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ABSTRACT 

The in situ combustion process for the recovery of crude 

petroleum from underground reservoirs is highly complex. Even on an 

elemental scale its analysis requires physical simulation of realistic 

reservoir conditions in order to expose its characteristic, but 

system-specific, 

re l ationships. 

physical and chemical reaction mechanism 

In the continuing effort to develop experimental systems for the 

elemental physical simulation of the combustion process, a new 

combustion tube system was designed, constructed and successfully 

tested. The system incorporates a novel combination of: an uncon-

solidated or consolidated core material use capability; the ability to 

employ high net external pressures while using a thin wall combustion 

tube; and the use of a modular design with respect to system 

components . 

An experimental program undertaken with the newly developed 

apparatus included isothermal reaction regime tests, supplementary 

flow characteristic tests, and an air combustion test series in the 4 

MPa to 8 MPa pressure range using different crude oils and core 

material elements. The series was mechanistic in nature, with the 

goal being the revelation of the effects of specific experimental 

condition changes on the performance of combustion propagation. In 

addition to generating data from observed stable combustion processes, 

the experimental program revealed that a lower porosity consolidated 

core e l ement required a greater injected air flux to allow process 
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self-sustenance compared to an otherwise equivalent higher porosity 

unconsolidated material pack. 

A novel descriptiv e model of the high temperature (300°C+) region 

that uses combustion tube experimental data was developed. Applied to 

the experimental program stable run periods it revealed relationships 

among parameters including temperature, fuel quantity, oxygen partial 

pressure, gas vo l ume flux, gas density , local heat generation rate , 

and distance with respect to the relatively small moving combustion 

region. The model application indicated that oxygen consumption was 

not confined to the highest temperature regions of the stable 

combustion process. It also gave insight into the experimentally 

observed flux/porosity - consolidation effect on combustion performance 

observed in the experimental program . 
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SECTION A 

INTRODUCTION 

The forward in situ combustion process is a method for allowing 

or enhancing the recovery of crude petroleum from subsurface 

reservoirs. The general process involves the propagation of a heat 

generating combustion front through a reservoir which can, ideally, 

displace oil ahead of it very efficiently. 

Air or oxygen enriched air is injected into the reservoir as an 

oxidant, with water sometimes also injected to increase the process 

thermal efficiency . Ignition may be accomplished by various means 

including the employment of downhole burners, chemical agents or even 

by spontaneous reaction. The combustion front theoretically 

propagates consuming carbon rich fuel formed from the original crude 

oil by physical and chemical reaction mechanisms determined by the 

nature of the moving front process itself. Among the process inter-

related mechanisms are non-isothermal multiphase flow (of oil, water, 

gas) and overlapping reaction regimes of high temperature oxidation, 

thermal cracking, and low temperature oxidation of complex crude oil 

constituents. If the process is performing in a field situation as 

intended , the result is a heated, somewhat upgraded oil bank pushed 

ahead of the front and eventually to a production well for transport 

to the surface. 

In reality the process is complex and difficult to implement. 



2 

However , because of its high theoretical efficiency and envisaged wide 

appl i cability, it is much studied. 

The study of in situ combustion has been undertaken using both 

theoretical and experimental methods of process simulation . A vast 

amount of literature has been written describing both types of 

studies. 

Theo r e t ical studies have ranged from simple analytical models 

[Bailey et al (1959), Benham et al (1958)] to complex discrete element 

simulators [Coats (1980)]. Most analytically based models describe a 

few mechanisms, usually on a large scale, using many simplifying 

assumptions [Bailey et al (1960), Baker (1962), Dingley (1965), 

Fassihi et al (1981), Gottfried (1966), Vogel et al (1955), Wilson et 

al (1958)]. Others have attempted to describe small scale processes 

but have been restricted by the use of necessary assumptions [Agca et 

al (1985), Armento et al (1977), Chu (1963), Chu (1964) , Gottfried 

(1965) , Penberthy et al (1966)]. Numerically based models have been 

restricted by use of large sized grid blocks even as applied to 

laboratory experiments [Belgrave (1987), Lin et al (1984), Onyekonwu 

et al (1986)], thus preventing their employment in investigating small 

scale parameter variations. These models usually rely on history 

matching to some extent and, to be generally useful, require well 

def i ned processes which are revealed by laboratory investigation for 

inclus i on in the model. 

Physical simulations of the combustion process have been 

performed in a wide variety of systems. These include smaller reactor 
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systems [Alexander et al (1962), Vossoughi et al (1985)] and 

combustion tube systems [Crookston et al (1979), Greaves et al (1987), 

Hansel et al (1984), Leaute et al (1984), Martin et al (1958), Moss et 

al (1982), Satman et al (1978), Schulte et al (1982), Smith (1973), 

Vossoughi et al (1982)] . 

Combustion tube systems have been shown to be the type of 

apparatus necessary f or t h e physical s i mul a tion of combustion propa -

gation. The common approach is to use discrete heating zones in 

conjunction with passive insulation in order to minimize heat loss 

from a moving combustion front process induced in a combustion tube. 

A variety of combustion tubes have been developed using this basic 

concept. The original combustion tube system at the Chemical and 

Petroleum Engineering Department of The University of Calgary has been 

used in over 200 combustion experiments since its initial development 

described by Harding et al (1976) . 

The a im o f most combustion t ub e experiments i s t o closely 

simulate the stable combustion process as it would occur in a 

reservoir element. Physical simulation of multi-dimensional 

combustion processes has been done [Garon et al (1980)], but the 

results of these experiments require highly speculative scaling to be 

applicable to the field . As it stands, the mechanisms of the ideal 

one-dimensional combustion process have yet to be investigated in a 

reasonably comprehensive, systematic way . 

Elemental physical combustion simulation can be performed using 

two basic approaches: reservoir specific and mechanistic. Reservoir 
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spec i fic tests attempt to employ experimental conditions that approach 

as c l osely as possible those of a given reservoir of interest. The 

results are essentially specific to that system and are then available 

for consideration with respect to the operation of the combustion 

process in the corresponding reservoir (although direct extrapolation 

of results can be very tenuous). Mechanistic tests are part of a 

systematic program undertaken to reveal process mechanisms, their 

relationships to each other, and the effect on these of changes to 

relevant experimental conditions. The purpose of combustion tube 

mechanistic experimentation is to investigate the nature of the 

relationships among the important parameters relevant to combustion 

front propagation in typical reservoirs. 

The basic aim of this study was to further the knowledge of the 

combust i on 

approach. 

propagation process using a mechanistic experimental 

This would be supported by a theoretical modelling effort 

aimed at revealing important parameter relationships on a small scale. 

It was seen that combustion tube experimentation is the only means by 

which these relationships are revealed for potential study. A 

systematic approach supported by analytically based modelling was 

considered an appropriate way of investigating the process. The basic 

aim was also served by the apparatus development goals of this study. 

These goals were directed toward the improved ability to perform a 

wide variety of combustion experiments and to approach as closely as 

possib l e the ideal process behaviour desired for analysis . 

Th e study objectives were as follows: 
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1) Dev elopment of a second generation combustion tube system at the 

University of Calgary using updated technology and allowing the 

use of a wide range of packed tube elements . 

2) Performance of a series of experiments that would fully test the 

newly developed system and produce useful data for a mechanistic 

study of the forward in situ combustion propagation process . 

3) Development of theoretical modelling support for the physical 

simulation effort aimed at investigating parameter relationships 

on a small scale. 

This thesis is organized in major sections following the basic 

objectives above . 
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SECTION B 

APPARATUS DEVELOPMENT 

CHAPTER B.l 

BACKGROUND 

B.1.1 Development Objectives 

The major objective aimed at in developing the experimental 

apparatus was to construct a second generation combustion tube system 

for use as a general research tool. The specific aims of the develop-

ment were: 

The ability to use unconsolidated and consolidated pack material, 

with a view to eventually allowing the use of p r eserved field 

reservoir material pieces. 

The ability to use high net external pressure on the tube to ensure 

pack and process integrity. 

The improvement of the basic combustion tube system design by use 

of technology updated from that at the time (mid 1970's) of the 

development of the original University of Calgary system. 

improvement would include increased system modularization. 

This 
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B.1.2 Combustion Facility 

The new system was integrated into the existing University of 

Calgary combustion tube facility . Figure B.1.1 is a block diagram 

showing the major experimental system components of the facility. The 

apparatus developed was used inside an existing 30 cm diameter, 180 cm 

long, 11 MPa rated pressure vessel. 

The figure shows, in schematic form, the combustion tube assembly 

inside the pressure vessel. Also shown are the external systems: 1) 

Injection system including equipment for injecting gas and water into 

the tube, gas into the pressure vessel, and measurement equipment for 

monitoring system pressures and temperatures; 2) Production system 

for the collection and measurement of produced fluids including liquid 

traps and separators , a gas chromatograph for produced gas analyses , 

and a wet test meter for measurement of gas volumetric flow; 3) Tube 

pressure and temperature measurement system comprised of differential 

pressure transducers and readout and the rmocouple r eadout t o allow 

observation of tube conditions from tube pressure taps and tube 

centerline and wall thermocouples; 4) Heater power control system 

allowing the choice of manual or automatic control of the tube heaters 

based on a chosen wall setpoint temperature or a centerline/wall 

temperature difference; 5) Computer system for data acquisition/ 

display and automatic heater control. Details of the facility may be 

found by consulting Harding et al (1976) and Belgrave (1987). 

The combustion tube is located inside a pressure vessel and 

normally oriented vertically with the injection end at the top. The 
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reason for the pressure vessel is to allow the use of a thin walled 

combustion tube and high, realistic process pressures. These internal 

pressures must be at least balanced by external pressures which are 

imposed by the use of inert gas (usually helium) in the annular region 

between the combustion tube and internal vessel wall. A thin 

combustion tube wall is required to minimize heat transfer along the 

wall so as to help control system induced effects on the simulated 

combustion process. 

With the combustion tube, the mechanistic experimental goal is to 

simulate the conditions of an idealized reservoir element and a stable 

combustion process as it would occur therein. To this end, efforts 

are made to create one-dimensional mass flow and energy transfer 

regimes. 

development 

These efforts include the use of a thin tube wall, 

of packing techniques that promote porous media 

uniformity, and the control of radial heat loss by a combination 

passive/active insulating strategy. This is also why tests have been 

performed vertically, with flow downwards. Laboratory packed tube 

non-homogeneities exaggerate horizontal flow override and fingering 

effects creating laboratory induced phenomena which can falsely 

deviate greatly from a one-dimensional situation. Vertical tests 

certainly employ favorable but largely repeatable gravity drainage 

effects which would not be the case for horizontal tests employing 

packed tubes with non-homogeneous packs. Ideal combustion propagation 

on the elemental scale should be essentially the same in both the 

horizontal and vertical cases since in each situation there would be 

no reflux of process products back into the moving reaction region. 
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Non-ideal combustion processes are caused by varying effects of 

non-uniform reservoirs, liquid gravity drainage, gas bouyancy and 

related energy transfer in real reservoirs. It is clear that 

knowledge of the ideal process is essential before extensions to these 

"real-world" non-ideal cases may be made. The complexity of the in-

situ combustion process requires that the interactions of basic 

process mechanisms be described before general predictive analysis may 

be developed and considered valid. The apparatus development aims of 

this study were toward the improved ability to perform combustion 

experiments using a wider variety of porous media and the enhancement 

of the ideal process behaviour desired for study. 
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CHAPTER B. 2 

COMBUSTION TUBE DEVELOPMENT 

The new combustion tube was designed and built to be used in the 

existing combustion facility. This fixed some aspects of the design, 

including the maximum number of heating zones and number of tube 

temperature and pressure measurement points. These constraint s 

related to the control and data acquisition capability of the 

facility. Within these limitations, it was desired to fulfill the 

apparatus development requirements. 

Figure B.2.1 shows a schematic of the tube design. The basic 

design concept was the same as for t he original combustion tube, 

employing passive insulation around the t ube with heaters placed on 

this layer. The tube itself is 5 . 1 cm (2 in.) in diameter, 107 cm (42 

in.) long and nominally 0.01 cm (0 . 035 in.) in t h ickn ess . The 

experimental program used a copper tube for the i n itial inert gas 

test, but the remaining tubes were composed of 321 stainless steel. 

Thermocouples of 3.2 mm (0.125 in.) diameter were inserted radially 

into tube centerline positions through welded 6.4 mm (0.250 in.) 

diameter "feedthroughs" and were sealed with "Swagelock" fittings 

which were welded to the feedthroughs. Wall thermocouples of the same 

diameter were fastened to the tube wall with stainless steel straps. 

Pressure "taps" were used to create communication to the tube for 

pressure measurement via the use of 6 . 4 mm diameter welded tube pieces 

with Swagelock fittings. 
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The tube system used 14 heating zones of 7.62 cm (3 in . ) length 

with the centerline and wall thermocouples placed at the center of 

each zone. Six pressure taps were located at 15 . 24 cm (6 in.) 

intervals along the tube . Figure B.2.2 shows the assembled combustion 

tube. 

The design reflects the requirement of the combustion tube to 

allow the simulation of a one-dimensional propa gating combus tion 

process. In order to do this, heat transfer out of the system must be 

both minimized and, with respect to the moving combustion front and 

its associated regions, made as constant as possible. With the 

necessary use of discrete heating zones, these desires conflict 

somewhat. Completely passive insulation is unacceptable due to 

excessive heat loss in most situations, even though that loss, if a 

front propagation was possible , would be constant. Heat loss control 

by purely active heater operation (matching wall to centerline 

temperatures) is unacceptable due to the resulting extremely variable 

nature of system heat loss and gain caused by attempting to follow a 

moving combustion process using finite, discrete heating zones. The 

result must be a compromise between the two, resulting in a type of 

design like the one described above. 

The new tube used the existing control strategy of the combustion 

f ac il ity, employing central zone centerline/wall temperature 

measurement and relatively simple heater control algorithm based on 

the centerline/wall temperature difference. There are various views 

in the literature on proper heater control strategies and the role of 

insulation. Leaute et al (1984) descr ibes important aspects of this . 
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Figure B.2.2 

Experimental Combustion Tube Apparatus 
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In that study it was found that for the control strategy and experi-

mental system used, an approximate analytical model revealed that a 

much lower thermal conductivity insulation, MINK by Johns Manville, 

significantly reduced the level of temperature disturbance caused by 

the system heaters. For combustion simulations, the new combustion 

tube described here also employed this product which has an ambient 

condition thermal conductivity value 3 to 4 times lower than commonly 

used high temperature insulations composed of ceramic fibres. 

In order to compare basic differences in design, Table B.2.1 

lists the basic specifications of the original and the new University 

of Calgary combustion tube systems. 

The major differences in the two systems are the tube diameters, 

heating zone lengths and insulation/heater types and configurations . 

The smaller tube diameter of the new system was dictated by the 

consideration of the possible use of preserved reservoir core plugs in 

field specific tests . Individual heating zone length was desired to 

be minimized to allow more uniform heat loss control . With the 

maximum number of zones limited to fourteen, the zone size was chosen 

to allow a reasonable total tube length of about one meter. In terms 

of heat loss control, improved insulation using the MINK material, 

higher average heater power density and enhanced heater/insulation 

contact were changes reflected in the new tube system. The overburden 

pressure and packing method capabilities are discussed in the next 

section. 
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Table B.2 . 1 

Comparison of Basic Combustion Tube Specifications 

Specification Original Tube New Tube 

Diameter (cm) 

Length (cm) 

Nominal wall thickness (cm) 

Insulation type 

I nsulation thickness (cm) 

No. of heating zones 

Heating zone length (cm) 

Heater type 

Heater configuration 

Maximum power density (Watts/cm2 ) 

(with respect to tube external 
surface) 

Maximum overburden pressure (kPa) 

10.2 

183 

0.01 

Cerablanket 

-1 

12 

15.2 

rod 

wound on steel 
cladding 

2.1 

-1500 

5.1 

107 

0.01 

MINK 

-1 

14 

7.6 

clamshell 

clamped on 
insulation 

7.0 

-7000+ 
(limited to tube . 

fitting capability) 
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CHAPTER B.3 

PACKING TECHNIQUE DEVELOPMENT 

B.3.1 Background 

The new system required that packing techniques be developed to 

create porous media elements comprised of both unconsolidated and 

consolidated material. The new system was to use the same bas i c 

experimental preparation sequence as the original system of packing a 

tube with clean (of fluids) core material, saturating with brine or 

water and finally displacing that with crude oil. It was also 

required that the resulting pack, especially in the case of uncon-

solidated material would be able to resist net external (overburden) 

pressures without changing shape or otherwise re-orienting . Over-

burden pressure capability was desired for both types of packs to 

enhance pack/tube wall contact in order to minimize possible wall 

effects. Also , the possible future use of overburden pressure 

sensitive (affecting permeability) reservoir materials made this 

capability desirable. 

B.3.2 Unconsolidated Core Material 

The packing of unconsolidated material in the original large 

diameter combustion tube is accomplished by a methanol-wet core 

tamping procedure. While this is the most practical method for 

packing in the large tube, the smaller diameter new tube allowed the 

use of a more efficient and reproducible dry packing method. Dry core 
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was fed via a funnel from the top of the tube while random tapping of 

the tube wall was done with a light soft-faced hammer. This very 

simple technique gives the best results in terms of achievement of 

dense (low porosity), uniform random packing with minimum particle 

size segregation . This basic technique was proven in research work 

done by Sibbald (1984). and other authors have used similar techniques 

in packing studies [Sohn et al (1968)]. The reproducibility in 

overall pack porosity achieved by the technique is illustrated by the 

values of 37.5%, 37.1%, and 35.9% for the three Athabasca core 

material packed tubes used in the experimental program. The use of 

the dry packing method was possible because of the small diameter of 

the new tube and the ability to contact its wall directly during 

packing. 

The main difficulty in packing tubes of unconsolidated material 

to sustain overburden pressure is sealing the end caps while ensuring 

a condition of grain to grain stress in the pack. With the new tube 

this was overcome with the use of a sliding production end cap which 

transmitted to the pack an axial load applied to it with a screw clamp 

tool. Sealing was done by welding, in place, the end cap to the tube 

with a TIG welder (tungsten electrode, inert gas arc welder). This 

procedure is shown being performed in Figure B.3.1. 

B. 3.3 Consolidated Core Material 

The use of consolidated core material in combustion tube 

experiments is desirable for purposes of better simulating some 

reservoir conditions with synthetic (non-petroleum reservoir) packs as 
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Figure B.3.1 

Combustion Tube Production End- Cap Welding Procedure 
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well as for the cases when actual preserved reservoir core material 

may be available. Consolidated cores can also be of much lower 

porosity and be more uniform porous media elements than those gener-

ally made with unconsolidated material. For this experimental study, 

continuous full-tube length sections of Berea sandstone from Cleveland 

Quarries, Amherst, Ohio were used. The core were specified as 0.4 µm2 

to 0.5 µm2 in permeability and had a porosity of 22.5 percent. 

Continuous pieces were used exclusively in the experimental program, 

but some development towards the eventual use of shorter sections 

stacked to form a long pack was undertaken as well. 

One of the ideas worked on for consolidated core packing was the 

possible use of core that was coated with a layer of metal, then 

machined smooth to allow a snug fit into the combustion tube. The 

test method used to coat core pieces was a plasma (high temperature 

ionized gas) jet "metallizing" method, done at Plastron Spray Services 

of Calgary. In this process, metallic particles are melted in a high 

temperature plasma jet and the atomized spray is applied to a surface. 

The test conducted with Berea sandstone cylindrical pieces used a 

lathe to continuously rotate the pieces while a metal coating was 

applied. The basic method holds possibilities for future development 

and this basic process is being used in a European combustion tube 

development program [Moore (1987)). For purposes of this apparatus 

development, however, it was felt that the technology was too cumber-

some to pursue further. The metal coatings (both copper and nickel 

based alloys were tried) were somewhat porous in the tests conducted, 

and the high temperatures cracked the sandstone in some instances. 
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Also it was apparent that a smooth ceramic like coating would be 

required to prepare the sandstone surface for metal coating since the 

latter process builds on initial surface texture. The tube tolerance 

required to allow a snug fit of a prepared core was also considered 

difficult to achieve , especially given the required tube feedthrough 

welding procedures. 

The method finally chosen and developed was the sealing of a 

consolidated core piece to the inner wall of the tube with a 

chemically setting, inorganically bonded , sodium silicate cement 

mortar. The product used is commercially available as Sauereisen No. 

31 cement. The full length Berea core piece was located inside the 

combustion tube with a 1 to 2 mm annular gap left between it and the 

tube inner wall. A prepared cement mixture was injected by a Ruska 

pump driven displacement cylinder into a custom - made injection flange 

which allowed the cement to flow up from the bottom of the tube into 

the annular region . 

Initial setting required thirty to sixty minutes and full cure 

required twenty four hours. The result was a continuous section of 

Berea core mounted in the combustion tube. After drilling holes into 

the core with a carbide tip drill to allow thermocouple insertion and 

pressure tap communication, production and injection end caps were 

welded in place. The nature of the packing technique required 

sacrifice of a tube if post-run core excavation was required. 

A key point in the technique of cement injection was to prevent 

cement imbibition into the core matrix. This was accomplished by the 
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use of thermoplastic laboratory film stretched to a maximum and 

wrapped around the core prior to setting. Some barrier to the flow of 

cement liquids into the core was absolutely necessary to prevent very 

quick drying of the cement mixture which, in turn, would prevent 

further cement injection and proper setting of the mixture. 

problem was clearly demonstrated in development bench tests . 

This 

Late in 

the experimental program, a new technique was tested which accom-

plish e d the same b a rr ier function in short test sections. Application 

of "Scotchguard" by 3M (a fluoroaliphatic resin in a 1,1,1 trichloro-

ethane solvent spray) prevented cement imbibition in the test pieces 

tried . This method altered the surface wetting characteristics of the 

Berea sandstone material sufficiently to prevent loss of cement 

mixture fluid into the core . Use of laboratory film would likely be 

required in future stacked plug tests , however, since the plug 

interface edges would require sealing prior to any cement injection 

procedure. 

