o u t s i d e  of t h e  

Pressure  C e l l  (Fig.  4 .2) .  

The combustion tube  is  i n s e r t e d  i n  t h e  p re s su re  s h e l l ,  and i n s u l a t e d  

by f i l l i n g  t h e  annular  space  between t h e  combustion tube and p re s su re  

s h e l l  w i t h  Santoce l ,  a low dens i ty ,  s i l i c a  g e l  thermal i n s u l a t o r .  

The i g n i t e r  i s  clamped around t h e  combustion tube  j u s t  above t h e  

packed sand f a c e .  The v o l t a g e  t o  t h e  i g n i t e r  i s  c o n t r o l l e d  by a 110 

v o l t  v a r i a b l e  au to t ransformer  (Variac) .  

Three e l e c t r i c a l  h e a t i n g  t apes  were wrapped around t h e  p re s su re  

s h e l l  t o  h e a t  t h e  combustion tube  t o  s imulated r e s e r v o i r  temperature.  

Three temperature c o n t r o l l e r s  a r e  used t o  g ive  more uniform temperature 

along t h e  tube  than  would one. This  s t e p  a l s o  reduces t h e  p o s s i b i l i t y  

of f l u i d  blocking r e s u l t i n g  from viscous ,  h igh  o i l  s a t u r a t i o n s .  

The temperature i n  t h e  combustion tube i s  measured by probing t h e  

e n t i r e  l eng th  of t h e  combustion tube  wi th  a thermocouple. The thermo- 

couple can move e a s i l y  i n  t h e  thermowell l oca t ed  along t h e  a x i s  of t h e  

tube  and so ldered  a t  t h e  bottom t o  t h e  suppor t ing  10-mesh screen .  The 

s o l d e r i n g  was done t o  prevent  t h e  thermowell from bending a t  t h e  time 

of packing. 

Gas f o r  combustion i s  supp l i ed  by 2000 p s i  cy l inde r s  of  compressed 

gas equipped wi th  a two-stage p r e s s u r e  r e g u l a t o r .  A l l  e f f l u e n t  gas  and 

l i q u i d  pas s  through a s e p a r a t o r .  A two-valve e x i t  system i s  used t o  
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d r a i n  t h e  l i q u i d  from t h e  sepa ra to r .  

Or ig ina l ly ,  a n  automatic  gas-flow c o n t r o l  system c o n t r o l l e d  t h e  

i n l e t  flow r a t e .  However, t h e  flow r a t e  was found t o  be  v a r i a b l e  when 

o u t l e t  p re s su re  changed, so  t h i s  c o n t r o l l i n g  s t a g e  was rep laced  by a n  

e l e c t r o n i c  mass f low c o n t r o l l e r  which w a s  i n s t a l l e d  i n  t h e  upstream end. 

Thus, a f t e r  pas s ing  through t h e  mass f low c o n t r o l l e r ,  t h e  gas flows 

i n t o  t h e  combustion tube.  A t  t h e  o u t l e t ,  it is sepa ra t ed  from t h e  pro- 

duced l i q u i d s  i n  t h e  sepa ra to r .  Af t e r  being cooled i n  t h e  condenser,  i t  

flows through t h e  back p re s su re  r e g u l a t o r  and f i n a l l y  t o  t h e  wet test 

meter.  

4.2 React ion Kine t i c s  Apparatus 

F igure  4.3 shows a f low diagram of t h e  appara tus .  Its main com- 

ponents were a combustion c e l l  placed i n  a furnace ,  t h r e e  continuous 

gas ana lyze r s ,  and temperature and f low r a t e  measuring equipment. 

The combustion c e l l  cons is ted  of a s t a i n l e s s  steel tube ,  1-118" 

O.D. w i th  0.020" w a l l  t h i ckness  and 5.00" l e n g t h  (Fig. 4.4 and 

Table 4.2).  A c o i l  made up of a 1/8" s t a i n l e s s  s t e e l  tub ing  of 0.010" 

w a l l  t h i ckness  was wrapped around t h e  tube  t o  prehea t  t h e  a i r .  The 

wrapping a l s o  c r e a t e d  two a ir  cushions around t h e  tube  (Fig. 4.4).  This  

promoted more uniform temperature i n  t h e  r e a c t o r  and improved measure- 

ment of t h e  a c t u a l  r e a c t o r  temperature.  The adjustment of t h e  hea t ing  

c o i l s  i n  t h e  furnace  made i t  poss ib l e  t o  g e t  an  i so thermal  p l a t e a u  

about  4" long  i n  t h e  furnace.  The combustion c e l l  was placed i n  t h i s  

zone. A copper s h e e t  of 0.01" th ickness  was a l s o  wrapped around t h e  

r e a c t o r  t o  improve hea t  d i s t r i b u t i o n .  





EQUIPMENT USED I N  THE C I R C U X  (Fig. 4.3) 
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D r i e r i t e  

3-Way Valve 

60-p F i l t e r  

Mass Flow Control ler  

Furnace 

Temperature Control ler  

D i g i t a l  Temperature Reader 

Temperature Reader 

10. Separator  

11. I c e  Bath 

12. Pressure  Transducer 

13. Pressure  Indica tor  

14. Recorder 

P ressure  Regulator 

Needle Valve 

Fischer  Gas P a r t i t i o n e r  

Bubble Flow Meter 

2-1~. F i l t e r  

Carbon Dioxide Analyzer 

Carbon Monoxide Analyzer 

Oxygen Analyzer 

Rotameter 

20-psia Back-Pressure Regulator 

W e t  Tes t  Meter 

4-Way Valve 

1-ps i  Rel ief  Valve 

5-Way Valve 
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Table 4.2 REACTOR DATA 

Combustion Cell 

Gas Preheater 

Themowell 

Thermocouple 

Flanges 

Screen 

Gaskets 

Furnace 

Temperature Controller 

Temperature Reader 

Temperature Recorder 

Type 321 Seamless Stainless steel 
1-1/8" O.D. x 0.02" wall, 5.00" length 

Type 347 Stainless steel 
118" x O.Oll', 25.0' length 

Type 321 Stainless steel needle tube 
0.065" O.D. x 0.009" wall, 20.0" length 

Type J Iron constant 
0.04" O.D. x 50.0" length 

Type 304 Stainless steel 
2-118" diameter x 1/4" width 

200 Mesh S.S. used at the bottom of 
the pack 

Brass O-rings 
1-112" O.D. x 0.078" thickness, 
1/16" width 

"Marshall" Furnace model 1046 
3" borg x 10" diameter x 20.0" length, 
0-2000 F 

Proportional 10 amp.triac output 
Range o - ~ ~ o o ~ F ,  type "K" . 
"Numatron" Digital indicator, type 
"J" thermocouple. (Leeds & Northrup) 

"Speedomax W" 
0-1500~~ (Leeds & Northrup) 



To prevent contamination at the bottom of the cell, the bottom 

flange had several grooves and a ledge (Fig. 4.5). A 200-mesh screen 

was inserted between the ledge and the O-ring. Flanges were sealed with 

brass gaskets. A torque wrench was used to tighten the screws uni- 

formly. Before placing the reactor in the furnace, the flanges were 

insulated with glasswool in order to prevent contact with the furnace 

wall. 

A tube diameter of 1-1/8" O.D. was chosen to obtain a low radial 

temperature gradient (Appendix A ) .  A thermowell inserted at the center 

of the reactor could be used to check the isothermal behavior at any 

time. A thermocouple was also placed around the air preheater, outside 

of the reactor, to indicate the radial temperature differential. 

Table 4.3 presents the major equipment used in the experiments. 

4.2-1 Temperature Control 

The combination of a digital temperature reader and a temperature 

recorder was used to check the temperature controller. For most runs, 

it was necessary to raise the temperature linearly. This was accomplished 

by using a synchronous motor attached to a gearbox that turned one 

revolution per day. Because this equipment was installed on top of the 

circular setting dial of the temperature controller, the desired temper- 

ature rate was obtained. Toward the end of the experiments, this 

apparatus was replaced with a ~ogl~inear Temperature controller which 

could be programed at different rates. 

4.2-2 Gas Separation 

W o  adaptor fittings (118" male tube to 112" female NPT) were 

welded together and a valve was connected to them to construct a simple 
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Table 4.3 EQUIPMENT I N  THE CIRCUIT 

Flow Con t ro l l e r  

Gas Analyzers 

Recorders 

"Matheson" e l e c t r o n i c  mass f low 
c o n t r o l l e r ,  Model 8240, range 100- 
5000 sccm, a i r ,  wi th  d i g i t a l  ou tput  

1. "Beckman" Model 755 Paramagnetic 
Oxygen ana lyzer  w i th  t h e  0-5, 
0-10, 0-25, 0-50% range and a  
supressed range of 21-20, 21-19, 
21-16, 21-11%. 

2. "Beckman" Non-Dispersive i n f r a r e d  
Carbon Dioxide ana lyzer  wi th  
l i n e a r i z e d  c i r c u i t ,  0-5 & 0-20% 
range. 

3. "Beckman" Non-Dispersive i n f r a r e d  
Carbon Monoxide ana lyzer  w i th  
l i n e a r i z e d  c i r c u i t ,  0-2 & 0-10% 
range.  

4. "Fischer" Gas P a r t i t i o n e r  f o r  N 2 ,  
C02, 02, CH4, and CO gases .  

1. "SOLTEC" 3-pen P r e c i s i o n  recorder  
connected t o  ana lyze r .  

2. "H.P . I1  S t r i p  c h a r t  r eco rde r  w i th  
i n t e g r a t o r  connected t o  gas p a r t i -  
t i o n e r  . 

3. "Chessell" 2-pen r eco rde r  connected 
t o  flow meter and p re s su re  ind ica-  
t o r .  

P re s su re  Transducer & I n d i c a t o r  "Celesco" P res su re  t ransducer  and 
i n d i c a t o r  w i t h  0-100 P s i  and 0-500 
P s i  p l a t e .  

Flow Meter 

Viscometer 

Balance 

I g n i t e r  

1. "Prec is ion  S c i e n t i f i c  Co." Wet 
t e s t  meter .  

2. "Matheson" 0.1-2scfh Rotameter 

3. "Matheson" 0.1-2slpm d i g i t a l  flow 
meter .  

"Brookfield" Sunchro-Lectric viscometer  
cone type  h igh  temperature,  0-4000 c .p.  

"Fischer" Gram-Atic Balance accuracy 
f 0.0005 g .  

"POWERSTAT" Var iab le  Auto t ransformer 
0-3000 v o l t s .  



Table 4 . 3  (cont . )  

Band Heater  

Heating Tapes 

Furnace 

Back-Pressure Regulator  

Temperature Programmer 

t I Norman Assoc ia tes"  expandable w i r e  

s t r a p  s t e e l  c o n s t r u c t i o n  Bank Heaters ,  
3" I . D .  x 3" width.  

"BRISKET" heave f l e x i b l e  hea t ing  t apes  
4  f t  and 6 f t  long w i t h  1" width.  

"Marshall" fu rnace ,  model 1046, O - ~ O O O ~ F ,  
used f o r  hea t ing  t h e  combustion c e l l .  

"Moore" Absolute  P re s su re  Rel ie f  
va lve ,  model 43R ,  0-20 p s i .  Used 
a f t e r  t h e  ana lyze r s .  

"Tescom" Back-Pressure Regulator  
No. 26-1700, 0-500 p s i  used a f t e r  
t h e  combustion c e l l  o r  a f t e r  t h e  
combustion tube .  

"Whitey" Micro Needle Valve used 
i n  t h e  absence of P re s su re  regu- 
l a t o r s .  

"Teco" L inea r ,  Log Temperature 
P r o g r a m e r ,  model TP-2000, 0-200°c/ 
h r  . 
"Love" Temperature C o n t r o l l e r ,  
p r o p o r t i o n a l  10 amp, 0-1400°F i n  
conjunc t ion  w i t h  "Elremco" motor 
and gearbox, 1 rpd t o  g o t a t e  t h e  
c o n t r o l l e r  d i a l  a t  100 F /h r .  



s e p a r a t o r .  A condenser made up of a 1 /8"  tub ing  c o i l  i n  a n  i c e - s a l t  

ba th ,  was connected t o  t h e  s e p a r a t o r .  The r e s i d u e  of t h e  condensat ion 

was c o l l e c t e d  i n  a smal l  t r a p  a t  t h e  bottom of t h e  condenser c o i l .  A 

mixture of crushed i c e  and NaCl o r  CaCl decreased t h e  temperature of 2 

t h e  condenser t o  - 2 0 " ~  i n  o r d e r  t o  l i q u i f y  some of t h e  contaminants.  A 

D r i e r i t e  ho lder  w a s  i n s t a l l e d  behind t h e  condenser t o  absorb t h e  moisture 

i n  t h e  gas.  Glasswool i n  t h e  D r i e r i t e  ho lde r  t rapped most of t h e  l i g h t  

hydrocarbon i n  t h e  e f f l u e n t  gas .  

4.2-3 Gas Sampling 

Figure  4.6 shows a schematic of a gas sampling l i n e .  This  s p e c i a l  

s e tup  was designed t o  prevent  d i s tu rbances  c r e a t e d  by unequal p r e s s u r e  

during c a l i b r a t i o n  and gas a n a l y s i s .  The back p re s su re  r e g u l a t o r  behind 

t h e  ana lyzers  was ad jus t ed  so t h a t  t h e  same p re s su re  could be maintained 

i n  both c a l i b r a t i o n  and flow l i n e s .  

4.2-4 Flow Metering 

The gas was suppl ied  by high p re s su re  gas c y l i n d e r s  and t h e  gas f low 

r a t e  was c o n t r o l l e d  by a n  e l e c t r o n i c  mass f low c o n t r o l l e r .  Af t e r  main- 

t a i n i n g  about 10 p s i  p re s su re  d i f f e r e n t i a l  ac ros s  t h e  f low senso r ,  t h e  

r equ i r ed  flow r a t e  could be obta ined  by s e t t i n g  t h e  d i a l .  The f low r a t e  

i n t o  t h e  ana lyze r s  was a d j u s t e d  wi th  needle  va lves  i n  f r o n t  of t h e  

ana lyze r s .  A wet- tes t  meter and a ro tameter  were used t o  check t h e  e x i t  

flow r a t e .  La ter ,  f o r  b e t t e r  accuracy,  they  were rep laced  by a d i g i t a l  

flow meter .  
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4.2-5 P re s su re  Regulat ion 

A 0-500 p s i  a d j u s t a b l e  back-pressure r e g u l a t o r  was used t o  

o b t a i n  t h e  r equ i r ed  p r e s s u r e  i n  t h e  system. Another a b s o l u t e  back- 

p re s su re  r e g u l a t o r  was used t o  a d j u s t  p r e s su re  i n  t h e  ana lyze r s .  



5. PROCEDURE 

I n  t h i s  s e c t i o n  t h e  p r o p e r t i e s  of t h e  c rude  o i l s ,  sand and c l a y  

used i n  t h e  experiments ,  and a l s o  t h e  experimental  procedure f o r  prepara-  

t i o n  of t h e  sand packs a r e  d i s cus sed .  

5 .1  P r o p e r t i e s  of t h e  Crude O i l s  

Four d i f f e r e n t  k inds  of crude o i l  were used i n  t h e  experiments .  

They w e r e  from San Ardo, Lynch Canyon, Huntington Beach ( a l l  l o c a t e d  i n  

C a l i f o r n i a )  and Venezuela. These o i l s  were v i s cous  and heavy. F igure  

5 .1  shows t h e  v i s c o s i t y  of t h e s e  o i l s  a s  a func t ion  of temperature .  

Table 5 . 1  shows o t h e r  p r o p e r t i e s  of t h e s e  o i l s .  Sample d i s t i l l a t i o n s  

f o r  San Ardo and Huntington Beach o i l s  a r e  shown i n  F igs .  5 .2 and 5.3. 

Because most of t h e  experiments  i n  t h i s  work were run  a t  p r e s su re s  

h ighe r  t han  atmospheric  and due t o  t h e  importance of d i s t i l l a t i o n  i n  

i n - s i t u  combustion, t h e  d i s t i l l a t i o n  d a t a  measured a t  atmospheric p re s su re  

were converted t o  650 kPa (80 p s i g )  u s ing  t h e  publ ished vapor p r e s s u r e  

c h a r t s  f o r  p a r a f f i n s  (Standing 1977) .  The r e s u l t s  a r e  shown i n  

F i g s .  5.4 and 5 .5  a s  pe rcen t  d i s t i l l e d  v s  temperature .  I n  t h e s e  c a l -  

c u l a t i o n s ,  i t  was assumed t h a t  no c rack ing  would t a k e  p l ace ,  and t h a t  

t h e  hydrocarbons behave l i k e  i d e a l  s o l u t i o n s .  The c a l c u l a t e d  incremental  

volumes d i s t i l l e d  a t  each temperature  a r e  a l s o  presen ted  on t h e s e  graphs 

( a t  80 p s i g  p r e s s u r e ) .  For a more a c c u r a t e  d i s t i l l a t i o n  a n a l y s i s  a t  

h igher  p re s su re s ,  t h e  f l a s h  c a l c u l a t i o n s  should be  c a r r i e d  ou t  f o r  a l l  

crude o i l  f r a c t i o n s .  Also, t h e  presence  of steam o r  i n e r t  ga se s  should 



TEMPERATURE ( O F )  

INVERSE TEMPERATURE, I I T  (OK-') 

F I G.S.1 OIL VISCOSITY VS 1/T 





CRUDE PETROLEUM ANALYSIS 

6an Ardo field 
Lombard1 sand 
2,100-2,250 feet 

CBlif ornla 
Monterey County 
236-103 

GENERAL CHARACERIRKS 
80 8prcirie prrvlty, ..!&%?.?.. A. P. L gnvity, 2 . .  . Pour point, F., .-.........,,-...... 

8ulfur, prmnt ...... 2:2Z- -... -. Color, ,PrmLab..Bh~k ....... .... 
-bolt UW,.I vircori~ q , ~ o o ; 3 r ~ t t ~ ~ ~ ~ o o o o o o ~ ~ ~ = . . ~  ... Nitrogen, percent, 0.913 

a 130 F., over ,000 sec. 

DISTIUATION, BURUU OF MINES ROUTINE METHOD 

Light guolinr .................................................... ---------.---, ........................................ Total pmUnr and naphtha -,..-.. 
Komdnrdiadlhta ................................................. --- 
g u o a  .......................................................... 11.7, 

..... N o d -  hrbrlutlng diatilhtr .................................... -& ....................................... Ydum lobrluting dirtlllata 3 6 -  
lro~lu ~ ~ b r ( a t i ~  di.ullrt. ...................................... .26..-. 

d4dUp.l. ........................................................ LLZ--. 
OWllatldn kr ........................................................... 1.: ....... 

Mstlllation discontinued at 4 8 i S ~ m n m m  
2/ Metillation discontinued at 509. F. - 

Fig. 5.2: DISTILLATION ANALYSIS OF THE SAN ARDO CRUDE OIL 



CRUDE PETkOLEUM ANALYS~S 

.Bureau of Mines -..... !k.!!.!er.y.i!.!.e ..- ............ Laboratory 
sample .......... 55141 ....-.................. 

IDENTIFICATION 

Huntington Beach field California 
Jones sand, offshore (Upper Miocene) Orange County 
6,300 feet 

GENERAL CHARACTEKISTICS 

Specific gravity, -1),945 .-.----- A. p.1. gravity. .-MJ? Pour point, F., ...I 5 ....--.-.-.....--..... 
............ Sulfur, percent ....\...46 Color, -kr.o.mish.bJ.ock -...- 

saybolt Universal viscosity at ..!.000..E ,,... 8K..seec..; .-.------.----...--.. Nitrogen, percent, 0. S O  
at 1300 F. ,  400 sec. 

DISTILLATION, BUREAU OF MINES ROUTINE METHOD 

S t u r  %Distil!a:ion continued a t  40 mm. Ha 

Fraction Na 1 'ST 
.- -.- 
I . . . .a  I I22 

X.mrbottom urban residue: Re3iduum. JO.?. percent; c r ~ d e .  ..5..7. p e m n t  
Equivalent Conradson carbon raidue:  Residuum, .l3-4 percent 

AWROXIMATE SUMMARY 

Percent Sum. Sp.? ' A . P . I . .  c.*. 
percent 60/60 F. 60' F. 

t - - . - -  
1 ..... 
4 ...... 
S -.... 
a ..... 
7 ..... ..... 1 
s ..... 
10 ..... 
.. 
11 . . + a  

12 ..... 
13 ..... 
1 4 . .  

..... 1/16 - 
Residuum. 

-- 

167 
212 
257 
302 
347 
392 

t s  
(82 
627 

Di*tillation lose .................................................. .! ....... .,.I ...... ) .... 1.. ................ I.. ................ - 
l/Distillction discontinued at 5650 F. ...-n..m -..ror r r - s  m-+= - 

- 

-pep- 

392 
437 
482 
5.7 
572 

'..... 

L k h t  guol inc  ............................................................ 
To'd gasoline and rmphtha ........................................ 
Kerosine distillate ............................................ 
C.8 oil ........................................................... 
h'onviuou. hbricating disti!!atc ................................... r 
x d w m  lubricating di.t i l lal  ....................................... 
V ~ W I  lubricating dietillate ......... ., ............................ 
Ruidoum ......................................................... 

Fig. 5.3: DISTILLATION ANALYSIS OF THE HUNTINGTON BEACH 
CRUDE OIL 

....- .... ....... ........ .1.&@5. -..l4?-5 ..... 

..... .... .... ........ .l..mm ..MW ..... 
..... ..... ...- ........ .l..S06.?.?.. .-14L5 

... . . '  " I .  . a..~ aa .....-. J ... n i  a o .  
1 ..... 

l- 

Percent 

1-7 ........... 
---1QA0,6 .....-..... 

........ ------ 
---21..8 

..... S*z 
6~~ 

-.-To ...... 
4 8 2  

...... ---..--. 

..- 

..... 1-Z 

..... 3-0 

..... 3-3.. 

..... 2-6 

.... 3,.0 

..... 3,-5 

..... !!&. 

..... % o  

SP.  P. - 0.~:45- 
9..??-8.-. 

7 
............. ,-!%I .... 

, 8 9 L ~ F 1 ? !  
,-F1?~,?.2?. 
-5127=-?63 
---1,_922.-, 

............... 

........... J.7 

......-..- 4*7.- 
......... 8-0.. 

......... .\!U 

......... JL.4 

......... .. 1Ll. 
...... 21.*5.. 

......... 30=.5.. 

..... 

................................... 
--1-..!!!.5.?3.. 
..1...4.2?22. 
1...44j5.4 
1...4.5.4.?.? 

-1..4.65.?.4. 
..1-.4.7.%.?.. 

1 48202 ....................................................... 

............................................................ 
....- 0A),7.4Cc 
..... ..7.63 .... 
..... -7.8: .... 

......... 8.b 

....... 8?9 ....... 
......,. C4.L 
..... .&2 .... 
........ 872 ... 

............... 
--.-.---- 

..... .. S.?.?...? 
-..12d.1..-. 

.... ..... 13.0-5 
..... ..... 13.5-6 

A L 5  
..... ..J.5Sa5 

158 8 

I-----------.. 
...... S.T.4 ................. 1 

-- 

...& 0 .......... 

...?!.? -2  .......... 
........ 44.1 .......... 

32.2 .......... 
....-...-. ,..35,2 

:..32..7 .......... 
...30...8 

33 ...- ).. 
35 ....... 
39 ......... 
63 ......... 

....... 42 
48 ....... 
48 



- 
m m 
n .r 
Y l n  

w o  
a arz 





be taken i n t o  account ,  because they would tend t o  lower t h e  vapor 

p re s su re  of t h e  f r a c t i o n s  distilled and consequently change t h e i r  

b o i l i n g  p o i n t s .  

These f i g u r e s  q u a l i t a t i v e l y  show the  amount of vaporized crude 

o i l  a s  t h e  temperature of t h e  o i l  sand i s  increased .  Notice t h a t  t h e  

incremental  o i l  vaporized s t a r t s  from zero and reaches  a peak be fo re  

i t  drops t o  zero.  A s i m i l a r  t r end  was observed i n  t h e  gases  produced 

v s  temperature during t h e  k i n e t i c  runs .  This  p o i n t  w i l l  be d iscussed  

l a t e r .  

5 .2  P r o ~ e r t i e s  of t h e  Sand Pack 

Most of t h e  combustion and k i n e t i c  runs  were made wi th  a mixture of 

sand and o i l .  Table 5 .2  shows a s i e v e  a n a l y s i s  of t h e  sand. To s tudy 

t h e  e f f e c t  of c l a y ,  some runs  were conducted using a mixture of c l ay  

and sand wi th  o i l .  The f i r e  c l ay  used was analyzed us ing  x-ray d i f -  

f r a c t i o n  and was found t o  con ta in  mostly k a o l i n i t e .  The d i f f r a c t i o n  

p a t t e r n  of t h i s  c l ay  i s  shown i n  F ig .  5.6, a long wi th  t h e  k a o l i n i t e  

peaks (shown a s  "K"). 

I n  some runs ,  t h e  o r i g i n a l  cores  obtained from t h e  pa ren t  r e s e r v o i r s  

were packed i n  t h e  combustion c e l l  (from Venezuela and Lynch Canyon). A 

s i e v e  a n a l y s i s  f o r  t h e  l a t t e r  is  shown i n  Table 5 .2 .  The Venezuelan 

sand had an  average g r a i n  s i z e  of 1 5 0 ~ .  Also, about 20% c l ay  (g ra in  

s i z e  around 5 5 ~ )  was p re sen t  i n  t h e  mat r ix .  

5 .3  P repa ra t ion  of t h e  Combustion Tube 

The combustion tube was prepared by f i r s t  mixing t h e  sand, o i l ,  and 

water t o  y i e l d  the  des i r ed  f l u i d  s a t u r a t i o n s .  This  mixture was then  



Table 5.2 

INITIAL PACK CONDITIONS FOR TUBE RUNS 

Sieve Analvsis 
Per Cent by Weight 

Sieve Size Retained 

20 0.40 

24 41.40 

28 57.70 

3 2 0.43 

60 0.05 

Pan 0.02 

100.00 

Type of Core 

Type of Sand 

Type of Clay 

Unconsolidated 

Ottowa Sand (Unisil Corp .) 
graded 20-30 

Fire Clay, Mix - Kwik 
(Lone Star Ind.) 

Sieve Analysis of the Burned Core 
From Lynch Canyon 

Sieve Size Per Cent by Weight 
Retained 

4 8 

6 5 

100 

120 

200 

270 

Pan 



Fig. 5.6: THE X-RAY DIFFRACTION PATTERN OF THE CLAY USED 
IN THE EXPERIMENTS 



c a r e f u l l y  tamped i n t o  t h e  combustion tube  wi th  a  s t e e l  rod t o  avoid 

moving t h e  a x i a l  thermowell. For f a s t ,  uniform i g n i t i o n ,  t h r e e  cc  of 

l i n s e e d  o i l  was added t o  t h e  t o p  of t h e  sand i n  t h e  tube be fo re  b o l t i n g  

t h e  top  f l a n g e  assembly. The tube  was then  l eak - t e s t ed  and pos i t ioned  

i n  t h e  p r e s s u r e  s h e l l .  F i n a l l y ,  i t  was heated overn ight  a t  t h e  

d e s i r e d  r e s e r v o i r  temperature t o  g e t  uniform f l u i d  d i s t r i b u t i o n .  

For i g n i t i o n ,  a i r  flow was e s t a b l i s h e d  through t h e  pack and t h e  

i g n i t e r  was turned on whi le  t h e  thermocouple was measuring t h e  tempera- 

t u r e  a t  t h e  sand f a c e .  The i g n i t i o n  could be  observed on t h e  temperature 

recorder  by t h e  change of s l o p e  on t h e  temperature-time c h a r t .  Usual ly,  

a f t e r  a  s t a b l e  f r o n t  was formed, t h e  i g n i t e r  was turned o f f .  

Produced gas r a t e ,  i n l e t  and o u t l e t  p re s su re s ,  and produced gas 

composition and temperature ( a s  a  func t ion  of d i s t a n c e  from t h e  top  of 

t h e  pack) were measured p e r i o d i c a l l y .  A l l  of t h e  data- taking ope ra t ions  

were repea ted  during t h e  run  u n t i l  t h e  burning f r o n t  was c l o s e  t o  t h e  

bottom f l ange .  The run  was then  terminated.  

Severa l  heterogeneous packs were prepared t o  determine t h e  r e s i d u a l  

o i l  s a t u r a t i o n  a t  t h e  steam p l a t e a u ,  and t o  monitor t h e  f u e l  a v a i l a b i l i t y  

and t h e  e f f e c t  of temperature and p re s su re  upon it .  One s e c t i o n  was 

o i l  sand,  while  t h e  neighboring s e c t i o n s  had no o i l .  Hence the  d i sp l aced  

o i l  could move i n t o  t h a t  p o r t i o n  of t h e  tube  t h a t  was o r i g i n a l l y  dry.  

A s  a  r e s u l t ,  i t  was p o s s i b l e  t o  s e e  t h e  behavior  of t h e  f r o n t  i n  t h e s e  

s e c t i o n s .  Also, some combustion runs  were ceased t o  measure t h e  o i l ,  

water ,  and coke s a t u r a t i o n s  a t  t h e  f r o n t  and a t  nearby s e c t i o n s .  The 

procedure f o r  ana lyz ing  t h e  volume of t h e  produced o i l  is  d iscussed  

below. 



