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ABSTRACT

Present application of the subsurface combustion processes in the
thermal recovery of petroleum afford favorable and opportune methods of
providing greater recoveries from petroleum reservoirs, This study at-
tempts to elucidate some of the par=meters controlling the complex hydro-
carbon oxidation for one such process, The experimental phase consisted
of investigating the combustion behavior of eight nonexplosive and one
explosive natural gas-air mixtures at low and intermediate pressures,
The hydroc-.~ >n was allowed to oxidize by self-igzniticn under controlled
conditions within environments precluding a visible flame type reaction,
Frogress of the reaction was followed by measuring effluent oxygen con-
tent,

Experimental evidence indiczte the combustion reactions were inhib-
ited by packing and varying degrees of reaction comrletion could be ob-
tained through variatior of controlling parameters, Effects of increas-
ing reactor pressure permitted a lower oxidation temperature, Initial
oxidation temperatures were found to vary from 550 °F at atmospheric
pressure to approximately 470 OF at 27.65 atmospheres absolute pressure,

Although data obtained experimentally are not sufficient to perrit
a rigorous interpretaticn, nevertheless a qualitative interpretation
of parameters controlling natural gas combustion in a porous flow system

has been presented,



PURPOSE

The purpose of this thesis was to analyze, through laboratory ex-
periments, some of the more obvious parameters controlling natural gas
combustion within a porcus medium, As a practical aim, tuis study in-
tended to roughly define the temperature necessary to initiate and prop-
agate a subsurface combustion wave through a petroleum ressrvoir, Be-
cause of the experimental fuel selected, the study pertains directly to
the patented Sinclair "heatwave" process (l)* used to increase the re-

covery of crude oil from natural reservoirs,

INTRODUCTION

Since the discovery in 1859 of the Drake well in Western Pennsyl-
vania, the total United States production of crude oil to January 1,
1958, has been estimated by the Interstate 0il Compact Commission's
Secondary Recovery and Pressure Maintenance Committee (2) to be approx-
imately 57.8 billion barrels, Estimation of original content of res-
ervoirs totaled 309.9 billion barrels of oil which 43,1 billion barrels
were considered as still economically producable by existing primary
and secondary production techniques, Based on these estimates, the ul-
timate recovery of crude oil will total 100,9 billion barrels or only
32,6 per cent of the original oil in place, Although this percentage
recovery is much less than that obtained by certain other mineral indus-
tries, it represents a great improvement over the recovery that was
obtained from oil fields a few decades ago. (3)

The applic-tion of thermal processes to oil field secondary recov-

¥ Numbers in parentheses indicate references in bibliography,



ery methods attempts to better the approximate one-third recovery esti-
mated ultimately; however, engineering analyses of laboratory, pilot
plant, and field trial data have been unable to determine the feasibility
of combustion processes under varying reservoir conditions, Some thermal
techniques appear to be particularly adaptable to petroleum reservoirs
which contain a high viscosity oil and do not respond favorably to or-
dinary flooding with water, The primary idea in thermal recovery by
this procedure is to increase productivity and recovery through effect-
ive utilization of heat in reducing oil viscosity and thus decreasing
resistance to flow, The general thermal processes which have received
considerable attention during the last few decades are as follows:

1. Slectrical bottom hole heating,

2, Hot water injection,

3. Steam injection,

L4, Hot flue gas injection,

5. Subsurface combustion,

Various combinations of these processes are possible, Two differ-
ent subsurface combustion techniques have performed satisfactorily in
pilot and field trials, Basically they are:

1, Subsurface combustion of residual-high molecular weight-
hydrocarbon fuels in_situ supported by continuous air injec-
tion. (4)

2. Subsurface combustion of injected-low molecular weight-
hydrocarbon fuels supported by simultaneous air injection. (5)

An excellent comparison of the differences in the two processes
has been presented by Breston, (6)




PRELIMINARY INVESTIGATION

A rapidly developing and promising method for increasing the re-
covery of crude oil from petroleum reservoirs utilizes a unique tech-
nique of applying heat to the subsurface formation, The method incor-
porates a slow exothermic hydrocarbon oxidation, either gaseous, liquid,
or solid, which providss the necessary energy to increase petroleum re-
covery, The method is applied by introduction of a subsurface combustion
zone in the three stage sequence: 1lighting, transferring, and propagat-
ing.

The initiation of a combustion process may be visualized by the
following model: Four "producing" wells are drilled through a productive
horizon, on any square pattern, with a fifth "injection" well being
centrally located, The first or lighting stage is performed by main-
taining a fire, through the use of a specially designed burner, opposite
the injection well sand face with the hot combustion gases being carried
off radially to the producing wells, The temperature of the formation
in the immediate vicinity of the injection well bore subsequently in-
creases through heat transfer by conduction, convection, radiation, and
latent heat effects, When the formation temperature is sufficient to
support cambustion and the first stage complete, the injected gas is
converted to pure air which ignites with carbonaceous residue material
and proceeds to burn away from the well bore, The injected air picks
up sensible heat in passing radially from the well bore thus cooling
the burned-out formation behind a zone of combustion, This heat is
tr- nsferred to cooler portions of the reservoir ahead of the combustion
front by the migrating fluids, In this manner a combustion wave may

be created moving radially through a formation leaving in its wake dry-



clean sand woid of hydrocarbons or water,

The final stage in propagating the combustion zone through the
reservoir may be performed by injecting gaseous hydrocarbon in air mix-
tures where the injected hydrocarbon, in conjunction with a residual
material, provides the necessary fuel to sustain the formation temper-
2ture and thus insure continued combustion, Contained reservoir fluids
in the immediate vicinity of the advancing therunal wave, which are not
reroved by the sweeping gas drive or a condensing hot water drive, are
gradually reduced to a "coked" carbonaceous residue which remains on the
sand grains due to distillation and pyrolysis of the crude oil originally
present ahead of the combustion front, Subsequent oxidation of this
residue depends upon the relative oxidation temperatures of the two fuels,
their proportions present, the combustion zone temperature, and the
presence cf free oxygen,

Determination of the minimum temperature at which the injected gas
initially reacts and the rate of reaction at other temperature levels
is basic to understanding the propagation mechanisms which make the pro-
cess possible, This situation is complicated by the possibility of
quenching enviromments and by individual reaction mechanisms if a multi-
component natural gas fuel is injected,