Further to t he eventual use of stacked core plug packs, a large 

screw clamp tool and bracket was designed and constructed for use in 

holding a series of stacked synthetic or reservoir material plugs 

during a cement injection procedure. A stacked plug pack was not used 

in the experimental program of this study due to time constraints. 
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CHAPTER B.4 

SUPPORT EQUIPMENT DESCRIPTION 

The important support equipment items used in the new combustion 

tube system are listed below: 

Heaters Fastheat "Better Band" Heaters 2 piece , 850 Watts 

total power , 6.2 cm (2 . 5 in.) length, 7.0 cm (2.75 in.) 

nominal I . D. 

Thermocouples 0.32 cm (0.125 in . ) diameter dual junction K-type 

- (S.S. 316/Inconel 600 sheaths - both used). 

Tube Insulation MINK by Johns-Manville 0 . 95 cm (0 . 375 in . ) 

thick, parallel stitched, flexible, high temperature 

quartz fabric, specification HTP-16. 

Other Insulation 

insulation 

Cerablanket by Johns-Manville ceramic fibre 

(for wrapping on outside of heaters, and 

protecting internal vessel equipment). 

Pressure Vessel Wire Seals Conax multiple conductor gland seals 

Heater Wiring 

type TG-20 for thermocouple wires 

type PL-18 for heater power leads. 

Micamat high temperature power wiring (rated to 

540°C). 
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Thermocouple Terminal Barrier Strips K- type alloy multiple 

conductor blocks of Bakelite material. 

The heaters, tube insulation and vessel wire seals comprise the 

primary updates in technology of support equipment. 

The goal of increased system modularization was met very 

successfully with the use of quickly replaceable components including 

heate rs, the rmoc oup l es , an d t he combustion tube itself. This last 

improvement was demonstrated in the final two combustion experiments 

which used two different prepared tubes. When the first experiment 

was completed, that tube was removed and the second tube was quickly 

installed. Replacement of failed components, especially thermocouples 

which are the items subject to the highest attrition in combustion 

experimentation, was performed easily . This was due to the use of 

internal wiring which could be cut and reconnected. Internal wiring 

was made possible by use of pressure vessel wire sealing fittings . 

The original combustion tube used metal sheathed internal compon ents 

exclusively, dictating replacement of corresponding pressure vessel 

sealing connections along with the component in the event of a 

failure. 
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CHAPTER B.5 

APPARATUS PERFORMANCE 

B.5.1 General 

The new combustion tube system performed extremely well over the 

course of the experimental program. 

Over the course of eight major experimental runs, one test was 

suspected as being affected by equipment failure. This was Run 4 

which showed indications of a leak of helium pressure vessel gas into 

the combustion tube (determined by gas analyses and measured flow 

rates). Post-run testing and examination of the tube revealed no 

leaks leading to the conclusion that the problem was due to overburden 

pressure induced failure of a Swagelock fitting. No other runs showed 

obvious signs of this type of occurrence. 

The ability of the unconsolidated packing technique to withstand 

high external pressure was proven in the first test which used a 

copper tube in a twenty four hour, 420°c thermal cracking test. 

Normal overburden pressure was 2100 kPa (vessel pressure= 6300 kPa, 

process pressure - 4200 kPa) for the duration of the test. At the end 

of the test, the pressure inside the tube was completely bled off, 

leaving an overburden pressure of 6300 kPa. No leaks were detected as 

a result of this treatment and later examination of the tube revealed 

no deformation of it with the exception of very small continuous 

indentation rings circling the tube at the interface of the sand pack 



26 

and each end cap . These marks indicated the severity of the stress 

imposed on the tube and core. The importance of overburden pressure 

with respect to consolidated material runs was made clear in the 

experimental program. The final two combustion experiments used 

vessel pressures of approximately 10,300 kPa (near the vessel maximum) 

and process pressures of 4200 kPa, giving overburden pressures of 6100 

kPa for the durations of the runs. 

Support equipment failure was not significant. The temperature 

measurement system, including thermocouples and terminal strip 

junctions performed well. A few thermocouple failures caused by the 

proximity of thermocouple sheath terminations to the hot tube 

injection region were seen in the initial test. This required a minor 

change, which was extending these terminations farther away from the 

tube . Care was still needed to insulate these junctions properly, but 

only two other thermocouple failures occurred in the rest of the 

experimental program. 

The band heaters used performed without failure for the entire 

test series. This included the initial twenty four hour, 420°c test. 

Combustion front temperatures above 700°c (in Run 4) were encountered 

with the system. Heater face temperatures (measured with additional 

thermocouples for the specific purpose) approaching 1000°c were 

recorded briefly during maximum power heating periods. 

The wire-sealing Conax pressure vessel fittings functioned well, 

requiring only minor torque adjustments periodically during the 

experimental program. 
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The use of non-enriched air and moderate process pressures in the 

experimental program limited the opportunity to fully test the system 

capabilities. These limitations basically reflect on the ability of 

the combustion tube material to withstand the increased internal 

corrosive attack caused by higher pressures and oxygen enrichment. 

The use of a nickel-based alloy, as on the original combustion tube, 

instead of 321 stainless steel would be indicated if these severe 

conditions wer e to be encountered in repeated tests. The results of 

the experimental program indicate that no other major design specifi-

cation changes would be required for the new system to operate in the 

more severe environment. 

B.5 . 2 Simulation of Ideal Conditions 

The desire to closely simulate ideal one-dimensional process 

conditions was the primary motivation behind the apparatus development 

work. Achievement of conditions approaching "plug flow" and 

minimi z ing both total heat loss and also the disturbances of local 

heat loss/heat gain caused by the necessary use of discrete heating 

zones were the specific aims of this development. 

evidence suggests that this effort was met with success: 

Experimental 

Supplementary flow tests (described in Chapter C.3) indicated that 

possible wall channelling of injected gas in the consolidated pack 

tubes was not a significant effect . These tests also showed, for 

their experimental conditions, that reasonable gas dispersion 

characteristics typical of one - dimensional flow were exhibited by 

both unconsolidated and consolidated p acked tubes . 
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Combustion experiment operational evidence included centerline 

temperatures invariably leading the wall temperature responses in a 

uniform manner along the tube for stable combustion propagation. 

This indicated that any wall flow channelling or heat conduction 

effects causing anomalous premature wall heating were not signifi-

cant. Also there was no evidence of a convective roll effect in 

any stabilized combustion experiment. This effect is essentially 

inter-zone heat transfer caused by convective processes in the 

vessel annulus or in possible channels between the tube and heater 

in the inner insulation layer. The latter was not possible with 

the new tube since the heaters clamp directly onto the dense 

insulation. The effects of vessel annulus convection were also 

likely not felt due to the quality and structural soundness of the 

MINK insulation layer. 

Post-experiment examination also provided evidence supporting 

reasonable one-dimensional process simulation. After each experi-

mental run, examination of the contents of tube was done by: 

removing material in the unconsolidated case, and by cutting the 

tube/core in sections in the case of consolidated material. In no 

combustion test was non-trivial fingering of the process evident by 

observation of the transitions from the swept region to the "coked" 

zone to the oil saturated region. Only minor residual hydrocarbon 

saturations existed around pressure tap locations in the swept 

regions . 

The apparent success in approaching ideal flow conditions using 

the vertical combustion tube orientation is a positive achievement of 
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the new tube development. The results of the experimental program in 

this regard indicate that performance of horizontal oriented tests may 

also be possible. Comparitive performance analysis of a given system 

in the horizontal and vertical modes, would be an interesting 

combustion test effort. 
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CHAPTER B.6 

SUMMARY 

A summary of the major achievements and findings of the apparatus 

development of this study: 

The major development goal of constructing a second generation 

combustion tube system at the University of Calgary was reached 

successfully. 

Equipment and techniques were developed to improve unconsolidated 

core material packing and to allow the use of consolidated core 

sections in combustion experiments . The ability to eventually use 

multiple short sections of synthetic or preserved reservoir core 

material was allowed for in the tube system design . 

The use of high net external (overburden) pressures was made 

poss i b l e with the t ube and packing techniques developed . This 

likely helped ensure process uniformity especially in the case of 

consolidated material packed tubes. 

The new tube and support equipment reflected technology improve-

ments since original tube development. Improved passive insulation 

and direct contact high temperature heaters were the major 

alterations in original tube design. 

also improved greatly. 

System modularization was 

The ideal goal of one-dimensional process simulation was approached 
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with good success, demonstrated by observations during the experi-

mental program. The use of the new system in a horizontal mode is 

seen as possible given this success. 

The combination of system features of a thin wall tube allowing 

high overburden pressures, the capability of the use of either 

unconsolidated or consolidated core material, and the use of 

modular components is unique in terms of known combustion tube 

systems. 
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SECTION C 

EXPERIMENTAL PROGRAM 

CHAPTER C.l 

PROGRAM OUTLINE AND SUMMARY 

The experimental program undertaken with the new apparatus 

evolved over the course of many months of laboratory work, with the 

achievement of major experimental program objectives serving as the 

outline for development . The general aim was the testing of the 

capabilities of the newly developed apparatus in a program that would 

also generate stable combustion process data from a series of 

experiments. These data would be potentially useful in studying basic 

process parameter relationships. Table C.1.1 is an outline of the 

experimental program . Eight major experimental runs were performed, 

including two isothermal reaction regime investigation runs and six 

air combustion runs. In addition, supplementary experiments were 

performed investigating comparitive permeability and gas dispersion 

characteristics of unconsolidated and consolidated material packed 

tubes. 

Basic commissioning of the apparatus was accomplished with Runs 1 

to 3 which employed Athabasca unconsolidated core and Athabasca oil of 

8° API gravity. The first two of these also served as experimental 

investigations of the general hydrocarbon reaction processes of 

thermal cracking and low temperature oxidation. 
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The initial run employed injected nitrogen gas and a tube 

temperature of 420°c for approximately 24 hours. The test was a 

severe one in terms of heat resistance of the support equipment and 

the use of non-oxidizing gas allowed the copper-tube prototype to be 

used to easily test the unconsolidated material packing procedure. In 

addition, the thermal cracking reaction regime was simulated for the 

Athabasca core/oil system at 420°c. 

Table C .1.1 

Experimental Program - Major Runs 

Oil Run Overburden Stable 
Run Density Pressure Pressure Combustion 
No. Type Core (

0 API) (MPa) (MPa) Achieved 
---------- ---------- ------- ---- ---- ---------- ----------

1 Isothermal Athabasca- 8.0 4.2 2.1 
Cracking Unconsol . 

2 Isothermal Athabasca- 8.0 4.2 2.1 
Oxidation Unconsol . 

3 Combustion Athabasca- 8.0 4.2 2.1 yes 
Unconsol. 

4 Combustion Berea- 36.6 8.1 2.1 no 
Unconsol. 

5 Combustion Berea- 12.7 5.0 2.1 yes 
Unconsol. 

6 Combustion Berea- 12.7 5.0 2.1 no 
Consolid. 

7 Combustion Berea- 8 . 7 4.2 6.2 yes 
Consol id. 

8 Combustion Berea- 8.7 4.2 6.2 yes 
Unconsol. (2 inj. 

gas flux 
values) 
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The second run employed the first 321 stainless steel tube used 

and air injection at a tube temperature of approximately 1S0°C. Some 

control problems were encountered in this test, but it was successful 

and simulated the low temperature oxidation reaction regime for the 

Athabasca core/oil system at 150°c. 

Run 3 was the first complete combustion experiment on the new 

apparatus and was a successful combustion simulation with injected air 

used in the Athabasca core/oil system. At this point the apparatus 

developed for combustion related experimentation was basically tested 

and a good degree of confidence in the new system was established. 

With the apparatus constructed and commissioned and initial runs 

involving basic reaction processes and one combustion run completed, 

the experimental program focused on the achievement of a successful 

consolidated core combustion run using the cement injection techniques 

developed and tested earlier on a bench - top scale. With this as a 

goal , it was seen that an unconsolidated core material combustion run 

performed prior to a consolidated core combustion run (using the same 

oil and core material) would be desirable. This would serve as a 

useful comparison to the later consolidated core experiment and would 

also give some indication of burn performance to be expected in the 

later run. 

Berea sandstone was the feedstock for these experiments and was 

used in its original consolidated form or as unconsolidated material 

formed by careful crushing of the friable rock. Common core material 
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was desired to eliminate varying mineralogical effects on combustion 

performance from run to run. 

The oil chosen for the first unconsolidated Berea core combustion 

experiment Run 4, was a Pembina crude of 36.6° API gravity. The run 

was unsuccessful in achieving a steady propagating combustion front 

and some evidence of a helium leak from the pressure vessel annulus 

into the tube was found. Likely contributing to problems in this run 

were irregularities in fluid saturations caused by problems 

encountered during the oil injection portion of run preparation. 

Also, the oil used had been employed in previously unstable runs in 

the original combustion tube apparatus. In any event, because of the 

poor burn performance encountered in this experiment, it was decided 

that a different crude oil would be tested in an unconsolidated core 

combustion run and, if that was successful, to use that crude oil in 

the first consolidated core experiment. 

The oil used in Run 5 was a heavy crude oil of 12.7° API gravity. 

Some problems with a newly implemented heater control system were 

encountered. A successful run was, however, achieved with the 

establishment of a steadily propagating combustion front. 

With the result of Run 5, Run 6 employed the same oil in the 

first consolidated core run. This run did not achieve a self-

sustaining combustion front propagation. At this point in the 

experimental program , questions were raised concerning the validity of 

the consolidated core tube mounting methods, mainly due to the lack of 

success in propagating a combustion front under the same experimental 
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conditions in a consolidated core as used with an unconsolidated pack 

which had produced self-sustaining combustion. 

The concern over the consolidated core packing method involved 

the possibility that it allowed the by-passing of injected gas through 

channels at the outer edge of the core. In the situation of a 

combustion run, this would inhibit the reaction of the oxygen in the 

injected gas with the hydrocarbon fuel located in the core matr ix . To 

examine this, analysis of Run 6 data was required and, in addition, a 

series of flow experiments was performed. These supplementary 

experiments included an examination of the permeability character-

istics of cemented consolidated core/tube sections, as well as 

complete combustion tubes packed with unconsolidated and consolidated 

material. Gas dispersion characteristics of complete combustion tube 

assemblies were also examined. In addition, a variety of bench-top 

tests was performed in this general effort. Although not conclusive 

taken alone, the results of these supplementary flow experiments 

revealed that gas by-passing was not a likely factor contributing to 

the combustion experiment behaviour. 

With the completion of supplementary flow tests and basic 

examination of the initial attempt at attaining combustion in a 

consolidated core, Run 6, it was decided that another attempt would be 

made to sustain combustion in a consolidated core section. Run 7 

employed an Athabasca oil and a consolidated Berea core piece and 

achieved a successful combustion front propagation under conditions of 

injected gas flux increased from previous runs and increased from its 

initial value which would not allow initiation of self-sustaining 
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combustion at the beginning of the run. The success of this run gave 

proof of the validity of the consolidated core packing method. Run 8 

employed an unconsolidated Berea core material pack with the same 

Athabasca oil as used in Run 7. This final run of the experimental 

program served as a comparison to the previous experiment involving a 

consolidated core. Run 8 employed two different injected gas fluxes, 

matching the two used in Run 7, but with the result that both fluxes 

supported the propagation of a combustion front. 

The experimental program undertaken satisifed the study's major 

experimental objectives of apparatus commissioning and combustion tube 

run data generation using different gas fluxes and pack types. The 

data generated from combustion runs forms a large volume of 

experiment-specific information which may be useful in extrapolation 

to certain reservoir conditions. The combustion tube runs of this 

experimental program also produced these data as they were required to 

be complete experiments, forming part of a larger sponsored group 

project. Complete data sets for the experiments, are found in Alberta 

Oil Sands Technology and Research Authority (A.0.S.T.R.A.) combustion 

run reports No.'s 44 to No. 49 inclusive. Some analyses of these runs 

are contained in A.0.S.T.R.A. progress reports No. 1, No. 2 and No. 3 

and Final Report for Agreement 241, Project 317A. 

reports will contain data from the final experiments. 

Future Authority 

A major product of the experimentation was a body of data related 

to "stabilized" run periods - the portion of a combustion experiment 

characterized by a steadily moving self-sustaining combustion front. 

These data were used in conjunction with an original descriptive 
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analytical modelling effort to gain insight into the combustion 

process. This is described in Section D. 

The remainder of Section C reveals the experimental procedures 

used to generate complete experimental data and presents results 

relating to supplementary flow tests, isothermal reaction regime runs, 

and combustion runs. 
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CHAPTER C.2 

EXPERIMENTAL PROCEDURES 

C. 2.1 Background 

The new apparatus was designed primarily for the purpose of the 

performance of elemental physical combustion simulation experiments. 

These tests have been performed in the past in the original combustion 

tube apparatus as a component in the in situ combustion test facility. 

The new equipment was designed to be used in the existing facility and 

employ many techniques and procedures proven in previous experimen-

tation. This chapter describes the experimental procedures associated 

with combustion tube experiments performed with the new apparatus. 

The chapter is organized into separate parts describing 

preparation procedures, 

procedures. 

C.2.2 Run Preparation 

experimental run operation and post - run 

The preparation for each of the combustion runs in the experi-

mental program began with tube construction or maintenance, core 

material packing, tube sealing and leak testing. 

The initial run used a prototype copper tube for purposes of 

testing the unconsolidated packing under conditions of compressive 

stress imposed through a relatively ductile tube . The remaining tests 

all used 321 stainless steel tubes . Runs 2, 3, 4 , 5, and 8 all used 
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the same tube since these employed unconsolidated material which 

allowed post-run removal of core material without sacrificing the 

tube. Runs 6 and 7 each used a stainless steel tube which was cut up 

in sections (with its consolidated core material intact) at the end of 

the experiment. Therefore, depending on the type of preceding test, a 

new tube or a previously used tube that had undergone maintenance 

(e.g. replacement of worn fittings, re-machining of production end cap 

and tube end, e t c.) was prepared. 

Packing of dry core material followed tube preparation for each 

run. Depending on the run, the unconsolidated packing method or 

consolidated core setting technique was used. For unconsolidated 

material packs, coarse grained sand was used at either end of the core 

material packing: larger than 16 mesh (Canadian Standard Sieve 

Series) at the interfaces with the production and injection distri-

bution plates and 20/30 mesh between the core material and the 16 mesh 

layer. These well sorted coarse-grained sand zones were used to 

minimize plugging of the production end distribution plate by 

mobilized fines from the core material and to promote an even distri-

bution of injected fluids across the face of the core material pack at 

the injection end of the tube. 

Tube sealing and leak testing were the next steps in the run 

preparation sequence . As explained previously, the production end cap 

was welded to the tube end while being held by a clamping tool which 

applied a compressive force on it and thus on the pack. In the case 

of unconsolidated packs , the force applied was quite large compared to 

the consolidated packs since some cap "creeping" may have been 
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possible in the former. Leak testing of the packed and sealed tubes 

occurred usually before installation on the pressure vessel flange, 

with thermocouple and pressure tap fittings capped. The tube was 

pressurized with gas to a maximum of 600 kPa and checked with a liquid 

detergent solution to expose leaks. Also, the assembly was usually 

left overnight with an attached pressure gauge to observe any minute 

leaks that would cause a pressure decrease over time. 

In some instances on newly constructed tubes, leak testing would 

reveal welding faults which would then be repaired. Re-welding would 

also be required when drill bits, used for tapping into the consoli-

dated material for thermocouples and pressure taps, became lodged 

inside the feed throughs and the feedthroughs were then cut off. In 

the case of consolidated material packs, this re-welding procedure 

likely caused local permanent thermally induced effects including 

parting of the tube from the cement layer that could have affected the 

measured permeability characteristics of the packed tubes. 

After the tube leak testing was done, the tube was installed on 

the pressure vessel flange and pressure tap lines and thermocouples 

installed, sealed with the Swagelock fittings on their respective 

feedthrough. Tube wall thermocouples were installed with stainless 

steel straps and a strapping hand-tool. Insulation was then installed 

over the tube: "Cerablanket" (ceramic fiber insulation) in the case of 

Runs 1 and 2 and "MINK" for the remaining runs (all of the combustion 

tests). The MINK was used in the combustion runs because its superior 

insulating properties were required in these tests . Cerablanket was 
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used in the isothermal tests since even heat distribution from heaters 

and not insulating value was the main requirement of these runs. 

Finally, the heaters were installed, wired and wrapped (for all tests) 

with Cerablanket insulation. 

Once the tube assembly was installed on the flange as described 

above, the system was evacuated by connection to a vacuum pump for a 

few hours, or overnight. Brine or distilled water was then allowed to 

saturate the system (4% KCl brine for all Berea material tests, 

distilled water for the Athabasca material tests) by connecting the 

system to a reservoir containing the liquid. After this water-phase 

saturation, liquid permeability measurements of the pack were made 

using the saturating liquid as the flowing phase . 

At this stage of run preparation, the tube system, including 

pressure tap lines, production and injection lines and the packed tube 

itself had been saturated with the brine/water phase. The inclusion of 

gas was minimized and limited to that which was unavoidable due to the 

imperfect vacuum achieved and that which may have evolved from the 

brine or water. 

Crude oil was then injected into the tube via a hydraulic piston 

displacement cylinder pump. In the case of heavier crudes the entire 

injection system, including the oil injection lines, was heated with 

flexible trace heaters. This was required to allow the oil injection 

to occur within a reasonable period of time. A system to carefully 

monitor the line temperature and especially the temperature of oil in 

the pump was used and improved over the course of the experimental 
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program. This was important since the amount of oil injected into the 

tube system was determined by the linear displacement of the piston, 

hence the volume of oil injected at the pump temperature was known. 

To determine the mass of oil injected, the density of the oil at the 

pump temperature was multiplied by the volume injected. To minimize 

errors, the temperature of the pump cylinder containing the oil was 

monitored and controlled to a value as precisely as possible with a 

v a riable vo l t age t ransformer. 

controlled in the same way. 