5.3-1 Volume Measurement and Analysis  of t h e  Produced Liquids i n  

Combustion Tube Runs 

I n  most thermal recovery processes ,  s u r f a c t a n t s ,  whether o r i g i n a l l y  

present  i n  t h e  crude o i l ,  o r  produced l a t e r  a s  a  r e s u l t  of o i l  ox ida t ion ,  

tend t o  emulsify t h e  crude o i l .  Consequently, i n  most combustion tube 

runs ,  t h e  produced o i l  samples cons i s t ed  of emulsions of  water  i n  o i l .  

Af te r  t hese  samples were weighed, a  few drops of a  s p e c i a l  demul- 

s i f i e r  (RP-890, T r e a t o l i t e ,  provided by P e t r o l i t e  Co., Brea, C a l i f o r n i a )  

were added. Then, 5cc gaso l ine  o r  to luene  was mixed i n t o  each sample 

t o  make t h e  o i l  l e s s  v i scous .  F i n a l l y ,  a c e n t r i f u g e  separa ted  t h e  o i l  

and water .  

The amount of produced l i q u i d s  was double-checked wi th  a n  o v e r a l l  

m a t e r i a l  balance.  General ly ,  t h e  r e s u l t s  of t h e s e  c a l c u l a t i o n s  agreed by 

-t 1 g. 

A few samples of un t r ea t ed  produced o i l  were used f o r  g r a v i t y  and 

v i s c o s i t y  measurements and some samples were s e n t  t o  a  microanaly t ic  

l abo ra to ry  t o  analyze t h e  carbon, hydrogen, n i t rogen ,  s u l f u r  and oxygen 

con ten t s .  The r e s u l t s  of chemical a n a l y s i s  of t h e  produced o i l s  i n  

combustion runs  a r e  summarized on Table 7.1. 

5.4 P repa ra t ion  of t h e  Kine t i c  C e l l  

The combustion c e l l  was tamped wi th  t h e  o i l  sand (around 40 g ) .  

Then dry  sand was added t o  f i l l  t h e  tube.  No water  was added t o  t h e  o i l  

sand because t h e  publ ished work has  shown l i t t l e  e f f e c t  of i n i t i a l  water  

s a t u r a t i o n  on t h e  f u e l  a v a i l a b i l i t y  (Alexander et a l . ,  1962).  Af t e r  

l e a k  t e s t i n g ,  t h e  tube was placed i n  t h e  furnace .  Two s e t s  of tempera- 

t u r e  h i s t o r i e s  were app l i ed  t o  t h i s  system t o  determine r e a c t i o n  r a t e  



data; they were: (1) constant-temperature steps, and (2) variable- 

temperature, increasing at a constant rate. 

5.4-1 Constant-Temperature Runs 

The bed was brought to the desired temperature level while 

nitrogen was flowing through the system. This would commonly last 1 

to 1.5 hours. Then air was admitted to the bed. This was continued 

until no change could be seen in the exit gas concentration, and the 

process would be repeated at a higher temperature at the same pressure 

and flow rate, and again at a higher temperature until all fuel has burnt. 

Similar runs were made at different pressures and flow rates. 

Although this method is straightforward, it is time consuming (40 

to 50 hours) and does not simulate true frontal behavior in which each 

element of reservoir is under high temperature for a short period of 

time; therefore, variable-temperature runs were conducted. 

5.4-2 Variable-Temperature Runs 

If the bed is subjected to a linear rise in temperature (such as 

in Differential Thermal Analysis) while air is flowing through the 

cell, it is possible to get useful information regarding the kinetics of 

the reactions (Appendix C). However, this heat rate should be slow 

enough to give a minimum temperature differential across the reactor 

(Appendix A). This process was continued until there were no carbon 

oxide gases in the effluent line. This type of run is very similar 

to the behavior of a reservoir element ahead of the combustion front 

Although the heating rate is non-linear for the reservoir element, it 

0 0 
is, on the average, around 150 to 200 C per hour. A heating rate of 55 C 



per hour was chosen to improve heat transfer (see Appendix A) and to 

provide an experiment of reasonable duration. The temperature history 

described is similar to that observed in a long tube run with a com- 

bustion front velocity of approximately 1 ft/day. Practically, this 

type of run is similar to a summation of constant-temperature runs at 

different temperature levels. 



6.  OPERATION 

The problems encountered during running t h e  experiments and t h e  

i n i t i a l  and f i n a l  pack cond i t i ons  f o r  both t h e  combustion tube and 

t h e  k i n e t i c  c e l l  w i l l  be  d iscussed  i n  t h i s  s e c t i o n .  

6 .1  Operation of t h e  Combustion Tube 

The major problem encountered i n  combustion runs was blocking,  

e i t h e r  i n  t h e  main tube  o r  i n  t h e  gas sampling l i n e s .  A s  t h e  f r o n t  

moves, an  o i l  bank grows ahead of t h e  steam p la t eau .  The growth of 

t h i s  zone can be observed through t h e  l a r g e  p re s su re  drop a c r o s s  t h e  

combustion tube.  This  can be seen  i n  F igs .  6 .1 and 6.2.  

I f  t h e  o i l  s a t u r a t i o n  i s  h igh ,  blocking may occur .  Inc reas ing  t h e  

ambient temperature and l e t t i n g  t h e  o i l  d r a i n  overn ight  can h e l p  c i r - .  

cumvent t h i s  problem. I n  Run No. 79-3 ( i n i t i a l  gas s a t u r a t i o n  1 5 % ) ,  

n e i t h e r  of t h e s e  remedies worked a f t e r  blocking had stopped gas flow 

completely,  and consequently t h e  combustion run  f a i l e d .  

When gas sampling i s  done through t h e  sampling l i n e ,  t h e  f l u i d  may 

e n t e r  t h e s e  l i n e s  and block them. This occurred i n  Run No. 79-7. 

However, i f  t h e  p re s su re  i n  t hese  l i n e s  remains cons tan t  by means of 

a  p re s su re  r e g u l a t o r  s e t  a t  t h e  l i n e  p re s su re ,  i t  i s  p o s s i b l e ,  a t  a  

very  low f low r a t e ,  t o  prevent  l i q u i d  from blocking t h e  l i n e .  

The combination of two va lves  a t  t h e  bottom of t h e  condecser helped 

t o  d r a i n  i t  e f f e c t i v e l y .  Often, i t  was necessary  t o  put  some back 
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pres su re  on t h e  l i q u i d  i n  t h e  s e p a r a t o r  because of t h e  h igh  v i s c o s i t y  

of t h e  o i l .  This  could be  done by opening t h e  t o p  va lve  very  

s l i g h t l y  wh i l e  t h e  bottom one was f u l l  open. 

Following each run ,  t h e  burned volume (sand and c l a y )  was weighed 

and produced l i q u i d s  were analyzed f o r  o i l ,  water ,  and sediments .  Table 

6 .1  summarizes t h i s  information.  Thus i t  was p o s s i b l e  t o  make a  

m a t e r i a l  balance c a l c u l a t i o n .  The o v e r a l l  recovery m a t e r i a l  balance i n  

t h e  tube runs  was q u i t e  s a t i s f a c t o r y .  

Table 6.2 shows t h e  i n i t i a l  pack cond i t i ons  f o r  both homogeneous and 

heterogeneous packs. A s  shown, d i f f e r e n t  process  v a r i a b l e s  were t r i e d  

t o  i n v e s t i g a t e  t h e i r  e f f e c t s  on t h e  f r o n t a l  behavior .  Among t h e s e  were: 

o i l  and water s a t u r a t i o n ,  flow r a t e ,  p re s su re ,  ambient temperature,  c l a y  

content ,  and d i f f e r e n t  types  of o i l .  

6 .2  Operation of t h e  Reaction Kine t i c  Apparatus 

The ope ra t ing  p r e s s u r e  and flow r a t e  were h e l d  cons tan t  throughout 

each run .  The back-pressure r e g u l a t o r  never d igressed  more than  k l  p s i  

from t h e  s e t  p re s su re .  The maximum pres su re  drop was 2 p s i .  The mass 

f low c o n t r o l l e r  maintained a  cons tan t  i n j e c t i o n  r a t e .  However, due t o  

d r i f t  i n  t h e  e l e c t r i c  mass flow c o n t r o l l e r ,  t h e  a c t u a l  f low r a t e  was 

about 1% lower than t h e  s e t  flow r a t e  a t  l a t e r  pe r iods .  

The o i l  s a t u r a t i o n  i n  t h e  sand pack (below 1 5  pe rcen t )  and t h e  

bed th i ckness  (Table 6 . 3 )  were chosen s o  t h a t  t h e  oxygen consumption 

and t h e r e f o r e  t h e  h e a t  genera t ion  i n  t h e  sand pack could be minimized 

(Appendix A ) .  The oxygen consumption never exceeded 15% of t h e  i n l e t  

concent ra t ion .  This  a l s o  helped main ta in  an  i so thermal  bed i n  t h e  

r e a c t i o n  zone. 



T a b l e  6 . l a  

GROSS RECOVERY AND PACK DATA FOR COMBUSTION RUNS 

RUN NO. 
ORIGINAL O I L  
I N  PLACE, g 

O I L  PRO- 
DUCED, g 

WATER I N  
PLACE, g 

WATER PRO- 
DUCED, g 

SAND CLAY 
g g 

LENGTH OF 
THE PACK, cm 

* 
E s t i m a t e d  

* * 
T o t a l  r e c o v e r e d  



Table  6 . l b  

IWCOVERY OF TUBE RUNS 

RUN NO. 7 8-2 78-3 7 8-4 78-5 78-6 78-7 - 
SAND 6 CLAY, WT.% 99.7 99.7 98.8 99.74 96.4 ---- 

HYDROCARBON, WT . % 7 7.4 101.1 90.40 97.4 9 1 96.5 
( o i l ,  f u e l ,  coke) 

WATER, WT.% 102.6 67.7 148.0 96.3 92.5 88.8 

OVERALL, WT.% 98.7 98.1  97.9 99.5  95 .O ---- 
(sand,  c l a y ,  
H.  C.,  wa te r )  



Table 6.2a 

INITIAL PACK CONDITIONS FOR TUBE RUNS: HOMOGENEOUS RUNS 

TYPE OF cb 9 So9 Sw' Sg9 OIL/SAND+CLAY CLAYISAND INPUT p  AMB.TEMP. 
RUN NO. OIL % p . v .  % p . v .  % p . v .  % P . V .  wt. % wt. % kPa . OC 

San Ardo 

San Ardo 

San Ardo 

San Ardo 

San Ardo 

San Ardo 

San Ardo 

Venezuela 

Lynch 
Canyon 

San Ardo 



Table 6.2b 

INITIAL PACK C O N D I T I O N S  FOR TUBE RUNS: HETEROGENEOUS RUNS 

RUN TYPE OF @ ,  SO 9 S"* Sg* OIL/SAND+CLAY CLAY/SAND INPUT p AMB .TEMP. 
NO. O I L  % p.v. % p.v. % p.v. % p.v. w t .  % w t .  % k P a  . OC 

79-1 San Ardo 49.6 ( top)  67.8 2 7 5.1 24.4 10 884 62-64 
33.6 (bo t . )  0 50.8 49.2 10 10 

79-2 San Ardo 39.3 ( top)  37.8 43.1 19.1 8.96 7.67 690 62-64 
34.5 ( h o t . )  0 5 3 4 7 0 8.57 

m 
h) 

79-3 San Ardo 36.8 ( top)  4 4 41.5 14.5 9.28 8.5 690 - 1380 62-64 
32.6 (mid.) 0 50 50 0 8.5 
36.8 (bo t . )  44 41.5 14.5 9.28 8.5 

79-4 San Ardo 40.2 ( top)  37.4 41.1 21.5 9.24 7.67 690 62-64 
33.7 (bo t . )  0 4 7 53 0 8.57 

79-6 San Ardo 36.2 ( top)  43.1 39.9 17 9.01 6 690 - 1020 62-64 
31.8 (mid.) 0 43.5 56.5 0 6 
36.2 (bot . )  43.1 39.9 17 9.01 6 



Figure  6 . 3  shows t h e  temperature p r o f i l e  a long  t h e  k i n e t i c  c e l l  

observed i n  i so the rma l  r u n  no. 111 a t  each temperature l e v e l .  Before 

a i r  i n j e c t i o n ,  t h e  temperature was very  u~iform. However, due t c  

exothermic r e a c t i o n s  i n  t h e  presence of a i r ,  t h e  bottom of t h e  r e a c t o r  

became h o t t e r  than  t h e  top.  The amount of h e a t  r i s e  c l o s e l y  resembles 

s i m i l a r  behavior  observed i n  a D i f f e r e n t i a l  Thermal Analysis .  The h e a t  

genera t ion  i n  t h e  pack d i d  no t  cause t h e  bed temperature t o  exceed t h e  

0 average temperature by more than  3 C.  However, a t  h igher  o i l  s a t u r a t i o n  

o r  wi th  more r e a c t i v e  o i l  o r  a t h i c k e r  bed, t h e  h e a t  genera t ion  caused 

h o t  s p o t s  t o  form i n  t h e  bed. I f  t h e  bed had n o t  been subjec ted  t o  gas 

d r ive ,  t h e s e  hot  s p o t s  could have e a s i l y  l e d  t o  spontaneous i g n i t i o n .  

An example i s  shown i n  Fig. 6 .4  where t h e  bed temperature a long  

wi th  t h e  programmed temperature i s  graphed on t h e  r i g h t  o r d i n a t e .  The 

produced carbon d ioxide  and carbon monoxide (shown a s  "square" and 

11 cross"  s i g n s )  and consumed oxygen (shown a s  " c i r c l e "  s ign )  a r e  graphed 

on t h e  l e f t  o r d i n a t e .  The high l e v e l  of oxygen consumption a t  low 

temperatures  and consequent ly t h e  exponent ia l  h e a t  r i s e  i n  t h e  bed l e d  

t o  t h e  spontaneous i g n i t i o n .  The d a t a  obta ined  under t h e s e  cond i t i ons  

were d iscarded  due t o  t h e  u n c e r t a i n t y  of both t h e  average temperature and 

t h e  gas  a n a l y s i s .  

When t h e  o i l  i n  t h e  o r i g i n a l  ma t r ix  was used, blocking would general-  

l y  occur  due t o  h igh  o i l  s a t u r a t i o n .  Under t h e s e  circumstances,  t he  

bed would be kept  under h igh  p re s su re  gas  (n i t rogen)  and warm ambient 

0 
temperature (around 70 C) u n t i l  gas  could flow e a s i l y .  Then a gas 

d r i v e  (N2) followed u n t i l  o i l  no longer  flowed; t h e  experiment was then  

cont inued.  Some runs  could no t  be concluded because of i c e  blocking i n  
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t h e  condenser c o i l .  The i c e  was formed from t h e  hot  water  d r o p l e t s  which 

were not  t rapped i n  t h e  sepa ra to r .  This  problem was p a r t i a l l y  solved by 

keeping t h e  sepa ra to r  i n  another  i c e  bath.  By p u l l i n g  t h e  c o i l  ou t  of 

t h e  i c e  ba th  and keeping i t  a t  room temperature f o r  a s h o r t  per iod  of 

t ime, l a t e r  blockings were circumvented. 

Because t h e  oxygen ana lyzer  was s e n s i t i v e  t o  ambient p re s su re  

change, i t  was necessary t o  c a l i b r a t e  it  f r equen t ly .  The s p e c i a l  drop 

mentioned previous ly  helped prevent  d i s tu rbances  i n  t h e  ana lyzer  during 

c a l i b r a t i o n .  Care was taken t o  main ta in  t h e  same gas flow r a t e  i n  t h e  

ana lyzers  during and a f t e r  c a l i b r a t i o n .  

Table 6 . 3  presen t s  t h e  i n i t i a l  pack condi t ions  f o r  d i f f e r e n t  

k i n e t i c  runs.  A v a r i e t y  of parameters were t e s t e d  i n  d i f f e r e n t  runs  t o  

observe t h e i r  e f f e c t s  on t h e  r e a c t i o n  r a t e s .  

6.3 Accuracy of Measurements 

The accuracy i n  t h e  gas  a n a l y s i s  was + 0.5% of t h e  f u l l  range. The 

ana lyzers  had t h e  fol lowing ranges:  0-5 and 0-20% f o r  COZ, 0-2 and 

0-10% f o r  CO and 20-21, 19-21, 16-21 and 11-21% f o r  O2 ( i n  some runs  a 

mixture  of 8 . 3 %  oxygen and ba lance  n i t rogen  were i n j e c t e d ;  t h e  ana lyzer  

range f o r  t h e s e  runs  was 0-10%). Because of t h e  low l e v e l  of combustion, 

i n  most runs  t h e  most s e n s i t i v e  ranges of t h e  ana lyzers  were used. Thus 

the  accuracy was very  high.  

The thermocouples and temperature r eade r s  were t e s t e d  f o r  p rec i s ion  

and r e p e a t a b i l i t y .  It was found t h a t  t h e  temperature reader  was accu ra t e  

w i th in  k 1'~. But t h e  temperature recorder  showed some d r i f t  a t  high 

0 
temperatures  ( i n  t h e  range of 700-1000 F ) .  Therefore,  t h e  d a t a  from t h e  

temperature recorder  were used on ly  f o r  i n t e r p o l a t i o n .  
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Table 6.3 

INITIAL CONDITIONS FOR KINETICS RUNS 

EL'S NO. 

1 0 1  

1 0 2  

1 0 3  

1 0 4  

1 0 5  

1 0 6  

1 07 

1 0 8  

1 0 9  

1 1 0  

111 

1 1 2  

1 1 3  

1 1 4  

1 1 5  

1 1 6  

1 1 7  

1 1 8  

1 1 9  

1 2 0  

1 2 1  

1 2 2  

1 2 3  

1 2 4  

1 2 5  

1 2 6  

1 2 7  

1 2 8  

1 2 9  

1 3 0  

1 3 1  

FLOK R4TE 
OIL USED s c c l s  

sAN ARM) 

SXYPLE SO. 8 
(79-4) 

HUNTINGTON BEACH 

SA'IPLE SO. 5 
(79-3) 

SAHPLE NO. 1 3  
(7903) 

SAN A m 0  

SX'PLE NO. 6 8  
(80-1) 

HmTISGTOF BEACH 

VENEZUELA 

VESEZUEU 

SXKPLE NO. 6 8  
(80-1) 

SAY A m 0  
( c l a y  a d d e d )  

SAN ARDO 
( c l a y  a d d e d )  

HLWISGTOS BEACH 

ErnTISGTON BEACH 

HVNTISGTON BUCH 

HUKTINGTON BEACH 

HWINGTON BEACH 

HUhTINCTON BEACH 

HUNTINGTON BEACH 

HUXTISGTON BEACH 

VENEZUELA 

VEXTZLTLA 
( o r i e i n a l  c o r e )  

Sk'i ARDO 

HUhTILGTON BEACH 

SAl4 ARDO 

LYSCH WWON 
( o r i g i n a l  c o r e )  

LYNCH CAWON 
( o r i g i n a l  c o r e )  

AVG.PRESSURE 1NJ.OXYGEN BURNED FUEL FUELISAhQ RATIO BED THICKSESS 
kPa UoleX vt.Z cm COh~ITION g 

ISOTHERMAL 

NON-ISOTHERW 

NON-IS0,TdERMAL 

NON-ISOTHERAL 

WON-ISOTHERWL 

NON-ISOTHERHAL 

ISOTHERWL 

NOS-ISOTHERUL 

NON-ISOTHEE'L4.L 

NON-ISOMER?lAL 

ISOTHERMAL 

NON-ISOTHERXAL 

NON-ISOTHERAL 

NON-ISOTHERUAL 

NON-ISOTHEWAL 

ISOTHERMAL 

NON-ISOTHE RU!L 

NOS- ISOTHERV'L 

NON-ISOTHERW 

NON-I SOTHERCLAL 

NON-ISOTHERYAL 

NON-ISOTHERYAL 

NON-ISOTHERMAL 

NON-ISOTHERYAL 

NON-ISOTRERUAL 

NON-ISOl'BERMAL 

NON-ISOTHERHAL 

NON-ISOTHERYAL 

NON-ISOTHERYAL 

NON-ISOTHERMAL 

NON-ISOTHERMAL 

T o t a l  v e i g h c  r e d u c t i o n  o f  o i l  s a n d  i n c l u d i n g  v a t e r  l o s s .  



7. ANALYSIS OF PRODUCTS AND RESULTS OF COMBUSTION RUNS 

The i n - s i t u  combustion process  had a cons ide rab le  e f f e c t  on t h e  

p r o p e r t i e s  of t h e  produced o i l .  These e f f e c t s  a long  wi th  some 

c o r r e l a t i o n s  obta ined  during t h i s  s tudy  a r e  r epo r t ed  here .  

7.1 P r o p e r t i e s  of Produced O i l s  

The combustion process  lowered t h e  s p e c i f i c  g r a v i t y  and v i s c o s i t y  

of produced o i l  i n  a l l  r uns  (Figs.  7.1-7.3). A s  a run  cont inued,  t h e  

produced o i l  became p rog res s ive ly  less v iscous .  This  i s  a r e s u l t  of t h e  

c racking  and d i s t i l l a t i o n  of crude o i l  i n  porous medium and subsequent 

d i s so lv ing  of t h e  l i g h t  hydrocarbons i n  t h e  o i l .  Table 7 .1  shows an  

inc rease  i n  atomic hydrogen-carbon r a t i o  and oxygen content  of t h e  

produced crude o i l  compared t o  t h e  o r i g i n a l  crude.  This  i s  another  

i n d i c a t i o n  of t h e  c racking  and t h e  ox ida t ion  of crude o i l .  

7.2 O i l  Production-Burned Volume Cor re l a t ion  

F igures  7.4 and 7.5 present  t h e  cumulative water  and o i l  r ecove r i e s  

as func t ions  of t ime.  They a r e  graphed a s  percentages of t o t a l  f l u i d  

produced and n o t  a s  percentages  of f l u i d  o r i g i n a l l y  i n  p l ace .  These two 

d i f f e r  by t h e  amount of f u e l  consumed during experiments.  The a b s c i s s a  

on t h e s e  graphs i s  percent  volume burned. This can be obta ined  by 

f i n d i n g  t h e  r a t i o  of t h e  f r o n t  d i s t a n c e  from t h e  sand f a c e  t o  t h e  

o r i g i n a l  pack l eng th .  

Folowing Gates and Ramey (1980), d a t a  of t o t a l  o i l  produced v s  

volume burned were p l o t t e d  i n  F ig .  7.6. These d a t a  n o t  on ly  match t h e  
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published da t a ,  t hey  a l s o  extend t h e  range of t h e  gas  s a t u r a t i o n  from 

a maximum of 50% t o  a maximum of 70%. I f  we p l o t  volume burned a t  t h e  

s t a r t  of o i l  product ion v s  gas  s a t u r a t i o n ,  we g e t  F ig .  7.7. The l i m i t i n g  

gas  s a t u r a t i o n  was assumed t o  be  between 85-90% (assuming t h a t  t h e  

minimum o i l  s a t u r a t i o n  

The fo l lowing  equat ion  

Volume Burned, 

The s t r a i g h t  l i n e  

f o r  combustion is 10-15% and no water  i s  p r e s e n t ) .  

f i t s  t h e  d a t a  of Fig. 7.7. 

shown i n . F i g .  7.7 i l l u s t r a t e s  t h e  p i s t o n - l i k e  

displacement .  The d a t a  i n d i c a t e  t h a t  o i l  p roduct ion  always s t a r t s  be fo re  

t h e  burning f r o n t  has  moved f a r  enough t o  f i l l  up t h e  gas  space wi th  

d i sp l aced  l i q u i d s .  The burning f r o n t  v e l o c i t y  was found t o  be d i r e c t l y  

p ropor t iona l  t o  t h e  a i r  flow rate. 

7.3 E f fec t  of A i r  Flux on F r o n t a l  Veloc i ty  

I f  s teady ,  a d i a b a t i c  burning i s  assumed, t h e  t h e o r e t i c a l  r e l a t i o n -  

s h i p  between f r o n t a l  v e l o c i t y ,  V f ,  and a i r  f l u x ,  U, may be expressed 

by Eq. (2.4). 

It appears  t h a t  a c o r r e l a t i o n  e x i s t s  between t h e  burning f r o n t a l  

v e l o c i t y  and t h e  a i r  f l u x  a t  t h e  f r o n t .  Although most i n v e s t i g a t o r s  

found a  d i r e c t  r e l a t i o n s h i p  between t h e s e  two parameters ,  i t  appears  

t h a t  t h e  product of oxygen u l t i l i z a t i o n  t imes a i r  f l u x  should be c o r r e l a t e d  

wi th  f r o n t a l  v e l o c i t y .  This  i s  because t h e  former i s  p ropor t iona l  t o  

t h e  r a t e  of ox ida t ion .  Also, a t  h igher  a i r  f l u x ,  lower oxygen u t i l i z a t i o n  

is  repor t ed .  A s t r a i g h t  l i n e  can be drawn through a l l  of t h e  repor ted  

da t a .  These l i n e s  can be d iv ided  i n t o  two ca t egor i e s :  ( a )  those  

wi th  a  zero  i n t e r c e p t  (Fig.  7 .8) ,  (b) t hose  w i t h  a n  i n t e r c e p t  
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o the r  than zero  (Fig. 7.9). I n  these  f igures ,  U i s  t h e  a i r  f l u x  

2 
(scc/cm -hr) , Y is the  oxygen u t i l i z a t i o n ,  and V is  the  burning f r o n t  

f 

v e l o c i t y  (cm/hr). I n t e r e s t i n g l y  enough, the  f i r s t  group of da ta  were 

obtained under near ad iaba t i c  condi t ions ,  while some hea t  l o s s e s  were 

associa ted  wi th  t h e  second group. Although no study has been done t o  

c o r r e l a t e  heat  l o s s  t o  f r o n t  ve loc i ty  and a i r  f l u x ,  i t  is  f e l t  t h a t  t h e  

c o r r e l a t i n g  parameter i n  these  two graphs may b e  t h e  hea t  l o s s  c o e f f i c i e n t .  

The minimum a i r  requirement is  d i r e c t l y  propor t ional  t o  the  hea t  l o s s .  Any 

i n t e r c e p t  i n  t h i s  curve would i n d i c a t e  the  amount of hea t  l o s s  i n  the  tube. 

The following equation is  the  r e s u l t  of a l e a s t  square technique 

appl ied  t o  a l l  t he  a v a i l a b l e  d a t a  obtained under a d i a b a t i c  condi t ions  

(Fig. 7.8). 

This  shows t h a t  the  f r o n t a l  v e l o c i t y  was about 200 t i m e s  slower than 

the  gas f l u x .  

The r e s u l t s  of the  work reported here  using San Ardo crude a r e  

presented i n  Fig. 7.9. These data  f i t  i n t o  t h e  following equation: 

o i l s  

Vf = 0.0061 U 0 Y  - 8.7273 (7.3) 

Figure 7.10 presents  a l l  t he  r e s u l t s  obtained f o r  d i f f e r e n t  crude 

used i n  t h i s  work. The runs with no (o r  very l i t t l e )  c l ay  i n  t h e i r  

matr ices  and those with d i f f e r e n t  o i l  o r  a t  higher pressure ,  showed some 

s c a t t e r  and w e r e  excluded from t h i s  curve f i t .  I n  f a c t ,  t h e  f r o n t  velo- 

c i t y  seems t o  be almost independent of gas f l u x  f o r  runs without  c lay .  

The i n t e r c e p t  f o r  t h i s  curve can be  in te rp re ted  a s  minimum a i r  

requirement f o r  sus ta in ing the  combustion f r o n t  under experimental 
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Fig. 7.10: EFFECT OF GAS FLUX ON FRONT VELOCITY 



conditions. Assuming 100% efficiency, this value is equivalent to 

2 
45 scf/hr-ft . Martin et al. (1959) reported a value between 4 to 10 

2 
scf/hr-ft for the minimum air requirement in their experiment, while 

2 
Penberthy and Ramey's (1966) figure was around 30 scf/hr-ft . These 

differences are probably due to the relative heat loss of the equipment 

used by these authors. 

7.4 Effect of Clay on Frontal Temperature 

Clay was found to have a profound effect on the frontal behavior. 

Runs No. 78-3 and Run No. 80-1 had almost the same initial conditions 

except that the latter had no clay. The average frontal temperature for 

Run No. 78-3 was around 950'~ (Fig. 7.11), but Run No. 80-1 had an 

0 
average frontal temperature of 650 F (Fig. 7.12) and low oxygen 

utilization. Considerable coke was left behind the front in Run No. 80-1 

while clean sand was obtained in Run. No. 78-3. 

Because the igniter was not turned off after the combustion front 

was established in Run No. 80-1, the temperature profiles ahead of the 

front had low slopes. This conclusion is in agreement with the results 

of Penberthy and Ramey (1966). 