Another point of interest is the degree of oxygen conversion ob-
tained as coinjected air traverses the combustion zone, If complete
oxygen utilization is not realized, free oxygen will appear in the ef-
fluent gases provided it is not adsorbed physically or removed by chemi-
sorption, Thus large concentrations of effluent oxygen, relative to
injected nitrogen (in air), indicate either an insufficient quantity of

fuel or a temperature below that necessary for effective burming,



Measuring exhaust gas composition in the produced fluids affords
the only practical method of detemmining if the field applied underground
fire is being propagated through effective heat release, The degree
of oxygen utilization, in addition, gives some idea of reaction complete-
ness,

An alternate method of determining if the combustion zone is sus-
tained is by drilling observation wells in the path of the approaching
heat wave, This procedure becomes quite expensive and must be repeated
at different stages of propagation; therefore, the former procedure of
analyzing produced gases is generally preferred even though the results
are less quantitative than actual data obtained from drilled wells,

Gaseous reactions occurring in thermal recovery by combustion are
influenced by a large number of variables, the more obvious of which
are as follows: reaction vessel or chamber dimensions, catalytic sur-
face and gas phase effects, physical and chemical adsorption, gas phase
and surface reactions, pressure, temperature, degree of preheating,
time in residence (space velocity), flux, fuel type and concentration,
quenching, moisture content, energy of activation, burning velocity,
presence of combustion productes and inert gases, heats of combustion,
ignition lag, and oxidation mechanisms, Many of these variables appear
to be relatively unimportant to the basic process under study here while
others are probably interdependent so that the overall effects are quite
complex,

In recognition of the numerous parameters involved in analyzing
combustion propagation mechanisms, this investigation was designed to
study the effect of temperature in governing oxidation of "rich® (fuel

content greater than stoichiometric proportions) samples of natural gas



in air when burned within a porous medium, Because of complexities
involved in the reaction, this investigation is limited to analysis

of the combustion behavior under different conditions of temperature,
fuel/air ratio, pressure, and length of time within an atmosphere per-
mitting reaction, The experimental approach utilizes natural gas, in
the presence of air, flowing continuously through a dry simulated porous
medium maintained at various temperature levels,

Effluent oxygen was selected as the "tag" constitutent in follow-
ing the oxidation reaction as all other components taking pl ce in the
reaction, for example in field combustion tests, are difficult to analyze
in addition to being susceptible to dilution by natural gases common
to the reservoir, This method, while controversial, is indicative of
the conditions whers utilisation of free oxygen commences and ceases,
In addition, it should lend some idea as to reaction completeness,
Burke, Fryling, and Schumann, (7) using a similar approach in analyzing
propane cambustion at pressures up to 100 atmospheres, obtained excel-
lent mathematical and experimental agreemsnt, For a more complete
investigation, the combustion mechanisms and stoichiometry of each
simultaneous or consecutive reaction must be determined independently,

REVIEW OF LITERATURE
Use of thermal application to oil recovery dates from a patented
process in 1923, (8) Combustion type experiments were first attempted
by Russian technologists in 1933, (9) Conclusions from these experi-
ments show that cambustion can be maintained in the form of an advanc-
ing heat zone by continued air injection and that coinjection of a
1liquid crude oil restricted the burning to the vicinity of the well bore,



Revived interest in the subsurface combustion process is repre-
sented in recent literature by experimental studies such as by Kuhn
and Koch, (4) Grant and Szasz, (5) Martin, Alexander, and Dew, (10)
and Wilson and co-workers, (11) Varied concepts of combustion tech-
niques are presented which agree favorably in observed thermodynamic
and hydrodynamic mechanisms regarding propagation of a subsurface com-

bustion wave,

ess io

Interpretation of theoretical and experimental analyses of combus-
tion phenomena in thermal recovery processes indicate the oxidation
reaction involved to be one of flameless nature, (12) This concept
is based on the observation that the pore geometry and dimensions nor-
mally encountered in reservoir rock are of insufficient magnitude for
visible chain reaction type combustio and that, therefore, flame quench-
ing results, Such would be the case for oxidation of both flammable
and nonflammable hydrocarbon-air combinations, Based on this inter-
pretation, flammability or limits of explosivity appear significant
only in instances where combustion occurs in a reaction chamber in
which chain breaking actions at the chamber walls play a minor role,

The literature studied is practically devoid of experimental evi-
dence of hydrocarbon oxidation under quenching environments, Jost (13)
has described the minimum tube diameter for suppressing methane in air
reactions as being of the order of magnitude of 1 mm, below which a
flame does not propagate at all, This value apparently decreases as
the temperature difference between tube wall and ignition temperature

decreases,



Ingition Temperature, Induction Period, and Explosive Limits
Generally, the temperature where combustion is first detectable

and proceeds with rapid oxidation is defined as the reaction ignition
temperature, Tne necessary and sufficient condition for ignition to
occur is that the rate of heat generation is at least equal to the
rate of heat loss,

Variations in reported ignition temperature of natural gas, or
methane, are quite numerous, This discrepency in experimentally de-
termined ignition temperature stems from significant differences in
experimental procedure used by a particular investigator, (13) the
main difference being the manner in which the ignition source is brought
in contact with the flammable gas, In nearly all cases, the reaction
chamber was large in comparison with exposed surface area,

he predominant method found for measuring ignition temperature
of flammable mixtures followed pressure changes in a "batch" type re-
actor in which the volume is constant, By noting pressure changes
after exposure to the ‘gnition source, repeated at consecutive increas-
ing or decreasing temperature levels with various ignition devices,
the temperature is found which barely permits the pressure to rise
rapidly, indicating ignition, Initiating reactions, particularly among
hydrocarbons, are frequently preceded by an induction period between
exposure to the excitation source and subsequent rapid pressure rise,
(13) Delays of up to a few minutes have been observed before the re-
action proceeds with any rapidity., Methane oxidation, which is inhibit-
ed by packing the reaction vessel, is reported to have such an induc-
tion period, (13)(14)(15)



Upper and lower explosive limits for natural gas combustion in
air are given as approximately 15 per cent and 4 per cent of the com-
bustible, respectively, at atmospheric pressure, (16) An increase in
pressure produces an increasing difference between the limiting con-
centrations, with the predominant change occurring in the upper limit,
(17) Minimum ignition temperature for explosive mixtures of the pri-
mary natural gas camponents, in air and observed with various experi-
mental procedures, are listed by Lewis (18) as:

Component t I t oF
Methane 1168
Ethane 880
Propane 918
Butane 767
Pentane 552

The oxidation reaction of methane and other low molecular weight
paraffinic hydrocarbons has been found to take place at lower temper-
atures than the decomposition er "cracking" reactions of these hydro-
carbons; however, some of the combustion products, such as water,
carbon dioxide, carbon monoxide, alcohols, aldehydes, etc,, are partly
due to such decomposition reactions assisted by the oxidation mechanisms,
(19) As seen by the above listing, ignition temper tures of the less
volatile paraffin hydrocarbons 1lie at lower values than that of methane,
the temperature generally decreasing as the number of carbon atoms in-
crease, Unsaturated hydrocarbons are known to have lower ignition tem-
peratures than their paraffin counterpart,
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CHEMICAL KINETICS

One of the objectives of reaction kinetic studies is to determine
relationships which characterize a particular reaction without attempt-
ing to describe the mechanism by which the reaction occurs, The analy-
sis here is primarily concerned with this objective in order to provide
a clearer understanding of natural gas combustion occurring within petro-
leun reservoirs, Before proceeding with the basic development of chemical
kinetic equations to be used in this study, it should be mentioned that
ordinarily-in work of this nature~the final equations are applied irre-
spective of the basic derivation, This type of analysis attempts to
find the theoretical relation which best describes the experimental
data*

A limited number of elementary chemical reactions are found to
follow simple quantitative relationships based on the concentratiom
of reac ants remaining at any time during the reaction, Complex chemical
reac ions, such as hydrocarbon combustion where consecutive and side
reactions are frequently observed, cannot be expected to obey these
laws and only approximations are possible through their use,

C C ]

Chemical reactions are classified kinetically by either 1) molec-
ularity, such as bimolecular, where the minimum number of cambining
molecules is indicated, or 2) the order of reaction, where the concen-
tration of the reacting molecules limits the reaction welocity of the

chemical transformation, This distinction is frequently necessary as
¥ The examples of Chapter VI in Smith's book Chemical Engineering

Kinetics (reference 26) are primarily dewoted to this procedure,




the two are identical only in the simplest cases,
Reactions involving a numbe of reactants may be expressed in the

stoichiometric form
aA + bB ¢ cC —==p Products kquation 1

where a moles of reactant A combine with b moles o reactant B and ¢
moles of reactant C, The kinetic expression relating the unreacted
conce tration QA of A in terms of the reactants and time t is

r = -dC, /4t = k C} cg ¢S Pquation 2
where r and k represent the raote of reaction and th: reaction rate con-
stant, respectively, Reaction rate constants are temperature sensitive
and therefore subject to Arrhenius's equation, The summ-tion a ¢+ b+ ¢
determines the true order of reaction; however, the order of a reaction
cannct ordinarily be predicted from the stoichiometric proportions and
must be obtained by experiment, The values a, b, and ¢, therefore,

may just as well be oth r unknown values m, n, and p.

Application of kinetic theory to natural gas cambustion is campli-
cated because of the multi-component reactants and products involved,
Norrish (20) has aptly summarized the situation:

"It is not legitimate to compare the rates of oxidation of
hydrocarbons by pressure changes in view of the great vari-
ability of end products, Lhe only certain way is to measure
the rate of disappearance of hydrocarbon by analytic tech-
nigue, This has not yet been done,"



An attempt to resolve the problem of describing combustion reactions
by a~proximate methods using a limiting reactant, in this casa oxygen,
offers a measure of reaction completion and a means of approximating
the rate of reaction for soecific test conditions, The approach fol-
lows a procedure devised by Ostwald (21) and involves the following
considerations: Equation 2 is rewritten in terms of pceudo- (22) or

apparent-velocity constants
= <dC . Jn n ~p
r =<4 A/dt (k.\ C A) (ch kc)(CB CL) Equation 3

where kA is the pseudo-reacticn constant common to A and m is the pseu-
do-order of reaction, also with respect to component A, etc,, Vari-
ations in the total value of the multiplied terms

e kc)(c; C‘C’) Equation 4

will be considered negligible as a first approximation, This situation
is nearly correct of reactants B and C are in sufficient excess, The
approximation should also hold if A utilization is large in relation
to the utilization of other reactants so that the variation in concen-
tration of B and C during the reaction is approximately constant,
Simplification of an otherwise complex reaction equaetion into such
an expression relating the rate of reaction to the limiting reactant
can only be rigorously attested after verification by experiment,
EZxperimental analysis applying equation 3, based on the decrease
in concentration of one reactant QA’ may result in an overall pseudo-

reaction rate constant k' if the term shown as equation 4 remains



13

reasonably constant, In this case, the k' value obtained would include
concentration effects of other reactants that apparently are of minor
consequence in the overall reaction, The net result of these consider-

ations is shown by the reduced reaction equation

r = -dC /at = k! c“'{ Equation 5

where:
n _p
k! =k (k k )(C C
A(B C)(B C)

Reaction Equations in Flow System
Chemical kinetic equations for homogeneous first- and second-order

irreversible gaseous reactions occurring under flow conditions at con-
stant pressure and temperature have been dewveloped by Hougen and Watson,
(22) Their derivation was obtained by applying a general rate equation
to the concentration of unconverted reactant. A similar approach, de-
signed to show the relation between "batch" and "flow" type systems,
is append d, The expressions derived by Hougen and Watson have been
reduced to a simplified form by use of the following notation:

X = moles reactant utilized per mole feed,

y = moles reactant remaining in effluent per mole effluent,

vy = moles reactant injected per mole feed,

kl = reaction rate constant for first-order reaction,

kz = reaction rate constant for second-order reaction,

F = feed rate, total moles injected per unit time,

P = total pressure of system,

V = volume of reactor occupied by reacting fluids,



First-Crder Reaction Squations
First-order reactions, of the above type, may be represented by
unimolecular chemical disintegr:tions as

R —-» nP Equation 6

where one molecule of reactant dissociates to form p molecules of pro-
duct, Resulting xinetic expressions must account for reactant dilution
during the process being dependent on the molecules of product formed,
The variable n may be either integral or fract<onal, but cannot be zero,
in agreement with the law of conservation of matter,