The injection line temperatures were 

During oil injection, the tube heaters 

were used to keep the tube at a relatively constant temperature, 

usually near the pre-heat temperature to be used for the experiment. 

Again, this was done to allow the oil to flow at a reasonable rate 

through the packed tube. Oil injection was done from the top of the 

tube (the production end in this case) down and terminated when oil 

appeared at the injection line. During the oil injection, displaced 

water/brine was collected and weighed and recorded with the pump 

displacement readings. Oil injections we r e monitored almost 

continuously, with only brief exceptions, to ensure as uniform an 

injection rate as possible. 

or more for completion. 

Typical oil injections required 24 hours 

The goal of the tube saturations with water/brine phase and 

subsequently the oil phase was to create a "restored state" simulated 

reservoir element with realistic phase distributions. This basic 

technique has been used for some time by the University of Calgary 

combustion group and is described by Bennion (1984) as a preferred 

fluid saturation method for combustion experiments. It is felt that 
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the restored state packs prepared in this experimental program, with 

one exception, contained very uniform oil and water/brine saturations. 

The evidence for this was found in the high level of oil saturation 

achieved and the repeatability from run to run (for given pack types) 

of the oil breakthrough point (amount of oil injected at the point 

where oil is first produced). Also observed was that oil was not 

found in the pressure tap lines at the termination of oil injection, 

i.e. the oil was in the core pore volume and the sections o f 

production line and injection line through which it was meant to flow. 

The exception to the good success in injecting oil occurred in Run 4 

which used a lighter crude. Procedural errors occurred causing 

varying injection rates which likely affected the phase distributions 

in the pack. 

The final steps in preparing for a run involved installing the 

tube, which was mounted onto a process flange, into the vessel and 

making all process connections . The process flange and vessel were 

bolted together after the ins tallation of a ring joint seal. Particu-

late insulation was then poured into the other end of the vessel and 

then this end of the vessel was sealed with a ring joint and blind 

flange. Process connections were made once the vessel was placed in a 

vertical position with the tube injection side up. Pressure tap lines 

external to the pressure vessel were filled with distilled water. 

Pressure vessel, tube pressure tap and process injection and 

production connections were made and heater electrical contacts were 

secured. Appropriate heat tracing was applied to injection and 

production lines and these heaters connected to variable voltage 
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controllers. At this point the experimental apparatus was ready for 

the performance of a combustion experiment. 

C.2.3 Run Operation 

The procedures involved in performing the combustion tube runs 

will be outlined in this section. What follows is the description of 

the run operating plan under normal experimental performance 

conditions. 

Once all run preparation tasks were completed, the operation of 

the experiment could take place. The procedures involved were largely 

the standard ones used with success in the original combustion tube 

facility for many experiments and this was in keeping with the fact 

that the new apparatus interfaced with the existing injection, 

production and control facilities. 

Experiment operation began with an initial pre-heating of the 

tube to a desired starting temperature. This temperature varied with 

crude type and its choice was related to matching realistic reservoir 

conditions or, in the case of heavier crudes, related to the achieve-

ment of reasonable oil mobility. While the tube pre-heating was 

continuing, the injection of helium gas into the pressure vessel was 

commenced in order to begin the imposition of a net overburden 

pressure on the tube. The design and packing methods of the new 

apparatus allowed the use of high net overburden pressures compared to 

the original tube, which required that the vessel annulus pressure be 

kept reasonably near the operating pressure of the combustion tube. 
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When the pre-heat temperature was reached, helium injection into the 

tube itself was begun and the internal pressurizing thus commenced. 

As this pressurizing continued, the pressure profile along the tube, 

as measured by Validyne differential pressure transducers connected to 

the pressure tap lines, was monitored. This allowed a continuous 

examination of the state of pressure communication in the tube and 

revealed, when the differential pressure values equalized along t he 

tube, when complete gas communication had been achieved . During this 

time, the vessel pressure external to the tube (annulus pressure) was 

allowed to increase and held above the highest tube internal pressure 

by some minimum value, usually near the eventual run operating over-

burden pressure. 

When the run operating pressure had been achieved, the ignition 

zone, zone No. 1, was heated to 400°C. When approximately 400°c was 

reached , the helium flow which had continued since the pre -heat phase 

was switched to air flow for the initiation of combu stion. Aft e r a 

period of time depending on the injection rate, (and other suitable 

conditions) ignition would be observed by the evidence of a rapid 

increase in the center core temperature measured by the internal 

thermocouple of zone No. 1. The criterion for a successful ignition 

would be the increase of the zone No . 1 internal temperature over the 

same zone ' s wal l temperature, thus indicating net heat generation 

within the tube. At this point, automatic differential heater control 

would be activated for zone No. 1, which would cause the wall and 

internal or centerline temperatures to be compared and the heater 
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to be activated if the wall value fell below a prescribed difference 

(nominally 10°C) from the centerline value. 

If the ignition was sustained in a propagating combustion 

process, this would be observed by the ignition heating zone and 

subsequent zones increasing in temperature (with internal temperature 

above the wall temperature at any given instant for each zone) to a 

maximum value and then decreasing as the combus tion zone passed . 

Automatic control of a particular zone was passed from a set point 

mode (pre-heat) to a differential control mode as the combustion front 

approached. Throughout this period, many measurements were recorded 

both manually and by the computer data acquisition system. At 

prescribed intervals, tube and process temperatures and pressures were 

recorded. Gas injection flow rates, metered by a Brooks mass flow 

controller and gas production rates, measured by a GCA/Precision 

Scientific Wet-test meter, were recorded. Gas composition analyses 

were carried out by a Hewlett Packard 5830A Gas Chromatograph during 

the run. Produced liquid samples were taken from a trap system at a 

point near the exit of the tube production line from the pressure 

vessel throughout the run. This differed somewhat from original tube 

run procedure which used an extensive downstream trap system for most 

of a run. It was possible to use the shortened trap system for an 

entire run in this program because normal air, not enriched air , was 

being used and safety considerations did not dictate that personnel 

could not be allowed to approach the vessel during the combustion 

simulation portion of the experiment. 

When a run was to be terminated due to the combustion front 
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approachin g the end of the tube, the following procedure was used in 

the majority of runs : gas flow was switched from air to helium with 

the volume injection rates matched closely. Heater control was left 

as for air injection until the helium gas had reached the combustion 

zone and extinguished the reaction. When this was observed (by a 

rapid temperature decrease), heater power was cut off. The main 

reason for this method being used was to maintain the run flow 

conditions as l ong as possibl e prior to the extinction of the 

combustion front. The goal here was to preserve, as much as possible, 

the distribution of hydrocarbons along the tube at the time of front 

extinction so that they could be examined after post-run excavation. 

It was hoped that this excavated material would be more representative 

of the hydrocarbon distributions during the test than it would have 

been if heaters were cut off before front extinction. 

C.2.4 Post-Run Procedures 

This s ection describes standard procedures used after the 

completion of an experimental run with the combustion tube apparatus. 

The procedures included the "tear down" of the equipment and various 

physical and chemical analyses performed on fluids produced during a 

run as well as on excavated material. 

After the pressure vessel containing the combustion tube had 

cooled sufficiently, the system was disassembled . Process connections 

were undone, and pressure vessel flanges and insulation removed. All 

process lines including pressure tap lines were flushed with toluene 

to remove any oil that remained in those part s of the system. This 
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fluid would later be analyzed for oil and water content so that as 

complete a mass balance as possible could be made on these phases. 

Tube heaters and external thermocouples were removed also. Internal 

thermocouples were then disconnected from their feedthroughs and 

pulled out from the core. 

Removal of core material in sections was the next task in the 

post-run procedure. For unconsolidated packs, this excavation was 

accomplished by cutting away the tube/production end cap weld, 

removing the end cap and digging out the core material with a variety 

of long tools. For the consolidated packs the tube was sacrificed as 

it was cut in sections with a tube cutter. These sections were later 

crushed in a hydraulic press to remove the core material that was 

cemented inside the tubing. The thermocouple and pressure tap feed-

throughs were cut off from the tube sections and saved for re-use. 

For both types of packs, the samples, including core material and any 

water and hydrocarbons remaining with it , were sealed in jars for 

later analysis. 

Analysis of produced fluids and excavated material followed the 

many standard procedures developed and used in conjunction with the 

original combustion tube. In most cases the procedures used were the 

same for the runs performed on the new apparatus. The sample sizes 

used for the new apparatus were smaller in some instances compared to 

those typical of the original large tube and this caused some minor 

changes in analytical procedure. 

The samples of l i quid produced during the run were separated into 
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oil and water phases by adding toluene to the sample, centrifuging to 

separate the water and then using a rotary evaporator unit to remove 

toluene from the oil. Excavated material was separated into solids, 

oil and water by extraction with toluene in thimble filter extractors. 

The oil phase was then subjected to the rotating evaporator procedure 

to remove the toluene solvent. The samples of oil and water were then 

analyzed. 

Petroleum phase analyses were carried out on both produced oil 

and oil from the extracted excavated material. Density at 25°c was 

determined by a Paar Digital Density Meter. Viscosities at a few 

temperatures in the range 2s 0 c to 110°c were measured with a Wells 

Brookfield Micro Viscometer. Relative amounts of elemental carbon, 

hydrogen and nitrogen were measured with a Perkin-Elmer Elemental 

Analyzer . 

analyzer. 

Sulphur content was determined with a Horiba sulphur 

The oil samples were also split into pseudo-components of 

asphaltenes and maltenes with the separation determined by solubility 

in pentane (asphaltenes-pentane insoluble). The maltene portion was 

then subjected to a simulated distillation analysis on a Hewlett 

Packard Simulated Distillation - Gas Chromatograph unit. 

The solids remaining after the toluene extraction of the 

excavated material were analyzed for remaining hydrocarbons. This was 

done by determining the mass difference in a solids sample caused by 

firing it at 600°c overnight at atmospheric conditions (this was also 

called a loss on ignition test) . The toluene-insoluble pseudo-
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component so determined was the "coke" portion of the hydrocarbon 

phase found in an excavated sample. 

Water analysis was performed on original brine or water used for 

a run as well as on produced water samples. Chlorides, sulphates and 

pH determinations were made. Total solids (dissolved and suspended) 

content was measured by evaporation . Total carbon content was 

determined by a Beckman Total Organic Carbon Anal yzer . Disso l ved 

ionic potassium, calcium, sodium, magnesium and iron quantities were 

measured with a Perkin-Elmer Atomic Absorption Spectrophotometer. 

The post-run procedures outlined above were the standard 

activities undertaken following the runs in this experimental program. 

Development and improvement of procedures, especially those involving 

the "tear down" of the apparatus , occurred over the entire program 

duration. Because of this, some minor variations in the details of 

the tasks occurred from run to run . Also , additional chemical 

analyses were desired and performed in some cases . 

Other general analytical work was also performed. The deter-

mination of the particle size distributions of the Athabasca and 

unconsolidated Berea core materials was done using a dry sieving 

apparatus. Specific surface area measurements were performed on these 

and on the consolidated Berea material using a Perkin-Elmer Shel l 

Sorptometer. 
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CHAPTER C.3 

SUPPLEMENTARY FLOW TESTS 

C.3.1 Background 

The physical simulation of the combustion process as applied to 

an idealized reservoir element requires that one-dimensional or "plug" 

flow conditions be present. The effort in creating uniform unconsoli-

dated and consolidated porous media packs is made towards achieving 

this situation. 

The issue of the uniformity of an unconsolidated pack was 

addressed in the development of unconsolidated material packing 

methods. The uniformity of the consolidated material was indicated by 

visual observation of the Berea sandstone material and by computerized 

X-ray tomography (CT scan) imaging of a sample of the core. It showed 

that no detectable density variations existed in a sample cross 

section indicating uniform porosity. The Berea sandstone used was 

ordered cut from the same horizontal bedding planes, and it is felt 

that the sample was indicative of all the consolidated material used 

in the experimental program. 

Minimizing the channelling of injected gas along paths created 

between the pack proper and the inner wall of any type of experimental 

core holder is desirable and it is a major consideration in combustion 

experimentation. For unconsolidated packs, flow deviation from ideal 

plug flow, given pack uniformity, is caused by regions of increased 
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porosity at the tube wall due to particle/wall geometry. For the 

experiments of this study the ratio of mean particle size to tube 

diameter was about 4 x 10- 3 . This would theoretically give a very 

small wall effect for a pack of uniform particle size. Given that the 

unconsolidated packs used in this study were made of particles of 

a distribution of sizes, the effect was likely extremely small. 

The potential for channelling is great i n t he case of 

consolidated media sections which do not fill gaps in the process of 

being installed in a tube. In terms of flow experiments, this problem 

is most difficult to overcome for combustion tests. Unlike lower 

temperature process experimentation, the use of flexible core holding 

sleeves (made of rubber, lead, or even copper) is not possible in 

these tests because of the high temperature and severe oxidizing 

conditions encountered. These conditions require the use of a tube of 

reasonably substantial wall thickness and composed of a~loys capable 

of withstanding the experimental environment . In this experimental 

stu dy , the problem of consolidated core installation in a tube was 

overcome with a cement setting procedure. 

For both types of packed tubes, high temperatures are a potential 

cause of undesirable uneven flow during an experiment. This is due to 

the great difference in thermal expansion of the metal tube compared 

to a loose sand pack or to a cement and consolidated core interior . 

The difference could result in the formation of local areas of high 

pack permeability in the case of unconsolidated packs and of gaps 

between the tube wall and pack in the consolidated media case . This 

situation perhaps may only b e c ontrolled by the use of high net 
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external pressure on the tube. This would cause the tube to deform 

around a consolidated pack, and to alter tube shape slightly but 

sufficiently in the case of an unconsolidated sand pack, in both cases 

in order to conserve tube cross-sectional area in the event of high 

differential linear thermal expansion. 

With the above in mind, it was seen as a possibility that the 

lack of success in achieving self-sustaining combustion in Run 6 may 

have been due to the bypassing of the tube interior by oxygen 

containing injected gas flowing through channels at the outer edge of 

the pack. Later examination of the experimental data of Run 6 did not 

necessarily support this, but, immediately after the completion of Run 

6, it was felt that a supplementary investigation was warranted before 

continuing with the combustion experiment series. 

The supplementary investigation of the efficiency of the consoli-

dated core packing procedure used two methods: 

1) Permeability measurements - gas and liquid 

2) Gas dispersion characteristic comparisons of unconsolidated 
and consolidated packed tubes. 

Because these methods were not employable in the severe environ-

ment of an actual combustion simulation, their results could not be 

considered definitive. The tests were useful, however, in revealing 

system characteristics. 

C . 3.2 Permeability Measurements 

Permeability measurements are done on packed combustion tubes as 
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part of standard run preparation procedures employed with the original 

combustion tube apparatus. These measurements are performed using the 

same preparation of brine or distilled water as used in the core 

saturation procedure. A system consisting of a Ruska positive 

displacement pump, Validyne differential pressure transducer, and 

associated injection and collection equipment is employed. The 

permeability measurements done in connection with the current study 

extended this laboratory effort to include both liquid and gas 

permeability tests in short test sections as well as complete packed 

tubes. Much effort was invested in expanding the capability of 

combustion laboratory permeability measurement including the develop-

ment of methods and systems. Complete details of this effort are 

extraneous to this thesis but did include the design and installation 

of an ambient condition tube section core holder and high pressure, 

multi-pressure tap, differential pressure mercury manometer for use 

with combustion tubes. 

Liquid and gas permeability measurements were performed by 

measuring the pressure drop across a given test section through which 

was flowing the respective fluid under steady state conditions. In 

the case of liquid measurements, 4% KCl brine was used for the Berea 

sandstone material in order to control fines mobilization. Helium gas 

was used for most of the gas measurements, since the Brooks mass flow 

controllers used to meter the gas flow had been calibrated for this 

gas. Recalibration was also done, however, to ensure reliable flow 

measurements and air was also used in full tube permeability tests. 

Permeabilitites were calculated by t~e following standard formulae: 



Liquid k 

Gas 

Atube (P1-P2) 

2µg L Rg T Qm 
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where ka refers to the apparent permeability given by the gas 

measurement - not corrected for the Klinkenberg effect. Determination 

of absolute permeability from individual gas permeability measurements 

requires measurements at different mean pressures (P=(P1+P2)/2) and 

subsequent plotting of ka vs. (1/P). The absolute permeability, k, is 

determined by the extrapolation of (1/P) -> 0. 

Many measurements were done on various test sections and on two 

packed tubes: one packed wi th unconsolidated material (Run 8 pack) and 

the other with a consolidated Berea core (Run 7 pack) . 

results: 

The important 

1) Berea sandstone plugs taken from stock used in experimental 

program; b r ine permeability measurement: 0.44 µm2 ± 0.05 µm2 

(using rubber sleeve core holder). 

0.40 µm2 to 0.50 µm2 • 

Nominal quoted permeability: 

2) Consolidated packing technique test section (with laboratory 

film) brine measurement: 0.49 µm2 ± 0.05 µm2 (done after gas 

measurement described below). 

3) Consolidated test section (as above) gas measurement: inconclu-

sive due to narrow Prange used. 
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4) Packed tube - consolidated core (Run 7 pack) gas/brine measure-

ments: 

ka's determined at variety of P values (gas) 

temperature of tube raised to 200°c for high temperature 
dispersion test. 

ka's determined after cooling back to ambient temperature 
found to be much higher than original measurements. 

imposition of extremely high overburden pressure restored 
original pack permeability as measured by flowing brine but it 
was above nominal Berea sandstone value . 

5) Packed tube - Unconsolidated core (Run 8 pack) gas/brine measure-

ments: 

ka's determined as above, no difference seen after heating 
period. 

negligible effect on ka's of varying overburden. 

brine measured permeability compared well with gas measure-
ments. 

Figure C.3.1 shows the measurements of the test section as 

described in 3). The top plot shows the data plotted on an expanded 

1/P scale and the bottom uses a larger 1/P range. It is easily seen 

that the measurements were done in a very narrow range of P values, 

which was necessary due to the limited range of flow available and the 

fact that only ambient pressure conditions could be used for the short 

test sections . This, and the fact that the low flow rates (<10% full 

span) of the Brooks mass flow controller system were 

observed to be not very precise, makes extrapolation of these data to 

1/P -> 0 not possible. The determination of absolute permeability 

from the data is thus not valid. Similar measurements on short test 

sections revealed the same problems. 
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What initially appeared to be gas/brine permeability deter-

mination discrepancies in the short test sections (extrapolation of 

the data of the type shown above using linear regression gives 

absolute permeabilities that do not compare well with the 0.40 µm2 to 

0.50 µm2 values measured with brine, - some were even negative) could 

not be considered so by realistically examining the gas data. The 

permeability value of the consolidated test section as measured with 

brine as described in 2) agreed well with the rubber sleeve plug brine 

measurement described in 1) above. The consolidated core packing 

technique thus preserved plug flow conditions in the undisturbed test 

section. 

The test series described in 4) was done on the consolidated 

material packed tube of Run 7 prior to that combustion experiment. 

The tube had been packed by the casting method using laboratory film 

as a barrier to cement imbibition into the core. Since a new 

combustion tube was used, feedthrough weld leaks were found, but some 

were not discovered until after the packing procedure. Re-welding 

thus had to be performed after core installation and this may have 

caused thermally induced irregularities which may explain later 

permeability measurements. Both helium and air permeability 

measurements were performed but they resulted in nearly identical 

values and exactly the same trends for the same series of 

measurements. 

Figure C.3.2 shows the apparent permeability values of the tube 

both before (top graph) and after (bottom graph) the period of 200°c 

heating used in the gas dispersion tests. It is apparent that the 
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heating caused a great jump in measured permeability indicating the 

creation of channels. The laboratory film layer was at least 

partially consumed in the 200°c dispersion test and the metal tube 

expanded to a much greater degree than the core material due to 

thermal expansion coefficient differences (tube: -18 x 10- 6 cm/cm-°C. 

Core: -0.6 x l0- 6cm/cm0 c nominal values of thermal expansion 

coefficients). The effect of a 2100 kPa overburden pressure on the 

tube is a lso s hown. I t is seen that a greater absolute effect on 

permeability is given by the imposition of overburden after the 

heating period than before, although there is an effect in both cases. 

Figure C.3.3 shows the effect of overburden pressure on apparent 

permeability (at similar 1/P values) after the heating period. 

Overburden values up to 3500 kPa were used and a large reduction in 

measured permeability with overburden is noted. The effect was 

elastic up to this pressure as determined by nearly identical 

permeability values for given overburden pressures whether the over-

bur den was risin g or declining. 

Subsequent to the gas permeability measurements, it was desired 

that brine measurements be made to confirm the values measured at the 

end of the gas series. This was confirmed by the result of k - 10 µm2 

± 1 µm2 , with no overburden pressure, which compares well with the 

very high permeabilities measured with gas with no overburden pressure 

after the heating period. The gas values were not corrected for gas 

slippage effect, but their trend was such that increasing pressure 

correlated with increasing measured permeability indicating channels -
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thus strict permeability comparison was not possible and only a rough 

similarity was considered adequate. 

After the initial brine permeability measurement, overburden 

pressure was applied to the tube while brine permeability measurements 

continued. Figure C.3.4 shows the results of this with both over-

burden pressure and permeability plotted against elapsed time from 

test initiation. The imposition of very high overburden pressure (10 

MPa +) while the tube interior was at essentially ambient pressure 

caused a permanent reduction in measured permeability, to a value (2 -

3 µm 2 ) near that originally measured using gas before heating. It is 

obvious that the permanent permeability reduction reflected non-

elastic deformation of the tube. Channels that had been created 

during the 200°c heating period were apparently closed during this 

application of high external pressure. The reduction did not, 

however, reach as far as the value of the original sandstone 

permeability. 