7.5 Measurement of the Burning Front Thickness 

In Runs No. 78-7 and 80-1, the gas sampling probes were installed 

on the combustion tube to get a detailed analysis of the produced gases 

as the burning front passed these probes. The produced gas analysis from 

the probes are shown in Figs. 7-13-7.16. The instantaneous temperature 

transverse data are graphed in Fig. 7.17. 
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Fig. 7.11: TEMPERATURE PROFILE FOR RUN NO. 78-3 
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Fig. 7.12:  TEMPERATURE PROFILES FOR RUN NO. 80-1 
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A s  t h e  combustion f r o n t  approached t h e  sampling probe, t h e  probe 

gas showed an  inc rease  i n  carbon oxides  from va lues  near  t h a t  observed 

a t  t h e  e x i t  of t h e  combustion tube  toward a maximum. The e x i t  combustion 

gas  from t h e  outf low end of t h e  combustion tube  r e p r e s e n t s  a mixture of 

gases  which have passed through v a r i o u s  p o r t i o n s  of t h e  burning f r o n t  a t  

va r ious  temperatures .  Since t h e  probe was loca t ed  half-way between t h e  

wa l l  and a x i s  of t h e  combustion tube ,  i t  would be expected t h a t  t h e  

combustion temperature would be h ighe r  than t h e  average combustion 

temperature f o r  t h e  e n t i r e  c ross -sec t ion  of t h e  combustion tube .  Thus 

t h e  a r r i v a l  t ime of t h e  burning f r o n t  a t  t h e  k i n e t i c  probe ( t  ) was taken 
1 

t o  be t h e  t ime when carbon oxides  were a t  a maximum. The burning f r o n t  

had completely passed t h e  k i n e t i c  probe when carbon d ioxide  reached zero 

volume percentage  of t h e  probe gas ( a t  t ime t ). However, i t  was found 
2 

t h a t  due t o  low-temperature combustion i n  Run No. 80-1, some carbon oxides 

were produced even behind t h e  f r o n t .  Therefore,  t was taken a s  t h e  time 
2 

when t h e  temperature of t h e  probe i s  maximum ( t h i s  i s  shown by arrows i n  

Fig. 7.13-7.16). It appears  t h a t ,  i n  r e a l i t y ,  t h i s  assumption i s  more 

reasonable  than  t h e  zero  carbon oxides  assumption p rev ious ly  mentioned 

(Bousaid, 1967).  

The t ime r equ i r ed  f o r  t h e  burning f r o n t  t o  pas s  t h e  probe i s  t h e  

d i f f e r e n c e  between t and t Mult iplying t h i s  va lue  by t h e  burning f r o n t  
1 2 ' 

v e l o c i t y ,  we a r r i v e  a t  t h e  burning f r o n t  t h i ckness .  Table 7 . 2  summarizes 

t h i s  process  f o r  Run No. 80-1. The f r o n t  t h i ckness  f o r  t h i s  Run was 

found t o  range from 7.4 t o  10.9 cm wi th  an average of 8.8 cm. This  i s  

f o u r  t imes g r e a t e r  than  t h e  one c a l c u l a t e d  by Bousaid (1967). However, 

0 
i n  h i s  experiment,  t h e  f r o n t  temperature was around 900 F. Thus, i t  

appears  t h a t  t h e  h igher  t h e  f r o n t  temperature,  t h e  th inne r  t h e  f r o n t .  

90 





We can analyze the effect of the combustion reaction within the 

combustion tube by comparing the gas composition at any two points. 

For example, our gas analyses can be made from the upstream probe at 

a certain time. Shortly afterward (by a time difference amounting to 

the residence time) a gas analysis can be made from the downstream 

probe. The difference in compositions of these samples gives us the 

reaction rates. When this process is repeated, the net effect of tem- 

perature rise in the section between these probes can be observed. 

Figure 7.18 illustrates the gases produced in the zone between the 

middle and bottom probes. As can be seen, there are two peaks in this 

graph at low and at high temperatures. This is a general characteristic 

of the oxidation kinetics of crude oil in porous media. The detailed 

data for Fig. 7.18 are shown in Table 7.3. 

For the complete data regarding the operating conditions of the 

combustion runs as well as the results of gas analyses concerning the 

effluent gas composition, atomic hydrogen-carbon ratio, amount of water 

formed, fuel concentration and air-fuel ratio, see Fassihi -- et al. (1980). 

7.6 Fuel Content of the Bed 

Using an oil sand zone on top of a dry sand zone, the heterogeneous 

runs were conducted to calculate the minimum fuel availability for 

combustion, the effect of distillation on fuel availability, and the 

quality of the fuel at the front. The operating conditions for these 

experiments are graphed vs run time in Figs. 7.19-7.21, where the right 

ordinate shows both the injected gas pressure and the frontal tempera- 

ture. The gas flow rate and the front location are plotted on the left 

ordinate. 



Table 7.3: 

RUN TIME 

Hrs. 

PROBE TEMPERATURES AND PRODUCED GASES WITHIN THE MIDDLE 
SECTOR OF THE TUBE I N  RUN NO. 80-1 

PROBE TEMPERATURE OC 

Middle Bottom 

430 220 
470 220 
515 220 
565 220 
620 220 
635 225 
640 225 
635 230 
620 240 
615 245 
610 250 
585 255 
575 260 
560 270 
550 280 
540 295 
532 310 
525 330 
515 360 
510 395 
500 425 
4 90 485 
480 53 0 
475 565 
465 585 
455 605 
445 620 
440 620 
43 7 615 
427 600 

co 
Mole % 

C02 
Mole % 

0 
.2 
.4 

1.75 
2.7 
3.25 
3.85 
3.75 
4.3 
4.7 
4.85 
4.85 
5.3 
5.4 
5.95 
6 .1  
6.4 
6.75 
7 
7 .1  
6.8 
6.5 
6 
5.3 
4.4 
3.6 
3 
2.3 
1 .8  
1 . 5  
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Fig. 7.19: OPERATING CONDITIONS FOR RUN NO. 79-2 



Fig.  7.20: O P E M T I N G  CONDITIONS FOR RUN N0.'79-4 
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Fig.  7.21: OPERATING C O N D I T I O N S  FOR RUN NO. 79-6 



7.6-1 Measurement of the Fuel Saturation 

In Runs No. 79-2 and 79-4, combustion was continued until the 

front passed the interface between the oil zone and the dry zone. 

Then, it was found that the temperature dropped at a constant rate and 

finally combustion ceased (Figs. 7.19 and 7.20). The samples taken 

along the combustion tube were analyzed using ASTM methods. Figure 7.22 

illustrates the saturation profiles of different substances such as 

water, oil, and "coke." Here, the term "coke" signifies a solid material 

around the sand which could not be extracted unless burned. Assuming 

the average oil saturation in the steam plateau is the residual oil 

saturation, then 

S or = 3 g oi1/100 g sand 

This is equivalent to 15% of pore volume. 

7.6-2 Effect of Pressure on Fuel Deposition 

In Run No. 79-6 there were three zones (Table 6.2), an oil zone 

(Top), a dry zone (Middle) and then another oil zone (Bottom). Useful 

information was obtained concerning the effect of pressure on the frontal 

behavior and fuel availability. Comparing Figs. 7.20 and 7.21 we see 

that increasing the air flow rate had no effect on front temperature, 

but as soon as pressure increased, so did temperature. This can be 

related to steam distillation. The higher the pressure, the lower the 

distillation effect. Hence more fuel is available for combustion and, 

as a result, a higher burning temperature is obtained. 

The results of the effluent gas analyses showed that combustion 

was failing in Run No. 7906 before the pressure was increased (Fig. 7.23). 







Also, i n  t h i s  run ,  t h e  product ion slowed down when t h e  combustion 

f r o n t  was moving through t h e  middle s e c t i o n  of t h e  pack (Fig.  7.24). 

7.7 Discussion of Resu l t s  of Combustion Tube Runs 

Table 7.4 summarizes t h e  r e s u l t s  of combustion tube  runs f o r  

both homogeneous and heterogeneous runs.  This  t a b l e  shows t h a t  t h e  

f u e l  concen t r a t ion  i n  t h e  sand pack v a r i e d  between 1.4-2.4 l b / f t  3  

bulk volume and t h e  a i r - f u e l  r a t i o  ranged between 155 and 316 s .c f / lb .  

Also, t h e  amount of a i r  r equ i r ed  t o  sweep an  acre- foot  was found t o  

be around 15  MMscf. These r e s u l t s  a r e  comparable t o  t h e  r epo r t ed  da t a  

obtained i n  both f i e l d  combustion p r o j e c t s  and l abo ra to ry  experiments.  

For example, t h e  average AFR was found t o  be 350 s c f / l b  f u e l  i n  a  f i e l d  

experiment (Gates and Ramey, 1958).  Notice t h a t  t h e  t h e o r e t i c a l  

minimum amount of a i r  r equ i r ed  t o  c l ean  a  cubic  f o o t  of unconsol idated 

sand by combustion is  about 135 sc f  (Martin -- e t  a l . ,  1958).  

7.8 Conclusions from t h e  Combustion Tube Runs 

1. The e f f e c t s  of process  v a r i a b l e s  on f r o n t a l  behavior  were 

assessed  and i t  was found t h a t  both p re s su re  and c l a y  content  

have a  s i g n i f i c a n t  e f f e c t  on t h e  amount of f u e l  depos i ted .  

Higher p re s su re  l e a d s  t o  l e s s  d i s t i l l a t i o n  and, hence, more f u e l  

i s  a v a i l a b l e  f o r  combustion. The f r o n t a l  temperature was 

h igher  i n  tube runs  i n  which c l a y  was used.  

2. Cor re l a t ions  were obta ined  f o r  t he  o i l  produced a s  a  func t ion  

of volume burned and i n i t i a l  gas s a t u r a t i o n .  I n  gene ra l ,  t h e  

o i l  displacement e f f i c i e n c y  was found t o  be h igher  than t h e  d is -  

placement e f f i c i e n c y  observed i n  a  normal p i s t o n - l i k e  displacement.  
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Table 7.4  

SUMMARY OF COMBUSTION TURE RUN RESULTS 

RUN AIR FLUX AVG. BURNING BURNING FRONT PRODUCED GAS ANALYSIS, ATOMIC 1b.FUEL BURNED FUEL CONCENTRATION 
NO. FRONT TEMP. VELOCITY VOLX H/C RATIO PER HOUR AIRISAND RATIO 

RATIO 

2 ' C cm/hr 3 
ecc/s(ecf /hr-ft ) CO, CO 0, N, fraction lb/hr lb/ft bulk(bbl/Acre-f t) ecf /lb MMscf /Acre-f t 

488 

482 

510 

538 

variable 

518 

471 

501 

510 

501 

510 

593 

343 

600 



3. The frontal velocity was found to be proportional to the 

rate of oxygen utilization and dependent upon the heat loss. For 

adiabatic systems, the front moves about 200 times more slowly 

than the gas flux. For non-adiabatic systems, heat loss causes 

the front to move differently. However, the minimum air require- 

ment to sustain the combustion front from any system can be 

estimated directly from the oxygen utilization rate-frontal velo- 

city graph. 

4. Detailed kinetic data can be obtained by simultaneously 

analyzing the gases produced at different sections of the 

combustion tube and differentiating these data. The burning front 

thickness can also be calculated by measuring the gases produced 

at each section. 

5. The movement of the combustion front is a result of the 

interaction of several parameters such as flow rate, pressure, and 

rock matrix on the fuel deposition. The degree of interaction, 

in turn, depends on the reaction governing the combustion process. 

Therefore, the kinetics of these reactions should be investigated. 



8. ANALYSIS OF THE RESULTS OF KINETICS RUNS 

As was mentioned earlier, two sets of experiments were carried out 

in kinetics runs. In this chapter, the results of both constant temper- 

ature and variable-temperature runs are discussed. Also, some parameters 

such as molar CO /CO ratio and apparent H/C ratio are graphed vs reaction 2 

temperature to identify the reactions occurring. Finally, a model is 

proposed to analyze these reactions and the results are discussed. 

8.1 Isothermal Runs 

A model was developed by Weijdema (1968) for essentially constant- 

temperature runs. Originally he assumed a first order reaction rate 

with respect to fuel concentration. This model is generalized and is 

presented in Appendix C. Based on this model, if we plot the logarithm 

of the oxygen reacted with the fuel (Ay) vs time at each temperature 

level, a straight line can be obtained. From the slope and intercept 

of this line we can evaluate E, the energy of activation, and the other 

kinetic constants. 

The data for two isothermal runs are presented on Figs. 8.1 and 

8.2a, b and c. Each portion of the diagram plots the data obtained at 

a specific temperature level vs the run time. The mole percentages 

of the produced carbon dioxide are shown by squares and the mole 

percentages of the produced carbon monoxide are shown by crosses. The 

circles represent the mole percentages of the consumed oxygen and the 

diamonds represent the sand temperature (in OC). The changes in 
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produced gas concentration at each temperature level are plotted against 

the left ordinate and the sand temperatures are plotted against the 

ordinate on the right. Each abscissa represents the oxidation time 

during which the fuel was in contact with air at a given temperature 

level. Unless otherwise stated, the nomenclature mentioned above will 

be used throughout this report. 

The isothermal data in Fig. 8.1 for Run No. 107 exhibit unusual 

reaction kinetic results. When the temperature is raised, the reaction 

rate increases (more carbon oxides are produced) as expected; however, 

based on usual kinetic theory, one would expect the exit gas composition 

to level off to a nearly constant value. Although this seems to occur 

0 at 230 C, at higher temperatures the reaction rate gradually diminishes 

toward zero. This implies that the reactant has disappeared. However, 

at higher temperatures, there is another rapid rise in the reaction rate 

followed by another decline towards zero. 

In another experiment, Run No. 111, in which a more reactive oil 

from Venezuela was used, the same kinetic behavior was observed (Fig. 8.2). 

0 
At temperatures higher than 370 C (Fig. 8.2c), ignition occurred. To 

control the temperature rise resulting from oxidation, the run was 

stopped by injecting nitrogen instead of air for 5 minutes. This halted 

the combustion reaction. When air was reinjected into the reactor, 

the combustion reaction caused the temperature to rise again. It appears 

that the reactor did not behave isothermally at this temperature level 

(395'~). Therefore, the accuracy of those measurements is doubtful. 

The overall result indicated by these figures is that the system 

acts as though the amount of material available to react increases with 



temperature. Also, since the relative portions of reacting carbon 

and hydrogen vary with temperature level, the chemical nature of the 

material available to react changes with temperature. This type of 

behavior was originally observed by Bousaid and Ramey (1968), but has 

not been considered in previous kinetic models. Therefore, a new 

kinetic model formulation is needed. 

8.2 Variable Temperature Runs 

Figures 8.3-8.6 present gas composition and temperature vs time 

for non-isothermal experiments using four different crude oils. In 

these figures, as before, the consumed oxygen (sho-m by Ay) and the 

produced carbon dioxide and carbon monoxide are plotted against the 

left ordinate while the ordinate on the right represents the temperature 

0 
of the sand pack (in K). The abscissa shows the run time (in hours) 

from the beginning of air injection. 

Although the gas injection rate was held constant during each run, 

the effluent gas flow rate was variable. This was due to the difference 

between the number of moles of reacting and producing gases. Therefore, 

the measured oxygen consumed needed to be adjusted to include this 

change in flow rate. Using Eq. C-6 in Appendix C, the actual oxygen 

consumed was calculated and is shown as Ay in the following figures. 

There are two apparent peaks in the production of carbon oxides at 

different temperatures. This result, as well as the results of 

Differential Thermal Analysis, confirms the existence of at least two 

0 
reactions. At high temperatures (around 700 K), the amount of consumed 

oxygen is comparable to the amount of produced carbon oxides (i.e., 
Co2 

+ 0.5 CO). But at low temperatures, the oxygen consumed is greater 

than the carbon oxides produced. At even lower temperatures, some 

oxygen is consumed but no carbon oxides are produced. 
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Fig.8.3: GAS COMPOSITION AND TEMPERATURE V S  TIME FOR HUNTINGTON BEACH O I L  
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Fig. 8 .4 :  GAS COMPOSITION AND TEMPERATURE FOR VENEZUELAN OIL 
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Fig.  8.6: GAS COMPOSITION AND TEMPERATURE FOR FRENCH O I L  



The f i r s t  peak i n  t h e  gas  concen t r a t ion  graphs corresponds t o  t h e  

o i l  ox ida t ion  a t  low temperatures  whi le  t h e  second peak corresponds t o  

t h e  f u e l  combustion a t  h igh  temperatures .  Comparing Figs.  8.3-8.6, i t  i s  

c l e a r  t h a t  t h e  f i r s t  peak may be  smaller o r  h ighe r  than  t h e  second one 

depending on t h e  n a t u r e  of t h e  crude o i l .  For example, f o r  t h e  heavy 

v i scous  Venezuelan o i l ,  t h e  combustion peak is  much h ighe r  t han  t h e  

low-temperature peak (Fig.  8 .4) .  This  i n d i c a t e s  t h e  p ropens i ty  of t h i s  

crude o i l  f o r  f u e l  depos i t i on .  I n  c o n t r a s t ,  t h e  French o i l  (Fig.  8 .6) ,  

due t o  i t s  h igh  r e a c t i v i t y  w i th  oxygen a t  low temperatures ,  has  a  f i r s t  

peak which i s  much h igher  t han  t h e  second case .  (This f i g u r e  i s  taken 

from t h e  d a t a  of Bardon and Gadel le ,  1977, who used a  27' API French 

o i l .  The p r o p e r t i e s  of t h i s  o i l  a r e  descr ibed  i n  Table 8.8.  

To understand t h e  e f f e c t s  of p y r o l y s i s  on t h e  combustion r e a c t i o n ,  

Bardon and Gadel le  hea ted  two samples of o i l  sand a t  3 5 0 ' ~ ~  one f o r  one 

hour and t h e  o t h e r  one f o r  f i v e  hours ,  whi le  n i t r o g e n  was flowing. 

Then, they  subjec ted  t h e s e  samples t o  a  h e a t i n g  schedule i n  t h e  presence 

of a i r  ( s i m i l a r  t o  t h e  non-isothermal runs  mentioned h e r e i n  p rev ious ly ) .  

The r e s u l t i n g  gas compostion d a t a  (F igs .  6  and 7 of t h e i r  r e p o r t )  

showed t h a t  f o r  t h e  sample heated f o r  one hour,  t h e  f i r s t  peak was much 

sma l l e r  than  t h e  corresponding peak us ing  t h e  o r i g i n a l  o i l ,  and f o r  t h e  

sample heated f o r  f i v e  hours ,  t h e  f i r s t  peak v i r t u a l l y  disappeared.  

These f i n d i n g s  were i n  agreement w i t h  those  of Tadema (1959) who found 

0 
t h a t  s u b j e c t i n g  t h e  o i l  sand t o  prolonged hea t ing  a t  350 C, caused t h e  

f i r s t  peak i n  DTA thermograms t o  d isappear .  

Bardon and Gadel le  concluded t h a t  dur ing  p y r o l y s i s ,  t h e  l i g h t  

f r a c t i o n s  of t h e  o i l  are e l imina ted  by s t r i p p i n g ;  t h e  medium and heavy 

f r a c t i o n s  a r e  transformed by cracking,  g iv ing  v o l a t i l e  products  and 



heavy r e s idues .  A s  a r e s u l t ,  during a i r  ox ida t ion ,  when t h e r e  i s  l a c k  of 

ox id i zab le  f u e l  a t  low temperatures ,  t h e  f i r s t  peak d isappears .  This  may 

exp la in  why some o i l s  have such a smal l  low-temperature peak (Fig. 8 .4 ) .  

For t h e s e  o i l s ,  t h e r e  i s  no t  enough f u e l  t o  be oxid ized  a t  low temperatures  

because very  l i t t l e  p y r o l y s i s  occurs .  Consequently, t h e  oxygen consumption 

i s  ve ry  low. The unusual behavior  observed i n  Runs No. 107 and 111 can 

be explained by t h i s  p y r o l y s i s  r e a c t i o n .  

To i n v e s t i g a t e  t h e s e  r e a c t i o n s  and t h e  chemical n a t u r e  of t h e  f u e l  

burned, and t o  s e e  t h e  importance of d i s t i l l a t i o n  and p y r o l y s i s  on t h e s e  

r e a c t i o n s ,  t h e  apparent  hydrogen-carbon r a t i o  and t h e  molar carbon 

dioxide-carbon monoxide r a t i o  were c a l c u l a t e d .  The r e s u l t s  of t h e s e  

c a l c u l a t i o n s  a r e  d iscussed  i n  subsequent paragraphs. 

8 .3 Molar c02/C0 Rat io  

The molar r a t i o s  of t h e  carbon oxides (A) produced by t h e  oxida t ion  

r e a c t i o n s  of crude o i l  a t  d i f f e r e n t  temperatures  a r e  shown a s  t r i a n g l e s  

i n  F igs .  8.7-8.10. The changes i n  X i n d i c a t e  t h e  t r a n s i t i o n  between 

r e a c t i o n s  a t  d i f f e r e n t  temperatures  (Lewis et  a l . ,  1954). 

8.3-1 Ef fec t  of Temperature on X 

It appears  t h a t  t h e  va lue  of X has two d i s t i n c t  reg ions ;  below 

6 0 0 ' ~  ( 6 2 0 ' ~ ) ~  A is  v a r i a b l e ,  i nc reas ing  from 0.8 t o  2.0. A t  higher  

temperatures ,  i t  is nea r ly  cons tan t  a t  around 2-3, depending on t h e  

p re s su re .  The c a l c u l a t e d  X's a t  ve ry  low and very  high temperatures  

were excluded because of t h e  lower accuracy i n  measurement of smal l  

concent ra t ion  carbon oxides produced. 

The f a c t  t h a t  X i s  almost cons t an t  a t  h igh  temperatures  i n d i c a t e s  

t h a t  carbon oxides  a r e  being produced by t h e  same r e a c t i o n .  By t h e  

same token, t h e  r e a c t i o n s  a t  low temperatures  must be numerous and 

0 non-unique because below 600 K,  X v a r i e s  w i t h  temperature.  
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TEMPERATURE, T ( O K )  

Fig. 8.7: MOLAR C02/C0 RATIO AND APPARENT HIC RATIO VS 

TEMPERATURE FOR HUNTINGTON BEACH OIL 
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TEMPERATURE, T ( O K )  

Fig. 8.8: MOLAR co2/CO RATIO AND APPARENT H/C RATIO FOR 

VENEZUELAN OIL 
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TEMPERATURE, T ( O K )  

F i g .  8 .10:  MOLAR C02/C0 RATIO AND APPARENT H / C  RATIO FOR FRENCH OIL 



Lewis et a l .  (1954) r epo r t ed  t h a t  t h e  molar r a t i o  of CO/(CO + C O ~ )  -- 
f o r  combustion r e a c t i o n s  of cha rcoa l ,  g r a p h i t e ,  and c o a l  i n  a  f l u i d i z e d  

bed is  around 0.25 ( i . e . ,  X = 3 ) .  The f a c t  t h a t  t h i s  number i s  near  

t h e  va lue  of X ob ta ined  a t  h igh  temperatures ,  i n d i c a t e s  t h a t  t h e  f u e l  

burned i n  t h e  combustion r e a c t i o n  i s  a heavy r e s i d u e  and i s  s i m i l a r  t o  

carbon i n  chemical c h a r a c t e r i s t i c s .  

I n  F ig .  8.8, t h e  c a l c u l a t e d  X's f o r  an i so thermal  run  (shown a s  

dark  t r i a n g l e s )  a r e  compared t o  t h e  X's obtained i n  a  non-isothermal 

run (shown a s  c l e a r  t r i a n g l e s )  . General ly ,  t h e  longer  hea t ing  schedule 

and r e s idence  time of i so thermal  runs  r e s u l t e d  i n  g r e a t e r  carbon d ioxide  

product ion and g r e a t e r  va lues  of X compared t o  non-isothermal runs .  

Apparently,  t h e  l a r g e r  r e s idence  t imes r e s u l t e d  i n  more n e a r l y  equi l ibr ium 

condi t ions .  

8.3-2 E f f e c t  of P re s su re  on X 

The average va lues  of X c a l c u l a t e d  a t  h igh  temperatures  i n  d i f f e r e n t  

runs  a r e  graphed v s  p a r t i a l  p re s su re  of oxygen i n  F ig .  8.11. It appears  

t h a t  A i nc reases  s l i g h t l y  w i th  h igher  p re s su re .  The s t r a i g h t  l i n e  

shown i s  drawn through t h e  d a t a  obtained us ing  Huntington Beach o i l  and 

has t h e  fol lowing equat ion:  

where 

p = P a r t i a l  P re s su re  of Oxygen, kPa 
O2 





This pattern is in accordance with the findings of Dabbous and Fulton 

(1974). However, Bousaid and Ramey (1968) did not find any effect of 

pressure on A. 

This pressure dependency of A may be due to the occurrence of the 

following reactions: 

Calculated thermodynamic equilibrium constants (Kanury, 1977, pp. 366- 

368) for the above reactions showed that the second reaction is more 

likely to occur at pressures and temperatures encountered in the 

0 experiments. In fact, at 800 K, by calculation the following relation- 

ship exists between X and the partial pressure of CO 
2' pco2: 

Similar equations cna be derived for at different temperatures using 

the published values of the equilibrium constant for this reaction 

(Kanury, 1977). However, the occurrences of reaction 8.3 cannot fully 

explain the observed behavior shown on Fig. 8.11 because Eqs. 8.1 and 

8.4 have different constants. 



8.4 The Apparent H/C Ratio, n 

The apparent hydrogen-carbon r a t i o  of t h e  f u e l  consumed, q ,  was 

ca lcula ted  from t h e  ana lys i s  of t h e  produced gases f o r  each combustion 

run a s  a funct ion of temperature. These ca lcu la t ions  were based on 

t h e  assumption t h a t  a l l  t h e  oxygen not  observed i n  t h e  e x i t  gas had 

reacted t o  form water. This assumption is  not  r igorous because of t h e  

occurence of LTO react ions .  

The apparent H/C r a t i o  is  a use fu l  co r re la t ing  t o o l  (Alexander, 

et  a1 1962). Burger and Sahuquet (1972) showed t h a t  q and X can be - * 9 

used t o  estimate t h e  heat  of combustion. The re la t ionsh ip  between 

q and produced gas composition is: 

4 [  (yi/vi)vo - co2 - 0.5 CO - 
n = 

yo I 
(C02 + CO) 

where : 

yo 
= concentrat ion of produced oxygen, mole % 

Y i  
= concentrat ion of in jec ted  oxygen, mole % 

v v = concentrat ion of in jec ted  and produced 
is 0 

nitrogen,  mole % 

The calcula ted  H/C r a t i o s  f o r  four  runs a r e  graphed as c i r c l e s  i n  

Figs. 8.7-8.10. The values of q a t  both very high and very low 

temperatures should be discarded due t o  less accura te  measurement of 

t h e  small concentrat ion of gases produced. 

I n  most runs, a general  decrease in t h e  apparent H/C r a t i o  with an 

increase  i n  temperature was observed and was found t o  follow a simple 

semilogarithmic re la t ionship .  



Rnn = a + b T  

where a and b are constants shown in Table 8.1. 

8.4-1 Effect of Distillation on n 

The atomic H/C ratios of the distillation cuts of crude oils used 

were calculated to investigate whether distillation in porous medium is 

responsible for lowering rl (see Watson and Nelson, 1935, on methodology). 

Figure 8.12 shows the H/C ratios of different fractions of Huntington 

Beach crude oil. The T) for the original crude is also graphed. 

As shown in Fig. 8.12, the H/C ratios of distillation cuts only 

dropped from 1.95 to 1.5 as the temperature was increased. This drop is 

much less than the one observed in kinetic experiments (Figs. 8.7-8.10). 

In these runs, at temperatures below 560°K, q was higher than the atomic 

H/C ratio of the parent oil. However, as the temperature was increased, 

T') decreased more until it reached a minimum (around 0.5). This may be 

due to further pyrolysis of the fuel at higher temperatures. 

8.4-2 Effect of Pyrolysis on T) 

Burger and Sahuquet (1977a) studied the effect of pyrolysis on the 

atomic H/C ratio of the fuel. Their study consisted of subjecting a 

sample of crude oil to a heating rate (500°C/hr) in the presence of 

nitrogen and then measuring the hydrogen and carbon content of the 

residue at each temperature. The results are reproduced in Fig. 8.13. 

As shown, the carbon content of fuel was almost constant at all temper- 

atures, but the hydrogen content was only constant up to around 300°C, 

after which it decreased as the temperature was increased. Hence, they 

observed that T) decreased linearly with an increase in temperature. 



Table  8.1:  CONSTANTS OF '17iE CORRELATION 

R n n  = a + b T  

CRUDE TYPE a b 

Hunt ington Beach 13.8140 0.02220 

Venezuela 16.6630 0.02708 

French  O i l  15.8037 0.02382 

San Ardo 17.2342 0 .02917 



TEMPERATURE, T ,"c 

Fig. 8.12: ATOMIC H/C RATIO OF THE FRACTIONS OF HUNTINGTON BEACH 
CRUDE DISTILLED (THE LOWER AND UPPER ABSCISSAE ARE 
FOR DISTILLATION AT 0 AND 80 PSIG RESPECTIVELY, REFER 
TO FIG. 5.3) 



Fig. 8.13: ALTERATION OF RESIDUAL OIL IN THE PRESENCE 
OF NITROGEN DURING HEATING TO A MAXIMUM 
TEMPERATURE Tux OF A MIXTURE OF CRUSHED 
SILICA AND OIL. HEATING RATE = 500' Clhr. 
(Burger, J., 1972) 



As a result of the preceding sections, the following conclusions 

can be drawn: 

At lower temperatures, the crude oil undergoes an oxidation 

reaction without generating carbon oxides. 

As the temperature is raised, distillation coupled with pyrolysis 

produces hydrogen gas and some light hydrocarbons in the gas phase. 

A major part of these hydrocarbons are produced without being oxidized. 

However, oxygen reacts with the remainder of these gases and hence, 

medium-temperature oxidation occurs. 

At higher temperatures, this reaction is completed and a hetero- 

geneous reaction begins. Here, the reactants are oxygen in the gas 

phase and heavy residue of oil deposited on the solid matrix. 