The simplest approach relating first-order reaction variables is
by considering one molecule of product formation from the unimolecular

reaction:
R - P Equation 7

Here, the rate of product formation is identical to that of reactant
consumption and the kinetic equation resulting from simplification of

the Hougen and Watson expression is, as shown in the zppencix,

iy = €/ [ o) Rquation €

where sypbols are as previously defired, *he variavle F/V, when mul-
tiplied by the standard molar volume, is frequently termed “space ve-
locity having dimensions of time'l. lhe reciprocal expression repre-

sents the period reacting fluids are contained within the reactor and
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is termed "residence time," Unit residence time indicates that the
volume rate of flow numerically equals the reactor wvolure,

lhe influence of residence time in equation 8 may be seen by con-
sidering a specific reaction wherein a certain flow rate (F times normal
molar volume) limits the extent of reaction, variables other than y
remaining constant, A decrease in flow rate then permits an increasing
time of residence, allowing the reaction to proceed further toward com-
pletion, On the other hand, an increase in flow rate decreases resi-
dence time, further restricting the reaction,

The next simplest approach relating var’ables of first-order re-

actions is by considerirg the reaction:
R == 2P Equation 9

Here, the products form at a rate equal to twice that of reactant con-
version, This means th-t, for a specific injected flow rate, the ef-
fluent flow rate will have ° creased in proportion to the reactant con-
sumed, The simplified kinetic equation expressing the reaction welocity

in terms of the variables used in equation 8 is:

= G/R) [y + /@ e3) ¢ Qo3 In G +3)/Gy +7)]
Equation 10
Second-Orde action Equations
Second-order reactions differ from first-order by their second
power dependence on chemical concentration, The general bimolecular

chemical formula
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2R —==p NP Equation 11
demands that two molecules of reactant form p molscules of product up-

on reaction, The simple~t kinetic expression for this type reaction

is when two molecules of product are formed by the reaction:

2R === 2P fiquation 12
The kinetics are then represented by the simplified formula

k, = (F/VPZ)[(yi - y)/rir:] Equation 13

Another second-order rate expression is obtained when only one

molecule of product forms as indicated by:
2R «=p P Equation 14

The relationship between the variables defining the flow system

may then be expressed by:

k= €M) [, - /G- 1) + @ -5, @y -y =)

i

¢ Q-5,/20, -¥/G - yiy)] Equation 15

Analysis of laboratory data obtained from flow reactors where con-

centration of only one reactant is followed may be seen to depend on



17

measurement of composition as a function of feed rate for a constant
volume reactor operated under constant pressure, temperature, and inlet
concentration, The value of k calculated, when only the flow rate is
varied, will remain conctant if the actual chemical reaction agrees
with the assumed conditions forming the basis of calculation, Calcula-
ted values of k are often difficult to interpret because of the scat-
tered and erratic data which are typical of kinetic measurements, Con-
tinually increasing or decreasing values of k indicate the reaction
does not follow the assumed rate equation, A scattering of calculated
values, about a specific k level, indicate inadequate experimental tech-

niques,
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EXPERIMN AL APP TUS AI'D PROCEDURE

Two different but similar procedures were used in performing the
experimental analysis, This involved 1) determining the effects of
concentration, flow r.te, and temperature on natural gas combustion
within a simulated porous medium, and 2) a similer study of concentra-
tion and temperature variation at a higher pressure. The two investi-
gations were conducted with the aid of devised linear and radial flow
systems, respectively, for varying composi ions of n-tural gas in air,

In all experinents the composition of refined commercial grade

natural gas was :

Component Volume Per Cent
Methane 91.4
Ethane L.2
Propane 1.7
Butenes C.3
Butanes 0.8
Pentenes 0.1l
Pentanes 0.5
Nitrogen 0.2
Carbon dioxide —0.8
100.0

The purity is as specified from the supplier, Phillips Petroleum Company,
No further purification was attempted, Varying proportions of natural

gas in air were mixed to form the sample gas, These sample concentrations,
as well as axperimental gas analyses, were obtai ed with an Orsat Gas

Analyzer,
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Low Pressure /pparatus and Procedure
The primary element of the low pressure apparatus consisted of an

externally heated 25 mm ID x 750 mm "vycor" glass tube packed with ground
vycor glass of U,S, standard mesh 20-70 screen size, Initial atterpts
to use well sorted glass beads for the syntnetic medium were unsuccess-
ful because of their low melting point, Finest quality (Berkeley No, 1-
dry, 99.93 3102) natural sand proved unadaptable to experimentation be-
cause of polymorphic inversion of Quartz near 1050 °F, Ottawa sand was
unsatisfactory for the same reason, The substitute for native material
was ranufactured from waste vycor tubing which was ground to the desired
size,

Equipment supplemerting the primary element is as shown in the
schematic drawing of figure 1 and the photograph of figure 2, The es-
sential instruments and devices are a gas container and pressure regu-
lating valve, combustion furnace, continuous recording potentiometer,
gas analy-er, and wet test flow meter, Inclined manometers, exaggerat-
ing the reading by a factor of ten, aided in calibrating flow at extreme-
1y low feed rates, A chromel-alumel thermocouple, located in the center
of the packed tube at the midpoint of the temperature profile of figure
3, provided continuous temperature recordings with time, The accuracy
of the flow meter was ascertained by calibration with a Bureau of Stand-
ards one-tenth cubic foot bottle and the potentiometer was found to read
accurately at room temperature and 212 °F,

The exploratory investigation indicated oxygen content in effluent
products to be highly sensitive to variation in flow rate, other con-
ditions held constant, Experimental procedure used in evaluating this

effect was as follows: The furnace temperature, cortrolled by a vari-
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Figure 2

Photograph of Low Pressure Apparatus
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able power supply, was allowed to reach a specific temperature where
combustion occurred, lhe exhaust flow rate, of a specific sample gas,
was adjusted by a stepwise procedure through a range of values allowing
sufficient time for oxidation to barely proceed, on one extreme, to
near complete oxygen utilization on the other, Measurements of effluent
carbon dioxide and axygen contents were made at each step while keeping
the flow rate and temperature constant, [Iree oxygen remwaining in the
exhaust gases indicated the degree of reaction progression., Variations
in power supply voltage and sensivity of the apparatus to drafts, etc.,
caused the reactor temperature to fluctuate slightly so that the inves-
tigation was conducted within a narrow temperature range rather than

at a specific temperature,

The second phase of the low pressure investigation concerned the
effect of temperature on combustion of different natural gas concentra-
tions, The analyses were made by maintaining a near constant exhaust
flow while measuring the effluence concentration at various temperature
levels, An arbitrarily selected flow range of 16.5 to 17.5 cc/min was
maintained because of flux sensivity., This was near the practical lower

limit of measurement with the particular apparatus used,

High Pressure Apparatus and Procedure (23)(24)
Experimental apparatus used in the high pressure investigation is

shown in schematic form of figure 4. The reaction system consisted of
a furnace which applied external heat to a 3 inch OD x 4 inch "Bartles-
ville" sandstone core contained within a thick walled steel pressure