Figure C.3.5 shows gas permeability measurements for the uncon-

solidated Berea material packed tube of Run 8 as described in 5) 

above. The top graph is a plot of measured permeability (at similar 

1/P values) versus overburden pressure and the bottom graph shows the 

permeability plotted against 1/P. It is apparent that the permea-

bility of the unconsolidated pack is not greatly affected by external 

tube pressure and that the appropriate trend of reduced measured 

permeability with reduced values of 1/P is seen. Extrapolation of 

1/P -> 0 would be tenuous with these data alone, but the brine 

determined value measured later was 1 . 9 µm 2 ± 0.2 µm 2 , which is not 
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inconsistent with observation of Figure C. 3 . 5 . Also, the effect of a 

200°c heating period was not detectable by a measured permeability 

variation from before to after the heating period. 

The results above show that while the unconsolidated packed tube 

was not measurably affected, the consolidated core tube's measured 

permeability was increased by a temperature increase over the entire 

tube, but that this effect could be reversed by application of over-

burden pressure. The original sandstone permeability was not achieved 

by this reversal, but this may have been due to the lasting effects of 

the re-welding procedures (having likely caused local parting of the 

tube from the solid cylindrical interior). 

The question arises of the nature of possible channels in the 

consolidated core tube and the most likely possibility is that any 

channels were located between the inner tube wall and the outer edge 

of the pack's cement layer. Communication between the pressure 

measurement points would occur most easily in this way, and the 

dramatic effects of the heating period showed in greatly decreased 

pressure drops between the measurement points. Flow along the outer 

core edge, at the laboratory film layer, may also have occurred, but 

this effect would likely be secondary since the film layer was very 

thin (< 0.01 mm) and followed the surface structure of the core 

material . This contrasts with an idealized uniform thermal expansion 

created space of approximately 0 . 10 mm at 200°c. The effect of 

thermal expansion was likely that it was not uniform and created 

permanent channels upon cooling. The permanent restoration of the 

original measured permeability of the consolidated core tube supports 
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that the relatively ductile (compared to inner cement and core 

materials) metal tube deformed upon the imposition of great external 

pressure, and closed off channels created earlier. 

The fact that original sandstone permeability was not achieved 

was somewhat troubling and indicated that some channels remained. 

These would not be very serious if they were largely located between 

the inner tube wall and cement outer edge , since the v ery l ow 

permeability cement layer would greatly impede gas flow from within 

the core to this region. Also the use of very high overburden 

pressures during the combustion process would be very beneficial in 

correcting this since the metal would deform more easily at higher 

temperatures, helping to overcome increased thermal expansion. 

Among other difficulties the complexity of the temperature 

distribution associated with the combustion process makes detailed 

analysis of the solid mechanics problem associated with tube/core 

fitting extremely difficult, and outside the scope of this work. 

Rough calculations based on relationships presented by Flugge (1962) 

of the buckling limit in the case of external pressure on cylindrical 

tubes showed that overburden pressures in excess of -2000 kPa would be 

sufficient to cause failure of an internally unsupported 321 stainless 

steel tube at ambient temperature. This does not describe how the 

tube would deform around a solid interior but does indicate that 

compressive stress imposed by a modest overburden pressure would 

certainly be "transmitted" to the tube contents, especially at 

elevated temperatures. 
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C.3.3 Gas Dispersion Characteristics 

In order to more confidently ascertain the nature of flow in the 

consolidated core packed tube, examination of gas dispersion charac-

teristics was required. This test series was conducted on both packed 

combustion tubes described earlier to allow comparison of the presumed 

near plug-flow conditions of the unconsolidated pack with those of the 

consolidated pack. 

It is known from studies of dispersion [Brigham (1974), Coats et 

al (1964), Perkins et al (1963)] in porous media systems that various 

characteristics of these systems affect the way miscible displacing 

fluids mix with the displaced fluid (miscible liquids or gases). 

These effects, for given flow conditions, determine how the exit or 

effluent concentration changes with time, which is an indication of 

the nature of the internal system concentration profile. For granular 

packs of either unconsolidated or consolidated material it is noted 

from Perkins et al (1963) that the mixed zone , as reflected in 

dispersion measurements, is asymmetrical, having a trailing edge that 

is "stretched out" (certain theories i.e. "stagnant pocket" help 

explain this but not necessarily conclusively - nevertheless the 

effect has been experimentally observed). It is also observed by 

Perkins et al that the measure of the extent of mixing, the longi-

tudinal dispersion coefficient , is approximately proportional to the 

interstitial flux which is the average fluid velocity in the direction 

of bulk flow. For larger dispersion coefficients, the mixed zone is 

longer and the resulting measured effluent concentration changes more 

slowly with time. 
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The purpose of the dispersion test series was to examine if 

possible channels in the consolidated core tube were causing non-

trivial deviations from ideal flow behaviour . The analysis was aimed 

at observing possible flow deviations manifested in obvious 

irregularities in dispersion test results. 

The tests were conducted with the packed tubes installed in the 

system pressure vessel. The system was pressurized to 4200 kPa with 

one gas species, then a displacing gas was injected into the system. 

Exit gas composition was monitored with the system gas chromatograph. 

The gas analysis data were reduced to separate segments with each 

start time datum corresponding to the moment of injected gas change 

over. Air, nitrogen and helium were used but the air/ nitrogen 

results were the most useful quantitatively since the presence of 

helium was not determinable directly because it was also used as the 

gas chromatograph carrier gas. Injected gas flux was approximately 33 

m3 (ST)/m2 -h , based on pack cross sectional area . 

The test series consisted of runs at ambient temperature under 

very low (100 kPa) and also moderate (2100 kPa) overburden pressure, 

and at 200°c under moderate overburden pressure. The figures shown 

later reflect the data generated when air was injected into a nitrogen 

saturated system, but the opposite was also done (during the same 

periods) with identical dispersion characteristics resulting. 

Figure C.3.6 shows the results for the ambient temperature tests. 

The top graph is for the unconsolidated material packed tube , and the 

bottom for the consolidated pack. The top graph shows essentially 
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identical curves indicating no difference in the flow profiles between 

the two cases of very low and modest overburden. 

shaped with an extended trailing edge. 

The curve is "S" 

The bottom graph on Figure C.3.6 shows that the flow condition in 

the consolidated pack did not change due to varying overburden 

pressure. There is no obvious indication of early breakthrough as 

would be seen if gross wall channelling of injected gas had occurred, 

bypassing the pack. The "S" curve exhibits an extended trailing edge 

and is somewhat flatter than the profile seen in the top figure. This 

would follow from the fact that the interstitial velocity was higher 

in the consolidated core due to similar bulk gas flux in a lower 

porosity system. 

Figure C.3.7 shows data from the same packs at different 

temperatures under 2100 kPa net overburden pressure. The 25°c tests 

were run before the 200°c tests. The top plot shows essentially 

parallel but separate curves. The separation results from predictable 

earlier breakthrough in the higher temperature test. This is due to 

the same injection rate being used for both tests resulting in a 

slightly higher volumetric flow rate at internal system conditions of 

similar pressure and higher temperature. The parallel curves indicate 

that there were no major changes in the flow conditions from one case 

to the other. 

The lower graph on Figure C . 3.7 shows the same test series 

applied to the consolidated pack . The same features are noted for it 

as in the top graph. The smaller relative breakthrough time 
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difference in the bottom plot is predictable since gas residence time 

in a lower porosity pack under the same conditions of temperature and 

pressure would be lower also. Because the total residence time is 

lower, the difference in breakthrough times between the high and low 

temperature tests is appropriately smaller for the lower porosity 

consolidated pack compared to the higher porosity unconsolidated pack. 

The important feature to note is that the lower graph's curves are 

parallel. This is striking because it was after the h e ated dispersion 

test that the very large increase in measured permeability of the 

consolidated pack was noted. From this result it is obvious that the 

gas flow in the consolidated tube did not change in any detectable way 

after uniform heating to 200°c. This indicates very strongly that any 

channels existing in the space between the inner tube wall and the 

outer edge of the cement had little or no flow passing through them. 

If significant flow did occur , the 200°c curve would show earlier 

breakthrough and generally appear much different than the lower 

temperature curve. 

The conclusion drawn from the comparitive dispersion tests must 

be that under the test conditions, the nature of flow was similar in 

the unconsolidated and consolidated packs, with characteristics 

indicative of linear plug flow. Channels indicated by permeability 

measurements done on the consolidated pack tube were not important 

conduits for gas flow . The permeability discrepancy between the 

measured packed tube value and the nominal sandstone core value was 

very likely due to thin channel communication with very small flow 

rates between pressure measurement points. This near-static communi-
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cation thus caused measured pressure drops to be lower than the actual 

internal core values resulting in overestimation of the permeability 

of the core itself. 

C.3.4 Summary 

The results of the supplementary flow tests showed that: 

(1) Overburden pressure is effective in helping to seal the interface 

between the combustion tube and the consolidated core pack. 

(2) Permeability discrepancies could likely be accounted for by the 

existence of thin channels connecting pressure measurement points 

which were not involved in the core flow. 

(3) Similar flow conditions existed in the unconsolidated and 

consolidated pack tubes consistent with near-ideal behaviour. 

These results were necessarily restricted to the conditions of 

the tests, but they helped support that the packing procedures were 

effective and that the desire to maximize overburden pressure (within 

the constraints of pressure vessel rating and induced leaking of 

internal fittings) was valid. 

Indications from Run 6, the unsuccessful consolidated pack test, 

showed that wall channelling was not a problem during tube pressuri-

zation prior to ignition attempts. During this period, an imposed 

pressure drop across the tube of approximately 3400 kPa was held for 

many minutes and only gradually reduced as pressure communication 

along the fluid saturated core was being achieved. Later experimental 
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results analysis (see Chapter C.5) of Run 6 also did not support the 

idea that wall channelling was the cause of the failure to sustain 

combustion. 

The complete confirmation of the efficacy of the consolidated 

core packing method came with the results of Run 7, which exhibited 

sustained combustion using an elevated gas flux . 

described in Chapter C.5. 

This is also 
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CHAPTER C.4 

ISOTHERMAL EXPERIMENTS 

C.4.1 Background 

The primary purpose of developing the new combustion tube system 

was to allow the performance of combustion simulations but it was also 

felt that t he initial tests of system components could generate useful 

data. These experiments would serve to both evaluate the system and 

produce combustion relevant reaction process data from a realistic 

flowing gas/porous media elemental system. The tests were chosen to 

be isothermally operated simulations of the reaction regimes of crude 

oil low temperature oxidation and thermal cracking. 

The reaction regimes above are generally associated with the 

process of in situ combustion and their effects are felt to be 

important with respect to both ideal and non-ideal process behaviour. 

Liter a t ure concerning these regimes details many aspects of their 

involvement with respect to in situ combustion. Thermal cracking 

occurs at high temperatures and involves reactions among crude oil 

hydrocarbon components [Hayashitani et al (1977), Lin et al (1984), 

Millour et al (1985)). Low temperature oxidation [Adegbesan et al 

(1983), Dabbous et al (1974)) encompasses many types of reactions 

involving oxygen and oil constituents. The experiments were not 

performed to necessarily simulate specific conditions, but rather to 

examine the results of runs dominated by single reaction regimes. 

These tests, as did the first combustion simulation, Run 3, used the 
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same types of unconsolidated Athabasca core material and Athabasca 

crude oil. The three runs thus used essentially the same experimental 

system, allowing some comparison of process-dependent results. 

C.4.2 Thermal Cracking Test 

Run 1 in the experimental program was a 24 hour, 420°c isothermal 

thermal cracking test. High purity nitrogen was used as the injected 

gas and in all aspects except heater control, the test was prepared, 

run and analyzed in the same way as a combustion simulation. 

Figure C.4.1 is a plot of total residual hydrocarbon saturation 

in the tube as a function of elapsed run time. Also shown is the tube 

temperature. The 420°c period lasted 24 hours and the residual 

hydrocarbon saturation decreased to less than 10 percent from an 

initial value of over 80 percent. 

Thermal cracking reactions have been seen as mechanisms by which 

heavy hydrocarbon material may be formed to be left as a residual 

deposit on porous media for consumption as fuel in a high temperature 

combustion reaction. The composition of this fuel is obviously 

complex and likely specific for a given combustion process. For 

analytical purposes, crude oil is commonly split into pseudo-

components. The combustion group at the University of Calgary has 

traditionally used a component split of coke/asphaltenes/maltenes 

based on solvent solubilities (maltenes - pentane soluble, asphal-

tenes - toluene soluble, coke - residual insoluble material). The 

fuel consumed at high temperature is likely composed of constituents 
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that would be contained in the heavier fractions as determined by this 

type of analysis, namely coke and asphaltenes. 

Figure C.4.2 shows the residual hydrocarbon content and maximum 

temperature against location , described by zone number. The only 

pseudo-component remaining was coke, as the reaction processes had 

converted some of the lighter constituents into a heavy residual, 

while lighter components that had existed in the original crude or 

were formed from the cracking reactions had all been produced out of 

the tube. Essentially no gaseous reaction products (light hydro-

carbons, hydrogen) of the cracking reactions were detected after the 

14 hour point, which was approximately 8 hours into the high tempera-

ture portion of the test. This corresponds reasonably closely with 

the time that hydrocarbon saturation (as determined by difference from 

produced liquids) essentially reached a minimum value. The variation 

in residual coke in Figure C.4.2 is likely attributable to gravity 

drainage effects during the test, causing an increased concentration 

toward the lower portions of the tube, described by higher zone 

numbers. The drop in coke concentration at the lowest tube locations 

is very likely due to the existence there of very coarse-grained sand, 

which was used to control possible plugging problems caused by fine 

particle mobilization . 

The residual coke material was analyzed for elemental content and 

an average atomic hydrogen/carbon ratio of 0.88 was determined. The 

average ratio for oil produced during the high temperature portion of 

the test was 1 . 45, while the original oil ratio was 1.38. This 

indicates an effect of thermal cracking: causing some overall 
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upgrading of the oil ultimately produced, with a heavy residual left 

in the system. 

It is interesting to note that the stabilized H/C ratio of fuel 

burned in Run 3 (using the same oil and core material as Runs 1 and 2) 

was 1.16. The H/C ratios of coke and residual oil (toluene soluble) 

from the region where the front was extinguished in Run 3 were deter-

mined to be 1.03 and 1.33, respectively. Averaging these H/C ratios 

weighted according to the relative amounts of residual coke and oil 

found at that location gave 1.17, which is very close to the value 

determined by the on-line gas analyses during the run. This nearly 

exact correlation is likely fortuitous given uncertainty in the H/C 

ratio values, but it does indicate that the fuel burned was likely not 

solely coke. 

These rough results tend to show that the coke material produced 

in Run 1 was of reasonably different composition from that of the 

residual coke of the combustion simulation of Run 3. They also 

indicate that the fuel consumed in Run 3 was likely a combination of 

constituents found in the various pseudo-components. Also, the 

composition of coke seemed to vary according to what process the crude 

oil had been subjected to . 

C.4.3 Low Temperature Oxidation Test 

Run 2 was an 8 hour, 1S0°c isothermal oxidation test. Air was 

used as the injected gas and the experimental procedures used were the 

same as for Run 1, except for the maintained temperature level. Some 
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heater control problems caused isolated jumps in temperature, but 

these were very brief and did not exceed the 200°c level. 

Figure C.4.3 is a plot of residual hydrocarbon components and 

maximum temperature against zone location. The temperatures are 

maximum zone values and do not reflect that the average run temper-

ature during air injection was 1S0°c. It is seen that coke content is 

high near the inlet (the low initial point is from a location of 

coarse gravel material), levels off to a near constant value from 

approximately zone 3 to zone 9, then falls to negligible values 

farther down the tube. The asphaltenes and maltene components show 

this behaviour also, in the direction opposite to the coke trend. 

These results tend to support that the overall oxidation reaction 

effect of coke production is not the result of a simple conversion but 

rather a more complicated multi-step sequence involving constituents 

of the pseudo-components . This has been investigated by Millour et al 

(1986) for Athabasca bitumen with respect to relative quantities of 

pseudo-components and temperature level. Quantitative analysis of the 

coke production process from this experimental run is not possible 

(nor intended) due to complicated mass transfer effects, but the 

results do show that substantial heavy residual hydrocarbon deposits 

result from low temperature oxidation using the same experimental 

system as the combustion simulation of Run 3. 

Figure C.4.4 shows the oxygen uptake in Run 2. The oxygen uptake 

rate is the rate at which injected oxygen is consumed by chemical 

reaction and physical absorption processes. It is evident that this 

rate was very stable for the test. Overall oxygen utilization 
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(percent of injected oxygen consumed during a test) was 59.7% for this 

experiment. Substantial oxygen consumption at steady rates is clearly 

demonstrated by these results. 

Another interesting result of the test was a near constant 

product gas molar co2;co ratio of approximately 3.6 during the test 

(maximum: 3.86; minimum: 3.26). This infers that the carbon oxide 

producing reactions were not widely varying in terms of overall 

stoichiometry; i.e. the reaction regime was reasonably constant. 

Although this near-isothermal oxidation test was not a precise 

simulation of low temperature oxidation of oil as it would occur in a 

stable combustion propagation, it suggests some important behaviour. 

The constancy of the reaction process as evidenced by the oxygen 

uptake and product gas data, combined with the regional deposition of 

the residual hydrocarbon components suggests that a stable low 

temperature oxidation front was produced in Run 2 . This very slowly 

moving process resulted in the deposition of substantial heavy 

hydrocarbon residues closest to the inlet end of the system, and 

moderate depositions at intermediate locations. 

C.4.4 Summary 

The results of the isothermal tests and their combustion test 

counterpart indicate: 

1) The coke pseudo-component as produced by the thermal cracking 

simulation was likely compositionally different from that derived 

from residual material produced during a combustion experiment 
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using a similar experimental system. The thermal cracking coke 

was apparently less hydrogen rich than that found in the vicinity 

of an extinguished combustion zone. 

2) The fuel consumed in a stable combustion process is likely not 

simply a residual coke pseudo-component as determined by toluene 

solvent solubility. 

3) Substantial oxygen consumption in an elemental Athabasca core/oil 

experimental system can occur at quite low (1S0°C) temperatures. 

4) Low temperature oxidation reaction processes can lead to the 

deposition of heavy hydrocarbon residual material in a stable 

moving front manner in an Athabasca core/oil system. 
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CHAPTER C.5 

COMBUSTION EXPERIMENTS 

C.5.1 Experimental Conditions 

Six combustion simulations were carried out in the experimental 

program. Table C.5.1 contains details of the experimental conditions 

for these exper i ments . Three diff erent pack types were used: uncon-

solidated Athabasca core material, consolidated Berea sandstone, and 

unconsolidated Berea material. Four different crude oils were used: 

Athabasca bitumen from two different batch preparations, a lighter 

Pembina crude, and a heavy oil from the Bodo field. 

C.5.2 Stabilized Combustion Parameters 

For most analytical purposes, the data of primary interest 

produced from combustion simulation experiments are "stabilized" run 

data . The descriptiv e model developed as part of this study uses 

these results as input parameters. The achievement of a stabilized 

combustion process is defined as the constant velocity propagation of 

a combustion front and its associated processes. Evidence of this is 

obtained by measurement of consistent temperature responses measured 

at consecutive zones along the tube and by observation of reasonably 

constant effluent gas flow and composition. 

Figure C.5.1 shows a plot of leading edge temperature position 

versus time for the 2OO°c and 45O°c levels of Run 3 . This e x ample 

shows how the movement of a self-sustaining combus tion process i s one 
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Table C.5.1 

Combustion Experiment Initial Pack Properties and Conditions 

Program Run No. 3 4 5 6 7 8 
--------- --------- ---------

Pack Porosity (%) 35.9 39.0 39.2 22.5 22.5 34.2 

Permeability (µm2) 6.2 5.7 6.3 0.5* 0 . 5* 1. 9 

Specific Surface Area 0.36 0.60** 0.60** 0.66** 0.66** 0.60** 
(m2/g) 

Initial Pack Saturations: 
Oil (%) 85.5 69.8 90.5 82.8 82.7 88.9 
Water (%) 14.5 30.2 9.5 17.2 17.3 11.1 
Gas (%) 0.0 0.0 0.0 0.0 0.0 0.0 

Pressure (kPa) 4200 8100 5000 5000 4200 4200 

Air Flux (m3 (ST)/m2h) 29.6 29.6 29.6 29.6/59.0 29.6/90.0 29.6/78.3 

Oxygen Flux 5.9 5.9 6.3 6.3/12.5 5.6/17.1 5.7/15.0 
(m3 (ST)/m2h) 

Oxygen Concentration 20 . 06 20 . 06 21.12 21.12 18.94 19.10 
(mole%) 

* measured on separate section using 4% KCl brine. 
** values from measurement on single representative samples of each 

material type (- ± 0.05 m2/g) 

of essentially constant velocity, as evidenced by the linear trends 

shown. The data used in the plots shown were interpolated from 

individual zone measurements taken at fifteen minute intervals, which 

accounts for some of the slight scatter. 

The successful achievement of stable combustion propagation 

occurred in Runs 3, 5, 7 and 8 (with two stable periods), but not in 

Runs 4 and 6. The average upper and lower bounds and standard 
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deviations of zone maximum temperatures for the successful runs are 

shown in Table C.5.2. While not a definitive indication of process 

stability, the relatively small deviations in maximum temperatures for 

a given run do support its existence and that process uniformity with 

respect to location along the tube was high in each case (except 

perhaps for Run 5 in which some heater control difficulties were 

encountered). 