8.5 Modelling of the Reactions 

In Appendix C, a model is developed based on Weijdema's kinetic 

equation (1968). In this model, the temperature can be increased 

linearly with time, and by proper graphing of the variables, a semi-log 

straight line should result. The variable temperature runs were made 

to test this model. Using the data in Run No. 110, the relative reaction 

rate (Appendix C) was calculated and is graphed in Fig. 8.14. Note that 

the high temperature data fall on a straight line as predicted by 

Weijdema's model but at lower temperatures (increasing values of 1/T) a 

departure from the straight line is observed. It is clear from these 

data that Weijdema's single-reaction model does not adequately describe 

the reaction kinetics observed. 

At high temperatures the amount of carbon oxides formed closely 

matches the amount of oxygen consumed, but at medium temperatures the 

oxygen consumed is greater than the carbon oxides formed. Finally, 





a t  low temperatures ,  oxygen i s  consumed wi th  no carbon oxide formation.  

This p a t t e r n  is t h e  b a s i s  of a n  a n a l y s i s  of t h e  d a t a  f o r  t h e s e  s e p a r a t e  

r e a c t i o n s  as descr ibed  i n  t h e  fo l lowing  paragraphs. 

A s t r a i g h t  l i n e  w a s  drawn through t h e  h igh  temperature d a t a .  From 

t h e  s lope  of t h a t  l i n e  a n  a c t i v a t i o n  energy, E = 135 kJ/mole, is  obta ined  

(Fig. 8.15a, curve I ) .  It was assumed t h a t  t h i s  r e a c t i o n  a l s o  occurs  a t  

lower temperatures  according t o  a n  e x t r a p o l a t i o n  of t h e  h igh  temperature 

da t a .  The method used is  descr ibed  i n  Appendix D. 

By s u b t r a c t i n g  t h e  amount of oxygen consumed i n  t h e  h igh  temperature 

r e a c t i o n  from t h e  o r i g i n a l  Ay curve (Fig.  8.16a) a new curve (Fig.  8.16a, 

curve 11)  is  obta ined  which desc r ibes  t h e  ox ida t ion  behavior  a t  t h e  medium 

temperature range,  and curve 111 i n  Fig .  16b i s  obta ined  which desc r ibes  

t h e  product ion of carbon oxides i n  t h e  medium temperature range. 

From curve I1 of Fig.  8.16a, a c a l c u l a t i o n  of t h e  r e l a t i v e  r e a c t i o n  

r a t e ,  ( A Y ) I L ~  Aydt' a s  a f u n c t i o n  of l / T  l e a d s  t o  t h e  curve l a b e l l e d  I1 

i n  Fig.  8.15b ( t h e  open t r i a n g l e s ) .  The d a t a  a r e  n o t  l i n e a r .  However, 

a computation of a n  equ iva l en t  term f o r  t h e  carbon oxides  formed, 

6/Jm 6 d t t ,  where 6 = CO + o.5C0, from curve 111, Fig.  8.16b, shows a  
t 2 

d e f i n i t e  s t r a i g h t  l i n e  (curve 111, Fig.  8.15b). An a c t i v a t i o n  energy 

of E = 84 kJ/mole is  c a l c u l a t e d  from t h e  s l o p e  of t h i s  l i n e .  I n  t h i s  

f i g u r e ,  a l though t h e  d a t a  s c a t t e r s  cons iderably ,  i t  appears  reasonable  

t o  assume t h e  oxygen consumption curve i n  t h e  medium temperature range 

fo l lows  t h e  same s lope  a s  t h e  carbon oxides  curve. Using t h i s  assump- 

t i o n ,  t h e  oxygen consumption can be  c a l c u l a t e d  and sub t r ac t ed  from 

curve I1 of Fig.  8.16a and t h e  remainder is  rep resen ted  i n  curve  V 

(Fig. 8.1612) . 





INVERSE TEMPERATURE, 1/T (OK-') 

Fig. 8.15b: ARRHENIUS PLOT FOR FUEL COMBUSTION AND DEPOSITION 
REACTION RATES (RUN NO. 110) 
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INVERSE TEMPERATURE, l / T  (OK-') 

F i g .  8.15~: ARRHENIUS PLOT FOR RUN NO. 110 









When t h e  d a t a  from curve V, Fig.  8 . 1 6 ~  i s  eva lua ted  us ing  t h e  

Weijdema i n t e g r a l ,  A ~ / L ~  Aydt ' , and t h e  r e s u l t  is graphed on Fig. 8.15c, 

a s t r a i g h t  l i n e  (curve V) is formed which desc r ibes  t h e  low-temperature 

ox ida t ion  r e a c t i o n .  The a c t i v a t i o n  energy c a l c u l a t e d  from t h e  s l o p e  of 

t h i s  l i n e  is E = 93 kJ/mole. 

Using t h e  computer i n t e r a c t i v e l y ,  t h i s  same a n a l y s i s  was appl ied  t o  

o the r  experiments.  The r e s u l t s  always f i t  s t r a i g h t  l i n e s .  However, f o r  

d i f f e r e n t  crude o i l s ,  t he  o rde r  of t h e  r e a c t i o n  wi th  r e s p e c t  t o  f u e l  

concent ra t ion ,  n ,  was d i f f e r e n t .  Figures  8.17 through 8.20 show t h e  

corresponding Arrhenius p l o t s  and produced gases  f o r  two o t h e r  crude o i l s .  

8.6 Repea tab i l i t y  and Accuracy of Experiments 

I n  genera l ,  a l l  runs  were r epea t ab le .  For example, u s ing  t h e  same 

f u e l  i n  Runs No. 109 and 113, i t  was found t h a t  t h e  r e s u l t i n g  Arrhenius 

p l o t s  matched very  c lose ly .  The same procedure was followed i n  matching 

t h e  o t h e r  r e s u l t s  and t h e  r e p e a t a b i l i t y  of t h e  tests was confirmed. 

To v e r i f y  t h a t  t h e  a c t i v a t i o n  ene rg i e s  and t h e  r e a c t i o n  o rde r s  

der ived  from t h e  ana lyses  were reasonable ,  t h e  amounts of oxygen consumed 

i n  t h e  t h r e e  r e a c t i o n s  were superimposed upon one another  and t h e  r e s u l t s  

were compared t o  t h e  experimental  oxygen consumption curves.  F igures  

8 .21  and 8.22 show computed Ay curves ( s o l i d  l i n e )  compared t o  t h e  

experimental  da t a .  The match was good f o r  t h e s e  and o t h e r  s i m i l a r  d a t a .  

The t r a p e z o i d a l  r u l e  was used t o  i n t e g r a t e  t h e  a r e a  under t h e  

oxygen consumption curve. This  caused some e r r o r s  when t h e r e  was a 

sharp  change i n  gas  concent ra t ion .  It a l s o  introduced some e r r o r s  i n t o  

t h e  c a l c u l a t i o n s  of curve f i t t i n g  and e x t r a p o l a t i o n  of t h e  r e a c t i o n  

r a t e s  t o  lower temperatures .  These c a l c u l a t i o n s  were e s p e c i a l l y  

s e n s i t i v e  t o  t h e  choice of t h e  po in t  a t  which t h e  r e l a t i v e  r e a c t i o n  r a t e  



F i g .  8.17: ARRHENIUS PLOT FOR FRENCH OIL 





INVERSE TEMPERATURE, 1/T (OK-') 

Fig .  8.19: ARPJIENIUS PLOT FOR VENEZUELAN OIL 
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curve would d e v i a t e  from t h e  s t r a i g h t  l i n e  (Appendix C ) .  Thus, i n  some 

runs,  us ing  t h e  same f u e l ,  bu t  a t  d i f f e r e n t  p a r t i a l  p re s su re  of oxygen, 

t h e  ca l cu la t ed  a c t i v a t i o n  ene rg i e s  were no t  t h e  same (Table 8 . 2 ) .  This 

i n  t u r n  l e d  t o  t h e  eva lua t ion  of a  wrong i n t e r c e p t .  Therefore,  t o  

normalize t h e  da t a ,  f i r s t y t h e  a c t i v a t i o n  ene rg i e s  which were q u i t e  

d i f f e r e n t  from t h e  average va lue ,  were d iscarded .  Then, us ing  t h e  

average va lue  of t h e  ca l cu la t ed  a c t i v a t i o n  ene rg i e s ,  s t r a i g h t  l i n e s  of 

t h e  same s l o p e  were drawn through t h e  experimental  da t a  p o i n t s  on t h e  

Arrhenius p l o t  (Fig. 8.23).  This was achieved by s e l e c t i n g  an  a r b i t r a r y  

d a t a  po in t  a t  t h e  mid-range of t h e  absc i s sa  a s  t h e  f o c a l  p o i n t .  For a  

combination r e a c t i o n  (Fig.  8.23), t h i s  po in t  was 1.5 x 10 -3 O K - ~ .  The 

corresponding p o i n t s  f o r  f u e l  depos i t i on  (Fig. 8.24) and LTO r e a c t i o n  

(Fig.  8.25) were 1 .8  x and 1.93 x OK-', r e s p e c t i v e l y .  The 

r e l a t i v e  r e a c t i o n  r a t e s  eva lua ted  a t  t h e  f o c a l  p o i n t s  f o r  t h e  above 

t h r e e  r e a c t i o n s  a r e  shown i n  column 5 of Tables 8.2-8.4. F i n a l l y ,  t h e  

t r u e  i n t e r c e p t  a t  each p re s su re  was computed (column 6 of Tables 8.2- 

8.4). 

8.7 Evaluat ion of Arrhenius Constant 

Appendix C shows t h a t  by p l o t t i n g  t h e  t r u e  i n t e r c e p t  ( i . e . ,  A p m, 
O2 

wi th  r e spec t  t o  p a r t i a l  p re s su re  of oxygen ( i . e . ,  
Po,) , w e  can eva lua t e  

both t h e  Arrhenius cons tan t ,  *r ' and t h e  r e a c t i o n  order  wi th  r e spec t  t o  

oxygen p a r t i a l  p re s su re ,  m. F igu res  8.26-8.28 i l l u s t r a t e  t h i s  method 

f o r  a l l  t h r e e  r e a c t i o n s .  The f i n a l  r e a c t i o n  r a t e  equat ions a r e  shown 

on Tables  8.2-8.4. 

Following t h e  same procedure, t h e  r e a c t i o n  k i n e t i c  parameters were 

eva lua ted  f o r  o t h e r  crude o i l s  used i n  t h e  experiments.  For these  crude 



* 
Table  8.2: FUEL COMBUSTION REACTION RATE 

(Hunt ington Beach Crude O i l )  

Run No. 

110 

117 

118 

119 

120 

1 2 1  

122 

124 

128 

True I n t e r c e p t  

11s x 10 -~  

- 

Average : 1.620 

5 * ~R = 6 x 10 exp (- 135,00O/RT) p 
0.66 

C 09 Cf 



RELATIVE REACTION RATE, 11s 
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Fig. 8.24: ARRHENIUS PLOT FOR FUEL DEPOSITION REACTION 
(HUNTINGTON BEACH OIL) 
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A RUN No.128 

INV. TEMPERATURE, l l T  x lo3 (OK-') 

Fig. 8.25: ARRHENIUS PLOT FOR LTO REACTION (HUNTINGTON BEACH OIL) 



* 
Table 8.3: FUEL DEPOSITION REACTION RATE 

(Huntington Beach Crude Oil) 

A P 
m 

E/R P R R R ( ~  .8x1oW3) True Inf ercept 
O2 02 +4 - 3 

Run No. l/s x OK x kPa l/s x 10 - - l/s x 10 

-- 

Average: 9.551 

3 * Rf = 1.2 x 10 exp (-80,00O/RT) p 
0.46 

0, Cf 

** This was not included in the curve fit 



* 
Table 8.4 :  LOW-TEMPERATURE OXIDATION RATE 

(Huntington Beach Crude Oi l )  

A P  
m 

E/R P RRRQ. 95x10-~)  T r u e  I n t e r c e p t  
O2 02 +4 

Run No. l / s  x --- -- - US OK x 10- kPa 1/s x 10 

Average : 8.059 

** This  was no t  included i n  t h e  curve f i t  



Fig. 8.26: PLOT OF INTERCEPT VS PRESSURE FOR COMBUSTION 
REACTION (HUNTINGTON BEACH O I L )  
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PARTIAL PRESSURE OF OXYGEN, PO2 (kPa) 

F i g .  8 . 27 :  PLOT OF INTERCEPT VS PRESSURE FOR FUEL 
DEPOSITION REACTION (HUNTINGTON BEACH OIL)  



PARTIAL PRESSURE OF OXYGEN, P (kPa) 
0 2  

Fig.  8.28: PLOT OF INTERCEPT VS PRESSURE FOR LTO REACTION 
(HUNTINGTON BEACH OIL) 



oils, only two runs were conducted. Figures 8.29-8.31 show the straight 

lines obtained for different reactions using San Ardo and Venezuelan 

oils. The true intercepts of these lines are plotted on Figs. 8.32- 

8.33. The entire suite of kinetic data for these crude oils are given 

on Tables 8.5-8.6. The results show the applicability of the proposed 

model in evaluation of kinetic parameters for oxidation of crude oil 

in porous medium. 

8.8 Diffusion Effects 

As was stated in the introduction, the first step in the reaction 

mechanism of crude oil oxidation in a porous medium is the diffusion of 

oxygen from the bulk gas stream to the fuel on the rock. Using 

correlations for prediction of the diffusion rate, it was found that 

the chemical reaction step is much slower than the diffusion step 

(Appendix F). Therefore, the overall rate appears to be kinetically 

controlled. Later, this notion was substantiated experimentally when a 

two-fold increase in the air flow rate did not cause any change in 

reaction constants. 

8.9 Effect of Lithology on the Reactions 

Investigators have reported the effects of clay content, metallic 

additives, and surface area of the rock on fuel deposition. Some 

experiments were run using either the original core or a mixture of sand 

and clay to study these effects quantitatively. The results of these 

experiments along with those of Bardon and Gadelle (1977) who also 

studied the effect of metallic additives on these reactions are reported 

here. 



1 I I I f I - o RUN No. 127 (Po2 = 166.2 kPa) I 

t RUN No. 129(Po2= 50.3 kPa) 1 

DEPOSITION ' i  

Fig. 8.29: ARRHENIUS PLOT FOR DIFFERENT REACTIONS (SAN ARDO OIL) 



F i g .  8.30: ARRHENIUS PLOT FOR COMBUSTION REACTION 
(VENEZUELAN OIL) 



0 RUN No. 11 2 
o RUN No. 125 1 

Fig. 8.31: ARRHENIUS PLOT FOR DIFFERENT REACTIONS 
(VENEZUELAN OIL) 



PARTIAL PRESSURE OF OXYGEN, Pop (kPa) 

Fig. 8 . 3 2 :  PLOT OF INTERCEPT VS PRESSURE (SAN ARDO OIL) 



w 
I 

X 
Ca 
% - 18 
k= 

COMBUSTION 

FUEL 
DEPOS 

PARTIAL PRESSURE OF OXYGEN, ( k k )  

Fig .  8 . 3 3 :  PLOT OF INTERCEPT VS PRESSURE (VENEZUELAN OIL) 



Table 8.5: KINETIC DATA FOR SAN ARDO CRUDE OIL 

1. Fuel Combustion Rate* 

m 
*rpo2 E o /R P02 RRR(~.~x&o-~) True Inte cept 

Run No. l/s x K x - kPa 11s x 10 l/s 

Average : 1.425 

2. Fuel Deposition Rate** 

m 
ArP02 E /R P ~ 2  

RRR(~. 8xl0-~) True Intercept 
0 Run No. l/s x K x kPa l/s x 10 4 - US 

129 1.975 8.766 50.3 2.75 2.178 - - - -  
Average : 8.825 

3. Low-Temperature Oxidation Rate*** 
m 

ArP~2 E/R P02 
RRR(~. 95xl0-~)   rue Intercept 

0 
Run No. l/s x K x - kPa l/s x 10 +4 11s x 

129 0.563 7.450 50.3 2.8 8.39 
- - - -  

Average : 7.648 



Table 8.6: KINETIC DATA FOR VENEZUELAN OIL 

1. Fuel Combustion Rate* 

m 
A PO2 E /R 

Run No. lf s x OK x 
Po2 
kP a - 

6 * R = 2 x 10 exp (-~~~,OOO/RT) Po 0.23 
C 

r) f 

2. Fuel Deposition Rate** 

m 
Ar~02 E/R Po2 R R R ( ~ .  8xl0-~)  rue Intercept 

RunNo. 11s x 10-I O K x - kPa 11s x 10 +4 11s x 10-I 

Average : 6 .I74 

** Rf = 8.8 exp(-51,00O/RT) p 0.18 

O 2 Cf 

3. Low Temperature Oxidation Rate*** 

A~PO? o E/R P02 RRR(~. 95x10-~) True Intercept 
Run No. l/s x loe3 K x kPa 11s x 10 - +4 ~ I S ~ ~ O - ~  

125 8.343 8.429 19 5 5.9 

126' 1.929~10~ 1.067~10~ 166 - - - - - -  
Average : 8.511 

+ This was not included in the curve fit 



8.9-1 E f f e c t  of Matrix 

Some experiments were run  us ing  t h e  o i l  i n  t h e  o r i g i n a l  core .  These 

co re s  were obta ined  from t h e  Jobo f i e l d  i n  Venezuela and from Lynch 

Canyon f i e l d  i n  Ca l i fo rn i a  (F igs .  8.34 and 8.35) .  The corresponding 

graphs showing t h e  molar CO /CO r a t i o  and apparent  H/C r a t i o  f o r  t hese  
2 

runs  a r e  shown i n  F igs .  8.36 and 8.37. The C O z / C O  r a t i o  was h igher  f o r  

t h e s e  runs  than  f o r  t h e  runs  us ing  t h e  sand mix. 

The r e a c t i o n  r a t e s  were c a l c u l a t e d  us ing  t h e  k i n e t i c  model 

p rev ious ly  mentioned. The Arrhenius p l o t s  f o r  t h e s e  runs  a r e  shown i n  

F igs .  8.38 and 8.39. (The combustion r e a c t i o n  r a t e  of Venezuelan o i l  

was graphed on Fig.  8.24 f o r  comparison.) Table 8.6 and 8.7 p re sen t  

t h e  c a l c u l a t e d  k i n e t i c  cons t an t s  f o r  t hese  r e a c t i o n s .  

F igure  8.24 c l e a r l y  shows t h a t  t h e  a c t i v a t i o n  energy f o r  combustion 

r e a c t i o n  i n  t h e  o r i g i n a l  core  is much lower than  i n  t h e  sand mix. The 

s i e v e  a n a l y s i s  f o r  t h e s e  mat r ices  confirmed t h a t  t h e  sand g r a i n s  were 

much f i n e r  than the  sand mix used i n  t h e  runs .  There were even some 

s i l t s  i n  t hese  cores .  

Bardon and Gadel le  (1977) i n v e s t i g a t e d  t h e  e f f e c t s  of ma t r ix  on t h e  

ox ida t ion  r e a c t i o n s  of a  French o i l .  The p r o p e r t i e s  of t h i s  o i l  a long 

wi th  t h e  ma t r ix  and pack condi t ions  a r e  shown i n  Tables 8.8-8.9. I n  

t h e i r  f i r s t  k i n e t i c  experiment (Run No. l ) ,  they  used a  sand mix of 

vary ing  g r a i n  s i z e  whi le  a  f i n e r  sand was used i n  t h e i r  second run 

(Table 8 .9) .  They a l s o  conducted a n  experiment us ing  t h e  o r i g i n a l  core 

(Run No. 4 ) .  Thei r  d a t a  were analyzed us ing  t h e  proposed k i n e t i c  model 

and t h e  r e s u l t i n g  Arrhenius graphs a r e  presented  i n  F igs .  8.40-8.42. 

A s  i s  shown, t h e  i n c r e a s e  i n  t h e  s u r f a c e  a r e a  ( f i n e r  sand) r e s u l t e d  

i n  a  smal le r  Arrhenius cons t an t  f o r  both f u e l  depos i t i on  and f u e l  



10 I I I I 1 I I I I I I I I I I I 

RUN N O  128 J 
800 

OIL IN ORIGIKAL MATRIX 
AVERAGE PRESSURE 680 kPa 

Time, H r s  
Fig. 8 . 3 4 :  GAS COMPOSITION AND TEMPERATURE VS TIME FOR VENEZUELAN OIL I N  

ORIGINAL CORE 









INV. TEMPERATURE, 1lTx lo3 (OK-') 

Fig. 8.38: ARRHENIUS PLOT FOR RUN NO. 126 (ORIGINAL CORE) 



Fig. 8.39: ARRHENIUS PLOT FOR LYNCH CANYON OIL 



Table  8 .7  

KINETIC DATA FOR LYNCH CANYON OIL (Run No. 131) 

FUEL COFBUSTION FUEL DEPOSITION LTO REACTION 

I n t e r c e p t ,  l / s  7.785 x 1 0  
6 

1.984 x 1 0  
3 

6.808 x lo8  

T a b l e  8.8 

THE PROPERTIES OF THE FRENCH CRUDE,OIL 
USED BY BARDON AND GADELLE (1977) 

Dens i ty  3 
0.891 g/cm (27' API) 

V i s c o s i t y  80  - 100 c .p .  

Chemical n a t u r e  : 51% s a t u r a t e d  hydrocarbons  

32% a r o m a t i c s  

17% heavy compounds 16.5% r e s i n s  
0.5% a s p h a l t e n e s  

D i s t i l l a t i o n  
Curve < 2 1 5 ' ~  7.7% (wt) 



Table 8-9 

INITIAL PACK CONDITIONS FOR RUNS CONDUCTED 
BY BARDON AND GADELLE (1977) 

O i l  Content 3.5% by w t .  (4.75% i n  Run No.  2) 

Sand Type Ottawa 

A i r  Flux 
3 2 

40 m /m -hr 

P res su re  550 kPa. 

Heating Rate 1 0 0 ~ ~ / h r  

Sieve Analysis  of t h e  Pack 

GRAIN SIZE 
DISTRIBUTION 

SAND M I X  ORIGINAL MATRIX SILICA 

RUN NO. 1 RUN NO. 4 RUN NO. 2 

< 1 2 5 ~  

125 - 1 6 0 ~  

160 - 200P 

200 - 250P 

250 - 315P 

315 - 4 0 0 ~  

> 4 0 0 ~  

K a o l i n i t e  

Note: I n  Run No. 3 t h e  g r a i n  s i z e  was t h e  same a s  i n  Run No. 1 



Table 8.10: ANALYSIS OF DATA OF BARDON AND GADELLE 

* 
1. Combustion Reaction 

Bed - Intercept, 11s 

Sand Mix* 6.25 x 10' 1.264 1.2 

Silica* 1.241 x 10 1.277 1.2 
4 

Original Matrix 2.287 x 10 1 0.844 1.2 

Sand Mix + 
2000 PPm Cu 2.8481 x 10-I 0.486 1.2 

m * R = ArP exp(-lO5,000/RT) Cf 1.2 
C 

O 2 

** 
2. Fuel Deposition Reaction 

Bed - Intercept, 11s 

Sand Mix** 3.56 x 10' 

Silica** 8.896~ 10 1 

Original Matrix 1.811~ lo4 

Sand Mix + 
2000 PPm Cu 7.46 x 10 6 

*** 
3.. Low-Temperature oxidation Reaction 

Bed - Intercept 

Sand Mix*** 5.610 x 10 1.415 1.4 6 

Silica -- -- -- 
Original Matrix 1.027 x 10 9 1.444 1 

Sand Mix + 
2000PPm Cu 





INV. TEMPERATURE, 1lT x lo3 (OK-') 

Fig. 8.41: ARRHENIUS PLOT FOR FUEL DEPOSITION REACTION 
(FRENCH OIL) 



F i g .  8 . 4 2 :  ARRHENIUS PLOT FOR LTO REACTION (FRENCH OIL) 



combustion without  any change i n  a c t i v a t i o n  energy (Table 8.10).  This 

s u r f a c e  a r e a  dependency shows t h a t  t h e  heterogeneous combustion r e a c t i o n  

i s  apparent ly  t h e  r e s u l t  of burning some l a y e r s  of f u e l  depos i ted  on 

t h e  rock. However, u s ing  t h e  o r i g i n a l  ma t r ix ,  bo th  t h e  Arrhenius cons tan t  

and a c t i v a t i o n  energy change. This  is a t t r i b u t e d  t o  t h e  presence of 

about 5% k a o l i n i t e  i n  t h e  mat r ix .  Therefore,  t h e  e f f e c t  of c l a y  was 

s tud ied .  

8.9-2 Ef fec t  of Clay 

I n  Runs No. 114 and 115, 5% c l a y  w a s  added t o  t h e  sand pack and 

t h e  normal procedure f o r  a  k i n e t i c  run  was conducted. I n  both runs ,  

t h e  low-temperature peak (Fig. 8.43) was found t o  be h igher  than  t h e  

corresponding peaks i n  Runs No. 127 and 129 i n  which no c l a y  was used 

(Fig. 8 .5) .  This  impl ies  t h a t  i n  t h e  presence of c l a y ,  more f u e l  i s  

a v a i l a b l e  f o r  ox ida t ion  r e a c t i o n s .  This  may be due t o  adso rp t ion  of 

hydrocarbons on t h e  c l a y  s u r f a c e  and, hence, low d i s t i l l a t i o n  and 

p y r o l y s i s  i n  porous medium. 

The Arrhenius p l o t  f o r  t h e  runs  i n  which c l a y  was used 

showed t h a t  t h e  combustion r e a c t i o n  has  a lower dependency on f u e l  

concent ra t ion  ( i . e . ,  n  < 1 )  and a smaller a c t i v a t i o n  energy than t h e  ones 

obta ined  without  c l a y  ( i . e . ,  a  c a t a l y t i c  e f f e c t ) .  These r e s u l t s  a r e  

shown i n  Table 8.11 and a r e  i n  accordance wi th  t h e  ones previous ly  

obta ined  f o r  French o i l  (Table 8.11).  Bousaid and Ramey (1968) a l s o  

pointed out  t h e  c a t a l y t i c  e f f e c t  of c l a y  on t h e  combustion r eac t ion .  

They r epor t ed  t h a t  t h e  a d d i t i o n  of 20% c l a y  t o  sand caused a 10% 

reduc t ion  i n  t h e  energy of a c t i v a t i o n  of t h e  combustion r e a c t i o n .  



0 e03 PRODUCED Y 
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Table 8 .ll 

KINETIC DATA FOR COMBUSTION OF SAN ARDO OIL* 
(sand with clay) 

RUN Po2 Intercept, E/Ry 
NO. kPa l/ s 0,-1 

8.9-3 Effect of Metallic Additives. 

As in most heterogeneous reactions, a catalyst can speed up the 

high-temperature oxidation reaction. In particular, the presence of 

metallic additives such as Cu, Ni, Va, Fe, etc., create a catalytic 

effect which lowers the temperature at which the combustion reaction 

occurs. This is due to a lower activation energy in the presence of 

additives. The analysis of the data on the oxidation of the French 

oil (Bardon and Gadelle, 1977) showed that an addition of 2000 ppm Cu 

to the sand mix (Table 8.9) lowered the activation energy by about 50% 

(Table 8.10). Figures 8.40 and 8.41 clearly demonstrate this catalytic 

effect on both fuel combustion and fuel deposition. However, for LTO 

reactions, a higher Arrhenius constant was obtained without a significant 

change in the activation energy when copper was added to the sand mix. 

Due to this profound dependency of the kinetic parameter on the 

matrix compounds, the author believes that all combustion studies should 

be conducted using the parent cores. If this is not possible, the 

matrix should be analyzed to see whether metallic and clay additives are 

present. It is also felt that the existence of clay or a very fine 

matrix may lead to a successful combustion project in a field. 



9. SUMMARY AND CONCLUSIONS 

In this section, the results of the experiments are summarized and 

conclusions are listed along with suggestions for future work. 

9.1 Summary 

Table 9.1 summarizes the results of kinetic runs for three different 

kinds of crude oil using Ottawa sand of the same mesh size. 

As is shown, although the energies of activation for both LTO and 

fuel deposition reactions are similar, they are almost twice as high for 

fuel combustion reactions. This indicates that the fuel combustion 

reaction is the slowest reaction and, therefore, is the rate-determining 

step. It should also be noted that the calculated activation energies 

are similar to the reported ones (Table 2.2) and are almost independent 

of the type of oil used. However, clay and metallic additives act as 

catalysts and lower both activation energies and the temperature of 

combustion reactions. This can cause the rate-determining step to be 

shifted toward fuel deposition. 

Although the reaction order with respect to fuel concentration, n, 

does not change, the reaction order with respect to oxygen partial 

pressure, m, varies and is always less than one. 

The Arrhenius constants, A are different for different oils. In r' 

addition, the A for combustion reaction is directly related to the 
r 

available surface area of the matrix. Knowledge of this relationship 

and of the quality of crude oils may lead to determination of the 

amount of fuel available for combustion. 
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Also, for more reactive oil, the A for LTO reactions is higher. 
r 

Thus, A is also a good indicator of whether spontaneous.ignition will 
r 

occur in a rock. 

Pressure is an important factor of the frontal behavior because 

of a combination of the effect of partial pressure of oxygen, p , on 
O 2 

these reactions and the effect of total pressure on distillation. 

9.2 Conclusions 

1. An apparatus was designed to study the reactions kinetics 

of oil oxidation in porous media. 

2. A kinetic model was developed to evaluate the experimental 

data. 