"bamb," The bomb was fabricated to contain the core in a manner allow-
ing inject d gas to pass radially from a small hole drilled in the core
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center, Copper end gaskets were used to effect the pressure seal on the
core ends, A special temperature resistant compound was used to facili-
tate the bomb pressure sealing at elevated temperatures,

Supplementary equipment differed slightly depending on whether non-
explosive or explosive gas samples were being investigated. Nonexplosive
mixtures were premixed and forced through the system by a high pressure
nitrogen supply using water to displace the experimental gas, Because
of flashback possibilities, in mixing explosive gas, the alternate pro-
cedure consisted of mixing natural gas and air prior to entering the re-
actor,

The experiments were conducted at an arbitrarily selected pressure
of 400 psig which was controlled by regulating the upstream pressure on
the reactor, A preselected flow rate of 1000 cc/min was maintained rel-
atively constant through manipulation of a back-pressure valve, Differ-
ential pressures across the reactor were negligible,

Reactor temperatures were measured by a chromel-alumel thermocouple
located within the pressure bomb in the zone immediately downstream from
the point at which effluent gases leave the core, &Zlectric potentials
were measured with a portable potentiometer and converted to temperatures
by awvailable conversion charts,

Experimental procedure consisted of passing a specific natural gas/
air sample to be investigated through the reactor at a constant rate
while continually decreasing the temperature and following the reaction
by oxygen analyses as previously explained, The technique used involved
decreasing the reactor temperature from a level above complete oxygen
utilization to the point of initial oxidation, Possible hysteresis
effects, resulting from measurements while increasing reactor temper-
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ature, were not considered, Orsat analysis of produced gases provided

carbon dioxide, oxygen, and carbon monoxide contents,

EXPERIMENTAL RESULTS

Numerical results obtained from the experimental investigation
represent 1) effluent oxygen and carbon dioxide analyses as a function
of temperature for four natural gas/air ratios in the low pressure
experiments, 2) effluent oxygen, carbon dioxide, and carbon monoxide
analyses as functions of temperature for five gas-air combinations in
the high pressure experiments, and 3) effluent oxygen and carbon di-
oxide analyses as a function of flow rate for one of the low pressure
concentrations, Results of gas analysis f r components other than
oxygen are included to show the relative occurrence of the more easily
measurable components of combustion, Carbon dioxide concentrations
given are exclusive of initial amounts common to the natural gas used,

The four sample gases studied in the low pressure experiments,
as described by their initial volumetric analysis for oxygen, are:
8.6% 0,3 11,68 0,; 13.6% 0,3 16.3% 0,, These concentrations are
readily transferred to another basis by considering air as 20,9% oxygen,
Thus the 8,6% oxygen mixture contains 0,086 x 100/0,209 or approximately
41.1% air, The remaining amount, 58,9%, is the initial natural gas
concentration,

Results obtained in the low pressure investigation are presented
in tabular form by table I. A graphical representation of recorded
effluent oxygen content, as a function of temperature, is shown by
figure 6. Table II and figure 7 contain similar data obtained for
the high pressure investigation, Initial concentrations for the five



TABLE I

Experimental Data Obtained From Linear-Low Pressure Apparatus

Input, % Temp, Flow Rate, Effluent Analysis
Oxygen oF cc/min Carbon Dioxide
8.6 93 17.3 8.5 none

1072 16.5 7.5 0.1
1136 170 7.2 0.2
1168 16.5 6.5 0.3
1174 16.8 6.0 0.7
1173 17 .4 5.9 L1
1183 16.7 5.9 0.9
1207 16.5 542 1.0
1220 16,5 4.3 1.2
1238 16,5 o 1.6
1354 16,6 0.5 1.8
1432 16.9 none 1.8

11,6 998 16,7 1.6 none
119 16.9 10,7 0.2
1189 16,7 8,5 0.9
1243 17.0 5.8 1.0
1300 16.9 2,0 1.4
1362 16,7 0.9 1.8
1398 17.1 0.2 2.3
141 16.8 none 2.7

13,6 1043 17.5 13,1 ?
1121 17.0 12,2 0.8
1230 17.1 9.2 1.4
1288 17.2 6.5 1.8
1360 16.6 3.0 2,0
1,12 17.0 0.7 2,6

16,3 1021 1T .1 15.7 0,2
1113 16.7 14.8 0.6
1204 16,5 13.4 1.2
1284 LT 0 10.5 1.8
1359 16,7 7.0 2.5
1432 16,7 2.5 D)
1482 16.8 0.5 W
1510 16.9 0.2 3.3
1542 16,9 none 3.6
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TABLE II

Experimental Data Obtained From Radial-High Pressure Zxperiments
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TABLE II (continued)
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mixtures studied in the high pressure investigation are: 3,08 O2 3
6.3% 0,; 12.0% 0,3 14.3% 0, 19.5% 0,. Mixture concentration dif-
fers from that in the low pressure study because of difficulty in
duplicating samples, The effect of pressure on the experimental re-
sults for both methcds is shown by the comparison in figure 5 which
was obtained from observed low pressure data and interpoclation of
high pressure results,

The stoichiometric proportion of air in natural gas, in accord-
ance with supplied approximate analysis, is 19.1% oxygen., This result

is calculated from the complete combustion equation

(0 ) CH 0. CH 0,017 CH 0,003 CH 0,008 C H
(0.9L CH '+ 0,042 C_H, + 0.007 CH, + 0.003 C/H, + 4 10

® L] c °® L J
+ 0,001 CSH].O + 0,005 5312 + 0,002 N2 + 0,008 002)