Table C.5.2 

Stable Period Maximum Zone Temperature Data 

Run No. 3 5 7 8a 8b 
--------------------------------------

Average Maximum Zone Temperature (OC) 523 532 530 528 536 

Highest Maximum Temperature (oC) 553 612 549 538 539 

Lowest Maximum Temperature (oC) 501 493 508 518 533 

Standard Deviation of Maximum Zone 19 32 15 10 3 
Temperatures (oC) 

Table C.5.3 contains stabilized run parameters derived from the 

experimental runs that exhibited sustained combustion. These data are 

averaged values from the steady propagation run periods. The results 

are in the usual units presented in combustion run reports. 
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Table C.5.3 

Stabilized Run Parameters 

Run No. 3 5 7 8a 8b 

Air Flux (m3 (ST)/m2h) 

Combustion Zone Velocity (m/h) 
(450°c leading edge) 

Combustion Parameters 

Air/Fuel Ratio (m3 (ST)/kg) 

Oxygen/Fuel Ratio (m3 (ST)/kg) 

Atomic H/C Ratio 

Oxygen Utilization(%) 

Product Gas Analyses (mole%) 

29.6 

0.097 

10. 57 

2.12 

1.16 

99.5 

13.48 

3.97 

0 . 10 

82.29 

0.00 

0.16 

C.5.3 Initial Combustion Experiments 

29.6 

0.123 

10.33 

2.18 

1. 24 

99.7 

14.68 

3.23 

0 . 07 

81. 86 

0.00 

0.15 

90.0 

0.181 

11. 61 

2.20 

1. 25 

97.9 

12.50 

3 . 25 

0.40 

83 . 15 

0.00 

0.29 

29.6 

0.085 

11.79 

2.23 

1. 35 

99.7 

13. 28 

2.42 

0 . 05 

83.95 

0.00 

0.20 

78.3 

0 . 174 

11 . 62 

2.35 

1. 31 

92.1 

11. 62 

3.26 

1. 56 

83 . 34 

0 . 00 

0.11 

This part of the chapter describes the initial four combustion 

tests of the program; Runs 3, 4, 5 and 6. Runs 3 and 5 produced self-

sustained combustion, while Runs 4 and 6 did not. The following 

results show the comparative characteristics of these initial tests. 

Figure C. 5.2 shows the oil recovered (as percentage of original 
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oil in place) versus pore volumes of injected gas. The vertical lines 

indicate the points at which inert gas flow (helium) was switched to 

air (left marker) and back to the inert gas (right marker). The units 

of the horizontal axes are the number of combustion tube internal 

volumes of gas (at 101.3 kPa and 1S°C) injected. Where constant gas 

injection rates were used for a combustion experiment, these units are 

time proportional as well. This was true for all the initial run 

cases shown exc ept f or the end o f Run 6, when the rate was increased . 

For the successful runs, a smooth, almost linear production of oil 

during the period of air injection is noted. For Runs 4 and 6, 

significant deviations from this ideal behaviour are seen. The key 

observation is that a result of steady self-sustaining combustion 

front movement is steady oil production from a reservoir element that 

the tube simulates . If the front does not propagate or extinguishes, 

oil displacement drops accordingly. The implications of this with 

respect to field oil production performance are clear . 

Figure C. 5 . 3 shows the oxygen/oil ratio oxygen 

injected/kg oil recovered) versus percent of tube volume swept by burn 

front. The oxygen/oil ratio is an important parameter related to 

process economics and its implications for a field situation . For the 

stable runs, the ratio is nearly constant, after dropping from a 

higher value just prior to ignition. This initial higher value is no t 

seen in Run 3 due to the timing of the sampling for the gas analyses . 

The steadiness of the oxygen/oil ratio indicates that the combustion 

process is progressing in a stable fashion, causing a given amount of 

oil to be produced for a given amount of injected oxygen. The same 
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par ameter is seen to be more erratic and higher for Runs 4 and 6 

compared to Runs 3 and 5. 

The two figures above show important process results of stable 

versus poor combustion performance . They indicate why steady 

combustion propagation would be sought in the field and thus is 

desired for study in the laboratory. 

The i nvestigation o f the conditions affecting the achievement of 

stable combustion is the primary concern of combustion tube 

mechanistic study. Some clues leading toward this may be found in 

examination of parameters derived from experimental product gas 

analyses. This was the case for the experimental program of this 

study . These parameters are not independent but depend on the overall 

reaction stoichiometry of the combustion reaction . 

Briefly, the assumed stoichiometric relationships used were: 

where: 

mole fraction N2 
R in the injected gas 

mole fraction o2 

[A] indicates mole fraction of species A in product gas 

H/C 



Oxygen/Fuel 

[C0 2 ] + [CO] 

[CO] 

23.6445 

96 

R 

Figure C.5.4 shows the molar ratio of total carbon oxides to 

nitrogen versus gas injected for the initial four runs. Runs 3 and 5 

show typical behaviour for stable combustion, with the ratio rising to 

a near constant value after ignition. The unsuccessful Runs 4 and 6 

show erratic trends, with low values indicating extinction of the 

combustion reaction after initial higher values when heaters were 

supporting the reaction which did not self-sustain. The effects of 

re-ignition attempts are seen as higher values later in these runs. 

Figure C.5.5 shows the ratio of oxygen injected (m3 (ST)) to mass 

of fuel consumed (grams) versus gas injected for the same experiments. 

This ratio parameter is inversely related to the (C02+CO)/N2 ratio 

shown above in that periods of high (C0 2+CO)/N2 correspond with 

periods of low oxygen/fuel, both indicating efficient oxygen use. 

Nearly constant values of this parameter are noted for Runs 3 and 5, 

and not for Runs 4 and 6. 
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For the unsuccessful runs, particularly in the case of Run 6, 

both Figures C.5.4 and C.5.5 must be examined with respect to heater 

operation. For Run 6, corresponding to the period of the decrease in 

(C02+C0)/N2 and first rise in oxygen/fuel ratios after approximately 

170 pore volumes injected, there was no heater supplied energy input 

into the tube except for minor amounts from heaters of the zones 

immediately adjacent to the injection end . This r e gion was very 

likely cleaned of all combustible fuel at this point (post-run 

excavation confirmed uniform sweeping of this region). The possible 

reaction zones, where potential fuel and oxygen coexisted at 

reasonably high temperatures were thus cooling during this period due 

to heat loss out of the system. This explains the corresponding 

parameter trends in Figures C.5.4 and C.5.5. The heat generation from 

any combustion reaction was not sufficient to allow self-sustenance of 

that reaction and its translation into a moving front. Rapid changes 

to the parameters after this cooling period (after approximately 340 

por e volumes injected) were due to heaters being turned on in the 

vicinity of fuel/oxygen coexistence. By this time, however, even 

increased injected gas flux did not allow process self-sustenance to 

occur. 

The case of Run 4 is more difficult to analyze due to 

complications in run preparation and operation (poor oil saturation 

and tube leak). The period of typical values for both (C0 2+C0)/N2 and 

oxygen/fuel for Run 4 was characterized by very high temperatures and 

a "backburning" or stalled and slightly reverse motion combustion 
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process. It is not known conclusively if this was caused by 

combustion of gaseous fuel rising back up the tube or oxidation of 

heavy residues previously bypassed. This type of stalled behaviour 

has been observed in other runs with the same oil using the original 

tube system. Regardless of the specific cause, in this case heater 

support was necessary for sustenance of the reaction during the 

stalled period. Cutting the reaction zone's heater power caused a 

rapid collapse of the stalled condition and an extinction of the 

supported reaction prior to the termination of air injection. 

Figure C.5.6 shows the total carbon oxides to carbon monoxide 

molar ratio versus gas injected for Runs 3 to 6. This parameter has 

been used as an indicator of combustion performance but examination of 

the figure shows stable trends for Runs 3, 5 and 6. Only Run 4 shows 

substantial variation in this parameter. Stability of the (C0 2+CO)/CO 

ratio would indicate reasonably constant overall oxidation reaction 

stoichiometry. Steady and similar values to Run 5 in Run 6 indicates 

that the oxidation reaction that produced carbon oxides may not have 

varied appreciably during the entire run and was similar to that of 

Run 5 (which used the same type of oil and core material composition). 

Run 4 shows increasing values after the start of air injection, up to 

a value of about 10. This corresponds with progress towards the very 

high temperature (700°C+) stalled period when the oxidation reaction 

may have been pushed towards more complete conversion to co2 . The 

very high values after this are likely not significant since these are 

from the period of extinction characterized by low amounts of reaction 

product gases in the effluent flow. Re-ignition attempts before air 
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injection termination caused the values to come back to the range 

exhibited before extinction. 

The atomic hydrogen/carbon ratio (H/C) of consumed fuel versus 

injected gas is shown in Figure C.5.7. High values of H/C (less than 

2 is typical for stable combustion) are associated with low 

temperature oxidation reactions which absorb oxygen. This is because 

the consumption of oxygen without conversion to carbon oxides causes 

the calculation of H/C ratios that are falsely large due to the 

assumed oxidation reaction stoichiometry. All four runs show 

reasonably steady values, including Run 4, although this run exhibited 

more scatter in the data. Constant H/C would indicate that fuel 

composition did not alter appreciably for a given run. In the case of 

Run 4, the relatively low and reasonably constant H/C values may 

support the idea that the combustion of heavier residues, rather than 

backflowing gas was occurring in the stalled condition. This is not 

conclusive , however, since effluent gas producing reactions could have 

been occurring farther down the tube, masking the effects of the 

stalled region. 

In the case of Run 6, the H/C parameter is reasonably constant 

and in the range seen for stable combustion. No high H/C values 

indicating oxygen storage were exhibited in Run 6. The slight rise 

seen during the "cooling period" of Run 6 may be real or an artifact 

of measurement due to decreasing reaction product gas content measured 

in the effluent gas. 

Examining Figures C.5.6 and C.5.7 illustrates that (C0 2+CO)/CO 
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and H/C ratios are not necessarily very sensitive indicators of 

combustion performance. This has been the generally observed for a 

great variety of combustion tube experiments at the University of 

Calgary [Moore (1987)). 

With respect to the causes for the lack of achievement of 

sustained combustion in Run 6, Figure C.5.5 indicates that oxygen 

bypassing along wall channels was not occurring. This is shown by a 

reasonably low and constant oxygen/fuel ratio after the commencement 

of air injection up to the point where heater support for the tube was 

removed (at about 170 pore volumes injected) when the ratio began to 

rise markedly. Oxygen bypass around the heater supported reaction 

regions in the core would likely be indicated by much higher injected 

oxygen/fuel consumed ratios during the period before the termination 

of energy input from the heaters. This, combined with the results of 

the supplementary flow tests supports that basic experimental 

conditions, not anomalous flow behaviour, disallowed the achievement 

of stable combustion in Run 6. 

In Run 6, a low porosity consolidated porous medium was used for 

the first time in a combustion experiment at the University of Calgary 

facility. Stable combustion had been achieved with the same heavy oil 

and an unconsolidated pack of the same Berea material in Run 5. The 

specific surface area values of the unconsolidated and consolidated 

Berea material used in these runs were very close also as shown in 

Table C.5.1 (this was expected due to the light cementation of the 

sandstone and the crushing procedures used which minimized grain 
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fracturing). The results of Run 6 showed that the internal charac-

teristics of a pack, exclusive of composition and specific surface 

area can be important in affecting the achievement of combustion 

propagation. 

C.5.4 Final Combustion Experiments 

After the experience of Run 6, it was still desired that a 

sustained combustion be produced in a consolidated pack of the same 

type. After the completion of the supplementary flow tests, the two 

packed tubes used for these tests were used in the final two 

combustion experiments. It was decided that based on previous 

combustion experiment results, and the results of the supplementary 

tests, the chances of successfully achieving combustion in the 

consolidated pack would be maximized by using Athabasca oil and 

maximum possible overburden pressure. The importance of injected gas 

flux was also recognized and it was proposed that it would be quickly 

raised from the experimental program nominal value if that failed to 

allow sustained combustion in the consolidated pack. 

Run 7 employed the consolidated pack tube and achieved 

successful, vigorous combustion using an elevated gas flux. The same 

characteristics were seen at the beginning of Run 7 as in Run 6, using 

the same flux employed in that experiment; approximately 30 m3 (ST)/m2 -

h. When the flux was raised considerably, to 90 m3 (ST)/m2 -h, a 

"classic" combustion propagation resulted. The combustion process was 

self-sustaining and exhibited almost complete oxygen utilization. The 

experimental conditions for this run are found in Table C.5.1, and the 
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stabilized parameter results in Table C. 5.3. The peak temperatures of 

the zones are given in Table C.5.2. Figure C.5.8 shows a plot of the 

temperature histories of a few adjacent zones. This shows the 

excellent behaviour exhibited in Run 7; similar peak temperatures and 

uniform time intervals between zones indicating constant velocity 

propagation of a stable combustion process. 

Run 8 was the unconsolidated pack complement experiment to Run 7 . 

Tables C. 5.1, C. 5 . 2 and C.5.3 contain the experimental conditions, 

peak temperatures and stabilized data generated from the two portions 

of Run 8 called 8a and 8b. Two different gas flux values were used to 

generate two stable run periods. This increased the data available 

for later use as input to the analytical model of this study and to 

reinforce the experimental finding that a high porosity unconsolidated 

system could sustain combustion with a lower gas flux than an 

otherwise similar low porosity consolidated system. 

C. 5 . 5 Summary 

A summary of the physical combustion simulation experimental 

program and results: 

Six air combustion experiments were conducted using unconsolidated 

and consolidated packs and various crude oils. Run pressures in 

the 4 MPa to 8 MPa range were used. Four runs achieved stable, 

self-sustained 

periods. 

combustion producing five distinct stable run 
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Data generated from stable run periods were useful for general 

analytical purposes and as input parameters for the descriptive 

model developed as part of this study. 

Analysis of produced gas parameter data for the initial runs 

indicated that poor combustion performance in the initial 

consolidated core test was not caused by system induced anomalous 

flow conditions. This analysis thus gave support to the validity 

of the consolidated core packing procedures used. 

Stable combustion propagation was achieved in a low porosity 

consolidated Berea core section using Athabasca crude oil and non-

enriched air injection. 

Internal pack 

orientation) 

characteristics (porosity, internal 

are important in the achievement of a 

packing 

stable 

combustion process . Higher injected gas flux is needed for the 

case of a lower porosity consolidated pack compared to a higher 

porosity unc on solidated pack of the same Berea core material. 
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SECTION D 

MODEL DEVELOPMENT 

CHAPTER D.l 

INTRODUCTION 

· D.1.1 Scope of Modelling Effort 

It was felt that an original theoretical modelling effort to be 

used in conjunction with the data generated by the experimental 

program would be a desirable undertaking. The general area of 

investigation was to be the description of the mechanisms involved in 

the steady propagation of a combustion front under idealized 

laboratory conditions. This theoretical investigative work was seen 

as an attempt to use physical combustion simulation data· obtained from 

combustion tube runs for purposes of gaining more insight into the 

process mechanisms. This modelling work was performed, and its 

progress and findings are described in this section. 

It was desired that the modelling work contribute to a better 

understanding of the small-scale mechanisms involved in the 

propagation of a combustion front. To do this, it was felt that 

r elatively simple, analytically based models of specific heat and/or 

mass transfer mechanisms would be appropriate investigative tools. 

This would be in contrast to the use of discretized field numerical 

simulation. The latter, developed successfully by many authors for 
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combustion tube history -matching, use a grid block system for the 

solution of appropriate transport and balance equations in order to 

simulate relevant processes. While useful, these models have been 

limited in what they reveal about small scale process mechanisms 

because of the grid block sizes used (a few centimeters) and necessary 

simplifying assumptions (for example: empirical relative permeability 

relationships and porous media thermal conductivity values). 

As described in the introductory section, small-scale in situ 

combustion process analysis has been somewhat limited and largely 

bound by highly restricting assumptions required by the goal of 

predictive modelling of the overall process. Rather than attempt to 

model the entire complicated combustion process, the goal of the 

theoretical work of this study was to investigate a "piece" of the 

process. The obvious difficulty with this type of work is that the 

"pieces" are not independent but closely interdependent processes or 

groups of processes. With this knowledge a development was carried 

out with the hope that a new approach, using analytically based 

descriptive modelling, would allow new insight into the relationships 

of the many interrelated mechanisms that comprise the phenomenon of 

combustion front propagation. 

D.1.2 Area of Investigation 

The in situ combustion process, even under ideal laboratory 

conditions, is very complex. It combines elements of non-isothermal 

multiphase flow through porous media and chemical reactions involving 

complex crude oil constituents. Various "zones" observed in 
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conjunction with a steady state combustion front propagation serve as 

a framework on which to build mechanism descriptions. Figure D. 1. 1 

shows the regions typically associated with dry forward combustion. 

Although the boundaries of the zones are not definite, they serve 

to separate the regions associated with primarily different processes. 

The oil bank and hot water bank are thought to be characterized by 

multiphase flow of effluent gas and crude oil constituents and water 

below the saturated steam temperature. The steam zone contains 

effluent gas, steam and crude oil constituents at the saturated steam 

temperature. The vaporization zone contains superheated steam, 

gaseous combustion products and hydrocarbons and has been said to be 

the region where thermal cracking of hydrocarbons begins to occur. 

Low temperature oxidation of hydrocarbons may occur in the vapori-

zation or steam zone. The combustion zone is defined as the place 

where high temperature oxidation occurs. This is thought of as the 

zone where hydrocarbon "fuel" that has been deposited by the processes 

that have occurred previously is consumed at high temperatures. Its 

constituents are gas and immobile hydrocarbons. The swept region 

ideally contains only injected gas in the dry combustion process. 

The significance of the zones described above is of a qualitative 

nature only. There is much conjecture and few reliable data on the 

small-scale processes of mass and heat transfer and the associated 

reaction regimes with respect to how they relate to the typical zones. 

For example, many studies assume that the fuel for combustion, 

consumed in high temperature oxidation reactions, is formed primarily 

via thermal cracking reactions of crude oil constituents [Abu-Khamsin 
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et al (1985), Lin et al (1984)]. There is much evidence that thermal 

cracking alone may not be sufficient to deposit fuel in a combustion 

propagation and that low temperature oxidation processes are also 

important in this process [Moore et al (1986)]. Another example is 

the relationship between the original oil saturation and the amount of 

fuel available from combustion. Some studies have concluded that 

increased original oil saturation leads to increased fuel quantity 

[Alexander et al (1962)] . Other r esear chers have found that fuel 

quantity is independent of original oil saturation, and dependent on 

the oil saturation remaining after the passage of the steam zone 

[Wilson et al (1963)]. These examples are given only to illustrate 

that the relationships among the various process mechanisms and the 

typical zones are not rigidly defined . 

The challenge for the theoretical work of this study was to 

identify and give useful solutions to an analytical problem based on 

an identifiable zone and its associated processes. 

It was decided that the combustion zone would be an appropriate 

focus of the theoretical investigation. The primary reason for this 

was that not much is known about the region that largely characterizes 

the in situ combustion process, beyond its experimentally observed 

typical temperature range. Also, compared to other regions, the high 

temperature zone is most amenable to analysis given that: 1) the 

region is thought to be dominated by the single reaction regime of 

high temperature oxidation; 2) the bulk mass transfer in the region 

almost certainly involves gas only (single phase flow); 3) steady-

state combustion front propagation data from combustion t ube t ests , 
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like those performed in the experimental program, include much 

information about the combustion zone including fuel atomic 

hydrogen/carbon ratios, molar co2;co product gas ratios and 

temperature profiles. The objective of developing a useful analyti-

cally based model which utilized combustion experiment data was seen 

as being best served by investigating first the high temperature 

region. 

D.1.3 Model Development Background 

In dry forward combustion, the combustion zone is generally 

described as the region where oxygen is consumed by reactions with 

hydrocarbon fuel which has been left on the porous medium by previous 

(downstream) processes. The fuel is a carbon rich residue of the 

original crude oil and is an immobile phase. Implicitly within this 

general definition are the mechanisms of heat generation via oxidation 

of fuel, heat transfer by conduction and convection, mass transfer by 

bulk gas flow and diffusion and chemical species conversion via the 

oxidation reaction. These interrelated processes must be dealt with 

in an analysis of the combustion zone. 

Consider first the high temperature oxidation reaction regime. 

The word regime is used since the oxidation involves the many hydro-

carbon compounds that comprise the fuel. The processes that have 

caused the deposition of the fuel determine the type and quality of 

the various hydrocarbon species that both remain from the original 

crude oil and are products of cracking and low temperature oxidation 
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reactions . Because of the complexity of fuel composition, fuel is 

characterized by an atomic hydrogen/carbon ratio (H/C) in standard in 

situ combustion analyses. The distortion that this simplification 

causes is felt to be small for many purposes since the heating value 

of the fuel is correlated to the H/C ratio [Burger et al (1972)]. The 

reaction kinetics of high temperature oxidation may, however, be 

affected more strongly by the exact fuel composition. In addition to 

hydrocarbon fuel considerations , the regime is characterized by high 

temperatures; 300°C being a nominal lower limit. 

The heat and mass transfer processes typical of the combustion 

zone reflect the complexity of non-isothermal single phase (gaseous) 

flow through porous media with concurrent exothermic heterogeneous 

(gas - solid fuel) chemical reaction. The complexity is increased 

when it is considered that the consumption of fuel causes a solid to 

gas transition that correspondingly increases local gas saturation. 

Heat generation occurs with the heterogeneous 

reaction at or near the surface of the unreacted fuel. 

fuel-oxygen 

The nature of 

this surface is a function of the pore structure of the porous medium 

and the amount and distribution of the fuel remaining. Mass diffusion 

of reactant oxygen to, and product gas from, reaction sites are 

important mechanisms. Heat transfer occurs via conduction from the 

reaction sites through unreacted fuel to, and through, the porous 

medium matrix. Convective heat transfer occurs as gas flows through 

the pores; receiving heat from the reaction sites and releasing heat 

to cooler locations downstream. The complex geometry of the pore 
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structure makes strict analytical treatment of the general problem 

extremely difficult. It was felt that in order to begin an investi-

gation of the relationship of the various mechanisms, it would be 

desirable to consider a small part of the combustion zone in 

isolation. 

The idea of considering a small region of a combustion zone has 

been used in coal and coke combustion investigations. These 

"particle" models have provided useful insights into the important 

processes which occur in the combustion of carbon particles (refs. 3) 

and coal particles [Caram et al (1977), Levenspiel (1972), Libby et al 

(1979), Matalon (1980), Mon et al (1978), Mon et al (1979), Mon et al 

(1980), Smith et al (1972), Westerterp et al (1984)]. These investi-

gations mostly relate to the combustion of pulverized co·al with the 

goal of modelling the bulk process more accurately. Others have 

combined coal particle combustion theories into new models for coal 

dust combustion [Krazinski et al (1979)]. 