3. The overall oxidation mechanism of crude oil in porous 

medium at different temperatures is an overlap of several 

consecutive reactions from which three can be distinguished: 

(a) LTO reactions are heterogeneous (gas-liquid) without 

any carbon oxides produced. Spontaneous ignition occurs 

due to LTO reactions. 

(b) Middle-temperature reactions are mainly homogeneous (gas 

phase) and result from the oxidation of the products of 

distillation and pyrolysis. These in turn, leave a 

heavy oil residue on the solid matrix. 

(c) High-temperature reactions are heterogeneous (gas and 

solid phase) and are a result of the combustion of the 

deposited residue. 

4 .  The superimposed reactions can be easily differentiated by 

using the proposed model in this report. 



These reactions are kinetically controlled and diffusion 

effects were found to be minimal. - .  . 

The combustion reaction is slower than fuel deposition 

in a clean sand matrix. 

Metallic additives and clays have catalytic effects on the 

reactions. Clays and fine sands enhance deposition of 

more fuel due to the adsorption characteristics on a higher 

surface area. These additives shift the rate-determining 

step from fuel combustion toward fuel deposition. 

It is possible to formulate any frontal behavior in the 

field by using this model in conjuction with the temperature 

profile ahead of the front. 

The correlations obtained for the Apparent H/C ratio and the 

molar carbon dioxide-carbon monoxide ratio can be used along 

with the model to estimate combustion heat. 

Omission of any of these reactions in a combustion simulator 

may lead to erroneous results in the prediction of overall 

frontal behavior. 

9.3 Suggestions for Future Work 

1. Some correlations should be obtained between the burning front 

velocity and its thickness in the combustion tube and the rate 

of fuel combustion. This would facilitate calculation of the 

air requirement in the field by evaluating the kinetic data for 

the oil and the matrix. 

2. The effects of heat loss on the frontal temperature and frontal 

velocity should be investigated. 



3.  A model should be developed to analyze the gases produced at 

different sections of a combustion tube and to directly measure 

the kinetic rates. 

4 .  Although both sandstones and reservoir cores were used in this 

work, future work should focus on natural cores. The whole 

suite of kinetic data should be obtained. 

5. Experiments should be run to measure directly the quantity and 

quality of fuel deposited at different temperatures in the 

presence of air. The results should determine the amount of 

distillation in porous media. A possible relationship between 

the Arrhenius constant for fuel combustion and the quantity of 

fuel deposited should also be investigated. 

6. A simpler method for decomposition of the different reaction 

rates in non-isothermal runs should be developed. Use of a 

fully automatic computer program is suggested. 
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Cross-sectional area, cm 
2 

-1 Specific rock surface area per unit bulk volume cm or per 
unit weight of sample, cm2/g 

Arrhenius constant 

Carbon concentration, g 6/100g sand 

Fuel concentration, g fue1/100g sand 

Activation Energy, 3/g mole 

Rate of temperature rise, '61s 

Length of the pack, cm 

Reaction order with respect to oxygen, constant 

Reaction order with respect to carbon, constant 

Total pressure, Pa 

Oxygen partial ressure, Pa 

Gas flow rate, cc/s 

Universal gas constant 

Oil saturation, constant 

Temperature, OC or OK 

Time, s 

Burning front velocity, cm/hr 

Porosity 



Intercept of temperature-time curve, O K  or constant of 
proportionality in Eq. C-8 

Slope of temperature-time curve, l/s or a constant in 
Eq. C-11 

Intercept of relative reaction rate curve vs l / ~ ,  l/s 

Oxygen concentration, mole % 

Oxygen converted to carbon oxides, mole % 

Nitrogen concentration, mole % 

Apparent hydrogen-carbon ratio 

Molar carbon dioxide-carbon monoxide ratio 

Viscosity 

2 
Thermal diffusivity, cm /s 

Thermal capacity, J / c ~ ~ - o  c 



Appendix A 

DISCUSSION OF THE TEMPERATURE DISTRIBUTION 
I N  THE HEATED POROUS MEDIUM 

I n  t h i s  appendix, t h e  t h e o r e t i c a l  r a d i a l  temperature d i s t r i b u t i o n  

i n  porous medium i s  c a l c u l a t e d  t o  f i n d  a p r a c t i c a l  hea t ing  r a t e  

t o  be used i n  t h e  k i n e t i c  experiments .  Also, t h e  r a t e  of n e t  hea t  supply 

t o  t h e  sand pack by e x t e r n a l  sources  i s  compared t o  t h e  h e a t  generated 

i n t e r n a l l y  by ox ida t ion  r e a c t i o n s .  This  a n a l y s i s  shows t h e  e f f e c t  

of ox ida t ion  hea t  on t h e  temperature d i s t r i b u t i o n  of t h e  sand pack. 

F i n a l l y ,  t h e  e f f e c t  of i n j e c t i o n  temperature on t h e  l o n g i t u d i n a l  

temperature d i s t r i b u t i o n  w i t h i n  t h e  medium i s  d iscussed .  

A . l  Calcu la t ion  of Radial  Temperature D i s t r i b u t i o n  
i n  t h e  Heated Sand Pack 

For t h e  r a d i a l  temperature d i s t r i b u t i o n  i n  a c i r c u l a r  c y l i n d e r ,  

wi th  a cons t an t  temperature r i s e  a t  t h e  c y l i n d r i c a l  s u r f a c e ,  t h e  boundary 

va lues  can be descr ibed  by: 

1 )  I n i t i a l  temperature T 
0 

2)  The temperature a t  t h e  s u r f a c e ,  r = b,  is: To + k t ,  where k i s  

cons tan t  r a t e  of temperature r i s e  i n  ' C I S .  The s o l u t i o n  i s  

(Carslaw and Jaege r ,  1978): 



in which ba (n = 1, 2, 3, L' ... ), are the roots for the Bessel 
n ' 

function Jo(b\) = 0 and x is the thermal diffusivity. Thus the 

temperature difference betw -urface and axis of the cylinder is: 

If we substitute b = 1.38 cm for the radius of the sand pack and 

2 x = 0.015 em /s for the heat diffusivity of the sand pack, we find that 

within the first 60 seconds the summation term becomes extremely small 

compared with the first term. Therefore, Eq. A-2 reduces to: 

kb" 
T(b) - T(0) = - 

4x 

Equation A-3 is not time dependent; a constant temperature difference 

develops between surface and axis of the sand pack. Temperature 

differences for various values of k are given in the following table. 

Table A-1 

RADIAL TENPERATURE DIFFERENCES AS A FUNCTION OF THE F'yTING RATE 

Heating Rate, k Temperature Difference Net Heat Supply 
OC/Hr O C Watts 

30 0.26 1.32 

6 0 0.52 2.65 

120 1.05 5.30 



Note that even at an external heating rate corresponding to a 

temperature rise of 120°C/hr, the temperature difference between axis 

and periphery of the sand pack will only be around 1°C. 

A.1.1 Effect of the Wall Thickness 

In the above calculations, it was assumed that the reactor wall is 

of infininitesimal thickness. The effect of the metal tube that confines 

the pack can be taken into account if the actual radius of the pack, b, 

is replaced to an equivalent radius, b', that accounts for the metal 

XL this correction term diffusivity. According to Fourier modulus, , 
r 

can be derived as: 

(sand) 1 'I2 X(wal1 thickness) Ar = [:(steel) A 

2 
where X, thermal diffusivity, for sand and steel is 0.015 and 0.15 cm /s 

respectively. There were two coil wraps made of 0.01'' thick stainless 

steel tubing. The combustion cell was 0.02" thick. A wall thickness of 

approximately 0.06" or 0.15 cm can be obtained by neglecting the spacing 

between the tubes. So, 

Thus, the actual radius of the pack should be increased by only 

about 3%. This increase does not introduce substantial error into the 

previous results shown in Table A-1. 



8.2 Calcula t ion  of t h e  Net Rate of Heat Supply t o  t h e  Sand Pack 

The n e t  r a t e  of h e a t  supply t o  t h e  sand pack i s  c a l c u l a t e d  from: 

2 
I n s e r t i n g  A = 5.965 cm ; 

n e t  rates of hea t  supply 

R = 12.7 c m  and ( ~ c ) ~  = 

a r e  given i n  Table A-1. 

(A-5 

2.1 ~ / c m ~  - OC, t h e  

A.3 Determination of t h e  Ef fec t  of Heat of Oxidation 
on Temperature D i s t r i b u t i o n  

Given an a i r  i n j e c t i o n  r a t e  of approximately 3 moles/hr (65 s l / h r )  

and a n  oxygen consumption of 3 mole percent  ( t h e s e  va lues  a r e  h igher  

than t h e  ones used i n  t h e  experiments) ,  t h e  hea t  evolved from t h e  

oxida t ion  is  : 

(0.03) 419,000 = 10.47 wat t  (Oxidation hea t :  419,000 ~ / r n o l e  oxygen) 
3600 

This  hea t  genera t ion  i s  t h e  same order  of magnitude as t h e  r a t e  of hea t  

supply from t h e  e x t e r n a l  hea t ing  source;  i t  is  n o t  expected t o  d i s t u r b  

markedly t h e  even temperature d i s t r i b u t i o n  i n  t h e  sand pack. 

A.4 Determination of E f fec t  of In j ec t ed  Cold A i r  on 
t h e  Temperature D i s t r i b u t i o n  

Since i n j e c t e d  cold a i r  t ends  t o  coo l  t h e  o i l  sand, t h e  a i r  has  t o  

be preheated t o  t h e  r e a c t o r  temperature.  This  i s  achieved by wrapping a 

c o i l  around t h e  r e a c t o r .  Also, a pack of dry  sand is  placed before  t h e  

o i l  sand and i s  heated s imultaneously wi th  t h e  l a t t e r .  The hea t  supply 

needed t o  warm up t h e  a i r  is: 



C is the molar specific heat and is equal to 31.0 J/mole-'C for air. m 

At AT = 300°C and q = 1.5 moles/hr, this heat supply amounts to 3.8 
g 

watts. Based on values calculated in Table A-1, in all runs the 

injected air is expected to be at the same temperature as the pack 

temperature. 



Appendix B 

COMBUSTION TUBE RUNS DATA 

A l l  t h e  d a t a  concerning t h e  e f f l u e n t  gas  composi t ions,  f u e l  

consumption r a t e s  and a i r  requirements  f o r  t h e  combustion tube  runs  a r e  

presen ted  i n  t h i s  Appendix. The fo l lowing  equa t ions  have been used i n  

t h i s  appendix: 

%CO 

1. Atomic hydrogen-carbon r a t i o ,  ll = 4 %C02 + %CO 

where: 

v o = n i t r o g e n  produced, mole % 

Yo 
= oxygen produced, mole % 

( xco, + rco ) ( 12  + n  1 2 )  
2. Lb f u e l  burnedlhour = q 

g 100% 1 2  379 

where : 

g 
= produced gas flow r a t e ,  s c f / h r  

l b  f u e l  burnedlhr  
3. Fuel  concen t r a t i on ,  l b l c u  f t  bu lk  = IT 2 2 

- 
12 ( r t b  -'th )Vf 

where: V = burning f r o n t  v e l o c i t y ,  i n / h r  
f  

r = r a d i u s ,  f t .  Subsc r ip t s  t b  and t h  a r e  f o r  tube  

and t h e m o w e l l  r e s p e c t i v e l y .  

9n 4 .  Lb water  formedllb f u e l  burned = 12 + n  

v o x 100179 x 379 
5.  I n j e c t e d  a i r - f u e l  r a t i o ,  AFR, s c f l l b  = (%C02 + %CO) (12 + 1)) 

6 .  I n j e c t e d  air-sand r a t i o ,  MMscflacre-ft = AFR x Cf x 43,560 x 10  -6 



LB WATER FORtlEO LB FUEL BURNEO LB FUEL 
PER PER PER 

LB FUEL BURNED H 0 U R CFT BULK VOL. 

SCF A I R  
PER 

LB FUEL 

NtlSCF A I R  
PER 

NOTE: Negative numbers a r e  due t o  an e r r o r  i n  i n t e g r a t i o n  method. 



COHBUSTION TUBE RUN 78- 5 

T IHE C 0 2  0 2  H 2 

LB UATER FORME0 LB FUEL BURNEO LB FUEL 
PER PER PER 

L B  FUEL BURNED H 0 U R CFT BULK VOL 

SCF A I R  
PER 

L B  FUEL 

n n s c r  AIR 
PER 

AC.FT SAND 



C O t l B U S T l O N  T U B E  R U N  78- 6 

C02 02 N2 

L B  U A T E R  F O R n E D  L B  F U E L  B U R N E D  L B  F U E L  
P E R  P E R  P E R  

L B  F U E L  P U R N E O  H 0 U  R  C F T  B U L K  VOL 

S C F  A I R  
P E R  

LB F U E L  

R l S C F  A I R  
P E R  



C O N B U S T I O N  T U B E  R U N  78- 7 

C 0 2  02 N2  

T I R E  A T O N I C  L B  WATER FORNEO L B  F U E L  BURNED LB F U E L  S C F  A I R  W l S C F  A I R  
H/C PER PER PER P E R  PER 

R A T  10 L B  F U E L  BURHEO H 0 U R C F T  BULK V O L .  L B  F U E L  A C - F T  S A N D  
------ _-_---- ______________- -  ___-__--___--- _------__---- ----_---_- -_-------_-- 





COnBUSTION TUBE RUN 79- 2 

T IHE 

------ 
8.1700 
0.2100 
0.3100 
0.3900 
0.4600 
0.5400 
0.6100 
0.6800 
0.7600 
0.8400 
0.9300 
1.0100 
1.1800 
1.3000 
1.4500 
1.6100 

t:;zx; 
'I .a400 
1.9700 
2.0500 
2.1400 
2.2300 
2.3300 
2.4100 
2.5700 
2.7500 
3.0100 
3.2900 
3.3500 
3.4000 
3.4600 
3.5200 
3.5000 
3.6600 
3.7500 
3.8700 

ATOnlC 
H/C 

RAT I 0  ------- 
1.6817 
0.8906 
1.1707 
0.6126 
0.3079 
0.4778 
0.8214 
0.6801 
0.9901 
0.8430 
0.7876 
0.7892 
0.2520 
0.4330 
0.5306 
0.9415 
0.8125 
l.Ig59 
0.5758 
0.5221 
0.7509 
0.6743 
0.3769 
0.9309 
0.7912 
1.0071 
1.0419 
0. a044 
0. a097 
1.2000 
1.9057 
1.5961 
0.7774 
1.3713 
1.2997 
1.5285 
0.6448 

LB UATER FORllED 
PER 

LB FUEL BURNED 

LB FUEL BURNED LB FUEL 
PER PER 

H 0 U R CFT BULK VOL 

SCF A I R  
PER 

LB FUEL 

nnscr AIR 
PER 

AC.FT SAND ------------ 
16.6856 
16.3280 
16.4547 
16.0872 
15.8338 
15.9534 
16.1317 
16.0990 
16.1222 
16.0900 
16.0749 
16.0799 
15.8477 
15.9289 
15.9571 16.1887 

16.1380 
16.3381 
15.9307 
15.9378 
16.1023 
16.0715 
15.7906 
16.2601 
16.1567 
16.2642 
16.331 1 
16.1717 
l6.1505 
16.2725 
16.4862 
16.3355 
16.0491 
16.3176 
16.2851 
16.3452 
15.9862 



T I R E  

------ 
1.1300 
1.2100 
1.2900 
1.3900 
1.6200 
1.7400 

12.2000 
2.3700 
2.5400 
2.6800 
2.8200 
2.9200 
3.1000 
3 .2100 
3.3200 
3.5800 
3.8200 
3.9100 
4.1300 
4.4400 
4.5800 
4.7300 
4.8300 
5.050& 
5.1!&0 
5.4000 
5.6200 
5.9000 
6.3700 

A T O n l C  
H/C 

RAT 1 0  ------- 
5.4670 
1.2510 
0 .8654 
0 .6558 
0 . 6 2 9 5  
0 . 0 8 7 0  
0 .5741 
1.3436 
1.2872 
1 .6843 
1.2947 
2.3065 
2.0554 
1.1735 
1.4519 
1.4104 
1 .8196 
1 .6363 
0 .9286 
1.9232 
2.0640 
1.9356 
2.1579 
2.1859 
2.2566 
2.4914 
3.9202 
4.0666 
6.6757 

COHBUSTION TUBE RUN 79- 4 

C02 0 2  H 2 

L B  UATER FORHEO 
PER 

L B  F U E L  BURNED ---------------- 
2 . 8 1 6 9  
0 . 8 4 9 6  
0 . 6 0 5 4  
0 .4664 
0 . 4 4 8 6  
0 . 0 6 4 8  
0 . 4 1 0 9  
0 . 9 0 6 2  
0 . 8 7 1 9  
1 .1078 
0 . 8 7 6 5  
1.4510 
1 . 3 1 6 1  
0 . 8 0 1 7  
0 . 9 7 1 4  
0 . 9 4 6 6  
1 .1850 
1 .0800 
0 .6464 
1.2432 
1 .3208 
1 .250  1  
1 .3717 
1 .3868 
1 .4245 
1 .5473 
2.2162 
2 .2780 
3 . 2 1 7 1  

L B  F U E L  BURN 
PER 

H 0 U R ------------ 
0.0173 
0 .0319 
0 . 0 3 2 4  
0 . 0 3 1  1  
0 .0375 
0 . 0 4 0 3  
0 .0356 
0 .0312 
0 .032  1  
0.0311 
0 . 0 3 2 6  
0 .0300 
0 .0299 
0 .0331 
0 .0319 
0 .0326 
0 .0317 
0 . 0 3 2 4  
0 . 0 3 2 0  
0 .0253 
0 .0234 
0 .0199 
0 . 0 1 8 7  
0 .0216 
0 .0174 
0 .0133 
0 . 0 1 0 1  
0 .0123 
0.0042 

IED L B  F U E L  
PER 

CFT BULK VOL 

SCF A I R  
PER 

L B  FUEL 

f lRSCF A I R  
PER 

A C . F T  SAND 



COnBUSTIOH TUBE RUN 79- 6 

T I ~ E  c 0 2  o 2 n 2 

ATOnI  C 
n/c 

RAT 1 0  ------- 
15. 6789 

4 .0124 
2 .5222 
2.0593 
2 .1746 
2 .0354 
2 .2935 
1 .8183 
2 . 5 6 5 1  
3 .5481 
2 .3952 
2 . 0 6 9 6  
3.3774 
2 .9175 
2 . 2 4 3 3  
2.1242 
1.7658 
3 . 1 9 9 1  
9.2475 
9 .5969 
4 .0956 
4 .3984 
4 .2405 
3 .5860 
3 .2247 
1.5135 
1.7117 
1 .6727 
2 . 8 6 9 3  
2 .7688 

L B  WATER FORtlEO 
PER 

LB FUEL BURNED ---------------- 
5 . 0 9 8 1  
2 .2552 
1 . 5 6 3 1  
1 .3183 
1 .3808 
1.3052 
1 .4441 
1 .1843 
1.5850 
2 . 0 5 3 8  
1 .4975 
1 .3239 
1 .9767 
1 . 7 6 0 2  
1 .4175 
1 .3536 
1.1545 
1 . 8 9 4 3  
3 . 9 1 7 1  
3 .9993 
2 . 2 0 0 1  
2 .4140 
2 .3500 
2 . 0 7 0 7  
1 .9063 
1 .0080 
1 .1235 
1.1010 
1 . 7 3 6 7  
1 .6873 

LB  FUEL BURNED L 
PER 

n 0 U R CF7 

.B FUEL 
PER 

' BULK VOL.  

SCF A I R  
PER 

LB FUEL ---------- 
tlnSCF A I R  

PER 



A T o n I c  
H/C 

R A T I O  - - - - - - - 
1.8960 
1.6274 
1.5402 
1.7916 
1.6357 
1 .2O37 
1.9910 
1 .Pi43 
3.4465 
2.1697 
2.2585 
2.2031 
2.5320 
2.2357 
2.0570 
2.9593 
2.6657 
3.9106 

LB HATER FORIlED L B  F U E L  BVPllED LB F U E L  
FER FEU PEP 

LB FUEL BL?:IED H 0 U R CFT EULK W L .  ---------------- -------------- ------------- 
1 .2269 0.0184 2.3395 
1 .074S 0.0205 2.5059 
1 .C291 O.Oii2 2.8130 
1.1672 0.0205 2.604i 
1.C914 0.0219 2 .i601 
0.8205 0.0244 3.09e9 
7.2637 0.0245 3.1155 
1.2715 0.0264 3.3460 
2.C331 0.0239 3.0316 
1.3781 0.0199 1.57t1 
1.4256 0.0721 1 .5%8 
1.3760 0.0227 1.7969 
1.5581 0.0:18 1 .7326 
1.4140 0.0222 1.7632 
1.3170 C.0350 2.7759 
1.7803 0.0316 2.5074 
1.6159 0.0338 2.6821 
2.2121 0.0374 2.97C8 

SCF A I R  
PER 

L B  F U E L  

193.5444 
its. 3943 
216.3042 
214.7715 
i00.7421 
178.3171 
194.0250 
193.4477 
2:0.06C9 
205.55el 
197.4269 
193.2979 
200.9557 
197.1150 
190.6791 
214.3094 
204.2198 
;42.3100 

ITISCF AIR 
PER 

AC.FT SAND ------------ 
19.7249 
23.1126 
26.5045 
24.3637 
24.3105 
24.0706 
26.3310 
28.1957 
29.0607 
14.1301 
15.1084 
15.1306 
15.1667 
15.1391 
23.0570 
23.4823 
23.6595 
31.3568 



0029'2 LSCO'O 
O2CZ'C L030'0 
sc 12'2 ZbCO'O 
9LOO'L CSiO'O 
W.36'2 ZLCO'O 
CL69'2 S9CO'O 
6008'2 CSCO'O 
C196'2 CLCO'O 
993L'Z 9bCO'O 
9699'2 9CCO'O 
OC6L.1 9230'0 
0590'C CDZO'O 
1LbO'C 0020'0 
SJCC'L $920'0 
ZZbL.2 9120'0 
0005'2 1610'0 
06LC'C 9920'0 
99C9'2 CZZO'O 
5621'C 1320'0 
bS9L.Z 0120'0 
1029'2 1010'0 
C230'Z Z610'0 
96lb.Z 1610'0 
LSSS'Z 1020'0 
SoLC '2 1810'0 ------------- -------------- , 

'IM nina Ada r n o H 
U3d U3d 

mu 91 omna 13n4 el 

ZOZO' 1 1900'0 
1091'1 C600'0 
6695'2 20?0'0 
Z968'2 9220'0 
220L' 1 0010'0 
6101'2 ZLlO'O 
966L'P 1220'0 
9625.2 6610'0 
0050'2 2910'0 ------------- -------------- 

' l o ~  wine 143 r n o H 
U3d U3d 

l a n d  01 ourwe luu a1 

SC19' 1 
CL6C' 1 
ISCC' 1 
1Sbl ' l  
t66L ' 0  
LLLL'O 
0ZCZ' 1 
SCL1'1 
LZb2'1 
0520' 1 
lbSL'2 
ZSbO'Z 
S1C9'1 
9CCL' 1 
990L.1 
LSC 9 '  1 
1613 '1  
SZ6C' 1 
OLO'2.O 
CZIO'I 
CCCZ'L 
GL82' 1 
SOOb' 1 
CL91'1 
61C1'1 .--------------- 

oat~wa mi el 
U3d 

03HWj U31VH BI 

QLL9' 1 
6LZJ'S 
1931.5 
0991'2 
bS2C"Z 
1012'2 
L3LS' 1 
ILZO'Z 
LZ9C'l  
9C89' 1 
LCPO' 1 
5603' 1 
SCL 0'  1 
SZbL'O 
1LOC.I 
2Z5C' 1 
OCZb' 1 
bL09' 1 
12S6.0 
OLOL'O 

-----*---------- 

1LOC'b 
0606'2 
6020 '1  
9269'0 
0LZC'Z 
6669' 1 
6622'1 
SZOb'O 
DSCt'Z --------------.- 

OUiM9 l in l  el 
U3d 

 OW^ IUIH n 

OOOO'O 
tLSC'O 
9235'0 
SBZC'O 
06CS'O 
Ob69.0 
IZLL'O 
13cs-0 
222C'O 
9225'0 
9L92'0 
SCZb'0 
PSOI'O 
csea.0 
9929'0 
9023'0 
632L'O 
60LS'O 
O~ZS'O 
L3S2'0 
5050'0 
LbbO'O 
LO51'0 
C9SO.O 
S ~ I L ' O  

OILK'O 
0000'0 
0000'0 
9551'0 
0000'0 
920 1'0 
0000'0 
6oac.o 
109B'O 
0323'0 
00 13'0 
9S9C'O 
LSZL'O 
S11b'O 
COIC'O 
SOSO'O 
OIOI'O 
s 3 w - 0  
SblS'O 
6629 '0  

LOCO' 1 
1190'01 
bcC9'9 
69ZO'C 
ObS9'C 
SP31'C 
S619' I  
0561'1 
bLO1'1 
5LZ6'0 
5C69.2 
9CZS'l 
COIC' 1 
cost '  1 
1191'2 
OLGS'C 
LZC9.C 
1020', 
LOOS' 1 
1029' 1 
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Appendix C 

DERIVATION OF EQUATIONS USED IN THE ANALYSIS 
OF REACTION RATE DATA 

This appendix presents the derivation of expressions useful for 

interpreting reaction kinetic data. These include the relationship 

between injected and produced gas rates, the interpretative relations 

for isothermal experiments, and the interpretative relations for non- 

isothermal experiments. Some of the equations presented in this appendix 

are generalizations of those originally derived by Weijdema (1968). 

C.l Derivation of the Coefficient for Flow Rate Adjustment 

In all runs the injection rate was held constant. Changes in gas 

composition and volume due to reaction made it necessary to convert the 

injection rate into the exit flow rate. Designating v and v as the 
i o 

nitrogen concentration and y and y as the oxygen concentration in the 
i o 

inlet and outlet, respectively, and assuming the nitrogen does not 

react , then: 

Also, assuming only oxygen, nitrogen, and carbon oxides exist in 

the produced gas: 

where 11C02'', ''CO" and "y " 
0 

are the concentrations in the effluent gas 

as measured by the analyzers. Thus from Eqs. C-1 and C-2: 



Viqi 
= 1 - CO, - co - yo) 9, 

o r  , 

90 
= viqi l ( l  - CO, - co - yo) 

If t h e  change i n  oxygen concentrat ion i s  desired,  then: 

Equation C-5 can be divided by qi t o  ge t  Ay . Thus: 

Equation C-6 was used throughout t h e  gas ana lys i s  t o  ca lcu la te  the  

oxygen consumed. 

Assuming a small change i n  flow r a t e  (qi = qo),  Ay is  a measure of 

t h e  oxygen u t i l i z a t i o n .  

C.2 Derivation of Equations f o r  Isothermal Oxidation 

The r a t e  of oxygen consumption p e r  u n i t  volume is: 

This is  a l s o  equal to  t h e  r a t e  of decrease of o i l  sa tura t ion:  

i n  which a i s  t h e  p ropor t iona l i ty  f a c t o r ,  equal  t o  the  amount of oxygen 

i n  moles t h a t  r e a c t s  with one gram of the o i l .  



Combining Eqs. C-7 and C-8: 

At constant mass flow rate and at isothermal conditions: 

where : 

1 rn B = - A P exp (-E/RT) 
cl r O2 

Integrating Eq. C-10 between 0 and t and noting that Cf(0) = S : 
0 

and : 

From Eq .  C-12a: 

Substituting Eq. C-13 inEq. C-9, yields: 



I f  n = 1, then  from Eq. C-12b: 

Combining Eqs. C-8, C-9 and C-15: 

a graph of Rn(Ay) v s  t ime i s  a s t r a i g h t  l i n e  o f  s lope :  

A 
r m f j =  - 

a Po2 exp (-E/RT) 

I f  f3 i s  eva lua ted  a t  d i f f e r e n t  temperatures ,  t hen  t h e  graph of Rn(B) vs  

(1/T) w i l l  have s l o p e  and i n t e r c e p t  o f :  

s l o p e  = -E/R 

A r m 
i n t e r c e p t  = - a Po, 

Equations C-15 through C-18 were o r i g i n a l l y  der ived  by Weijdema 

and a r e  v a l i d  only i f  n = 1. For n # 1, t h e  a n a l y s i s  is  more 

complicated. 

C.3  Deriva t ion  of Equations f o r  Non-Isothermal Oxidat ion 

The r a t e  of oxygen consumption a t  any time can be  obta ined  by 

combining Eqs. C-7 and C-8: 



I n t e g r a t i o n  between t = t and t = OD y i e l d s :  

Where Cf = 0 a t  t = . From Eq. C-20: 

I f  we s u b s t i t u t e  Eq. C-22 i n  Eq. C-21 we ob ta in :  

where: 

Values f o r  t h e  l e f t  hand s i d e  of Eq. C-23 can be  found by g r a p h i c a l  

i n t e g r a t i o n  of t h e  curve  Ay = f ( t ) .  Then t h e  logar i thm of t h e  l e f t  

hand s i d e  of Eq. C-23 can be graphed v s  1/T t o  o b t a i n  (-E/2.303R) as 

t h e  s lope ,  and log  B '  as t h e  i n t e r c e p t .  