+ 2,186 02 + 8,273 N2

- 1,131 CO_ + 2,109 HZO + 8,273 N2

2
where one mole of natural gas reacts with 2,186 moles oxygen, All
experimental concentrations studied are considered nonexplosive (17)
with exception of the 19,5% 02 mixture which is in the explosive
range,

Observed data relative to the study of effluent analysis as a
function of flow rate are listed in table III, The experimental
flow rate values are concentrated in the low flow range resulting

from a Qualifying investigation and are not complete for broad inter-



TABLE III

Experimental Data Showing Effect of Flow Rate on Combustion of

8.6% 02/32.6% N2/58.8% Natural Gas Mixture

34

Reactor Flow Rate, Residence

Temp, °F cc/pin Time, sec
1193 2.7 112.3 1.8 2.5
184 3.9 85.4 2.8 1.8
1184 4.2 79.3 2,7 2.0
1190 5.0 66,7 2,8 1.8
1186 6.9 48,3 3.4 1.4
1186 9.1 36.6 4.0 1.2
1184 9.5 35.1 L.5 1.1
1175 10.5 31.7 4.6 1.0
1180 11.8 28.2 5.2 1.0
nass5 14.8 22,5 5.7 0.5
1183 16,7% 20,0 5.9 0.9
1174 16,8% 19.8 6.0 0.7
1173 1743 19.1 5.9 1.1

% Points plotted in Figure 6,
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pretation. Their use here is primarily to outline a kinetic approach
which may provide useful information in evaluating oil recovery pro-
cesses by combustion, The sample gas containing 8.6% oxygen, before
reaction, was used in this study,

DISCU:SION CF RESULTS

tion Temperat

Oxidation trends presented in figures § and 7 describe the effect
of temperature in controlling oxygen conversion through restricted
combustion type reactions for two different systems, By following
the exhaust oxygen composition with inecreasing temperatures, each mix-
ture is seen to pass through a point where oxidation is first detect-
able, Increasingly higher temperatures result in a near linear decline
in oxygen composition wtil complete oxygen utilization is realized.

A further increase in temperature tends toward more complete combustion
by gradually converting carbon monoxide to carbon dioxide, An inter-
esting side observation at temperatures above 1800 °F (8,6% 02 sample
gas) was that cracking occurred and carbon was deposited, Subsequent
carbon oxidation by air injection occurred above about 1050 ©F,

In discussing numerical results obtained it should be emphasized
that, because of the basic difference in the two experimental apparatus
and probable catalytic effect of various mineral surfaces exposed in
the sandstone core, there is no guarantee the observed data plotted in
figures 6 and 7 and compared directly in figure 5 may be contrasted
quantitatively, Inclusion of the high pressure results is to show the
analogous type of data obtained where the reaction residence time was
about 20 seconds in each experimental setup,
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Except for errors in experimental observations, the initial oxi-
dation point for the rich natural gas concentrations shown in figure
6 (atmospheric pressure) is approximately 950 °F, Data presented in
figure 7, where experimental pressure is 400 psig, show this point as
near 470 °F, The influence of pressure in reducing initial oxidation
temperature is considerable but agrees with expected results, According
to Le Chatelier's principle, an increase in pressure favors the react-
ants as the volure increases during combustion and, therefore, should
increase rather than decrease the initial oxidation terperature, A
complete explanation of this effect is too exhaustive for treatment
here, The argument involves the existence of an activated complex which
accounts for the increase in reaction rate at higher rressures by con-
sidering a relatively long time lag between activation and decomposition,
(21) 1In discussing parameters involved in explosive combustion, Lewis
and won Elbe (25) state that because of these pressure-temperaturs re-
lations an increase in pressure decreases ignition temperature while
increasing the reaction rate, For reactions dependent on some power

of the pressure, they present the general relationship

log P =AM + 8B
where: A = overall activation energy/gas constant
B = constant depending on the system

for which a plot of this form has been found to agree with many experi-
mental observations,

Returning to the results at hand, the balance of data contained
on each graph of figures 6 and 7, as well as trends in the declining



free oxygen composition, pertain to the specific experimental conditions
and are not readily applicable to other systems, This effect is per-
ceived, for example, by doubling the experimental reactor length (cther
factors constant) again measuring effluent products., The increased
volune provided the reacting molecules increases the time contained
within the rea:tior zone thereby permitting the reaction to go further
toward co pletion, This change will, in effect, give a smaller temper-
ature increment before complete oxygen utiliz tion is realized and re-
sult in a greater (in tte negative direction) slope of the linear portion
of each plot, In an extremely long reactor, the combustion process would
be complete prior to the gases re-ching the reactor outlet, The influ-
ence of other controlling variables will be explained more fully in the
section undertaking a kinetic approach to the overall combustion reactlion,

Use of the multi-component fuel in the investigation prohibits a
thorough analysis of the combustion data with reference to any one com-
pound or group of components, This restriction follows fram interpre-
tation of the egree of oxygen utilization presented in figure _6_ and
the ideal combustion reaction,

In previous discussion, it was shown the less volatile constituents
of natural gas could be expected to ignite at lower temperatures than
methane, The analogy is made that these components, in individual non-
explosive mixtures with air, follow a like order of ignition temperature
when ignited in a porous medium, Based on this interpretation the curve
representing 8.6% initial oxygen indic-tes very little, if any, methane
oxidation as suggested by the following complete combustion equation
for the heavier components,

For 8.6% axygen (58.9% natural gas, 41.1% air):

37
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0.589 (0,042 C2H6 + 0,017 CBHS + 0,003 chH8 + 0,008 Chl-llo

+ 0,001 05H10 + 0,005 G5H12) + 0,206 O2

—p 0,132 CO + 0,165 HO
-+ 0,13 ey 5 '

The above stoichiometric reaction requires 0,206 moles of oxygen
to burn the combustibles (other than methane) contained in 0,589 moles
of natural gas, The available oxygen is only 0,086 moles or 41,.8% of
the quantity iecessary, For mixtures containing a higher oxygen concen-
tration and corresponding lower natural gas content, the relative a-
mounts of oxygen necessary for complete combustion of ethane and heavier

components for the remaining low pressure sample gas mixtures are:

Oxygen concentration Relative amount oxygen available
S e _gas to_complet thanes
8.6 41,8
1.6 67.9
13.6 111.4
16.3 209.0
P tic A cation