The particle models of coal combustion can be quite complex 

analytical systems and incorporate many of the relevent heat and mass 

transfer processes and their requisite transport property constants 

and relations. This type of treatment is possible for idealized 

spherical particles, and requires various assumptions concerning 

boundary conditions and transport properties. The problem of coal 

combustion differs from steady state in situ petroleum fuel combustion 

in many aspects. In the former, the fuel composition and structure 

are better defined, the fuel comprises the entire solid portion of the 
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system and isothermal or non-isothermal but locally uniform combustion 

conditions are of primary interest. In the latter, fuel composition 

can be affected by many variables in the overall process, fuel 

structure is not well defined (depending on downstream processes and 

the pore structure) and the solid matrix is comprised of both fuel and 

non-reacting porous media material. Also, the combustion conditions 

are the steady propagation of an exothermic reaction front which means 

that for a given location, the temperature is variable with time and 

dependent on the overall front propagation process. Because of 

process-inherent uncertainties and complexities, particle-scale 

modelling of the combustion zone for in situ petroleum combustion may 

be somewhat limited in its applicability and the validity of a complex 

particle scale model would be questionable given the current state of 

knowledge . 

Notwithstanding the above, a simple particle-scale model proved 

to be a desirable first step in a larger combu stion zone modelling 

effort. In Chapter D.2 a simp l e particle - scale heat ge n e r a tion and 

transfer model of a fuel/core system is presented. Given necessary 

idealized model conditions, the model investigates the effects of 

fuel/core mass ratio and core particle size on the temperature history 

of a fuel/core system. 

With the limitations of a particle-scale model made apparent b y 

the preliminary development outlined above, a more useful model was 

developed . This model, presented in Chapter D. 3, uses results of 

combustion experiments in describing combustion parameter relation-

ships within the high temperature region . 
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CHAPTER D.2 

PRELIMINARY PARTICLE MODEL 

D.2.1 Introduction 

The model presented in this section is a simple particle scale 

model of the combustion zone with idealized heat and mass transfer 

boundary conditions. Figure D.2.1 shows the idealized spherical 

core/fuel particle system used in the analysis. 

FUEL Tf 
-4-11--

( REACTION ZONE ) 

CORE PARTICLE Tp 

Figure D.2.1 

Fuel and Core Particle System 

The model uses a lumped heat transfer analysis with a constant 

heat transfer coefficient at the interface between the fuel mass and 

core particle mass . Heat generation is assumed to occur uniformly 

throughout the fuel region. A high temperature oxidation reaction 

between the hydrocarbon fuel and constant oxygen partial pressure gas 

proceeds in the fuel region. The reaction is first order with respect 

to both oxygen partial pressure and fuel quantity. The fuel/core 

system is treated as a thermally isolated region , that is, all heat 
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generated is retained in the system. The fuel mass is consumed with 

the proceeding oxidation reaction. Gaseous mass diffusion effects are 

not considered. The system initial condition is a uniform temperature 

of 300°c. 

The model's simplifying assumptions allow the use of a system of 

three non-linear first order ordinary differential equations in time 

that can be solved by computer numerical integration. The assumptions 

concerning the reaction component of the model are discussed in 

Chapter D.3. A brief discussion of the validity of lumped analysis 

and the adiabatic system assumption of this particle-scale model is 

warranted here. 

According to Holman (1981), lumped heat transfer analysis, where 

a uniform temperature in a thermal mass or masses is assumed, is 

considered to be valid for cases where the inequality below holds: 

h(Vol/Area) 
< 0.1 

k 

h heat transfer coefficient between thermal mass and another 
body or surroundings 

k 

Vol 

Area 

thermal mass thermal conductivity 

thermal mass volume 

thermal mass heat transfer area. 

For the area of interest of this particle-scale model, the above 

condition is easily met for any reasonable combination of the 

variables. 

The adiabatic system assumption is in lieu of knowing the actual 
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thermal outer boundary condition of the particle-scale system when it 

is part of the larger combustion zone. In the real case, at lower 

temperatures of interest, heat is likely being transferred into the 

particle-scale system by conduction and convection from hotter regions 

upstream. At high temperatures, the reverse is the case, with heat 

being lost from the particle system across its boundary. The 

analytical description of this varying boundary condition is a very 

difficult problem and is discussed in Chapter D.3. For purposes of 

the particle-scale model, the adiabatic system assumption is 

reasonable since the amount of heat lost compared to that which is 

generated is likely small given that: 1) the particle system is 

idealized and can be thought of as being in a region of similar 

systems with similar boundary temperatures, therefore "contact" heat 

transfer would be relatively small; 2) the convective transfer due to 

gas/solid temperature differences is small because of the likely very 

small temperature differences between the gas stream and the porous 

media. Also, with this simple model, we are looking at the major 

effects on the particle system temperature response of changes in 

fuel/core mass ratio and particle size, with an approximated but 

constant boundary condition from case to case. 

D.2.2 Model System 

A model for determining the temperature response of an idealized 

particle system in the combustion zone of an in situ combustion front 

propagation is given below: 



System of Equations 

A. Energy Balance: 

dTf dTP 
K2mf- + --

dt dt 

B. Fuel/Core Particle Heat Transfer: 

C. Fuel Consumption: 

where: 

Kl 

K2 

K3 = 

Variables 

Po2HfAf 

ppcpvp 

cf 

pPcPVP 

Sph 

qPcPVP 

dmf 

dt 

Fuel temperature (K) 
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(D.2.2.1) 

(D.2.2.2) 

(D.2.2.3) 

K4 -AfP02 

-Ei 
K5 

Rgl 

7r 

Vp - Dp3 
6 

Sp = 7r Dp2 



Core particle temperature (K) 

Fuel mass (g) 

Constants 

- Pre-exp~rential factor in Arrhenius kinetic expression, 
(atm-s) 

122 

250 

Ei Activation energy factor i n Ar rhenius kinetic expression, 68 
700 J/mol 

- Gas constant, 8.3143 J/mol-K 

Dp - Core particle diameter, specified cm 

Sp - Core parti~le 
specified cm 

surface area, sphere (function of Dp), 

Vp - Core particle volume , sphere (function of Dp), specified cm3 

Pp - Core particle density, 2 . 65 g/cm3 

cp - Core particle heat capacity, 0.711 J/g-K 

cf - Fuel heat capacity, 1.255 J/g-K 

Po2 - Oxygen partial pressure, 8.57 atm 

- Fuel heating value, 32,500 J/g 

- Fuel/core ~article heat transfer coefficient, 
0.028 J/cm -s-K 

The system of equations describes the temperature response of a 

fuel/core particle system due to the accumulation of heat generated 

from the consumption of the fuel component. The heat balance 

relationship is the statement of the equivalence of the heat 

generation rate and total heat accumulation rate. The fuel/core 

particle heat transfer equation describes the equivalence of the rate 

of heat transfer across the fuel/core particle boundary and the rate 
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of heat accumulation in the core particle. Finally, the fuel 

consumption equation states that the rate of fuel consumption is 

proportional to the heat generation rate. 

The constants are estimates of realistic parameter values. The 

kinetic expression factors were estimated from literature values for 

Af and Ei [Bousaid et al (1968), Thomas (1983)). Fuel heating value 

is a conservative estimate based on typical coke values and not 

correlated with a fuel H/C ratio. The fuel/core particle interface 

heat transfer coefficient is an estimate chosen to be representative 

of the low end of a great range of literature values of local 

convective and contact coefficients of systems containing petroleum 

substances. Oxygen partial pressure was ·chosen as that of air at the 

most common run pressure used in the experimental program. 

The core particle diameter values chosen ranged about a central 

value of 0.015 cm. This figure represented a value in the mode grain 

size range (largest weight fraction of total sample) of both the 

disaggregated Berea sandstone and Athabasca core materials used in the 

experimental program. 

The initial condition imposed on the system for all runs was a 

uniform temperature of 300°c. 

The fuel/core particle mass ratios varied as part of the examin-

ation of the model response to different input variables, but ranged 

near a realistic starting value. This value was specified as about 

50% of a typical combustion tube ratio of 0.015 . The rationale for 

this was that at the model initial temperature of 300°c, the "real" 
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particle-scale system would have already been raised from ambient 

temperature to 300°c by heat generated by lower temperature oxidation 

reactions and/or heat transported from hotter upstream regions. Given 

anticipated peak temperatures in the S00°c to 600°c range - this led 

to choices of fuel/core mass ratio near 0.0075. This choice obviously 

ties in with the particle model assumption of no heat transfer into ·or 

out of the particle-scale system which has already been stated is a 

necessary condition of thi s pre liminary model. 

D. 2.3 Solution of Model System 

The model system of equations was solved by numerical integration 

programs run on a Zenith 171 micro computer. There were two different 

algorithms tested: 1) a single - step direct Euler's Method integration 

and 2) a Runge-Kutta method of order four [Burden et al (1978)] for 

the system of three equations . 

Appendix A. 

An example program is shown in 

Both algorithms successfully integrated the system for a 

sufficient range for a given set of input data. The nature of the 

system was such that the solutions became very unstable quite suddenly 

as integration proceeded to low fuel values. Some improvement in this 

characteristic was made by reducing the time step size, which tended 

to increase the range of stable integration . Desp i te the instability 

problems of the simple solution algorithms, the solutions were more 

than satisfactory in the range that they covered, allowing comparison 

of the effects of different sets of input data. 
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Numerical integration errors, both absolute and round-off were 

examined by comparing different runs with the same input data. Round-

off error with the Euler program was examined by performing runs with 

single and double precision variables and the difference found to be 

reasonably small, even given the great number of iterations required. 

A measure of solution error was found by comparing runs with the Euler 

and Runge-Kutta programs. The Runge-Kutta algorithm has much smaller 

local truncation error than the Euler method for a given step size, 

therefore the similar solutions found should indicate that both 

solution methods have reasonably small absolute error characteristics. 

Table D.2.1 shows the results of the test runs at 120.0 seconds for 

the runs described above, using a core particle diameter of 0.015 cm, 

and an initial fuel mass of 3 . 80 x 10- 8 g. 

Table D.2.1 

Particle Model Numerical Error Tests 
Fuel Temperature at 120.0 seconds, step size : 5 x 10- 4 sec . 

Solution Method 

Euler, single precision 

Euler, double precision 

Runge-Kutta, single precision 

Fuel Temperature (°C) 

488.8 

494.5 

494.4 

For the single step, fixed step size methods used , the system 

required small time step sizes for solutions over a suitable time 

range due to the "stiff" nature of the set of equations. The methods 

used, however, were relatively quick to implement on the microcomputer 

and when compiled, the programs ran with acceptable speed . Data 
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generated were recorded on floppy disc and later used with spreadsheet 

software to produce graphical and numerical output. 

D.2.4 Model Results 

Figure D.2.2 shows a typical temperature history curve generated 

by the particle-scale model. The temperature shown is that of the 

fuel component, but as will be shown later, the temperature 

differences between the fuel and core particle components turn out to 

be very small, therefore the curve shown is a close indication of the 

overall system temperature response. 

It is important to point out that the model's purpose is not to 

attempt to be an accurate prediction of the temperature response at a 

given location in the combustion zone, rather it is a first step in 

examining the small scale processes that occur in the high temperature 

region under necessarily idealized conditions. Even with this 

considered, the temperature response curve shows a high similarity to 

the general shape of a combustion tube experiment core temperature 

response under conditions of steady combustion front propagation. The 

increasing slope of the curve up to approximately S00°c followed by a 

slope decrease to a peak temperature value is typical of the experi-

mental observation. 

The eventual reaching of a maximum temperature is expected as the 

fuel is consumed to a point where, theoretically, none is left. This 

is shown in Figure D.2.2. The convergence problems encountered by the 

model solution, however , precluded the efficient integration of the 
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system at very low relative (to initial fuel quantity) fuel values . 

Figure D.2.2 shows the result of extended integration with 

progressively decreasing time step sizes, while later figures will 

show substantial integration ranges , but not the extension to a peak 

temperature value. Compared to what the simple solution methods could 

show already, extensions (requiring smaller step size runs with the 

existing model solution methods or different methods altogether) were 

not considered worth the effort. 

Figure D.2.3 shows the system response using four different 

fuel/core particle initial mass ratios and a particle diameter of 

0.015 cm. Table D. 2.2 shows the input data related to initial fuel 

quantity. 

Table D.2.2 

Particle Model Variable Fuel Mass Runs Data 
(Particle Diameter= 0 . 015 cm) 

Curve Number Initial Initial Fuel/ % Largest Fuel Temperature 
in Fuel Mass Core Mass Ratio Fuel Mass at 130 s 

Figure D.2.3 (x 10 9 g) (%) (%) (oC) 
------------ --------- --------------- --------- -- - -------------

1 27.00 0. 577 71. 0 375 

2 30.95 0.661 81.4 407 

3 34.50 0.737 90.7 462 

4 38.05 0.812 100.0 590 

The results show the great sensitivity of heating rate to 

fuel/core initial mass ratio. This is evident in the variation in the 

four curves and in Table D.2.2 which shows the fuel temperature o f 
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each system at 130 seconds from the 300°c initial temperature. The 

system with a fuel quantity of 71 . 0% of the largest system fuel mass 

tested reached a temperature of 375°c compared to 590°c for that 

system. 

The results reflect the model dependence on the relationship 

between fuel/core mass ratio and the temperature-dependent heat 

generation rate. This relat i onship is strongly affected by the choice 

of the reaction kinetic expression parameters Af and Ei. As 

previously stated, these parameters were obtained from the literature 

and must be considered as rough estimates. This considered, though, a 

strong case is still made for the great dependence of system 

temperature response on the fuel quantity. 

As previously discussed , the peak temperatures were not 

determined for the four systems shown. The differences between these 

maximums and 300°c would simply be proportional to the respective 

systems' initial fue l masses. This is easily seen given that the heat 

liberated by fuel combustion is retained in the system. Systems 

integrated to near-peak temperatures, such as in Figure D.2.2, show 

this expected relationship. 

Figure D.2.4 shows curves of fuel temperature response for two 

systems of identical fuel/core mass rat i o, but different particle 

size . The nearly identical curves describe the response of 0.015 cm 

and 0.030 cm core particle diameter systems. The very small variation 

observed is in contrast to the factor of two difference in particle 
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diameter, which is reasonably large in terms of realistic particle 

size distributions such as those found in the materials used in the 

experimental program of this study. The lack of significant variation 

in the temperature response was also observed for a greater size range 

than that shown in Figure D.2.4. 

With the model, particle size effects are generated by changing 

the fuel/core particle surface area for heat transfer and the volume 

o f t he system to heat . This is due to the analysis using a heat 

transfer coefficient applied to the mutual fuel/core surface. With 

the spherical geometry assumed, doubling the particle diameter 

increases the heat transfer area by a factor of four and the particle 

volume by a factor of eight. Given applicability of the lumped heat 

transfer analysis (which was established for particle diameters up to 

approximately 0 . 3 cm) , the effect of increasing particle size is to 

reduce the area available for heat transfer per unit volume of 

particle. 

Figure D.2.5 is a plot of the fuel and core particle temperature 

responses for a 0.015 cm particle diameter and 0.812% fuel/core mass 

ratio system. Only a portion of the integrated range is shown in 

order to allow the expansion of the vertical temperature scale to a 

point that shows that the curves are separate. Even in this region of 

rapid heating, there is only a small (2°C-3°C) difference in the co r e 

and fuel temperatures . 

It has been observed that the fuel/core temperature difference at 

a given temperature for identical initial fuel/core mass ratio 
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systems, is slightly larger for larger particles. This would be 

expected due to the area reduction effect explained above, which would 

require a larger fuel/core particle temperature difference to 

compensate for it in achieving a core particle heating rate similar to 

that of the smaller particle system. This effect is the likely cause 

of the slight divergence of the curves in Figure D.2.4, where the 

0.030 cm particle temperature increases at a greater rate than in the 

0.015 cm particle at the upper temperature range . The increased 

resistance to heat transfer in the larger system has allowed the fuel 

component to heat at a slightly faster rate than in the smaller 

system. This in turn causes the heat generation rate to increase due 

to the effect of temperature on the rate of the fuel combustion 

reaction. This effect though, as stated previously, is very small, 

and is also highly dependent on the ideal spherical geometry chosen 

for the model system. 

Given the small fuel/core particle temperature differences 

revealed with use of the low estimated heat transfer coefficient, it 

appears that the major system temperature response features could have 

been generated with the use of an infinite coefficient. It thus 

follows that for purposes of further modelling, the fuel/core particle 

system may be thought of as a uniform temperature system. 

D.2.5 Summary 

The basic findings of the idealized particle-scale combustion 

model can be summarized as follows: 
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1) The temperature response curves generated by the model although 

not meant to be necessarily predictive of actual combustion zone 

behaviour, reproduce the general form of the temperature response 

observed experimentally during steady combustion front 

propagation. 

2) The temperature response given by the model is very sensitive to 

initial fuel quantity, expressed as fuel/core mass ratio. The 

implication of this applied to combustion front propagation is a 

projected great effect on the process due to relatively small 

differences in the quantity of fuel deposited ahead of the 

combustion zone. 

3) Within the constraints of the model, the effect on temperature 

response of varying particle size is small. This was largely 

expected since, in the model, the effect of particle size 

variation was limited to that caused by changing relative heat 

transfer area between the fuel and the core particle. 

4) Very small differences in the temperature between that of the fuel 

and the core particle were revealed by the model. This result 

gives support to an assumption that the fuel and core can be 

treated as a locally uniform temperature system in further 

modelling. 

5) The general applicability of a simple particle scale model of this 

type is limited with respect to the in situ combustion process. 

More complex particle ·scale models may be useful given the 
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incorporation of boundary conditions that are more realistic but 

highly difficult to implement rigorously . 
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CHAPTER D.3 

STABLE VELOCITY MOVING FRAME DIFFERENTIAL MODEL 

D.3.1 Introduction 

D.3.1.1 Background 

Modelling the combustion zone is a different undertaking than a 

simple extension of the particle scale model presente d in t he previ ou s 

section. The small-scale analysis is useful in revealing basic heat 

transfer characteristics, but limited in its application due to the 

various assumptions it requires. 

The primary limitations of the particle model relate to the major 

assumptions of no heat transfer into or out of the system and constant 

oxygen partial pressure in the external gas phase. These are clearly 

very restrictive in allowing the extrapolation of results of the 

particle-scale model to description of propagating combustion zone 

behavior. An analyt i cal c ombu s tion zone mode l would hav e to account 

for heat transfer and describe fuel and oxygen consumption within the 

zone. 

The spherical particle system considered was also only a 

simplified representation of a small-scale porous medium/fuel system. 

This representation leads to the model observation that t he effect of 

particle size is small, but when applied to a porous media system of 

packed particles, variation in particle size implies system specific 

surface area variation. This surface area parameter (area/unit mass 

of porous media matrix material) is known to affect the combustion 
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process greatly (Vossoughi et al (1982)]. Related to the combustion 

of fuel, the surface area effect is found in the reaction between 

oxygen and the fuel which must occur at or near the fuel/gas mutual 

surface. This surface is determined both by the complex surface 

geometry and the non-isothermal surface wettability characteristics of 

the porous medium on which the fuel is deposited . 

The uniform heat generation assumed for the fuel component in the 

particle model must also be considered as a simplification of the real 

situation where heat liberation occurs at or near the mutual surface 

location of the fuel-oxygen reation. This analysis must be seen as 

following the form of the reaction kinetics used which are those found 

in the in situ combustion literature, ·for example Fassihi et al 

(1984). These studies show reaction rate dependence on bulk fuel 

quantity rather than on the fuel/gas surface area. A large reason for 

this is the extreme difficulty in describing a general relationship 

for fuel/gas surface area as a function of fuel quantity and distri-

bution and porous media p r opert ies. This difficulty also applies to 

quantifying the effects of mass diffusion of the gaseous reactants and 

products to and from reaction sites. The bulk fuel quantity kinetic 

formulations thus necessarily absorb the description of minute-scale 

reaction, heat transfer and mass transfer processes that occur in a 

fuel/porous medium system. These kinetic parameters, determined from 

a given experimental system, reflect the system-specific effects of 

porous media geometry and synthesized fuel deposition that makes the 

great variation found in literature oxidation reaction kinetic 

parameter values understandable. 
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Complicating the situation further is that the reaction regimes 

of high temperature oxidation, thermal cracking, and low temperature 

oxidation must certainly overlap to some degree in a real moving 

combustion process. Studies aimed at determining reaction regime 

kinetic parameters do not reproduce this situation since they are 

specific to single reaction regimes or do not reproduce the mass 

transfer effects associated with actual combustion propagation. 

The limitations in describing the relationship of porous media, 

fuel, and reaction kinetics applies to any combustion zone model. For 

a particle model case, the surface reaction kinetics are not 

available, instead, "bulk" kinetics based on fuel quantity for 

specific systems must be used. In the case of models on a larger 

scale, the bulk kinetics are of a usable form, but they are derived 

from experiments using systems and procedures that produce unique 

properties (porous media geometry, fuel composition, fuel distri-

bution) which determine the resulting kinetic parameters. A useful 

analytical model of the combustion zone must account for the system 

specific nature of reaction kinetics. 

This section describes an original model of the combustion zone 

that uses combustion tube data to allow the bypassing of analytical 

consideration of the complexities associated with the reaction 

kinetics of high temperature combustion zone reactions in general 

porous media systems. The model attempts, primarily, to reveal the 

relationships among temperature, fuel quantity, oxygen consumption and 

heat generation for experimentally observed, steadily propagating 

combustion regions. As such, the model is not purely predictive, 
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because it relies on experimental data to overcome the obstacles 

outlined above. What it does allow is an experiment-specific 

description of parametric relationships in the high temperature 

region. The comparison of model results from different experimental 

runs allows analysis of the effects on these parameters of differences 

in experimental conditions. It is thus foreseen and demonstrated in 

the following that these analyses will reveal important insights into 

the relationship of experimental (and thus by extrapolation, 

reservoir) conditions and the achievement and characteristics of 

stable combustion propagation. 