Appendix D 

CALCULATION OF THE TRUE Ay 

I n  o r d e r  t o  e x t r a p o l a t e  t h e  r e l a t i v e  r e a c t i o n - r a t e  r e l a t i o n s h i p  t o  

low temperatures ,  and hence permit computation of t h e  t r u e  Ay corresponding 

t o  t h a t  r a t e ,  t h e  fo l lowing  conversions a r e  u se fu l :  

S u b s t i t u t i o n  of Eq. D-1 i n  Eq. C-23 y i e l d s :  

For n # 1, Eq. D-2 can be  i n t e g r a t e d  between tl and t 2 t o  y i e l d :  

Here t is  t h e  upper l i m i t  of i n t e g r a t i o n  f o r  which no depa r tu re  from t h e  
2 

s t r a i g h t  l i n e  i n  F ig .  12 occurs ,  and t l  < t2. The f i r s t  term on t h e  l e f t  

hand s i d e  of Eq. D-3 can be eva lua ted  from t h e  s t r a i g h t  l i n e  r e l a t i o n s h i p  

s i n c e  B '  and E a r e  known, i.e.: 



The term i n  t h e  r i g h t  hand s i d e  of Eq. D-3 can be ca l cu la t ed  us ing  

Eq. E-8 i n  Appendix E. Thus: 

Aydt ' = [( Jw Aydtl - (n-1) 

t2 

(D-5) 

Theref ore :  

For n = 1, Eqs. D-2 and D-5 can be reduced to :  

IW Aydt' = JW Aydt' exp [ [ y  b1 exp(-E/FU)dtl I (D-8 

" t2 

Ay(true)  f o r  n = 1 can be obta ined  from: 

Ay(true) = 8'  wp(-E/RT) JW Aydt' 

Weijdema (1968) proposed g raph ica l  i n t e g r a t i o n  of t h e  AY curve using 

Eq. D-7 t o  c a l c u l a t e  Ay( t rue) .  However, i n  t h i s  work, a n a l y t i c a l  

express ions  were developed t o  eva lua t e  t h e  g e n e r a l  equat ions  der ived  above. 



Appendix E 

CALCULATION OF THE AREA UNDER THE RELATIVE 
REACTION RATE CURVE VS TIME 

I n  order  t o  eva lua t e  t h e  r i g h t  hand s i d e  of Eq. D-3 we need t o  

perform t h e  i n t e g r a l :  

where T i s  a  l i n e a r  func t ion  of time a s  fo l lows:  

We can change t h e  v a r i a b l e  t t o  where: 

Hence : 

then: 



Integrating by parts, Eq. E-5 can be expressed i n  terms of 

exp ( 4 )  /U, and /exp ( 4 )  /U dU . 

Notice that: 

where El is the exponential integral  of the f i r s t  kind and is  defined as 

(Abramowitz and Stegun, 1972): 

The exponential integral  can be computed from: 

Where : 



Appendix F 

EVALUATION OF EFFECT OF DIFFUSION 

The r e a c t i o n  between a i r  and crude  o i l  is  slow, and t h e  assumption 

t h a t  t h e  chemical r e a c t i o n  s t e p  c o n t r o l s  t h e  o v e r a l l  r a t e  appears  

reasonable .  However, it i s  p o s s i b l e  t o  check t h i s  assumption i n s o f a r  

a s  d i f f u s i o n  i s  concerned. The fo l lowing  p re sen t s  a n  a n a l y s i s  of t h e  

e f f e c t  of d i f f u s i o n  on ox ida t ion  of t h e  crude o i l s .  

I n  o rde r  t h a t  s teady  s t a t e  cond i t i ons  p r e v a i l s ,  i t  i s  necessary  

t h a t  t h e  r a t e  of d i f f u s i o n  of oxygen t o  t h e  crude o i l  be  equal  t o  t h e  

r a t e  of chemical r e a c t i o n .  The r a t e  of d i f f u s i o n  may be  expressed as: 

Where: 

Rd = g mole oxygen d i f fusedls -g  sand 

K = d i f f u s i o n  r a t e  cons t an t ,  g  molels-atm-cm 
2 

g 

2 
A '  = s p e c i f i c  a r e a  of sand, cm /g sand 

Pg 
= p a r t i a l  pressure of oxygen i n  t h e  main gas  s t ream, atm 

P i  
= p a r t i a l  p re s su re  of oxygen a t  o i l  i n t e r f a c e ,  a t m  

The d i f f u s i o n  r a t e  cons t an t ,  K may be computed from (Carberry, 1976): 
g  ' 

where D i s  t h e  d i f f u s i v i t y  of gas  1 i n  gas  2 and is  obtained from 12 

(Smith, 1970) : 

218 



The nomenclature f o r  Eqs. F-2 and F-3 is:  

G = 

P = 

d = 
P 

T = 

P = 
t 

- M1'M2 - 

a - - 
12 

a 1 
= 

a = 
2 

Dif fus ion  

mass v e l o c i t y  based on t h e  t o t a l  ( s u p e r f i c i a l )  c ross -  

s e c t i o n a l  a r e a ,  g/s-cm 
2 

d e n s i t y  of f l u i d ,  g/cm 3 

mean diameter of sand g r a i n s ,  cm 

0 
a b s o l u t e  temperature,  K 

t o t a l  p re s su re ,  atm 

molecular weights of gases  1 and 2 .  Here gas  1 is  

oxygen (M1 = 32) and gas 2 i s  n i t rogen  (M = 28).  
2  

cons tan t  i n  t h e  Lennard-Jones func t ion  f o r  t h e  molecular 

1 p a i r s  1 a n d 2 i n  8 and can be evaluated from a = - (a +5 ) 
1 2  2 1 2  

is  g r e a t e s t  a t  t h e  h ighes t  temperature and p re s su re .  

Corresponding va lues  f o r  p re s su re  and temperature i n  t h e  experiments were: 

P = 160 p s i g  = 11.8 atm 

Given t h e s e  cond i t i ons ,  

P ( a i r )  = 5.5 x glee 

lJ ( a i r )  = 3.675 x g/cm-s 

DI2 = 0.238 cmL/s (from Eq. F-3) 



To evaluate kg, the diffusion rate constant, Reynolds number, Re, 

and Schmidt number, 
Sc, 

must be determined using the following equations: 

In Eq. F-4, G is the mass velocity and can be obtained using this 

equation : 

where : 

q = 10 cc/s (typical injection rate) 

2 A = 5.945 cm (reactor cross-sectional area) 

= 0.4 (assumed) 

d = 0.04 cm (average grain size diameter of the sand mix) 
P 

Therefore: 

G = 0.0231 g/s-cm 
2 

R = 2.517 e 

Sc = 0.281 

2 
kg = 7.1gmole/s-atm-cm (from Eq. F-2) 

Assuming that the sand grains are spherical, the area per unit 

mass, A', can be found from: 



where is the density of sand. Therefore, 
s 

The combustion reaction rate for Huntington Beach oil was found to be: 

where : 

c = 3 g1100 g sand 
f 

Theref ore, 

The rate of diffusion must 

groole 0 1s-g sand 
2 

be equal to the rate of reaction. So, 

P - Pi = 8.518 x lo-' atm. 
g 

As is shown, - P.) is very small, i.e., the interfacial partial (Pg I 

pressure of oxygen is nearly equal to the partial pressure of oxygen in 

the bulk gas stream. Thus, diffusion of oxygen from the bulk gas stream 

to the fuel interface is not an important consideration in the subject 

study. 



Appendix G 

EXPERIMENTAL DATA 

A l l  t h e  d a t a  obta ined  dur ing  t h e  k i n e t i c  experiments and t h e  r e s u l t s  

therefrom a r e  presented  i n  t h i s  appendix. The computer programs a r e  a l s o  

included.  

G1 Computer Programs 

The folowing program was used t o  ana lyze  t h e  l abo ra to ry  d a t a ,  t o  

c a l c u l a t e  t h e  r e l a t i v e  r e a c t i o n  rates, and t o  s t o r e  t h e  r e s u l t s  i n  f i l e s .  

These f i l e s  were used i n  conjunct ion  wi th  a computer program which 

p l o t t e d  t h e  d a t a  (TOPDRAW). The i n p u t s  are: 

I = s e r i a l  No. ( i n t e r g e r )  

TIME = t ime (hours) 

TEMP = temperature (OF) 

C02  = c h a r t  f o r  CO ana lyze r  
2 

CO = c h a r t  f o r  CO ana lyze r  

O2 = c h a r t  f o r  0 analyzer  2 

NO = Run No. 

Q = gas f low r a t e  (slpm) 

The program a l s o  c a l c u l a t e s  t h e  amount of carbon and hydrogen 

burned. However, t h e  r e s u l t s  a r e  n o t  repor ted  he re .  



// JOB 
/*JOBPARM FORnS=9511,CHARS=TH15,FCB=8 
/ /  EXEC WATFIV 
//GO.FTOlFOOl DD UNIT=DISK,DISP=(OLD,KEEP),DSN=WYL.JE.MRF.FILEl, 
/ /  VOL=SER=PUB002rSPACE=(TRK,(20,5)rRtSE)rDCB=(RECFH=FB,LRECL=40, 
/ /  BLKSIZE=6200) 
//GO.FT02F001 D D  UNIT=DISK,DISP=(OLD,KEEP),DSN=WYL.JE.HRF.FILE2, 
/ /  V O L = S E R = P U B ~ ~ ~ ~ S P A C E = ( T R K ~ ( ~ O ~ ~ ) ~ R L S E ) ~ D C B = ( R E C F H = F B P L R E C L = ~ O ~  
/ /  BLKSIZE=6200) 
//GO.FT03F001 DD UNIT=DISK,DISP=(OLD,KEEP),DSN=WYL.JE.HRF.FILE3, 
/ /  V O L = S E R = P U B O O ~ , S P A C E = ( T R K , ( ~ O , ~ ) , R L S E ) D C B = ( R E C F H = F B P L R E C L = ~ O P  
/ /  BLKSIZE=6200) 
//GO.FTO4F001 DD U N I T = D I S K I D I S P = ( O L D ~ K E E P ) ~ D S N = W Y L . J E . R R F ~ F I L E ~ ~  
/ /  V O L = S E R = P U B ~ ~ ~ , S P A C E = ( T R K , ( ~ ~ , ~ ) P R L S E ) , D C B = ( R E C F H = F B , L R E C L = ~ O ,  
/ /  BLKSIZE=62OO) 
//GO.FTOSFOOl DD UNIT=DISKIDISP=(OLD,KEEP),DSN=WYL.JE.HRF.FILE~, 
/ /  V O L = S E R = P U B 0 0 2 ~ S P A C E = ( T R K ~ ( 2 0 ~ 5 ) r R L S E ) , D C B = ( R E C F H = F B ~ L R E C L = 4 0 ~  
I /  ELKSIZE-6200) 
//GO.FT09F001 DD UHIT=DISKoDISP=(OLD,KEEP),DSN=WYL.JE.nRF.FILE9, 
/ /  VOL=SER=PUB002,SPACE=(TRKn(20,5)rRLSE),DCB=(RECFM=FB,LRECL=40~ 
/ /  BLKSIZE-6200) 
//GO.FTlOFOOl DD U N I T = D I S K ~ D I S P = ( O L O t K E E P ) ~ D S N = W Y L . J E . M R F . F I L E l O ,  
/ /  V O L = S E R = P U B O O ~ ~ S P A C E = ( T R K , ( ~ O ~ ~ ) P R L S E ) ~ D C B = ( R E C F H = F B , L R E C L = ~ O ~  
/ /  BLKSIZE=6200) 
//SYSIN DD * 
$WATFIV LINES=O 

REAL T ( 2 0 0 ) , T T ( 2 0 0 ) , G ( 2 0 0 ) ~ G G ~ 2 O O ) , G G G ( 2 0 0 )  
REAL GAHA(200),INT(200).X(200),Y(200),HB~200),HC~200~ 
REAL D C ( 2 0 0 ) ~ C B ( 2 0 0 ) ~ I C ( 2 0 O ) ~ D C I ~ 2 0 0 )  
REAL YY(200),YYY(200),YYYY(200) 

10 READ, I,TIME~TENP,C02,CO,O2 
lF(1.EQ.O)GOTO 15 
T( I )=TIME 
TT(I)=(TEMP+460.)/1.8 
PCNT= 2 1. 
NO-131 
02.~21.-02/50. 

Q =  . 6 0 
C * * * * * t * f t * * * * * * * * * * * X t * * * * * * * X * * * * *  

C FOR CO $ C02 ANALYZERS BOTH ON RANGE 3 
5 C0~.71~46E-3+1.66965E-2*C0+3.3035E-5*C0**2 

C02=.674287E-2+3.12535E-2*C02+l1866O75E-4*CO2**2 
GOT0 1 1  

02=(100.*0?+.265*C02-.004*C0+535.8)/100.358 
1 1  G(I)=CO 

GG(I)=C02 
GGG(I)=02 
G A H A ( I ) = l 0 0 . * ( P C N T / l O O . * ( 1 0 0 . - G ( I ) - G G ~ I ) ~ - G G G ~ I ~ ~ / ~ l O O . -  

t G(I)-GG(1)-GGG(1)) 
IF(GAMA(I).LT.O.)GAMA(I)=O. 
IF(G(I').EQ.0.)G(I)=.OOOl 

H C ( I ~ = 4 . / ~ G ( I ) + G G ( I . ~ ~ * ~ P C N T ) t ~ ~ O O . - G ~ I ~ - G G ~ I ~ - G G G ~ I ~ ~  
& -GGG(I)-GG(1)-.5*G(I)) 

CB(I)=GG(I)/G(I) 
K =  I 
GOT0 10  

15 WRITE(6,30)NO 
30 FOEHAT('1',////60X,'RUN NO. 'tIQr//) 

WRITE(6,20) 
20 FORMAT(23X,'TIME',2Xo'TEnPERATURE',2X,'CO',5X,'CO2',6X,'O2'n6X, 



&'GAMA'~3X~'C02~C0'C'GAMA'.3X,'C02/CO'.3X,'H/C'.5X,'INV.TEn3X~'H~C'~5X~'1NV~TENP~'~5X~'RELAT1VE9~/23X~'HRS 
& ' r 8 X , ' K ' , 4 ( 7 X , ' % ' ) ~ 6 X ~ 2 ( ' R A T I O ' ~ 4 X ) ~ 3 X ~ ' l ~ K ' ~ 7 X ~ ' R A T E ~ l / S ' ~ /  
&23X,'----' ,2X, 11('-'),2X,'--' ,5X, '---' ,6X, '-- * ,~x,*----v ,3X,6('-'1 
Cp3X.5('-'1 ,3X,9('-') ,5XP8('-'),//) 

C I***X********Y*********I********Y******f 

C CALCULATION OF RELATIVE REACTION RATE 
I= 1 
INT(1):O. 

5 0 I=1+1 
INT(I)=INT(I-1)+.5*(GAnA(I)+GANA(I-I))+(T~I~-T~I-l~~*3600. 
IF(I.LT.K)GOTO 50 
J=K- 1 
ICT=O 
DO 60 I = 1 , J  

IF(Ghtlh(I).EQ.O.)GOTO 60 
Y ( I ) = t i A ! l A ( I ) / ( I N T ( ~ : ) - I N T ( 1 ) )  
X(l)=I./TT(I) 

W R I T E ( G ~ ~ O ) T ( I ) ~ T T ( I ) ~ C ( ~ ) ~ G G ~ I ) ~ G G G G ~ I ~ ~ G A N A ~ I ~ ~ C B ~ I ~ ~ H C ~ I ~ ~ X ~ I ~ ~  
EYCI) 

110 FORllAT(22X~F6.3,3X~F6.2~3X~S(F5.2r3X)rF6.2r2(3XrE10.4),/) 
ICT= ICT+ I 
IF(ICT.LT.33)GOTO 60 
WRITE(6,41)NO 

41 FOEt1AT('11,////60X,'RUN N0.',14,' (CONT.)'.//) 
WRITE( 6.20) 
ICT= 0 

6 0 CONTI NU E 
DO a0 I=1,K 
WRITE( 1 ,  100)T(I)rGG(I) 
WRI'IE(2, 100)T(I),G(I) 
WRITE(3,100)T(I).GAMA(I) 
WRITE('i9 100)T(I)nTT(I) 

WRITE(9,100)TT(I).HC(I) 
W R I T E ( l O ~ l O O ) T T ( I ) ~ C B ( I )  

IF(GAn,7(l).EQ.O.)GOTO 90 
IF(I.EQ.E)GOTO 90 
XXX=X(I )+1000. 
WRITE(8,80)XXX,Y(I) 

8 0 F O P . P ! A T ( / 5 X , Z ( E 1 0 . 3 . 5 X ) )  
100 FORXAT ( 2 X ,  2F9.4) 
9 0 COHTINUE 

C * * * * l * * X * * + X X * * * * * * * u * * * * * * * * * * * * * * * * * *  

C CALCULATION OF THE AnOUNT OF CARBON AND HYDROGEN BUBNED 
C**CB=CARBON BURNED, HB-HYDROGEN BURNED* DC=DCB/DT, IC=INSTANTANEOUS C 
8 5 CB(l)=O. 

HB(1)=0. 
XX=O. 

DO 150 I-2.K 
C B ( I ) = C B ( I - ~ ) + Q * ~ ~ . / ~ ~ ~ . * ~ G ( I ~ + G G ~ I ~ + G ~ I - ~ ~ + G G ( I - ~ ) ) *  

S (T(I)-T(I-l)) 
XY=XX 
X X = Q * 1 2 . / 1 l 2 . * ( G A H A ( I ) - ( ~ o o . - P C ~ T ) * ~ G G ~ I ~ + . 5 * G ~ I ~ ~ / ( l O O . -  

& ~(1)-GG(I)-GGGCI))) 
HB(I)=(XY+XX)*(T(I)-T(I-1))/2.+HB(I-1) 
IF(T(I).NE.T(I-1))GOTO 49 
DC(I)=O. 
GOT0 150 

49 D C ~ I ~ ~ ~ C B ~ I ~ - C B ~ I - ~ ~ ~ / ~ T ~ ~ ~ - T ~ I - ~ ~ ~ / ~ ~ O D .  
150 CONTINUE 

DO 51 1-1.K 



5 1 IC(I)=CB(K)-CB(1) 
J = K -  1 
DO 5 2  I=2,J 
If(T(I).NE.T(I-l).AND.T(I).NE.T(I+l))GOTO 511 
DC(I)=O. 
DCI(I)=O. 
GOT0 5 2  

511 D C ~ I ~ ~ D C ~ I ~ + ~ D C ~ I + l ~ - D C ~ I ~ ~ / ~ T ~ S + l ~ - T ~ I ~ ~ * ~ T ~ I ~ - T ~ I - 1 ~ ~ / 2 .  
DCI(I)=DC(I)/IC(I)/(PCNT+GG,G(I))*2. 

5 2 CONTINUE 
 WRITE(^, ~ O ) N O  
WRITE(6.130) 

130 FORMAT(25X,'TEMP.',3X,'CARBON BURNED'r2Xs'BURN RATE',bXp 
E 'INST. C1,5X, ' D C / C D T ' ~ ~ X I ' ~ / T ' ~ ~ X I ' H Y D R O G E N  BURNED',/ 
$ 2 7 X ~ ' K * r l O X ~ ' G ' ~ l l X ~ ' G ~ S ' ~ 1 O X ~ ' G ' ~ 9 X ~ ' 1 ~ S ' ~ 9 X ~ ' l ~ K ' ~ l O X ~ ' G ' p / / ~  

ICT=O 
DCI( 1)=0. 
DO 53 I=l,J 
W R I T E ( G ~ 5 4 ) T T ( I I ~ C B ( I ~ ~ D C ( I ) t I C ( I ~ ~ D C I ~ I ~ ~ X ~ 1 ~ ~ H B ~ I ~  

5 (4 fORMAT(21X,7(E10.3,2X)r/) 
ICT=ICT+ 1 
IF(ICT.LT.33)GOTO 5 3  
WRITE(6,41)HO 
WRITE(6, 130) 
ICT=O 

5 3  CONTINUE 
WRITE(6.55) 

5 5 FORMAT('lg) 
STOP 
END 

LDATA 
1,1.6,255.,0.,0.,0. 
2,2.,290.,0.,0.,1.5 
3,2.1,300..0..0.,2.5 
4,2.2.310.,0.,0..4. 
5,2.3.321.,.1,.3,6. 
6,2.4,331.,.2..3,8.5 
7,2.5,343.,.5..8,11.5 
8.2.6.355., .9. 1.1,15.5 
9,2.7,367.,1.. 1.8,21.5 
10,2.8.379..2..2.8.28. 
11,2.9,391.,3..4.5,40. 
12,2.95.397.,4.2,6..49. 
13,3.r402.,5.1r7.r57.5 
14,3.05,408.,7..9.1,68. 
15,3.1,414.,9..11.5.71.5 
1 6 ~ 3 . 2 ~ 4 3 0 . ~ 1 3 ~ 4 ~ 1 6 . 8 ~ 1 0 7 . 5  
17.3.25.437.r 17.,20., 122.5 
18.3.30445. n 19. ,22-5,132.5 
19,3.35,453.,22.,25..140. 
20,3.4,461.,24..26.5,143. 
21,3.45,467.126.5,28.,145. 
2 2 . 3 . 5 , 4 7 4 . r 2 7 . 5 , 2 8 . 5 , 1 4 2 . 2  
23.3.55,479.,28.5,28.5,138.8 
24,3.6,485.,28.5,27.5,130. 
25,3.65,490.o27.5,26.,117.5 
26,3.7,494.,26.,24.,107.5 
27,3.75,498.,24.5.22.,95. 
28,3.8,502. ,23. ,20.5,86. 
29,3.85,505.,21.5,18.5.76. 



G 2  Pocket Calc$ator Program 

The following programs were run through a programmable calculator 

to decompose the curves of the reaction rates. For the program details, 

see Appendix C. 

1 Decomposition of AY (n = 1) PAGE OF TI Progrornrnoble 

PROGRAMMER 
Pi. R. Fassihi DATE 1979 Pf~gram 

Partitioning (Op 17) 1-1 Library Module Printer Cards 

PROGRAM DESCRIPTION 

plot for the reaction should be known. Also, the rate of temperature rise, 6, and - _ _ .. .. _ _ _  . . _ . .. . __  _ _ _ ._ .- 
the point at which the reaction rate deviates from the straight line, xl, should _ . _ . _ . _  _ .  . . . . _  _. __ .  . _ . .. . . - -- . . . .- - . . . - - - -_- . - . - - 
be available. Note: 

. -.. - . .- - . - .X Ay(at the deviation point) - . -_ . - 
1 = Relative Reaction Rate(at this point) 

- 

_ . _. _ -. .-.. - -  - . . - - . 
I I 

USER INSTRUCTIONS -  STEP^ PROCEDURE ENTER ( PRESS DISPLAY 

I 



2 
TITLE PAGE - OF TI Programmable 
PROGRAMMER DATE Codins Form 



1 TFTLE Decom@osition of AY (n + 1 )  PAGE OF TI P(ogrommob1e 
M. R. F a s s i h i  DATE ~ e c .  79  Program Record 

Partitioning ( ~ p  17) 1-J Library Module Printer Cards 1 

_ 

. 

PROGRAM DESCRIPTION 

This  program e x t r a p o l a t e s  _ _ _  t h e  _ consumed _ _ _  oxygen by a  _ r e a c t i o n  _ _ _  (with _ _  n # _ _  1 )  ._ t o  _ lower -- . 

t&,peratures ( s e e  ~ ~ ~ e n d i x  C) . The i n t e r c e p t  and t h e  s l o p e ,  E, of t h e  ~ r r h e n i u s  
_ _ .  _ _ . _ . _ _ . _ _  _ . _ _ _  _ _ . .._ _ -___ -- - 

p l o t  f o r  t h e  r e a c t i o n  should be known. Also, t h e  r a t e  of temperature r i s e ,  8, and _ . _  _ .. - . - .- . . . . - - -- -. . _ _ .__ _ _ .. .. . _ . .. . _ . -  _. . ..-- . 

t h e  po in t  a t  which Ceviat ion from t h e  s t r a i g h t  l i n e ,  x l ,  occurs  should be .-.. -- . - - _ _ _  - . _ . _-.. . .. _ .  .. .. 
.. _. . _ _  _ - _  

a v a i l a b l e .  Note: - - . . - - -. . - -. . - . - - Ay(at t h e  d e v i a t i o n  p o i n t )  . ._ _ __ . _ - --'=I-= 
R e l a t i v e  Reaction Rate ( a t  t h i s  p o i n t )  

- -_- , ---r----.-.-.-- -- . -- 

s 

DISPLAY 

_ -- - - ---- 
0 - - -. 

I n t e r c e p t  
-- .- 

E 

8 --- 
- - - - 

n - 
e l a  t-%ve - - -  

EeacTlon Rate - 

A y  

- -- 

- _ _ _ _  
- - - -  - 

.- -- -- 
-- 

_-_-_- 
. --- 

ENTER 

__ 
I n t e r c e p t  .- 
Slope _ _  _ _  
~ ( " K / s )  

---- 
n ____ 

1/T 

-. . - - 

. 

_. 

-- 

. . 

_ _ _ -  

USER INSTRUCTIONS 
STEP 

1 

2  

3 _ 
_ _ _ .  
-- 
-. 

. 

4 - 
5 

6 

- 

- 

A' 
. _ 
B' --. 
C' 

D' - 
E'  

E - 
A 
- .  
B . 

- 
-- 
. 

- 

_-______ 

---. 

_ _ _ .  

__ 

LABELS (Op 08) 

m-m-m-m-13-m- 
~ - C E l - ~ - ~ - ~ - ~ -  
m-8-El-m-m-m- 
~- !E l -~- rn-m-m-  

m-mT;lQ-a-o- 
m-~ l - rm-a -n -n -  
LIJI-L;D-m-m-m_I- 
Q - ~ . - e P 1 - E I - ~ - P 3 -  
um-cm-m-e-m-m- 
m-rn-C1-IP-EU-m- 
El-m- 

USER DEFINED KEYS 

1 1 _ "  
8 RRR 

- =  -- 
0 

t n 
I n i t i a l _ i z e _ -  - - 

r I n t e r c e p t  __ ______-. 

z_SloPe---- 
D. B - - - 
,. X 1  

PROCEDURE 

Run t h e  program _ --_. - -  - 
I n i t i a l i z e  

Input d a t a  ____ 

-_-- 
- -- -- - - - 

---- - 
____-___ 

Enter 1/T, OK-' _ _ _  _ _ _  
Find Ay _ _ _ _ _ _ _ - - -  

_ L _ _ _ _ _ _ _ _ _ . _ _ _ -  

Repeat S tep  4 a s  necessary - 
-- 

--- . _ 

,-- -- 

_ _ -  __ 

PRESS 

_ _ 
- 

' 

- .  -- 

_. . - _  

. 

_ _  . 
_ _ _  

.--. 

_ _ __ 

- 

FUGS o 124 

DATA REGISTERS ( 1 3  ) 

2 I 4 S 8 1 I 

1 X, - 
2 

3 -- 

1 - - I n t e r c e p t  - 
r E 
7 1 /T - 

-- r - - A -- exp(-E/RT) - - - 
9 

Q nn7---(1~ 1014((C1 

20  n 
2 1  n-1 

2 

8 --- 
4 

s - 
r - - - .  
1 -- 
8 - 
r 



TITLE AY (n # 1) P A G E L O F  3 TI Progrommoble 
PROGRAMMER DATE Coding Form 

111 $ 2  ?;-;a 
1 1 2 1 ::: 1 :I: 
1 1 '1: <; :: F; 1;: L 

1; 1 ;  
r i 

1js *?.; T, , . -  

* c ,  c- i r , : : ;  
i ' ' '-' " - ' 
' 1 7 .:, .:. 
i i ! ,- .-. L ti::.:: 
3 55, - 
1 i 4 4 ;:: F; 
1 2 i;I : 1 - -  ; i  
2 45 z 
4 . - 4 .I. ; - ::; -c 

a -. 
4 - - I .. 2 
L i S  - j G  
1 ;  ct- 7 7  - . r- F 
4 .-I L- L L .-t El 1 i? : 
, .-, . - 
i ts Cr 1 1:; 1 

i 5. -7 .Ti 1: .I, ,I, 
i : .- 'L. .-a 3-a 

1 .> ,:a 5: .;I :- 1 
L *.I . .- - . a_. - 
; s7 : .: . i .7' _ ._I _ .-l , .-. .-, - 7 
; ;. a-8 ! ,. - 
i c : :  4 - ,  . ., .:. F: .: : L 
1 11; 2 - - .' . . . .; - .' 

:;::I: . - 
. . - 8  - 

2 ,+ - - - -. * -1 ,:: , k !  ., .- - 
1.:;: Zi:! 2::l 
- . 
; ._. t, ::: t ,  :f; : F 
1 3 7 C; i;i i 
I -7 U ' .-; r, ..: 
L .-: .-o + .:s ,-, 3-. - . .- - . ' " 

*-i L.; 
1 !Il '"' 

;.-I - 
4 1 .: ::: F; 

, , .-: . , 
1 4 .I: ;:: 5 
1 .; .i 4 ::: F, !? 
145 ':-L c:- ..' L. -, '-1 

1 .4 - .-+r, 4'5 = 
( , t j  >: 

145; d::; F, - :  . - ..-.i 

i S -3 III 5 I:! 5 
1 5 111 6 f;  :.. : 
1 5 : 4 ::; c a .. L -. I 
I 5.:. . - I:! 6. Ci .r, 
1 :  55 - 
1 5; 2 1:: F: 1:: !- 

1 5 5 Ci ci 111 g 
156. 45 = 
157 5,s :.:: 



TITLE 
AY (n P 1) P A G E L O F  3 

PROGRAMMER DATE 

.OC CODE KEY COMMENTS 
5 __ _____ . - - - . . .  -- 

- 6 - . . -- - 
7 - 
2-- .-- 

_ , - .. - -_ - - -- 
C - - - .- - -. -. --- - 
1 - ---- 
d 

. -. -. . - 
_. _ ___ _- __ 

5 ---- -- 
6 -- - - . - - -. - - - 
7 - - - . -. - - 
s 

- - . . - - . - 

TI Progrommoble 
Coding For % 



6 2  Data 

A l l  t h e  experimental  da t a  f o r  t h e  k i n e t i c  d a t a  a r e  r epo r t ed  i n  

t h e  fol lowing t a b l e s .  The t a b l e s  a r e  arranged i n  t h e  s e r i a l  o rder  t h e  

r u n s  were conducted i n .  I n  a d d i t i o n ,  t h e  r e s u l t s  of t h e  d a t a  of 

Bardon and Gadel le  

TINE TEHPERATURE CO 
HRS K Z ---- ----------- -- 

(1977) a r e  included.  