Results obtained through variation in flow rate for one sample
gas mixture permit a limited kinetic analysis, of effluent concentra-
tion of the reactant oxygen, utilizing the pseudo-order concept, The
study consists of applying experimental data to apparent first- and
second-order rate equations in an effort to obtain approximate pseudo-

order relationships for the complex combustion system, For the thor-



ough evaluation of combustion behavior applying chemical kinetics, one
must vary the reactants ratio while analyzing the reaction character-
istics at the same pressure and temperature, (26) Ailso the use of a
more liberal integrated equation would be helpful in determining whether
the order of combustion reaction specific to axygen was integral, frac-
tional, or did not follow any set pattern,

Assumption of apparent first- and second-order behavior led to
the use of equations 8, 10, 13, and 15, Observed data applied to the
respective equation resulted in calculated reaction wvelocity constants
shown in table IV, Calculated k values obtained are smaller for rela-
tions involving no change in volume during reaction, as computed by
equations 8 and 13, than for increasing volumes computed with equations
10 and 15, Second-order rate constants calculated are also larger than
first-order by factors ranging between 10 and 30, depending on the basis
of comparison, The deviation between both camputations of first- and
second-order relationships increases with increasing flow rate or de-
creasing conversion, Errors in assuming constancy of reactant concen-
tration, other than oxygen, will increase with increased residence time
or oxygen conversion because the quantity of reactants consumed will
be proportionately greater, Also diffusional effects were not included
which, at low flow rates and high temperatures, could cause considerable
variation in calculated results, Since the experimental pressure of
one atmosphere remained essentially constant, the different values cal-
culated result from concentration expressions contained within brackets
of each equation,

Residence tims calculations used in the formulas are based on ap-

parent dimensions of the reaction system and the flow rate at the peak

39



TABLE IV

Calculated Reaction Rate Constants Based on Pseudo-Crder Rate

Equations 8, 10, 13, and 15

_l x 107 Pseudo-First-Order* k2 x 107 Pseudo-Second=Order*

m Equation 8 “Equation 10 ~ Equation 13 Equation 15
112.3 6.20 155 175 193
85.4 5.85 6.65 126 143
79.3 6.52 7.39 143 161
66,7 7.50 8.51 161 182
48.3 8.57 9.90 165 187
36,6 9.33 11,00 164 189
35.1 8.21 9.9% 135 158
31.7 .80 10.70 U2 168
28,2 7.90 10.95 121 145
22,5 8.17 10.92 118 146
20,0 8.4L 11,60 119 9
19.8 8.08 11.28 114 144
19.1 8.85 12,18 125 157
¥ Note: Refer to table III for observed data, Example calculations

40

are included in the text, Dimensions of reaction rate con-

stants calculated are as follows:

kl = gn moles/sec-cc reactor volume-atm

k,

= gm moles/sec-cc reactor volume-atm?
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temperature within the reactor, Use of this procedure excludes added
eifects resulting from reaction during the preheating or cooling stages
as the gases move through the system, The time allotted for fluids
contained within the peak temperature zone was calculated in the fol-
lowing manner:

Re-ctive system: Combustion tube of 25 mm ID packed with
ground glass to 34,5: porosity; 4" iso-
thermal peak temperature zone maintained
at respective terperature T; gas volume
referred to 70 °F,

Res’dence time in seconds

=0'x22x x 2 60 x O x 530
T

where: f = steady state flow, cc/min,
T = reactor peak temperature, °R,

“quation 16

Experimental Kk values calculated are plotted in figure 8 for ease
in comparison, Numerical values obtained from tne apparent first-order
expressions give a slightly negative slope to the general shape of the
two curves while the apparent second-order relationships give slightly
positive slopes, Theoretical analysis demands a sl pe equal to zero,
i.e., one in which k remains constant,

An apparent fractional-order rate expression, between first- and
second-order rate dependence for oxygen, is indicated by the overall

experimental results; however, a reasonably constant k value was ob-

tained for the first-order rate calculation through the use of equation 8.
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The agreement for low residence time at high flow rates is particularly
good above six cc/min flow giving an average value for k of 8.48 x 10"7
moles seec-cc-atm, The original assumption of constancy in fuel reactant
concentration is rendered less valid below this flow rate (greater res-
idence time) due to high oxygen conversion, Rate constants calculated
for flow in excess of the six cc/min rate vary by 10% above and 7% below
the mean 8,48 x 10~ value. Among other variables, the deviation at
lower flow than the six cc/min rate could be due to an induction pericd
before rapid oxidation or the oxidation of higher molecular weight hydro-

carbons,

Example Calculations
Measured data: (see table III)

Reactor temperature, °F 1190
Flow rate, cc/min 5
Injected oxygen concentration, % 8.6
Effluent oxygen concentration, % 2,8
Experimental pressure, atm 1

Calculated data:

Residence time = 0,785 x ‘2.2}2 x4 x 2,54 x 60 x 0,345 x 530
5 x 1650

= 66,7 sec,

F /NP 1

Residence time x 22,400

i 66,7 {%2,1.00

= 6.7 x 107 gn moles/sec-cc reactor volume-atm,



Equation 8:
k = 6.7 x 107 In (0,086/0,023)

= 7.5 x 1077 gn moles/sec-cc reactor volume-atm,

Equation 10:

ky = 6.7 x 1077 (0,086 + 0,028) /(1 + 0,028)
+ (1 + 0,086) In ((0,086 x 0,028 + 0,086)/
(0,086 x 0,028 + 0,028))

- 8.51 x 1077 gm moles/sec-cc reactor volume-ztm.