D.3.1.2 Concept of Model 

The basic assumptions of the model are: 

1) The combustion zone moves along the tube at a constant velocity. 

2) The process is one-dimensional, i.e. linear or "plug" flow 

conditions exist in the combustion zone. 

3) The hydrocarbon fuel is an immobile phase and is consumed in an 

oxidation reaction of uniform overall stoichiometry in the 

combustion zone. 

The bases for these assumptions are: 

1) Experimentally observed stable combustion processes exhibit 

constant velocity propagation. 

2) One dimensional process achievement is the goal of combustion tube 
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experimentation - and has been reasonably well demonstrated in the 

experimental program of this study. 

3) Immobile phase fuel is a reasonable assumption given that it is a 

residual after the passage of a steam zone and higher temperature 

gas flow. It is certainly not a continuous phase in the high 

temperature zone considered and very likely essentially immobile. 

Also, the high temperature region considered is likely to have 

relatively uniform oxidation reaction stoichiometry. 

The purpose of combustion tube experimentation is primarily the 

generation of data from the linear propagation of a high temperature 

combustion front and its associated zones. Given constant experi-

mental conditions, this propagation is observed as one of constant 

velocity. The existence of steady movement data allows the formu-

lation of relevant balance equations based on a frame of reference 

moving at a constant velocity characteristic of a particular experi-

mental run. The key to the balances is that because the process is 

unchanging with respect to the moving frame of reference, there is no 

accumulation of any balance quantity within an arbitrary region of the 

process. 

Figure D.3.1 shows the balance concept as applied to a differ-

ential element of length dx. The balance quantity is Q and its rates 

of flow, Q, into and out of the differential element are with respect 

to the velocity, V, of that element. 

The general balance equation is: 
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Qin+ Qgenerated (D.3.3.1) 

which states that there is no accumulation of Q within the differ-

ential element. In developing the model equations, the balance 

quantities were based on a combustion tube internal cross sectional 

area A (i.e. balance quantity= Q/A). 

Figure D.3.1 

Balance Concept 

V 
--> 

-----> 

-----> 

dx 

The differential expression relating Q and x is: 

dQ 
Q(x+dx) Q(x) + dx 

dx X 

This simple treatment allows a system of six differential 

equations to be written in six dependent variables and the independent 

variable x. This is shown in the following section. 

With this system, an initial value problem may be solved in x, 

the distance downstream from the "boundary" of the combustion zone and 

the swept (or burned-through) region. This boundary is that moving 

point of reference where fuel has been essentially consumed and thus a 
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peak temperature has been achieved. At this point, the process 

variables are known and the system may be integrated from it to some 

moving location "downstream" (i.e. in the direction of movement). For 

the purposes of this study, this downstream location was chosen as 

that point where the porous medium temperature is 300°c. It is felt 

that this was a very conservative termination point in consideration 

of the model assumption of an immobile hydrocarbon phase. 

The method of system solution is shown in D.3.3, necessary model 

input parameters are described in D.3.4, and model results and 

analysis are presented in D.3.5. 

D.3.2 Model System 

D.3.2.1 Derived Equations 

Based on the assumption of constant velocity combustion zone 

movement, the following system of first order differential equations 

may be derived: 

0 
dx (D.3.2.1) 

dx 
(D.3 . 2.2) 

dx 



dx 

Af exp(-Ei/RglTs) Cf Po2 

V 

0 

[ KRZRg2Tg 1 ] dCf 
+ [ 

(qg/</>V)-1 

PMf Pg dx Pr ( 1-q,) /4> 

[ 1 dTg 1 dpg ] 0 + - --
Tg dx Pg dx 

- [ 
dx 
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(D . 3.2.3) 

dx 

(D.3.2.4) 

cf ] . + -
Pf 

(D.3.2.5) 

0 (D.3 . 2.6) 

The six equations above comprise a system of non-linear first 

order differential equations in the variable x , the distance parameter 

with respect to the moving frame of reference . 

variables are: 

The dependent 

Cf fuel quantity (mass of fuel/mass of non-reacting solid) 
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Tg gas temperature 

Ts porous medium temperature 

Pg gas density 

gas volume flux (w.r.t. tube or "bulk" cross sectional 
area) 

Po2 oxygen partial pressure. 

Pressure is assumed constant in the region of interest, i.e. 

there is a neglig i ble pressure drop i n t h e combustion zone. 

The solution of the system will be presented in subchapter D.3.3, 

what immediately follows is the development of equations D. 3.2.1 to 

D.3.2.6. 

D.3 . 2.2 Mass Balance 

Given that the mass transfer rates of non-reacting porous medium 

material into and out of the element are equivalent , a balance of mass 

flux* rates , with respect to a differential element of length dx , is : 

Gas in+ Fuel in Gas out+ Fuel out. 

Gas in Pg(x) [qg(x) - ~g(x) VJ 

Gas out Pg(x+dx) [qg(x+dx) - ~g(x+dx) VJ 

Fuel in Cf(x+dx) Pr (1-~) V 

Fuel out Cf(x) Pr (1-~) V 

* flux refers to the rate of flow pe r unit internal combustion tube 
or "bulk" cross sectional area. 
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where the fuel and gas move in opposite relative directions with 

respect to moving differential element and: 

~g is the effective porosity - accounting for fuel filling 
pore volume. 

some 

The gas flux terms are explained by the fact that the gas travels 

in the same direction as the front movement, thus the effect i ve f lux 

is less than that with respect to a stationary frame of reference: 

qg volume flux with respect to stationary frame. 

interstitial flux average gas velocity in porous media 

with respect to stationary frame. 

Therefore the average gas velocity with respect to the moving frame 

is: 

thus the volume flux with respect to the moving frame is: 

~g V 

this is the type of term that appears in the mass balance above . 

After installing terms, including differential expressions , 

rearranging and ignoring (dx) 2 and higher order terms, the resulting 

equation is D. 3.2.1. 
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D. 3 . 2 . 3 Energy Balance 

A balance of heat transfer rates is: 

Heat generated in dx Net heat transferred to core, fuel, gas 
passing through dx 

Rate heat generated Hf V 
[ 

dCdxf ] Pr(l-</>) dx 

Rate heat transferred to core 

Rate heat transferred to fuel 

Rate heat transferred to gas 

Pr cpr (1-</>) V dTs 

Pr cpf cf (1-</>) V dTS 

h(SSA) Pr (1-</>) (Ts-Tg) dx 

where it is assumed that the core and fuel are of a uniform 

temperature. 

Combining terms and rearranging into differential equation format 

gives equation D.3.2.2 which is shown wi t h an additional term; (1-

HLD), where HLD is a heat loss factor representing the fraction of 

heat generated that is lost from the system. 

D.3.2.4 Fuel Consumption Rate 

The rate of fuel consumption in dx is determined by the overall 

reaction rate: 

Rate fuel consumed V 
dx 

Net overall reaction rate 
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equating the above terms and rearranging into differential equation 

format results in Equation D.3.2.3. 

D.3.2.5 Gas-Solid Heat Transfer 

The statement of the gas-solid heat transfer equation (where 

solid refers to both fuel and core material) is: 

Rate enthalpy lost by 
by gas flowing 

into dx 

First term 

d 
Second term 

Rate enthalpy lost 
+ by gas produced 

in dx 

Net rate heat 
transfered from 

gas to solid 

where the integral becomes cpg (Tg-Ts) assuming a constant value for 

cpg (calculated at Tg for simplicity) 

Third term 

Performing the differentiation in the second term, ignoring 

(dx) 2 and higher order terms and rearranging results in Equation 

D.3.2.4. 

D. 3 . 2 . 6 Stoichiometric and Oxygen Balances 

The stoichiometric equation of the oxidation of hydrocarbon fuel 

(neglecting any sulphur component) is: 

(D.3.2.7) 



where: 

and: 

where: 

X H/C atomic ratio of fuel 

R N2/o2 molar ratio of reactant gas 

X 1 
-a + b + d + j + 

a 

4 2(b/d+l) 

X (b/d + 1/2) 
+ 

4 (b/d + 1) 
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KR is the number of moles of gas added to the system 
by reaction of 1 mole of fuel 

Ko is the number of moles of oxygen consumed by 
reaction of 1 mole of fuel. 

The stoichiometry is assumed to be constant for the region of 

interest. 

From the stoichiometric relationships and the use of a simple 

compressibility factor gas law (this is very adequate for the high 

temperature, high pressure region of interest and for the gaseous 

species and their range o f r elative quantities), balances on oxygen 

and total gas may be made by using rates with respect to unit bulk 

area: 

The total gas mole or "stoichiometric" balance is: 

Number of moles gas+ Number of moles gas 
produced in dx flowi ng i nto dx 

(rates/unit area of tube) 

First term 

Number of moles gas 
flowing out of dx 



Second term 

Third term 

Combining 

p 

p 
[ qg(x+dx) - ~g(x+dx) V] 

Z Rg2 Tg(x+dx) 
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of the above terms and performing the required 

expansions to form the differential expressions results in a differ-

ential stoichiometric balance: 

1 ] 
Pf 

= 0 (D.3.2.8) 
dx 

Performing a very similar balance on oxygen results in a differ-

ential molar oxygen balance: 

[ -
1 dP02 ] _ 

dx 
0 (D.3.2.9) 

dx 

Using 
dqg 

Equation D.3.2.1 to eliminate the - term in Equation D.3.2.8 
dx 

results in Equation D.3.2.5, a modified stoichiometric balance. 
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dqg dCf 
Using Equations D.3.2.1 and D.3.2.5 to eliminate the --- and terms 

dx dx 
from Equation D.3.2.9 results in Equation D.3.2.6, a modified oxygen 

balance. 

D.3.3 Solution of Model System 

The solution of Equations D.3.2.1 to D.3.2.6 comprises an initial 

value problem in the variable x. The method chosen was algebraic 

manipulation of the equations into a system that allowed direct 

sequential substitution for the derivatives, and simple step numerical 

integration of that system. The rearranged system is contained in 

Equations D.3.3.1 to D.3.3.6. 

The algebraic manipulation to rearrange the original system was: 

a) Use Equation D.3.2.1 to form expression for 
dqg 

in terms of 
dpg 

dCf dx dx 
and gives Equation D.3.3.3 

dx 

b) Use Equation D.3.2.5 to form expression for 
dTg 

in terms of 
dpg 

dCf dx dx 
and ' gives Equation D.3.3.4 

dx 

c) Use Equation D.3.2.4 and results of a) and b) to form expression 
dpg dCf 

for in terms of gives Equation D.3.3.2 
dx dx 

dP02 dTg 
d) Use Equation D.3.2.6 to form expression for in terms of 

dpg dx dx 
and gives Equation D.3.3.5 

dx 



e) 

f) 

dTS 
Use Equation D.3 . 2.2 as expression for in 

dx 
gives Equation D.3.3 . 6 

dCf 
Use Equation D.3.2 . 3 as expression for in 

dx 
derivatives ' gives Equation D. 3.3.1. 

dx 

dx 

dx 

dx 

dx 

dx 

Af exp(-Ei/RglTs) Cf Po 2 

V 

[ 
(1 - KR (MG/Mf)) + 

QCF 

HSR (Tg - Ts) 
+------

(-QV) cpg Tg 

QV dpg 

dx 

RV dCf 
+ -

dx 

QCF 

(RV+ GV)(Tg -

(-QV) Tg 

dx Pg dx 

(1 - HLD) Hf V 
dx 
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dCf 
terms of 

dx 

terms of non-

(D.3.3.1) 

dx 

(D.3.3.2) 

(D.3.3.3) 

(D.3.3.4) 

(D . 3 . 3.5) 

(D.3.3.6) 
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and the combination variables MG , QCF , QV, RV, GV and HSR are defined 

as: 

MG 

QCF 

QV 

RV 

GV 

HSR 

The input parameters derived from experimental data are: 

Ei, Af, ~' V, qg(injected, standard conditions) , R, P, 
Ts(peak temperacure), X, c1 , HLD. 

The determinations of the kinetic parameters Ei and Af an d t he 

heat loss factor HLD are shown in the following section. Also 

required for input is a non-zero fuel value to allow integration to 

proceed. The constant values and relationships used are found in 

Appendix B. 

Given the simultaneous solution for the derivatives, the 

integration of the system is straightforward, employing a simple step-

wise method. This algorithm was programmed on a Zenith 171 micro-

computer. Appendix C contains an example listing of one of the 

programs used. 
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Model runs consisted of running a compiled version of the program 

which output variable values to both screen and virtual disc storage 

(for later copying to a floppy disc). Data were in the form of 

records at prescribed distance intervals. Computer speed was 

sufficient for the application, and the simple integration method 

revealed excellent solution behavior. 

encountered with any relevant input data. 

were used to minimize round-off error . 

No convergence problems were 

Double precision variables 

Solution error behaviour was 

very good as determined by comparison of solutions using widely 

varying step sizes of the independent distance variable. 

Model results were analyzed using spreadsheet software on a 

Zenith 171 micro-computer. 

D. 3 . 4 Model Input Data 

D.3.4.1 Stabilized Run Parameters 

The input parameters necessary for the use of the moving frame 

model are those derived from linear, steady combustion process 

propagation. These data are derived from the so-called "stabilized" 

portion of an experimental run, characterized by constant velocity 

progress of a self-sustaining combustion front and other constant 

experimental conditions. Table D.3.1 shows the run data derived from 

the experimental program used as input data to the moving frame model. 

The units used are those required for input to the model. Five 

separate sets are listed including the low and high flux portions of 

Run 8, called 8a and 8b respectively. 
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Table D.3.1 

Moving Frame Model Input Parameters 

Run No. 3 5 7 Ba 8b 
--------- --------- --------- --------- ---------

Porosity 0.359 0.392 0.225 0.342 0.342 
(fraction) 

Velocity 2.69xl0- 3 3.42xl0- 3 5. 04xl0- 3 2.35xl0- 3 4 . 83xl0- 3 
(cm/s) 

Injected Gas 0.823 0.823 2.502 0.823 2 .177 
Flux 

(cm3 (ST)/cm2 -s) 

Molar N2/o2 3.985 3.735 4.280 4.236 4.236 
Ratio in 
Injected Gas 

Run Pressure 41. 33 50.23 41. 33 41. 33 41. 33 
(atm) 

Peak Temp. 514 532 530 526 533 
(oC) 

Atomic H/C 1.16 1. 24 1. 25 1. 35 1. 31 
Ratio (from 
Produced gas) 

Molar co2/CO 3 . 39 4.55 3.91 5.48 3 . 56 
Ratio in 
Produced gas 

D.3.4.2 Heat Loss Factors 

The run data obtained from the experimental runs are, ideally, 

those representative of adiabatic combustion tube operation. Heat 

losses likely occur during the stable portion of a run, however , due 

to a variety of factors, including the use of discrete heating zones, 

heater lag, and normal losses through passive insulation. In order to 

quantify these losses for the experimental runs used, estimated 

overall heat balances were done. The results of these calculations 
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were, for each run, a heat loss factor expressing the fraction of heat 

generated that was lost outside the system during the stabilized 

period. This factor was used in the model with the corresponding run 

input parameters to generate results with run-specific heat losses 

included. The method of calculation of the heat loss factor is 

illustrated in Appendix D. 

Table D.3.2 shows the results of the energy balance fo r each 

stable run period. The results used in the moving frame model are the 

HLD factors, which express the ratio HL/HG i.e. the ratio of net 

heat lost from the system to heat generated by combustion. 

The heat loss factors are directly calculated estimates of heat 

loss rate using experimental data and a simple energy balance based on 

observed steady combustion front propagation . Their calculation does 

not rely on any modelling requiring discretized fields or complicated 

integration. As such they are values that reflect direct e xp e rimental 

measurement . 

Table D.3.2 

Stable Combustion Period Heat Loss Factors 

Run HLD 
-------

3 0. 211 
5 -0.021 
7 0.365 

8a 0.266 
8b 0 . 368 

The heat loss factors varied somewhat for the experimental r uns. 

Referring to Table D.3.2, it is seen that the low flux Runs 3 and 8a 
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have similar factors, 0.211 and 0.266 respectively. The high flux 

Runs 7 and 8b also had similar estimated heat loss factors : 0.365 for 

Run 7 and 0.368 for Run 8b. The exception to the above trend was Run 

5 which showed slight negative heat loss, in other words, net heat 

input from the system heaters. 

The result for Run 5 may be explained by the fact that for this 

experiment a newly installed heater control system was used for the 

first time in conjunction with the combustion tube apparatus of this 

study. Control algorithm problems were encountered during the run and 

frequent override of automatic control was necessary. This was to 

prevent excessive heat input by the heaters as judged by observation 

of the relative values of the centerline and wall temperatures of a 

particular zone. It may appear from the heat loss factor calculation 

that better performance in the simulation of constant adiabatic 

conditions was achieved with this run, but this was not necessarily 

the case. The heat loss calculations are estimates based on 

stabilized period averaged data from each run and they do not reflect 

the variations in heater control experienced during a particular 

experiment. The superior averaged heat loss factor for Run 5 was 

somewhat at the expense of constant, uniformly applied (from zone to 

zone) control of energy input from the zone heaters. 

It must be stated that the scope of this study did not include 

heat transfer modelling of the traditionally used discrete zone heater 

control system in combustion experimentation . The system that was 

constructed formed a new combustion tube (and directly related 

systems) component of the larger fac ility, and as such employed the 
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heater control systems available in that facility. Given this , the 

goals of minimal heat loss and uniform heater control operation were 

met with the exception of the relatively minor problems of Run 5. An 

investigation of heat loss was carried out by the direct calculation 

of the heat loss factors described above and by employment of these, 

with corresponding experimental run input data, in the moving frame 

descriptive model (see later sections). 

The apparent increase in heat loss factor with increased flux may 

be explained by experimental observation. As flux is increased, the 

combustion front velocity also increases (to different extents 

depending on experimental conditions). It is generally observed that 

during the most rapid heating period caused by the combustion of fuel 

at a point of measurement, the temperature response at the tube wall 

does not follow the centerline temperature as closely for faster 

moving fronts. This translates into greater heat loss from the system 

in the case of higher flux. The reason for the slower temperature 

response at the wall relative to the centerline in the high velocity 

case is likely that the heat transport rate from the heaters through 

the passive insulation to the tube wall is limited and this "maximum" 

is achieved even under low front velocity conditions. There is 

support for this in that the maximum heater control output was 

observed for all experimental runs during the rapid heating periods. 

There is thus an increased "lag" in the heater supported wall 

temperature response relative to the centerline temperature for 

increased flux conditions due to wall support heating rate not 

"keeping up" with the increased process heat generation rate. 
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The fact of heat loss must be considered with respect to the 

somewhat conflicting goals of minimizing it and also making it as 

constant as possible with respect to the propagating combustion front 

process. The excellent passive insulating material used in the new 

apparatus has pushed to the current technological limit the effort in 

achieving process heat loss uniformity, given the use of discrete 

heating zones under automatic control. The overall heat loss values, 

as calculated above show that reasonable success in minimizing the 

overall loss was achieved. 

D.3.4.3 Kinetics Fit Parameters 

In addition to the stabilized run parameters and heat loss 

factors, the moving frame model requires the input of combustion 

reaction kinetic parameters Af and Ei. The choice of these, as 

described previously, depends on many experimental factors. The use 

of published parameters is quite unsatisfactory given the great 

variability in these values due to study-specific experimental and 

data reduction procedures. For example, in a recent study by Thomas 

(1983) synthetically prepared fuel/sand systems were used to generate 

high temperature oxidation kinetic data. The resulting pre-

exponential factor Af was found to be approximately 100 (atm-s)-l 

(converted from the units of Thomas) and the activation energy E. 
i 

equal to 68,765 (J/mol). However, Thomas (1983) reported great 

variability in the individual run values of Af and Ei determined by 

his statistical data-reduction method. Pre-exponential factors ranged 

from 10- 4 (atm-s)-l to 1014 (atm-s)- 1 , and activation energy 
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correlated with the variation in Af in ranging from 13,000 J/mol to 

260,000 J/mol. 

Other published data for high temperature oxidation [Fassihi et 

al (1984)] reveals pre-exponential factors in the range 25 (atm-s)-l 

to greater than 1 x 106 (atm- s)- 1 , and are correlated with activation 

energies in the range 48,400 (J/mol) to 157,300 (J/mol). 

The cho i ce o f k ine tic parame t e r s for moving frame model 

application was necessarily run specific due to the lack of reliable 

pre-determined values and the possibility of overlapping process 

reaction regimes. The values of Af and Ei were arrived at for each 

stable run period by application of the same data reduction and 

model/experimental temperature profile matching procedures. 

The procedures were as follows: 

1) From graphical temperature data (multipoint temperature recorder 

printout) and the observed propagation velocity, the temperature 

profile gradients (°C/cm) were determined at the 400°G and 300°G 

temperature levels for each zone passed during stable run periods. 

2) The 400°c and 300°c gradient sets were each averaged . 

3) Using the results of (2) and employing the run input data, Ei was 

found such that the ratio of the 400°c average slope to t he 300°c 

average slope was matched by model results using repeated model 

runs. 

4) Using the Ei determined in 3) , Af was found such that the absolute 
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temperature gradient values at 400°c and 300°c were matched by 

model results using repeated model runs. 

The resulting Af/Ei sets were thus determined for each stable run 

period; one set each for the adiabatic model case, and one set for the 

model with the appropriate run heat loss factor (HLD). Since the heat 

loss factor for Run 5 was very small (and of opposite sign indicating 

very slight heat addition), the HLD factor was set= 0, resulting in 

only an adiabatic case for that experiment. 