RUN NO. 105 

GANA 
z ---- 

0.10 

0.28 

0.39 

0.43 

0.47 

0.50 

0.43 

0.46 

0.49 

0.52 

0.51 

0.59 

0.72 

0.66 

1 .13 

1.31 

1.45 

1.59 

1.62 

1.72 

1.80 

1.76 

1.66 

231 

c02/co 
RATIO ------ 

***** 

3.33 

2.60 

2.50 

2.50 

2.75 

2.75 

3.13 

3.38 

3.33 

4.00 

4.09 

4.17 

4.62 

3.89 

4.00 

4.50 

4.65 

4.36 

4.60 

4.41 

4.58 

5.00 

RELATIVE 
RATEvl/S -------- 

0.8292E-05 

0.2508E-04 

0.3592E-04 

0.4037E-04 

0.4458E-04 

0.4S80E-04 

0.4257E-04 

0.4706E-04 

0.51 32E-04 

0.5634E-04 

0.5633E-04 

0.681 2E-04 

0.86F4E-04 

0.1060E-03 

0.1537E-03 

0.1877E-03 

0.2258E-03 

0.2709E-03 

0.3052E-03 

0.365'iE-03 

0.4438E-03 

0.5159E-03 

0.1056E-02 



GAMA 
z ---- 

0.05 

0.05 

0.11 

0.15 

0.26 

0 .35  

0.58 

0.71 

0.75 

0.73 

0.72 

0.69 

0.62 

0.51 

0.56 

0.61 

0.68 

0.75 

0.93 

1 .O7 

1.10 

1.17 

1 .I9 

1.16 

1.09 

1.02 

0.85 

0.65 

0.47 

0.42 

0.37 

0.21 



NO. 110 

GAFIA 
x ---- 

0 . 0 7  

0 .11  

0 .22  

0 . 4 3  

0 . 6 4  

0 .66  

0 .70  

0 . 7 3  

0 . 6 2  

0 . 4 7  

0 . 4 3  

0 . 4 3  

0 . 4 4  

0 . 5 8  

0.71 

0 .93  

1 .28 

1 . 5 5  

1.65 

1 .69  

1 .64  

1 .56  

1 . 4 9  

1 .08  

0 . 8 9  

0 .60  

0 .41  

0 .15  



R U N  N O .  1 1  1 

02 GAHA C 0 2 / C O  H/C 1 N V . T E M P .  R E L A T I V E  
% % R A T I O  R A T I O  1 /K RATE , 1 /S - - ---- ------ ----- --------- -------- 



RUN N O .  111 (CDNT. 

c 0 2 / c o  
R A T I O  ------ 

2.65 

2.50 

2.44 

2.22 

2.45 

2.50 

2.66 

2.66 

2.75 

2.95 

3.12 

2.81 

3.11 

3.00 



TIME 
HP S ---- 

2.050 

4.000 

4.500 

5.000 

5.300 

5.600 

6.000 

6.200 

6.400 

6.500 

6.700 

6.900 

7.000 

7.100 

7.200 

7.400 

7.600 

7.700 

7. 800 

8.000 

8.200 

8.400 

8.500 

8.600 

8.700 

8.800 

8.900 

9. OPO 

9.100 

9.200 

9.300 

9.350 

9.400 



RUN NO. 1 1  2 ( COIIT. 1 



RUN NO. 1 1  3 

RATIO ------ 

1.29 

1.48 

1.30 

1.37 

1.55 

1.66 

I. 6 4  

1.74 

1 . en2 
1.81 

1 . $ 7  

2.31 

2.30 

2.03 

2.C9 

2.17 

2.16 

2.15 

2.15 

2.14 

2.14 

1 . 9 7  

1.97 

1.99 

2.01 

2.04 

2.06 

2.15 

2.26 

2.30 

2.47 

2.51 

2.56 

2.54 

2. $0 

3.10 

CO2/CO H/C I t I V .  TEHF. 
RATIO 1 /K 



co;/co 
R A T  I0 ------ 

4.21 

2 .?l 

2.19 

1.30 

1.64 

1.50 

1 .SO 

1.49 

1.64 

1.77 

1 . 7 7  

1.8; 

1.77 

1.97 

2.09 

2.10 

2.10 

2.25 

2.20 

2.25 

2.31 

2.30 

2. C7 

2.66 

2.37 

2.59 

2.57 

2.44 

2.66 

2.68 

2.77 

2.PO 

2.89 



co: 02 
z z --- - - 

0.62 20.26 

0.52 20 .60  

0.41 C0.55 

0 .29  20.67 

0 .20  20.77 

0 . 1 3  20.85 

0 . 1 0  20.Q0 

0 . 0 7  20.92 

0.04 2'3.97 

C O Z / C O  
P A T I O  -----" 

3 . 0 2  

3 . 0 9  

3.43 

3 . 5 0  

3 .81 

3.  Crt 

4.55 

4.01 

0 . 2  1  





co:/co 
R A T I O  ------ 

3.65 

5 . 9 6  

2 .80  

3.33 

3 .33  

1.79 

1.72 

2.00 

2.02 

1 .97  

1 . 9 8  

1.99 

2.00  

2.0:  

2.63 

2.95 

2.86 

2.85 

2.82 

3.28 

2 .69  

2 .90  

3.08 

2.59 

3.20 

3.!1 

3.38 

3.28 

3.15 

3.06 

3.03  

2.67 

2 .83  



GAtlA 
% ---- 

0. 2r4 

0.20 

0.17 

0.12 

0.06 

0.03 

0.04 

0.49 

0.40 

O.f9 

0.27 

0.22 

0.20 

0.15 

0.07 

0 . 4 5  

0.43 

0.39 

0.29 

0.26 

0.24 

0.17 

0.15 

CO2/CO 
RATIO ------ 

2.90 

2.88 

2.88 

2.95 

3.01 

3.16 

3.28 

2.61 

2.67 

2.92 

2.90 

3.16 

3.07 

3.20 

3.37 

2.08 

2.96 

3.00 

3.31 

3.95 

3.94 

4.90 

5.47 



RUN 

C02/'CO 
RATIO ------ 

3.44 

9.44 

9 .44  

2 .47 

2.19 

1 .84  

1 .58 

1 .72  

1 .63  

1 - 6 3  

1 .72 

1 .70 

1 .7-i 

1 .80  

1 .81 

1.92 

1 .99  

2.04 

2 .13  

2 . 1 9  

2.29 

2 .37 

2.46 

2 .59 

2.61 

2 .74 

2.76 

2 . 7 3  

2 .78  

2.82 

2 .78  

2 . 7 8  

2 .77  

H/C 
RATIO ----- 

29.03 

6 3 . 0 3  

96 .98  

31 .69  

2 0 . 5 3  

26.55 

22.09 

17.59 

13 .24  

12.01 

10.14 

9.20 

7.86 

6 .42  

5.63 

5.3: 

4 .88  

4 .42  

3.46 

3 .09 

2.76 

2 . 4 5  

2 . 1 9  

2.04 

1 .87  

1 . 6 3  

1 .46 

1 . 3 5  

1 .24 

0 .99  

0 .83  

0.68 

0 .57  

PELATIVE 
R A T E ,  l / S  - - - - - - - - 

0.3903E-05 

0.79%E-05 

0.1214E-C4 

0.1604E-04 

0.2190E-04 

0.2315E-0'4 

0.3743E-04 

0.5833E-04 

0.7765E-04 

0.834CE-C4 

0.96CCE-C4 

0.103SE-03 

0 .11  0 5 5 - 0 3  

0.1163E-03 

0 .11  76C-03 

0.11 7GE-03 

0.1166E-03 

0.1147E-03 

0 .10655-03 

0.3PGOE-04 

0.9143E-04 

0,849TE-04 

0.8221E-04 

0.830F.E-C:, 

0.781EE-04 

0.7983E-04 

0.8310E-04 

O.?Ol lE-64 

0.9773E-84 

0.1076E-03 

0.124CE-03 

0.143:E-03 

0.1711E-03 



co: 
z - .. - 

0 . so  

1.09 

1 .20  

1 . 3 4  

1 .56 

1.65 

1 . i l  

1.74  

1 .67  

1.60 

1 .55  

1.44 

1 . 3 3  

1 . 13  

1.11 

0 .09  

0 . 5 5 

0 .67  

0.30 

0 .23  

0.11 

0.C4 

co:/co 
RATIO ------ 

2 - 7 2  

2.62 

2.62 

'2.56 

2.58 

2.56 

2 . 5 7  

2.60 

2 .59  

2.53 

2 . 5 9  

2 . 6 2  

2.65  

2.80 

2.40 

2 - 9 9  

3.14 

3 .25  

3.71 

3.93 

4.21 

4 .14  

H / t  
R A T I O  ----- 

0.47  

0 .29  

0.23 

0.Z6 

0 .23  

0.25 

0 .20  

0.02 

-0.09 

-0 .18  

-0.31 

-0 .35  

-0 .39  

-0 .49  

-0 .51  

- 0 . 4 1  

-0 .46  

-0.39 

-0.03 

-0.14 

0 .97  

-0.09 

RCLCTIVE 
RATE 1 / S  -------- 

0.209?E-03 

0.263:tE-03 

0.3031E-03 

O.364i 5-03 

0.4607E-03 

0.503nE-C3 

0 .5335E-03 

0.5793E-03 . 

0.5'J?;F-G3 

0.623"E-03 

0.6471C-03 

0 .76525-03 

O.C42?E-03 

0.1185E-C2 

0.1331E-0: 

0 .160~1E-02 

0.16?3E-C: 

C.21R;E-02 

0.2643E-C: 

0.2768E-0: 

0.3407E-02 

0.5557E-0: 



RUN NO. 118 

co2/co 
RATIO ------ 

9.44 

9.44 

2.83 

1.33 

1 . 62  

1.67 

1 - 5 0  

1.57 

1.50 

1.72 

1.78 

1.79 

1.83 

1.98 

2.04 

2.25 

2.25 

2.20 

2.28 

2.34 

2.64 

2.49 

2.50 

2.41 

2.34 

2.34 

2.22 

2.27 

2.26 

2.22 

2.21 

2.24 

2.25 

H/C 
RATIO ----- 

5.31 

29.08 

50.93 

39.78 

18.98 

18.03 

14.12 

9.36 

8.05 

5.85 

5.37 

4.97 

4.66 

3.48 

3.42 

3.16 

2.56 

2.29 

1.70 

1.72 

1.07 

1.12 

1.21 

0.95 

0.98 

1.26 

1.14 

0.80 

0.78 

0.59 

0.59 

0.37 

0.24 

RELATIVE 
RATE, 1/S -------- 

0.2700E-05 

0.9644E-05 

0.2025E-04 

0.3077E-04 

0.3907E-04 

0.4762E-04 

0.5429E-04 

0.6546E-04 

0.6oCSE-04 

0.7366E-04 

0.7994E-04 

0.7951E-04 

0.7914E-04 

0.7144E-04 

0.6831 E-04 

0.6216E-C4 

0.5765E-04 

0.533tE-04 

0.4C27E-04 

0.514lE-04 

0.5491E-04 

0.7010E-04 

0.7953E-04 

0.8989E-04 

0.1100E-03 

0.1457E-03 

0.1844E-03 

0.2207E-03 

0.2787E-03 

0.35C6E-03 

0.4691 E-03 

0.6243E-03 

0.8941E-03 



RUN NO. 118 (CONT. 1 

c02/co 
R A T I O  ------ 

2 .15  

2 . 2 6  

2 - 3 0  

2 . 3 3  

2 . 3 5  

2 . 4 4  

2 . 3 9  

2 . 4 6  

2 . 5 8  

2 . 5 8  

3 . 0 1  

3.66 



RUN NO. 119 

c02/co 
RATIO ------ 

9.44 

9.44 

9.44 

13.81 

5.45 

2.31 

2.12 

2.66 

2.40 

2.34 

2.32 

2.36 

2.46 

2.56 

2.91 

3.17 

3.37 

3.20 

3.08 

2.97 

2.83 

2.76 

2.74 

2.63 

2.54 

2.56 

2.48 

2.50 

2.48 

2.52 

2.54 

2.54 

2.58 

H/C 
RATIO ----- 

1.92 

18.89 

29.08 

30.95 

28.15 

14.01 

13.62 

8.94 

6.80 

3.99 

3.63 

3.36 

2.29 

1.77 

0.50 

0.57 

0.64 

0.73 

0.74 

0.75 

0.44 

0.55 

0.48 

0.63 

0.56 

0.39 

0.34 

0.25 

0.13 

0. 07 

-0.08 

-0.10 

-0.23 

INV. TEHP . 
1 /K --------- 

0.2667E-02 

0.2479E-02 

0.2429E-02 

0.2347E-02 

0.2174E-02 

0.2093E-02 

0.2034E-02 

0.1978E-02 

0.191 3E-02 

0.1860E-02 

0.1839E-02 

0.1827E-02 

0.1809E-02 

0.1793E-02 

0.1744E-02 

0.lillE-02 

0.1697E-02 

O.1661E-02 

0.1623E-02 

0.1594E-02 

0.1579E-02 

0.1565E-02 

0.1550E-02 

0.1535E-02 

0.151SE-02 

0.1505E-02 

0.1491E-02 

0.1484E-02 

0.1478E-02 

0.1472E-02 

0.1466E-02 

0.1460E-02 

0.1454E-02 

RELATIVE 
RATE, 1 /S -------- 

0.1322E-05 

0.5267E-05 

0.7656E-05 

0.1160E-04 

0.1588E-04 

0.2370E-04 

0.4056E-04 

0.5805E-04 

0.7442E-04 

O.8258E-04 

0.8552E-04 

0.8453E-04 

0.7742E-04 

0.716iE-04 

0.5152E-04 

0.5276E-04 

0.561 3E-04 

0.6610E-04 

0.8244E-04 

0.107lE-03 

0.1162E-03 

0.1399E-03 

0.171 7E-03 

0.2242E-03 

0.2868E-03 

0.3566E-03 

0.4473E-03 

0.505EE-03 

0.5656E-03 

0.6338E-03 

0.6976E-03 

0.7928E-03 

0.8798E-03 



RUN N O .  1 1 9  ( COt4T. I 



RUN NO. 120 

GAMA 
% ---- 

0.03 

0.06 

0.12 

0.18 

0.30 

0.43 

0.56 

0.61 

0.66 

0.69 

0.72 

0.69 

0.65 

0.55 

0.45 

0.40 

0.37 

0.38 

0.38 

0.40 

0.41 

0.45 

0.56 

0.54 

0.62 

0.69 

0.83 

1 .oo 

1.13 

1 . l 6  

1 .29 

1 .26 

1.20 

C02/CO 
RATIO ------ 

9.44 

9.44 

4.14 

1.30 

2.01 

1.86 

1-87 

1.64 

1.80 

1.67 

1.64 

1.70 

1.86 

2.05 

2.17 

2.33 

2.51 

2.49 

2.58 

2.63 

2.76 

2.69 

2.71 

2.71 

2.68 

2.70 

2.66 

2.68 

2.57 

2.55 

2.56 

2.53 

2.53 

H/C 
RATIO ----- 

12.10 

29.08 

36.64 

22.40 

19.73 

14.27 

12.01 

10.74 

9.63 

8.82 

7.42 

6.03 

4.41 

2.47 

1.56 

1 .27 

1.14 

1.05 

0.86 

0.88 

0.61 

0.66 

0.93 

0.37 

0.27 

0.08 

0.03 

-0.16 

0.01 

-0.27 

-0.25 

-0.32 

-0.41 

INV. TEMP. 
- f / K  --------- 

0.2397E-02 

0.2302E-02 

0.221 4E-02 

0.2158E-02 

0.2103E-02 

0.2050E-02 

0.2000E-02 

0.1976E-02 

0.1952E-02 

0.19C9E-02 

0.1907E-02 

0.1885E-02 

0.1863E-02 

0.1826E-02 

0.1789E-02 

0.1754E-02 

0.1721E-02 

0.1705E-02 

0.1689E-02 

0,1671 E-02 

0.1654E-02 

0.1639E-02 

0.1623E-02 

0.1610E-02 

0.1599E-02 

0.1579E-02 

0.1557E-02 

0.1536E-02 

0.1525E-02 

0.1515E-02 

0.1506E-02 

0.1499E-02 

0.1491E-02 

RELATIVE 
RATE 1 /S -------- 

0.3342E-05 

0.6943E-05 

0.1412E-04 

0.2112E-04 

0.3574E-04 

0.5236E-04 

0.7157E-04 

0.8000E-04 

0.8908E-04 

0.9729E-04 

0.1040E-03 

0.104CE-03 

0.1024E-03 

0.9Z32E-04 

0.8085E-04 

0.7496E-04 

0.7471 E-04 

0.7753E-04 

0.8025E-04 

0.8721E-04 

0.9241E-04 

0.1053E-03 

0.1348E-03 

0.139CE-03 

0.1659E-03 

0.199OE-03 

0.2576E-03 

0.3487E-03 

0.4229E-03 

0.4685E-03 

0.5703E-03 

0.6217E-03 

0.6640E-03 



RUN NO. 120 (CONT. 

GAMA 
z ---- 

1.11 

1 .O5 

1 .oo  

0.92 

0.82 

0.60 

0.36 

0.24 

0.15 

0.04 

C02/CO 
RATIO ------ 

2.53 

2.55 

2.56 

2.61 

2.71 

2.93 

3.13 

3.24 

3.37 

3.65 



RUN NO. 121 

C02/CO 
RATIO ------ 

9.44 

9.44 

9.44 

9.44 

9.44 

4.14 

2.82 

2.00 

1.76 

1.75 

1.62 

1.70 

1.58 

1.67 

1.81 

1.82 

1.97 

2.12 

2.23 

2.33 

2.40 

2 .+I 

2 .58 

2.64 

2.63 

2.67 

2.76 

2.74 

2.77 

2.69 

2.67 

2.68 

2.57 

H /C 
RATIO --- - - 

5.31 

12.10 

2 9 - 0 8  

46.05 

63.03 

57.30 

35.99 

20.79 

17.33 

13.26 

12.56 

10.75 

9.42 

7.24 

6.35 

5.40 

4.08 

3.28 

2.84 

2.45 

2.09 

1.76 

1.50 

1.53 

1.33 

1.06 

1.01 

1 .oo  

0.80 

0.66 

0.72 

0.76 

0.61 

RELATIVE 
RATE, 1 / S  -------- 

0.1680E-05 

0.2934E-05 

0.6091E-05 

0.9285E-05 

0.1249E-04 

0.180lE-04 

0.2201E-04 

0.3597E-04 

0.5233E-04 

0.6726E-04 

0.7491 E-04 

0.7980E-04 

0.845lE-04 

0.8655E-04 

0.8937E-04 

0.9060E-04 

0.8807E-04 

0.81 77E-04 

0.7546E-04 

0.6867E-04 

0.6145E-04 

0.5801E-04 

0.5455E-04 

0.5572E-04 

0.5556E-04 

0.5789E-04 

0.6265E-04 

0.6868E-04 

0.7547E-04 

0.8571 E-04 

0.9069E-04 

O.1214E-03 

0.1457E-03 



RUN 140. 121 ICONT.1 

GAMA 
% ---- 

0.82 

0.95 

1.11 

1.31 

1.38 

1.47 

1.55 

1.58 

1.57 

1.55 

1.48 

1.38 

1.22 

0.89 

0.56 

0.42 

0.30 

0.21 

0.16 

0.07 

0.03 

CO?/CO 
RATIO ------ 

2.60 

2.54 

2.46 

2.47 

2.46 

2.47 

2.48 

2.52 

2.49 

2.52 

2.54 

2.55 

2.59 

2.72 

2.65 

2.87 

3.00 

3.19 

3.51 

3.65 

9.40 

H/C 
R A T I O  ----- 

0.49 

0.70 

0.83 

0.69 

0.57 

0.33 

0.13 

0.07 

-0.04 

-0.10 

-0.19 

-0.25 

-0.39 

-0.46 

-0.42 

-0.32 

-0.31 

-0.27 

-0.05 

0.05 

0.23 

RELATIVE 
RATE,l/S -------- 

0.1865E-03 

0.2227E-03 

0.2738E-03 

0.3393E-03 

0.3341E-03 

0.4742E-03 

0.6095E-03 

0.6980E-03 

0.791 9E-03 

0.9106E-03 

0.1038E-02 

0.1180E-02 

0.1308E-02 

0.1604E-02 

0.1881E-O? 

0.2010E-02 

0.2130E-02 

0.2237E-02 

0.2479E-02 

0.3414E-02 

O.6625E-02 



RUN 

02 
x - - 

8 . 2 8  

8.26 

8.25 

8.20 

8 .15  

8.10 

8.05 

8.01- 

7.96 

7.95 

7.93 

7.91 

7.92 

7 .94  

7.96 

7 .99  

8 . 0 3  

8 .06  

8.06 

8.04 

8.00 

7.96 

7.90 

7.80 

7.63 

7.53 

7.40 

7.26 

7.05 

6.70 

6 .47  

6 .47  

6.65 

NO. 122 

C02/C0 
R A T I O  ------ 

9.44 

9.44 

9.44 

9.44 

2.43 

1.78 

1 .83  

1.48 

1.47 

1 .63  

1.62 

1 .74 

1.76 

1.89 

1 . 9 8  

2.03 

2.14 

2.26 

2.36 

2.46 

2.36 

2.30 

2.25 

2.20 

2.07 

2.06 

2.04 

2 .03  

2.07 

2.03 

2.03 

1.99 

2.00 

H/C 
RATIO ----- 

7.53 

19.22 

25.07 

54.32 

43.21 

30.97 

18.46 

16.55 

8.31 

7.40 

6.17 

5 .49  

4.21 

3.60 

3.28 

2.86 

2.09 

1.64 

1.32 

1 .O3 

0.81 

0 .65  

0.75 

0.70 

0.72 

0.66 

0.56 

0.72 

0.75 

0.94 

0.76 

0.51 

0.17 

RELATI'JE 
RATE 1 /S -------- 

0.2646E-05 

0.5391E-C5 

0.6780E-05 

0.1386E-04 

0.2101E-04 

0.2643E-04 

0.3614E-04 

0.4360E-04 

0.4934E-04 

0.54P5E-04 

0.5693E-04 

0.6333E-04 

0.6272E-04 

0.6053:-04 

0.56:oE-04 

0.5406E-04 

0.476 1 E-04 

0.4351E-04 

0.4473E-04 

0.4993E-04 

0.5768E-04 

0.7065E-04 

0.6667E-04 

0.1145E-03 

0.169SE-03 

0.2086E-03 

0.2640E-03 

0.3236E-03 

0.4159E-03 

0.5C37E-03 

0.7500E-03 

0.8632E-03 

0.9065E-03 



RUN NO. 122 (COllT.) 

c02/co 
RATIO ------ 

2.00 

2.01 

2.06 

2.09 

2.18 

2.31 

2.30 

2.78 

4.21 

22.58 

H/C 
RATIO ----- 

-0.04 

-0.16 

-0.41 

-0.51 

-0.49 

-0.50 

-0.52 

-0.58 

-2.13 

-2.98 

INV. TEMP. 
1 /K --------- 

0.1391E-02 

0.1389E-02 

0.1384E-02 

0.1377E-02 

0.1371 E-02 

0.1365E-02 

0.1354E-02 

0.1344E-02 

0.1335E-02 

0.1327E-02 

RELATIVE 
RATE 1 /S -------- 

0.9215E-03 

0.9502E-03 

0.1049E-02 

O.l213E-Oi? 

0.1499E-02 

0.1815E-02 

0.2600E-02 

0.4059E-02 

0.3842E-02 

0.5577E-02 



P'JN NO. 123 

GAMA 
% ---- 

0.01 

0.02 

0.04 

0.05 

0.07 

0.10 

0.15 

0.19 

0.25 

0.28 

0.34 

0.34 

0.37 

0.42 

0.45 

0.50 

0.52 

0.52 

0.52 

0.51 

0.49 

0.43 

0.43 

0.42 

0.40 

0.39 

0.39 

0.40 

0.40 

0.41 

0.44 

0.45 

0.48 

256 

&OZ/CO 
RATIO ------ 

9.44 

9.44 

9.44 

9.44 

9.44 

3.21 

2.47 

2.26 

2.19 

1 .72 

1 .76 

1 .76 

1.47 

1.50 

1.62 

1.58 

1.79 

1.77 

1.81 

1-84 

1.90 

2.07 

2-07 

2.19 

2.23 

2.26 

2.31 

2.30 

2.42 

2.32 

2.40 

2.28 

2.33 

H/C 
RATIO ----- 

1.92 

8.71 

15.50 

22.28 

35.87 

20.35 

15.77 

13.18 

14.68 

12.94 

11.79 

11.17 

9.51 

7.98 

6.27 

5.85 

4.69 

4.38 

3.96 

3.72 

3.31 

2.50 

2.50 

2.42 

2.17 

1.77 

1.34 

1.32 

1.10 

0.89 

0.90 

0.77 

0.57 

RELATIVE 
RATE 1 /S - ------ - 

0.1391 E-05 

0.3047E-05 

0.4714E-05 

0.6395E-05 

0.9738E-05 

0.1362E-04 

O.2059E-04 

0.2637E-04 

0.3555E-04 

0.4150E-04 

0.5037E-04 

0.5240E-04 

0.5842E-04 

0.6652E-04 

0.7467E-04 

0.8410E-04 

0.9061E-04 

0.9247E-04 

0.9340E-04 

0.929EE-04 

0.9140E-04 

0.8237E-04 

0.8469E-04 

0.8523E-04 

0.8504E-04 

0.8528E-04 

O.&66PE-04 

0.91 81 E-04 

0.9622E-04 

0.10:ZE-03 

0.1127E-03 

0.1221 E-03 

0.1351E-03 



RUN NO. 123 (CONT. )  

GAMA 
z ---- 

0.49 

0.53 

0.60 

0.66 

0.73 

0.80 

0.85 

0.89 

0.96 

1 .O4 

1.13 

1.14 

1.13 

0.98 

0.84 

0.72 

0.51 

0.34 

0.23 

0.16 

0.07 

0.04 

0.02 

COZ/CO 
RATIO --- - - - 

2.30 

2.27 

2.16 

2.15 

2.09 

2.07 

2.08 

2.14 

2.14 

2.15 

2.15 

2.20 

2.17 

2.20 

2.31 

2.26 

2.33 

2.54 

2.76 

2.93 

5.86 

5.16 

1.72 

H/C 
RATIO ----- 

0.27 

0.19 

0.32 

0.11 

0.15 

0.03 

-0.10 

-0.12 

-0.03 

-0.01 

0.04 

-0.06 

-0.11 

-0.35 

-0 .SO 

-0.57 

-0.56 

-0.18 

-0.57 

-0.87 

-1.39 

-0.30 

INV. TEMP. 
1 /K --------- 

0.1525E-02 

0.151 0E-02 

0.1495E-02 

0.14EOE-02 

0.1466E-02 

0.1453E-02 

0.1440E-82 

0.1434E-02 

0.1429E-02 

0.1423E-02 

0.1417E-02 

0.1414E-02 

0.1412E-02 

0.1405E-02 

0.1401E-02 

0.1306E-02 

0.1386E-02 

O.l379E-O? 

0.1374E-02 

0.1369E-02 

0.1361E-02 

0.1353E-02 

RELATIVE 
RATE. 1 /S -------- 

0.1455E-03 

0.1654E-03 

0.2OCSE-03 

0.2392E-03 

0.2907E-03 

0.3584E-03 

0.439:E-03 

0.4992E-03 

0.5962C-03 

0.7260E-03 

0.9139E-03 

0.1007E-02 

0.109iE-02 

0.1159E-02 

0.1229E-02 

0.133lE-02 

0.1589:-02 

0.2C69E-02 

0.2024E-02 

0.2054E-02 

0.1664E-02 

0.2159E-02 



RUN NO. 124 

GAMA 
x ---- 

0.02 

0.05 

0.10 

0.94 

0.17 

0.22 

0.28 

0.37 

0.44 

0.51 

0.58 

0.60 

0.63 

0.66 

0.68 

0.71 

0.73 

0.74 

0.73 

0.71 

0.59 

0.47 

0.40 

0.37 

0.36 

0.35 

0.37 

0.39 

0.43 

0.48 

0.51 

0.57 

0.67 

CO2/CO 
RATIO ------ 

9.44 

9.44 

9.44 

2.43 

1.43 

1 .l4 

1 .29 

1.34 

1 .24 

1 .I5 

1.31 

1.37 

1.33 

1.43 

1.39 

1.32 

1.41 

1.51 

1.66 

1.64 

1.81 

1.97 

1.97 

1.97 

2.00 

2.07 

2.23 

2.22 

2.25 

2.28 

2.20 

2.29 

2.31 

H/C 
RATIO ----- 

8.71 

22.28 

49.44 

35.51 

27.87 

26.02 

25.03 

29.79 

22.23 

23.39 

18.63 

16.69 

13.60 

12.09 

10.21 

8.84 

7.06 

5.65 

4.57 

3.82 

3. 16 

2.39 

1.96 

1 .i6 

1.42 

1.27 

1.08 

1 .l3 

1 .O3 

1 .oo 

0.81 

0.68 

0.74 

RELATIVE 
RATE 1 /S -------- 

0.1881E-05 

0.393OE-05 

0.8051E-05 

0.1106E-04 

0.1404E-04 

0. IS1 CE-04 

0.2328E-04 

0.30EOE-04 

0.3705E-04 

0.4391E-04 

0.5060E-04 

0.5346E-04 

0.5727E-04 

0.6146E-0+ 

0.6452E-04 

0.6832E-04 

0.7316E-04 

0.7574E-04 

0.7751E-04 

0.7753E-04 

0.6708E-04 

0.5493E-04 

0.4773E-04 

0.451TE-04 

0.4410E-04 

0.4'38OE-04 

0.4762E-04 

0.5127E-04 

0.5756E-04 

0.4573E-04 

0.7251E-04 

0.8287E-04 

O.!OIOE-03 



RUN NO. 124 ICONT.) 