Qualitative Interpretation
The lack of complete agreement of this experimental analysis with

theory restricts the study to a qualitative interpretation based on
observed results and relationships indicated by the flow equations,
Equation 8, for example, shows that reactant conversion in an isothermal
flow system (at essentially constant pressure) is a function only of
residence time and initial concentration,

Discussions in the previous sections offer a better understanding
of the data presented in figure §, with particular emphasis on the shape
of the 8,6% oxygen curve, The portion of the study concerning variation
in flow rate was made within the 20 °F differential bounded by 1173 °F
and 1193 °F, By decreasing the flow rate in this region from an aver-
age 17 cc/min (plotted curve) to 2,7 cc/min (see table III), the curve
becomes almost vertical, This effect causes a shifting of the plotted
1.8% 02 point from 1286 °F to 1193 °F, a decrease of 93 °F, The slope
of the straight line segment of each curve on the graph may then be
interpreted as indicative of the flow rate relative to a specific re-
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actor volune, A decrease in flow rate produces essentially the same
result as increasing reactor volume, increasing th slope of this line
accordingly, Alternately, increasing the flow causes a wider variation
between initial oxidation temperature and temperature of complete con-
version,

Application of similar studies to thermal recovery br subsurface
combustion methods requires a knowledge of heat zone width as well as
temperature distribution across the thermal wave, If the combustion
zone width is narrow, relative to flowing gas velocity, the time in
residence will be short and inefficient oxygen utilization may result,
Un the other hand, where thermal zones are relatively wide with respect
to the velocity of flowing gases, nearly complete heat utilization

should be effected,

CONCLUSIONS
A brief discussion of a few of the many parameters affecting natural
gas combustion within restrictive enviromments has been presented, The
problem of understanding combustion reactions of this nature is complex
and involves a large number of variables which are difficult to separate
for thorough evaluation, The author has, therefore, performed a pre-
liminary investigation to determine which of certain variables were con-
trolling, to analyze how they are related, and to show some of their
relationships by preliminary laboratory experiments, The following
points should prove useful for a more exhaustive evaluation of parameters
relevant to tris type combustion process:
1. Depletion of oxygen, in the exhaust stream, is indicative

of reaction progression and has been determined for a specific set of



experimental conditions, Field application of this procedure in eval-
uating combustion zone characteristics should proporticnately weigh
dilution, absorption, adsorption, and other effects such as low temp-
erature oxidaticn,

2, Oxidation reactions of natural gas, in varying concentra-
tions with air, may be of flameless nature when ignited in porous media
of a size normally found in petroleum reservoirs,

3. Combustion behavior of near stoichiametric and normally
flammable concentrations of natural gas in air ies dependent on the same
parameters as are normally considered nonexplosive mixtures when burned
in a porous medium, Further, the oxidation reaction is incapable of
spontaneeus propagation through pore restrictions of a size comparable
to most petroleum reservoirs, This conclusion is evidenced by the ex—~
plosive gas shown as the 19,5% oxygen curve of figure 7 where any degree
of reaction completion was possible through either temperature or resi-
dence time wvariation.

4., Natural gas reactions taking place within a heated porous
medium will reach near eq ilibrium conditions within a relatively short
time in residence, Experimental residence time in the order of 20 sec-
onds permitted reproducible oxygen conversions provided rock temperature
remained constant, Therefore, only a relatively narrow combustion zone
width is necessary to obtain cambustion in field projects, the width de-
creasing with decreasing gas velocity as the injected gases progress
radially away fram an injection well bore,

5. Presence of increasing quantities of the less volatile
constitutents in natural gas does not affect the initial oxidation tem-
perature to an appreciable extent, as evidenced by the initial oxidation
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temperatures of the nine mixtures represented in figures § and 7.

6. An increase in pressure above one atmosphere reduces ox-
idation temperatures of natural gas confined to a porous medium, In-
creased effects of rapid activated complex disintegration, chemisorption,
and /or the heterogeneity of the chemical reaction, with pressure, are
believed to be primarily responsible for this result,

7. Minimum temperatures of rich natural gas oxidation, within
the porous environments studied, are near 950 °F at atmospheric pressure
and 470 °F at 27,65 atmospheres absolute pressure when the gas is al-
lowed about 2C seconds reaction time, Complete oxygen conversion of
rich natural gas and air mixtures is possible above these temperatures
if a longer time period in residence is provided, These temperatures
may be lowered somewhat if a longer period in residence is permitted,

8., The chemical kinetic procedure herein presented offers
an approach to the solution of same of the most important variables in-
volved in complex natural gas combustion reactions, Parameters affect-
ing natural gas combustion within a porous matrix are initial fuel or
air concentration, type of fuel utilized, flux, pressure, temperature,
and dimensions of the reactive system,

9. Future experimentation attempting to analyze cambustion
kinetics would benefit through use of a pure component fuel with vari-
able reactants ratios to cover the range of interest, The experimental
analysis, if performed in a flow type system, should involve measuring
the effects of different flow rates through the reactor at the same
pressure and temperature, For quantitative application of results,
calibration of temperature sensing devices at the test condition is

necessary, Application of experimental results in determining order




with respect to a limiting reactant may be of some real and useful value
but is difficult to evaluate in a multi-component system, Use of a more
general integrated equation enabling the direct solution of pseudo-re-

action order either fractional, or otherwise, is suggested,
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APPENDIX
Development of First-Order Steady State Flow Equation

Yhe rate of a chemical reaction is determined by the decrease in
reactant concentration, or increase in product concentration, per unit
time, The mathematical expression representing this relationship for
a "batch" (static) system, where C is the reactant concentration at
any time t, is as follows:

r = -dC/dt Equation a

According to accepted kinetic theory, the rate of a first-order
reaction is directly proportional to the concentration, as expressed
by the relation

r=-dC/dt =k C Equation b

where k is the constant of proportionality for the experimental tem-
perature, Use of equation b demands the reaction be carried out at
constant volume and temperature, For "flow" (dynamic) systems, the
reactor volume changes as the fluid is displaced along the reactor
and equation b could not be expected to apply in its present form,
Also for steady state conditions of flow, temperature, pressure, etc,,
time is not a variable except in determining the distance a certain
quantity of flowing fluid has traveled and thereby the volume through
which a certain reaction has occurred, For such a dynamic situation,
the time function in the above equations may be replaced by the ratio



of reactor volume to flow rate (volume/time), V/F, the differential
of which is:

dt = d(V/F) = (FdV - VaF)/F> Equation ¢
Considering only the flow of reacting gases and assuming the rate of
reactant consumption to follow first-order kinetics and equal to the
rate of product formation, substitut'on of equation ¢ in equation a
reduces to the general rate equation for flow syst ms:

r = -FdC/aV Equation d

Incorporating the concentration proportionality of equation b, the
relation

r=-Fa"/dV = k C Equation e
is obtained which yields, upon integration,

k= (FN) In (01/62) Equation £

the kinetic flow equation for first-order reactions under steady state

conditions, Accounting for the effect of pressure in reducing flow
volume, the final equation

k = (F/VP) 1n (G /C,) Equation g

is obtained where Ql and 22 signify entering and exit concentrations

after passage of PV/F units of time,
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