C02/CO 
RATIO ------ 

2.31 

2.29 

2.26 

2.27 

2.29 

2.27 

2.29 

2.30 

2.32 

2.34 

2.35 

2.45 

2.45 

2.46 

2.46 

2.54 

2.46 

H/C 
RATIO ----- 

0.75 

0 .85  

0.78 

0.71 

0 .64  

0 .35  

0.22 

0.15 

-0.01 

-0.14 

-0.24 

-0.44 

-0.55 

-0.59 

-0.75 

-0.52 

-0.40 

RELATIVE 
R A T E  , I / S  -------- 

0.1240E-03 

0.1593E-03 

0.2056E-03 

0.2681E-03 

0.3635E-03 

0.4@07E-03 

0.6796E-03 

0.7985E-03 

0.931 3E-03 

0.1073E-02 

O.llQ7E-02 

0.1466E-02 

O.l;l9E-O2 

0.199ZE-02 

0.2135E-02 

0.25t .X-02 

0.444CE-02 



NO. 125 

co2/co 
RATIO ------ 

9.44 

9.44 

1.72 

1.76 

1.37 

1.65 

1-31 

1.32 

1.38 

1.40 

1.45 

1.51 

1.58 

1.55 

1.55 

1.60 

1.67 

1.90 

1.90 

2.29 

2.34 

2.38 

2.46 

2.48 

2.65 

2.62 

2.63 

2.62 

2.59 

2.61 

2.64 

2.58 

2.58 

H/C 
RATIO ----- 

3.28 

19.57 

21.64 

24.46 

20.06 

20.92 

19.85 

18.71 

16.03 

14.14 

12.46 

11.41 

10.69 

10.12 

8 .98  

7.35 

5.50 

3 .83  

2.90 

2.07 

1.29 

1 . O 3  

0 .89 

0.81 

0.66 

0.82 

0.68 

0.69 

0.62 

0.38 

0.29 

0 .33  

0.41 

RELATIVE 
RATE, 1 /S -------- 

0.1133E-05 

0.3743E-05 

0.8370E-05 

0.1223E-04 

0.1683E-04 

0.2439E-04 

0.341 9E-04 

0.4646E-04 

0.6014E-04 

0.7075E-04 

0.7393E- 04 

0.7460E-04 

0.7422E-04 

0.7269E-04 

0.6621E-04 

0.6430E-04 

0.6100E-04 

0.5855E-04 

0.531 1E-04 

0.4562E-04 

0.3946E-04 

0.3835E-04 

0.3866E-04 

0.4036E-04 

0.4337E-04 

0.4791E-04 

0.5173E-04 

0.5W4E-04 

0.6358E-34 

0.7699E-04 

0.91 37E-04 

0.1124E-03 

0.1450E-03 



RUN NO. 125 (C0NT.I 

RATIO ------ 

2.60 

2.60 

2.63 

2.61 

2.70 

2.74 

2.74 

2.73 

2.75 

2.66 

2.67 

2.65 

2.65 

2.64 

2.76 

2.77 

2.91 

2.82 

3.07 

3.46 

4.01 

4.21 

C02/CO H/C 1NV.TEklP. 
RATIO 1 /K 

RELATIVE 
RATE,l/S -------- 

0.1644E-03 

0.1901E-03 

0.2253E-03 

0.2694E-03 

0.331 1 E-03 

0.4121E-03 

0.5187E-03 

0.6462E-03 

0.7946E-03 

0.1013E-02 

0.1347E-02 

0.1570E-02 

0.1825E-02 

0.22errE-02 

0.2852E-02 

0.3148E-02 

0.3331E-02 

0.3738E-02 

0.4398E-02 

0.4736E-02 

0.5129E-02 



RUN 

02  
% -- 

20.98 

20.98 

20.96 

20.94 

20.89 

20.86 

20.87 

20.74 

20.63 

20.50 

20.34 

20.25 

20.10 

19.72 

19.52 

19.22 

18.63 

17.92 

17.35 

16.80 

16.64 

16.50 

16.40 

16.38 

16.45 

16.67 

16.90 

17.15 

17.35 

17.50 

17.57 

17.59 

17.50 

NO. 126 

GAMA 
% ---- 

0.02 

0.02 

0.05 

0.07 

0.14 

0.17 

0.24 

0.32 

0.45 

0.61 

0.80 

0.91 

1 .O9 

1.53 

1.76 

2.10 

2.78 

3.55 

4.16 

4.74 

4.88 

5.02 

5.09 

5.06 

4.95 

4.67 

4.41 

4.12 

3.88 

3.70 

3.60 

3.55 

3.61 

C02/CO 
RATIO ------ 

9.44 

9.44 

9.44 

9.44 

4.14 

4.14 

2.43 

1.78 

1.83 

1.60 

1.64 

1.43 

1.61 

1.76 

1.64 

1.75 

1.76 

1.90 

1.92 

2.01 

2 - 0 6  

2.12 

2.29 

2.45 

2.60 

2.77 

2.91 

3.09 

3.27 

3.42 

3.57 

3.76 

3.91 

H/C 
RATIO ----- 

8.71 

8.71 

22.28 

35.87 

40.77 

53.17 

64.60 

47.88 

33.64 

33.39 

25.36 

26.31 

25.05 

20.31 

18.85 

16.94 

14.43 

12.85 

10.36 

8.88 

7.98 

7.42 

6.22 

5.06 

4.35 

3.73 

3.31 

2.90 

2.55 

2.21 

1.86 

1.53 

1.24 

INV. TEMP. 
1 /K --------- 

0.2663E-02 

0.2564E-02 

0.2500E-02 

0.2436E-02 

0.237c"E-02 

0.2338E-02 

0.2305E-02 

0.2273E-02 

0.2239E-02 

0.2206E-02 

0.21 74E-02 

0.2158E-02 

0.2143E-02 

0.2103E-02 

0.208lE-02 

0.2059E-02 

0.2013E-02 

0.1969E-02 

0.1925E-02 

0.1881E-02 

0.1861E-02 

0.1844E-02 

0.1816E-02 

0.1793E-02 

0.1775E-02 

0.1760E-02 

0.1746E-02 

0.1734E-02 

0.1722E-02 

0.1709E-02 

0.1697E-02 

0.1681 E-02 

0.1665E-02 

RELATIVE 
RATE, 1 /S -------- 

0.3389E-06 

0.3390E-06 

0.7070E-06 

0.1075E-05 

0.1978E-05 

0.2531E-05 

0.3447E-05 

0.4697E-05 

0.6638E-05 

0.89SlE-05 

0.1179E-04 

0.1343E-04 

0.161 1E-04 

0.2203E-04 

0.2639E-04 

0.3160E-04 

0.4235E-04 

0.5520E-04 

0.6604E-04 

0.7712E-04 

0.806:E-04 

0.841 9E-04 

0.8797E-04 

0.9041 E-04 

0.9127E-04 

0.8904E-04 

0.8669E-04 

0.8346E-04 

0.8108E-04 

0.7953E-04 

0.795oE-04 

0.8078E-04 

0.8469E-04 



RUN NO. 126 (CONT.) 

GAMA 
z ---- 

3.64 

3.70 

3.80 

3 .93  

4.10 

4.34 

4.63 

5.09 

5.51 

6.18 

6 .eo  

7.37 

7.43 

7.44 

7 .18  

6 . 0 4  

6 .59  

6 .28  

6.02 

5.81 

5 .53  

5 .17  

4.76 

4.34 

3.94 

3.48 

3.07 

2.66 

2.31 

1.80 

1.27 

0.85 

0.37 

0.18 

0.10 

CO2lCO 
RATIO ------ 

4.01 

4.07 

4.14 

4.23 

4.25 

4.27 

4.30 

4.27 

4.29 

4.26 

4.26 

4.22 

4.26 

4 .13  

4.10 

3.77 

3.90 

3.81 

3.80 

3 . 7 9 .  

3.80 

3.85 

3.92 

3.99 

4.04 

4 .09  

4.21 

4 .27  

4.28 

4.32 

4.35 

4.30 

3.93 

4.90 

5.12 

H/C 
RATIO ----- 

1.07 

0.88 

0.74 

0.55 

0.39 

0.30 

0.17 

0.12 

0.01 

0.04 

0.00 

0.09 

0.06 

0.18 

0.30 

0.47 

0.60 

0.69 

0.72 

0.77 

0.78 

0.80 

0.73 

0.66 

0.62 

0.52 

0 .53  

0.47 

0.45 

0.37 

0.31 

0.31 

0.06 

-0.08 

0.01 



RUN NO. 127 

GAMA 
x ---- 

0.05 

0.09 

0.12 

0.28 

0.48 

0.66 

0.73 

0.77 

0.79 

0.81 

0.79 

0.77 

0.74 

0.71 

0.67 

0.61 

0.53 

0.48 

0.43 

0.41 

0.39 

0.39 

0.40 

0.42 

0.44 

0.53 

0.60 

0.68 

0.78 

0.93 

1.10 

1.32 

1.58 

264 

C02/CO 
RATIO ------ 

9.44 

9.44 

2.82 

2.19 

1.67 

1.72 

1.66 

1.62 

1.79 

1.81 

1.83 

1.97 

2.05 

2.18 

2.30 

2.37 

2.56 

2.58 

2.63 

2.63 

2.69 

2 .69  

2.87 

2.80 

2.77 

2.78 

2.76 

2.65 

2.63 

2.63 

2.57 

2.54 

2.49 

H/C 
RATIO ----- 

22.28 

42.66 

18.62 

16.50 

17.83 

13.20 

12.23 

10.68 

8.83 

8 . 0 3  

6.16 

4.82 

3.76 

3.55 

3.20 

2.72 

2.02 

1.66 

1.22 

1.24 

1.05 

1 . O 5  

0.90 

0.87 

0.57 

0.91 

1.08 

1 . O 3  

0.94 

0 .95 

0.86 

0.76 

0.71 

I N V .  TEMP. 
1 /K --------- 

0.2403E-02 

0.2264E-02 

0.2206E-02 

0.21 13E-02 

0.2055E-02 

0.1996E-02 

0.1969E-02 

0.1948E-02 

0.1927E-02 

0.1905E-02 

0.1885E-02 

0.18658-02 

0.1846E-02 

0.1826E-02 

0.1807E-02 

0.1789E-02 

0.1772E-02 

0.1756E-02 

0.1739E-02 

0.1722E-02 

0.1706E-02 

0.1690E-02 

0.1674E-02 

0.1659E-02 

0.1644E-02 

0.1627E-02 

0.1611E-02 

0.1596E-02 

0.1580E-02 

0.1564E-02 

0.1546E-02 

0.1527E-02 

0.1508E-02 

RELATIVE 
RATE, l / S  -------- 

0.3965E-05 

0.71 13E-05 

0.9974E-05 

0.2321 E-04 

0.41 36E-04 

0.591 7E-04 

0.6672E-04 

0.7230E-04 

0.7572E-04 

0.7970E-04 

0.8072E-04 

0.8066E-04 

0.7933E-04 

0.7894E-04 

0.7694E-04 

0.71 93E-04 

0.6357E-04 

0.5913E-04 

0.5426E-04 

0.5272E-04 

0.5066E-04 

0.5161E-04 

0.5369E-04 

0.5803E-04 

0.6215E-04 

0.7651E-04 

0.9005E-04 

0.1056E-03 

0.1261E-03 

0.1568E-03 

0.1974E-03 

0.2586E-03 

0.3441E-03 



RUN NO. 127 (CONT.) 



RUN NO. 128 



RUN NO. 128 (CONT.) 

GAMA 
z ---- 

0.95 

1 .O5 

1.18 

1.36 

1.51 

1.52 

1.39 

1 . I 8  

1 .oo 

0.83 

0.70 

0.56 

0.39 

0.24 

0.11 

0.07 

0.04 

0.01 

c02/co 
RATIO ------ 

2.04 

2.05 

2.06 

2.07 

2.09 

2.10 

2.08 

2.08 

2.10 

2.10 

2.19 

2.14 

2.26 

2.25 

2.37 

2.70 

3.06 

3.37 

H/C 
RATIO ----- 

0.36 

0.38 

0.32 

0.41 

0.33 

0.21 

0.05 

-0.21 

-0.31 

-0.48 

-0.59 

-0.69 

-0.83 

-0.92 

-1.19 

-1.33 

-1.45 

-1.37 

RELATIVE 
RATE 1 /S -------- 

0.3615E-03 

0.4284E-03 

0.5216E-03 

0.6709E-03 

0.8546E-03 

0.101 7E-02 

0.1126E-02 

0.1171E-02 

0.1233E-02 

0.1295E-02 

0.1378E-02 

0.1484E-02 

0.1827E-02 

0.2347E-02 

0.2869E-02 

0.2979E-02 

0.3416E-02 

0.5561E-02 



RUN NO. 129 

GAHA 
x ---- 

0.01 

0.02 

0.05 

0.07 

0.10 

0.17 

0.19 

0.24 

0.32 

0.37 

0.42 

0.45 

0.48 

0.51 

0.52 

0.51 

0.47 

0.41 

0.34 

0.29 

-0.29 

0.31 

0.34 

0.37 

0.41 

0.46 

0.51 

0.63 

0.78 

0.95 

1 .l3 

1.32 

1.52 

268 

co2/co 
RATIO ------ 

9.44 

9.44 

9.44 

9.44 

3.21 

2.82 

2.47 

1.83 

1.60 

2.43 

1.56 

1.58 

1.55 

1.70 

1.79 

1.83 

1.97 

1.97 

2.19 

2.46 

2.51 

2.53 

2.48 

2.51 

2.57 

2.40 

2.42 

2.39 

2.27 

2.28 

2.28 

2.30 

2.29 

H/C 
RATIO ----- 

1.92 

8.71 

22.28 

35.87 

19.16 

26.96 

21.24 

16.59 

16.06 

11.45 

9.66 

7.55 

6.63 

5.73 

4.65 

3.97 

3.45 

2.80 

2.20 

1.53 

1.44 

1.52 

1.22 

1.06 

1-06 

1.15 

0.82 

0.94 

0.89 

0.80 

0.69 

0.58 

0.49 

RELATIVE 
RATE, i /S -------- 

0.11 96E-05 

0.261 7E-05 

0.5472E-05 

0.8359E-05 

0.1 099E-04 

0.1903E-04 

0.2238E-04 

0.2876E-04 

0.3692E-04 

0.4565E-04 

0.5403E-04 

0.5866E-04 

0.6426E-04 

0.7083E-04 

0.7295E-04 

0.734EE-04 

0.69PSE-04 

O.623t E-04 

0.54COE-04 

0.460iE-04 

0.4677E-04 

0.5339E-04 

0.6255E-04 

0.6858E-04 

0.782EE-04 

0.91 00E-04 

0.1032E-03 

0.1343E-03 

0.1757E-03 

0.2297E-03 

0.3022E-03 

0.3979E-03 

0.5428E-03 



RUN NO. 129 (CONT.) 

GAMA 
x ---- 

1.67 

1.88 

1 .92 

1.69 

1.81 

1.66 

1.33 

1.02 

0.76 

0.52 

0.33 

0.18 

0.09 

co2/co 
RATIO - - -- - - 

2.34 

2.38 

2.39 

2.38 

2.38 

2.38 

2.39 

2.41 

2.48 

2.53 

2.83 

3.28 

4.14 

H/C 
RATIO ----- 

0.31 

0.33 

0.34 

0.28 

0.23 

0.16 

-0.05 

-0.24 

-0.35 

-0.42 

-0.55 

-0.20 

-0.41 

INV. TEMP. 
1 /K --------- 

0.1423E-02 

0.1407E-02 

0.1404E-02 

0.1402E-02 

0.1400E-02 

0.1399E-02 

0.1396E-02 

0.1395E-02 

0.1392E-02 

0.138EE-02 

0.1386E-02 

0.1364E-02 

0.1362E-02 

RE LATI'JE 
RATE, 1/S -------- 

0.7521E-03 

0.11 88E-02 

0.1358E-02 

0.1519E-02 

0.1676E-02 

0.1804E-02 

0.2041E-02 

0.2308E-02 

0.2723E-02 

0.3191E-02 

0.3842E-02 

0.4498E-02 

0.5205E-02 

RUN 

02 
x - - 

20.98 

20.94 

20.94 

20.90 

20.80 

20.68 

20.46 

20.24 

19.92 

19.56 

NO. 130 

INV. TEMP. 
1 /K --------- 

0.2866E-02 

0.271 9E-02 

0.2586E-02 

0.2462E-02 

0.2353E-02 

0.2276E-02 

0.2206E-02 

0.2169E-02 

0.2123E-02 

0.2069E-02 

RELATIVE 
RATE , 1 /S -------- 

0.8756E-05 

0.2849E-04 

0.2940E-04 

0.5170E-04 

0.1134E-03 

0.2028E-03 

0.41 76E-03 

0.7147E-03 

0.1454E-02 

0.4908E-02 



RUN NO. 131 

GAMA 
z ---- 

0.04 

0.06 

0.10 

0.15 

0.21 

0.28 

0.38 

0.52 

0.67 

0.96 

1.16 

1.36 

1.60 

1.66 

2.48 

2.80 

3.01 

3.16 

3.20 

3.22 

3.15 

3.05 

2.84 

2.56 

2.34 

2.05 

1 - 8 5  

1.63 

1.49 

1.20 

1 .O5 

0.94 

0.86 

270 

c02/co 
RATIO ------ 

9.44 

9.44 

9.44 

1.72 

2.27 

1.59 

1.83 

1 - 2 4  

0 - 4 7  

1.34 

1.38 

1.43 

1.51 

1.54 

1.58 

1.70 

1.70 

1.79 

1.85 

1.96 

2.00 

2.08 

2.16 

2.20 

2.25 

2.30 

2.31 

2.38 

2.47 

2.44 

2.59 

2.68 

2.81 

H/C 
RATIO ----- 

15.50 

29.08 

49.44 

34.63 

41.51 

27.61 

24.63 

27.36 

19.83 

18.46 

16.16 

15.82 

13.39 

10.20 

10.23 

8.88 

8.32 

7.24 

6.52 

5.67 

5.13 

4.64 

4.15 

3.69 

3.52 

3.13 

2.91 

2.62 

2.46 

2.02 

1.66 

1.41 

1.12 

INV . TEMP. 
1 /K --------- 

0.2400E-02 

0.2368E-02 

0.2338E-02 

0.2305E-02 

0.2276E-02 

0.2242E-02 

0.2209E-02 

0.2177E-02 

0.2145E-02 

0.2115E-02 

0.2100E-02 

0.2088E-02 

0.2074E-02 

0.2059E-02 

0.2022E-02 

0.2007E-02 

0.1989E-02 

0.1972E-02 

0.1954E-02 

0.1942E-02 

0.1927E-02 

0.191 7E-02 

0.1905E-02 

0.1895E-02 

0.1887E-02 

0.1879E-02 

0.1871E-02 

0.1865E-02 

0.1858E-02 

0.1844E-02 

0.1827E-02 

0.1816E-02 

0.1796E-02 

RELATIVE 
RATE 1 /S -------- 

0.1907E-05 

0.3249E-05 

0.5267E-05 

0.7854E-05 

0.1121E-04 

0.f507E-04 

0.2035E-04 

0.2852E-04 

0.3715E-04 

0.5366E-04 

0.6598E-04 

0.7825E-04 

0.9313E-04 

0.9828E-04 

0.1537E-03 

0.1788E-03 

0.1991E-03 

0.2166E-03 

0.2289E-03 

0.2403E-03 

0.2449E-03 

0.2485E-03 

0.2420E-03 

0.2268E-03 

0.2156E-03 

0.1966E-03 

0.1835E-03 

0.1664E-03 

0.1574E-03 

0.1335E-03 

0.1215E-03 

0.1145E-03 

0.1089E-03 



RUN NO. 131 (CONT.1 

GAMA 
z ---- 

0 . 8 3  

0.81 

0.81 

0.84 

0.87 

0.95 

1 - 0 2  

1.22 

1.48 

1.62 

1.75 

1 . 8 5  

1.90 

1.97 

1 .93  

1.84 

1 .79  

1 . 6 7  

1.57 

1 .23 

0 . 9 3  

0.78 

0.68 

0.49 

0 .43  

0.37 

C02KO 
RATIO ------ 

2 .89  

2.99 

3.10 

3.15 

3.26 

3 .27  

3.28 

3.38 

3.48 

3.50 

3.46 

3.52 

3.49 

3.52 

3.51 

3.48 

3.46 

3.52 

3.55 

3.57 

3 .50  

3.56 

3.65 

3.77 

3 . 6 5  

3.77 

H/C 
RATIO ----- 

0.95 

0.73 

0.50 

0.39 

-0.15 

-0.31 

-0.30 

-0.35 

-0.43 

-0.41 

-0.45 

-0.44 

-0.43 

-0.32 

-0.35 

-0.41 

-0.39 

-0.47 

-0.43 

-0.48 

-0 .35 

-0.39 

-0 .33 

-0.23 

0.05 

0.10 

I N V .  TEMP. 
1 /K --------- 

0.1779E-02 

0.176lE-02 

0.1744E-02 

0.1729E-02 

0.1705E-02 

0.1685E-02 

0.1679E-02 

0.1664E-02 

0.1645E-02 

0.1638E-02 

0.1630E-02 

0.1622E-02 

0.1613E-02 

0.1606E-02 

0.1597E-02 

0.1590E-02 

0.1583E-02 

0.1578E-02 

0.1571 E-02 

0.1560E-02 

0.1548E-02 

0.1542E-02 

0.1537E-02 

0.1525E-02 

0.151 9E-02 

0.1514E-02 

RELATIVE 
RATE I 1/S -------- 

0.1085E-03 

0.1105E-03 

0.1153E-03 

0.1242E-03 

0.1384E-03 

0.1605E-03 

0.1773E-03 

0.2273E-03 

0.3035E-03 

0.3534E-03 

0.4084E-03 

0.4662E-03 

0.5230E-03 

0.6008E-03 

0.6582E-03 

0.71 13E-C3 

0.788.iE-03 

0.851 9E-03 

0.9407E-03 

0.1057E-02 

0.1209E-02 

0.1261E-02 

0.1391E-02 

0.1772E-02 

0.2223E-02 

0.3073E-02 



A N A L Y S I S  OF DATA OF BARDPPi AND GADELLEV Rut4 NO. 1 (SAIID MIX) 

1.800 

l.9CO 

2. COO 

2.100 

2.150 

2.200 

2.250 

2.300 

2.350 

2.400 

2.450 

2.500 

2.550 

2.600 

2.700 

2.750 

2.€00 

2.900 

3.000 

3.100 

3.200 

3.300 

3.400 

3.500 

3.600 

3.700 

3.800 

3.900 

4.000 

4.050 

4.100 

4.200 

4.300 

C 0 2  0 2  GAMA C 0 2 / C O  H/C I N V . 1 E M P .  R E L A T I V E  
Z X X R A T I O  R A T I O  1 /K RATE,l/S --- - - ---- ------ ----- --------- -------- 



RUN NO.  1 I CONT. 



ANALYSIS OF DATA OF BARDOt4 AND GADELLE, RUN NO. L(SILICA SAND 

GAMA 
z ---- 

0.09 

0.18 

0.23 

0.40 

0.78 

1.16 

1.59 

1.90 

2.23 

2.78 

3.21 

3.65 

3.91 

3.96 

3.75 

3.22 

2.45 

2.01 

1.73 

1.50 

1.33 

1.17 

0.92 

0.73 

0.70 

0.77 

0.86 

0.96 

1.12 

1.28 

1.41 

1.55 

1.75 

274 

RELATIVE 
RATE I 1 /S -------- 

0.6140E-05 

0.1246E-04 

0.1616E-04 

0.2841 E-04 

0.5565E-04 

0.8490E-04 

0.121 0E-03 

0.1478E-03 

0.1791E-03 

0.2315E-03 

0.2735E-03 

0.3191E-03 

0.3636E-03 

0.3934E-03 

0.400lE-03 

0.3MSE-03 

0.2974E-03 

0.257OE-03 

0.2305E-03 

0.2083E-03 

0.191 SE-03 

0.1742E-03 

0.1459E-03 

0.t211E-03 

O.12l:E-03 

0.1388E-03 

0.1636E-03 

0. '1951 E-03 

0.247PE-03 

0.313:E-03 

0.3655E-03 

0.431 2E-03 

0.5327E-03 



RUN NO.  2  (COt4T. 

GAHA 
z ---- 

1.95 

2 . 0 4  

2 .06  

1.96 

1.75 

1 .22  

o .eo 

0 . 5 4  

0 . 3 4  

0.21 

0 . 2 5  

C 0 2 K O  
R A T I O  ------ 

2.95 

3 . 0 6  

3 .32  

3.40 

3.51 

3 .50  

3 . 5 0  

3.00 

3 .00  

4 . 0 0  

1 . 4 0  



AIIALISIS OF D A T A  OF 

1.500 

1.650 

1.750 

1.850 

1 .yo0 

1 .QSO 

2.000 

2.100 

2.150 

2 .200 

2.25C 

Z.3CO 

2.350 

2.430 

2 .153 

2 .530 

2.550 

2.6CO 

2.650 

2 .730 

2.750 

2 .600 

2 .850 

2 .ooo 

2 .?SO 

3 .  O C O  

3.100 

5 -00 

3 .  :oo 

3.400 

3.500 

3.630 

3.700 

3.000 

3.900 

4.0CO 

4 .200 

4 .500 

CO?/CO 
RATIO ------ 
1 . o o  

1 .oo  

1 .oo 

0 .67  

0 .85  

0 .72  

0 .67  

0.80 

0.86 

0 .  02 

0 .91  

1 .O? 

1 .35  

1 .65  

1 .75  

1 .PO 

1 .93  

2 .07  

2 . 2 9  

2.54 

2 .88  

3 .14  

3.56 

3 . 7 6  

3 .84  

4.00 

4.06 

4.32 

4 . 4 5  

4.00 

4 . 3 5  

4 .15  

3 .94  

3.85 

4 .00  

3 . 7 5  

5 .00  

***** 

NO. 3(SAtJD M I X  CU 

H/C 
RATIO ----- 
8 .60  

7 .33  

6 .06  

7.76 

7.65 

7 .87  

9.30 

11.52 

10 .24  

9 .59  

9.76 

8.16 

7.41 

6 .10  

5 .59  

5 . 3 3  

4 . 9 3  

4 .46  

3.91 

3 .56  

2 .85  

2 .18  

1 .63  

1.36 

1 .02  

0.91 

0 .94  

0 .85  

0 .93  

i .18 

1 .49  

1 .57  

1 .79  

2 .34  

2 . 4 3  

2.42 

2 .23  

5.06 

1 

RELATIVE 
RATE, 1 /S - - - - - - - - 

0.5013E-05 

0.1345E-04 

0.1977E-04 

0.3289E-04 

0.4320E-04 

0.51 26E-04 

0.6787E-04 

0.11 93E-03 

0.1469E-03 

0.1800E-03 

0.2323E-03 

0.2731 E-03 

0.35;QE-03 

0.3EF.5E-03 

0.3054E-03 

0.3S01E-03 

0 .3 t53E-03 

0.350:+E-03 

0.3500E-03 

0.36C5E-03 

0.3933C-03 

0.4260E-03 

0.4713E-03 

0.50i;EE-03 

0.5030E-03 

0.4939E-03 

0.50-E-03 

0.5074E-03 

0.5267E-03 

0.556(tE-03 

0.6035E-03 

0.641 3E-03 

0.6914E-03 

0.7385E-03 

0.7843E-03 

0.7897E-03 

0.9106E-03 

0.3012E-02 



A t l A L Y S I S  OF D4TA OF P.",PDOI4 At40 G A D E L L E  Rut4 NO. 4 (  O R I G I t j A L  M A T R I X  

1.500 

1.650 

1 .750 

1.850 

1.050 

2.000 

2.050 

2.100 

2.150 

2.200 

2. CSO 

2.300 

2 .350 

2.400 

2.450 

2.5C.O 

2 .550 

2.600 

2.650 

2.730 

2.750 

2.GSO 

3 .000 

3.100 

3 .250 

3 .350 

3 .500  

3 .600 

3.700 

3 .750 

3 .600 

3 .850 

3.900 



* U S  GOVERNMENT PRINTING OFFICE 1982-546.085~47 