The resulting kinetic parameters are shown in Table D.3.3. The 

Ei values were determined to the nearest 500 (J/mol) value since the 

averaged slope data did not dictate that greater precision was 

necessary. It can be seen that the Ei values are quite similar for 

all the runs, within the range of 29,500 (J/mol) to 38,500 (J/mol) and 

within a narrower range for the model runs incorporating heat loss. 

Af values are also reasonably similar and somewhat correlated with the 

Ei values (lower Af for lower Ei values) except for the cases of Runs 

8a and 8b. The data for all the runs could have been satisfactorily 

fit with appropriate Af values given the use of a single Ei value, 

near 35,000 (J/mol). For this Ei, the Af range for the adiabatic 

model runs would then have been 0.175 (atm-s)-l to 0.470 (atm-s)-l 

(fitting the 400°C slope data) which is a smaller range than that of 

the variable Ei data shown in Table D. 3 . 3. The desire to use an 

evenly applied method to determine the kinetic parameters dictated, 

however, that the parameters in Table D.3.3 were used for the model 

runs describing the experimental behaviour. The method of matching 
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the average slopes at the 400°c and 300°c levels was used in the place 

of a much more complicated statisical fit to determine the kinetic 

parameters for each run. It is felt that the method used was very 

satisfactory and matched the level of precision of the original data. 

Table D.3.3 

Reaction Kinetic Parameters From Moving Frame Model Fit 

Adiabatic Wi t h Estimated Heat Loss 
Run ---------------------------- ----------------------------------
No. Af (atm-s)-l Ei (J/mol) Af (atm-s)-l Ei (J /mol) HLD 

-------------- ------------ -------------- ------------
3 0.195 35,000 0.145 33,000 0.211 

5 0.080 29,500 0.080 29,500 0 

7 0.270 33,000 0.160 29,500 0.365 

Ba 0.301 38,500 0.210 36,000 0.266 

8b 0.669 37,500 0.395 34 , 000 0.368 

At this point it is important to stress that the kinetic 

parameters are factors determined by matching model results with 

experimental stable period temperature profile data. As stated 

previosly tte model is descriptive in nature requiring, due to the 

state of knowledge of accurate reaction kinetic relationships, the use 

of overall reaction kinetic parameters specific to each system 

considered . Given this, it should also be expected that due to the 

similarity of the systems used that the kinetic parameters so 

determined should fall within reasonably small ranges. This is 

certainly the case and thus lends support to the validity of the 

model. 
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The Ei and Af values shown in Table D.3.3 describe the overall 

reaction process occurring in the 300°c to peak temperature range and 

depend on the choice of first order reaction relationships for fuel 

quantity and oxygen partial pressure. In addition to the great 

variation in Af and Ei for first order systems, the literature 

contains contradictory information concerning rea ction orde r with 

respect to carbon concentration (idealized fuel) with values of 2 

having been proposed [Dart (194 9), Dabbous (1971)]. While these 

contradictions are clear, it must be stated that the kinetic 

parameters determined by the model do not fall within the generally 

accepted ranges determined by kinetic studies for the dominant 

reaction process of high temperature oxidation. 

A qualitative explanation of low apparent activation energy may 

be the possibility of reaction rate dependence on mass diffusion at 

high temperatures. Bennion (1984) describes that there are 

indications in the literature [Ozomaro (1978) ] that high temperature 

oxidation may be controlled b y diffusion at higher temperatures. If 

this also occurs at high temperatures in a real combustion 

propagation, the apparent or overall reaction kinetic activation 

energy (Ei) would be lower than that determined by non-diffusion 

controlled reaction kinetic studies. This is because the effect of 

diffusion control at higher temperatures is to lessen the effect of 

temperature on actual reaction rate. Less reaction rate sensitivity 

to temperature translates directly to lower observed Ei. Demonstrated 

correlation of Af and Ei [Thomas (1983) ] may indicate that observed Af 

would be lower also. These effects may explain the apparently low 
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values for these parameters resulting from this study's model fit to 

experimental data. 

More quantitative evidence of a mass transfer controlled process 

is also available. Bulk mass transfer control of the reaction rate is 

found in applying the model to Runs 8a and 8b which used the same 

system and different injected gas flux rates. Fitting of the 

temperature data from these two periods using Ei 35,000 J/mol 

(matching slopes at 400°c and using corresponding heat loss factors) 

gave Af values of 0.175 and 0.470 for 8a and 8b respectively. The 

increase of Af in 8b over that of 8a was by a factor of 2.69 which 

almost exactly matched the factor by which the gas flux values 

differed (2.65). The correlation of Af with flux was also indicated 

for the other runs. Using the same Ei 35,000 J/mol value, Runs 3, 5 

and 7 produced Af values of 0.207, 0.212 and 0 . 420, basically 

following the trend of gas flux used in these experiments. All of 

this indicates that the fuel consumption reaction rate was controlled 

by bulk mass transfer and that the determination of Ei was with 

respect to a non-reaction controlled regime. This would cause the 

apparent Ei to be lower than that determined by non-mass transfer 

controlled experiments used to evaluate kinetic parameters. 

It must also be stated that evidence of fuel consumption over a 

large temperature range indicated by the model (see D.3.5.4 for 

example) likely means that combustion process fuel may be composed of 

both coke-like components and lighter fractions (evidence of this was 

presented in Chapter C.4 related to matching Run 3 excavated material 
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and stable period H/C ratios). This could also cause the apparent 

reaction kinetic parameters to deviate from literature values which 

were determined for idealized fixed fuel component systems (e.g. coke 

produced by thermal cracking in the case of Thomas (1983)). This 

would also apparently violate the model assumption that assumes 

uniform fuel composition, but the model results are not very sensitive 

to changes in assumed H/C ratio, dictated by the relative lack of 

sensitivity of fuel heating value to moderate changes in H/C ratio. 

Finally, in model trials not presented here, a variety of 

combinations of reaction orders for oxygen partial pressure and fuel 

quantity were used but experimental data could not be satisfactorily 

fit with Ei's deviating substantially from the values shown in Table 

D.3.3. 

Collectively, the above indicates that the actual high 

temperature overall reaction rate is not only system specific but also 

depends on gaseous mass transfer rates. This implies that predictive 

combustion models should incorporate flux dependent reaction rate 

relationships for at least the high temperature reaction regime 

considered here. 

In any event, for purposes of the moving frame descriptive model, 

the kinetic parameters determined by the fits to temperature data 

serve to allow model generated descriptions of parameter relationships 

in the high temperature region. It is shown later that exclusive of 

their relationship to location, these parameters are unaffected by the 

values of the kinetic constants. 
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D. 3 . 5 Model Results 

D. 3.5.1 Model/Experiment Temperature Profile Match 

The use of the model to investigate parameter relationships in 

the combustion zone of an experimental run requires good matching of 

the model generated temperature profile with the experimentally 

observed data. Figures D.3.2 to D.3.4 show the model generated porous 

media temperatur e profile s as solid curve s wi th the e xpe r imental data 

plotted as discrete points. The horizontal scale indicates relative 

distance with respect to the moving process, thus the choice of origin 

for this axis is not significant (later plots of a given run may use 

different origins). A flat model profile indicates the swept region. 

The experimental points given are from up to five different zones 

passed during each run's stable burning period . These data were 

changed from temperature versus time to temperature versus distance by 

direct conversion using the experimentally observed propagation 

velocity. The different symbols are indicative of the different 

zones, the choice of which varied for each run, but in each case are 

representative of the temperature profiles observed during the 

stabilized run period. The data are plotted with similar points near 

the 300°C level in order to place multiple sets on one plot to allow 

comparison with the model generated profiles. The model profiles are 

those of both the adiabatic and heat loss inc l uded cases, which are 

identical due to slightly different kinetic parameters being used in 

each case to allow model/experiment profile matching as described 

previously. 
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It is observed in Figures D.3.2 to D.3.4 that the model 

reproduces the temperature profiles extremely well for each stable run 

period in the experimental program. 

D.3.5.2 Model Balance Performance 

It was desired to establish that the model was performing 

properly by showing that the specified quantity balances (with respect 

to the moving frame of reference) were sustained over the integrated 

range of a model run. This was initially done very soon after 

computer model development and employed arbitrary kinetic parameters. 

The model at this stage employed constant (not temperature dependent) 

heat capacities so that the heat balance between the combustion zone 

entry (peak temperature) and exit (300°C) locations could be easily 

interpreted. The method employed the combustion zone entry and exit 

parameters as input to and generated by the model, respectively, for a 

realistic case (Using Run 3 constants). 

The balance check was performed as follows: 

1) Comparison of total mass flow (fuel-gas) between entry and exit of 

combustion zone. 

2) Comparison of rate of heat generated in combustion zone to net 

rate heat output from combustion zone . 

3) Comparison of oxygen flow into combustion zone with oxygen 

consumption rate and oxygen flow out of combustion zone. 

The equivalence of the compared quantities outlined above would 
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indicate that the model is performing properly in integrating the 

system of differential equations. This is so since the no-

accumulation balance principle as applied to the differential-size 

element used in establishing the system of equations must also be 

upheld as applied to the entire integrated range of a model run. 

Collectively, the three balance checks listed above require the 

correct integration of the entire system of equations in order to be 

successful. Table D.3.4 shows the results o f the balance check f or 

Run 3 under the model conditions described above. Clearly, the good 

agreement between the compared parameters indicates proper model 

behaviour. 

Table D. 3.4 

Moving Frame Model Balance Check Example 
Run 3 integration range: approx. 6 cm. Step Size : 0 . 01 cm 

(rates shown are with respect to tube cross-sectional area) 

1) Mass (fuel+ gas) 

Into region Out of region 

-> 9.766 X 10- 4 9.762 x 10- 4 (g/s-cm2 ) 

2) Energy 

Generated in region+ Into region from gas Net out of r egion 
to porous media 

0.8415 0 . 2262 1. 06 71 

--> 1.0677 1.0671 (J/s-cm2 ) 
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3) Oxygen 

02 into region o2 consumed in region + o2 out of region 

6.632 X 10- 6 2.145 X 10- 6 4.487 X 10- 6 

---> 6.632 X 10- 6 6.632 x 10- 6 (mol/s-cm 2 ) 

D.3 . 5.3 Effect of Kinetics on Model Results 

It has been established that the kinetics parameters were 

necessarily chosen to allow model/experimental temperature profile 

matching. It is important to illustrate that allowing the choice of 

kinetics in the model is for purely this reason as part of a 

descriptive modelling effort. It is also important to show that the 

choice of kinetic parameters has no effect on the relationships among 

the important parameters involved in the model such as fuel quantity, 

oxygen partial pressure, temperature, and all others, except for 

linear dimension. This must be true since the combustion reaction 

rate does not have an effect on these parameter relationships, only on 

how the parameters change with respect to time, which in this case (of 

a constant velocity moving frame model) translates directly into how 

the parameters vary with distance in the combustion zone. 

In order to show the effect of combustion reaction kinetics on 

results, the model was run with the same input parameters except for 

different kinetic constants. Run 7 input constants were used and the 

model run in the adiabatic mode with two sets of kinetic constants: 
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Af (atm-s)-l Ei (J /mol) 
-------------- -------------

Case 1 0.270 33 , 000 

Case 2 92.9 68,765 

Case 1 is the result of the experimental data match described 

earlier , and Case 2 contains the final chosen Ei estimate from the 

high t emperature coke oxidation kinetics results of Thomas (1983), and 

the corresponding Af parameter was converted to the units above from 

those used by Thomas . 

Figure D.3.5 shows the model generated temperature profiles for 

the two cases of kinetics. Case 1 has already been shown to agree 

well with experimental data and Case 2 is the profile resulting from 

use of the published data example . The profiles are plotted with 

coincident points at 300°C to aid comparison. As expected , the choice 

of the two kinetic parameters greatly affects the resulting model 

temperature-distance relationship. Increasing both the activation 

energy , Ei, and the pre-exponential factor , Af, causes the "combustion 

zone" to become longer and the temperature profile shape to be 

altered. 

Figure D.3.6 reveals the relationship between fuel quantity and 

porous media temperature in the combustion zone for the two cases. It 

appears as a single curve because the two curves superimpose, showing 

equivalence in the fuel quantity/temperature relationship for two 

different sets of kinetics parameters. 

Figure D.3 . 7 is a plot of oxygen partial pressure versus porous 
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media temperature for the same two cases. It reveals the equivalence 

of these parameter relationships for the two cases of input kinetics. 

The preceding illustrations show the effect of altering kinetics 

in the model: the relationships of the model variable values with 

respect to position in the high temperature region are altered, but 

their relationships with each other, exclusive of distance, are not 

affected. This situation is a predictable and proper result of the 

model formulation and holds for all of the variable parameters 

included in it. The lack of sensitivity of the relationships to 

kinetics also holds whether or not the effect of heat loss is included 

in the model input. 

D.3.5.4 Model Run Results Example 

This section shows the results of a model run using the input 

data from Run 5 of the experimental program. The purpose is to reveal 

the nature of the generated variable profiles and relationships for a 

typical run. 

Running the moving frame computer model results in data output in 

the form of records at user-specified intervals of distance in the 

combustion region; Appendix E contains an example model generated data 

output listing for Run 5 input parameters. Each output record 

consists of values of: 1) Position (cm), 2) Gas Temperature (°C), 3) 

Porous Media Temperature (°C), 4) Fuel Quantity (grams fuel/grams 

core material), 5) Oxygen Partial Pressure (atm), 6) Gas Volume Flux 

(cm3 (T,P)/s-cm 2 ), and 7) Gas Density (g/cm3 ). 
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The generated output parameters can be plotted against each other 

or manipulated to result in useful combustion variables which may then 

be represented graphically. For example, the product of gas density 

and gas volume flux is the gas mass flux, and oxygen mass flux is a 

function of oxygen partial pressure, gas density and gas temperature. 

Also, the local heat generation rate can be output from the model. 

Figures D.3.8 to D.3.11 show the relationship of model parameters 

to the location in the moving combustion region. The relationships of 

gas and porous media temperatures to distance are found in Figure 

D.3.8. The temperatures appear as one profile which is typical of all 

the experimental run data. Examination of Appendix E will reveal the 

very close similarity in values between ~he gas and "solid" (porous 

medium) temperatures for Run 5. The maximum difference is less than 

1°c for this example, and this is typical of all the runs performed 

using experimental data. As expected, the calculated gas temperature 

exceeds the porous media temperature, but only slightly. These 

results , c oupled with the kn owledge o f the use of a conservative heat 

transfer coefficient value, means that, locally, the real experimental 

combustion region system was essentially of uniform temperature (both 

the gas and solid phases were at the same temperature at a given 

location) . This implies that the model system may perhaps be 

simplified by making Tg and Ts equivalent . This would allow Equation 

D. 3.2.4 to be combined with Equation D.3.2.2, reducing the number of 

equations in the original system to five to match the reduced number 

of dependent variables . 
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Other profiles in Figures D. 3.8 to D.3.11 show how the fuel 

quantity and oxygen partial pressure typically vary with distance in 

the combustion zone. As the gas travels through the combustion zone, 

it loses oxygen and gains combustion reaction product gases 

(co2 ,co,H2o), and this is shown by decreasing oxygen partial pressure. 

Also, the fuel quantity increases with distance into the combustion 

zone (from the peak temperature location). 

Also shown in these figures are the gas volume flux, gas mass 

flux, and oxygen mass flux profiles. The gas volume flux decreases 

greatly with distance, since it is a strong function of temperature, 

while the gas mass flux increases slightly. The increase in mass flux 

with distance is accounted for by considering that the fuel mass 

consumed in the combustion reaction is converted into gas, which adds 

to the mass flow of the gas stream . Oxygen mass flux, which is a 

strong function of oxygen partial pressure, decreases w~th distance in 

the combustion zone. 

Finally in this series of figures, the gas density and gas 

molecular weight profiles are presented. Gas density, which is 

strongly related to temperature variation, increases with distance. 

The gas molecular weight also increases, but solely due to the change 

in gas composition with reaction as described above. The molecular 

weight change is very minor for the experimental runs (and likely most 

combustion experiments) due to the molecular weights of the combustion 

products and the typical reaction stoichiometry. 

Figures D.3.12 to D.3.15 are the parameter plots with respect to 
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the porous medium or "solids" temperature. Given the very close 

similarity between the solids and gas temperature, the trends are also 

closely indicative of the parameter relationships to gas temperature. 

The fuel quantity and oxygen partial pressure graphs on Figure 

D.3.12 for Run 5 reveal nearly linear dependence of these variables on 

temperature. The gas density relationship with temperature is not 

linear as it would be for a constant molecular weight as shown on 

Figure D.3.13. Also shown on this figure is the relationship of gas 

molecular weight to temperature which causes the non-linear density 

temperature relationship. 

Figure D.3.14 shows the plots of gas volume flux and mass flux 

versus temperature. These reveal the strong relationship between 

volume flux and temperature and the small increase in gas mass flux 

with decreasing temperature due to changing gas composition. Figure 

D.3.15 shows how oxygen mass flux varies with temperature for Run 5. 

The relationship of fuel quantity and gaseous oxygen are 

presented in Figure D.3.16 as both fuel quantity versus oxygen partial 

pressure and oxygen mass flux versus fuel quantity. 

expected inverse relationship is observed. 

In both cases an 

The results of the output of the local or specific heat 

generation rate as a function of distance, with the temperature 

profile on the same scale, are shown in Figure D.3.17. The heat 

generation rate is seen to rise to a peak value in the combustion zone 

and then drop off. The specific heat generation rate is in units of 
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(J/s-cm3 ) where the volume units refer to the unit bulk volume of the 

system (tube volume). 

Figure D.3.18 is a plot of specific heat generation rate versus 

porous media temperature. The peak generation rate temperature is 

approximately 430°c, and the general shape of the curve is typical of 

model run results. 

The above figures show many of the various parameter relation-

ships in the defined combustion zone that are revealed by the model. 

It is important to note that reliable experimental input data are 

required to make these results meaningful. Given this, the model 

allows quantitative examination of the situation inside a combustion 

region under steady propagation conditions. 

The utility of model results can only be considered in 

conjunction with the performance of an experimental program, such as 

the one undertaken as part of this study. The results may be useful 

in two ways: 1) in revealing consistent, typical relat ionships among 

model parameters over a series of combustion propagation experiments, 

and 2) in revealing the effect on model parameter relationships of 

single experimental process variable changes. Both of these points 

require the planning and execution of experiments that employ 

systematic changes to the experimental conditions that are described 

by the model. 

The experimental program of this study, while also tasked with 

the goals of equipment commissioning and further development of 

experimental procedures (packing techniques, etc.), attempted to 
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employ a systematic approach in specifying experimental conditions to 

further knowledge of the combustion process. This effort was 

necessarily limited by the other goals above and the practical 

constraints of time and material resources. Given this, however, some 

useful results were obtained and are outlined later. It should also 

be clear that the moving frame model itself stands alone as a product 

of this study. Its employment as an analytical tool using existing or 

future data from other combustion propagation expe r imental programs 

would be useful in investigating the process. 

D.3.5.5 Effect of Inclusion of Estimated Heat Loss 

This section describes the effect on model generated results, 

using Run 7 input data, of the inclusion of the estimated heat loss 

rate from the system. The inclusion of heat loss is desired to make 

the model describe actual behaviour as accurately as possible. The 

calculation of heat loss factors was shown in D.3.4, and the method of 

inclusion in the model described in D.3.2. 

The method of incorporating heat loss in this analysis was to 

assume that local heat loss rate is proportional to local heat 

generation rate with the constant of proportionality being the heat 

loss factor. This was seen as a reasonable method given the available 

data. More accurate representation in the model of the local heat 

loss rate as a function of position in the combustion region would 

require and only be justified by more sophisticated experimental 

temperature/heat loss measurement (likely involving measurement at 

other tube locations in addition to heating zone centers) . Support 
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for the method used here lies in the consistent experimental 

observation that the occasions of greatest wall-centerline temperature 

differences coincide with those of the greatest rates of change in 

centerline temperature . The close connections between the temperature 

difference and heat loss rate and between rate of t emperature increase 

and heat generation rate support the method used . 

Figures D.3.19 and D.3.20 show the fuel quantity, oxygen partial 

pressure, and oxygen flux for Run 7 generated by running the model 

with and without heat loss. Increased fuel quantity and decreased 

oxygen partial pressure and flux are the results of including the heat 

loss effect. Figures D.3.21 and D.3.22 contain the same parameters 

plotted against porous media temperature. From the four figures 

above, it is seen that not including heat loss likely results in the 

under-estimation of oxygen utilization in the combustion zone. 

is a corresponding difference in fuel quantity estimation also. 

There 

Figures D.3.23 and D.3.24 show the profiles of gas density, gas 

volume flux and gas mass flux. The density and volume flux are 

essentially identical as indicated by the superimposed curves, and 

mass .flux differences are very minor . Figures D.3.25 and D.3 . 26 

reveal these gas parameters plotted against temperature. The gas 

density and volume flux curves are very similar, with slightly 

increased mass flux at low temperatures for the model run that 

includes heat loss. 

The effect on heat generation rate is shown in Figure D.3.27 with 

the generation rate plotted against both distance and temperature. 
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Including the heat loss effect increases the peak heat generation rate 

and, by inspection, the total heat generation rate in the high 

temperature region considered (which is proportional to the area under 

the curve) . 

The figures shown reveal that including the reality of heat loss 

by use of a heat loss factor changes the model run results somewhat. 

These changes are found in the parameters describing fuel and oxygen 

use in the combustion region. The general curve trends are not 

changed, but the parameter values are affected. For this reason (and 

the fact that the heat loss is experimentally observed) model runs 

should include its effects in order to make the results as close a 

reflection of actual behaviour as possible. 

D.3.5.6 Oxygen Consumption 

The model results using experimental data of this study reveal 

interesting relationships concerning oxygen consumption in the 

combustion region. 

Figures D.3.28 to D.3.31 show the oxygen partial pressure and 

oxygen flux profi l es for Runs 3, 7, Ba and 8b . The model runs that 

produced these had corresponding heat loss factors included. The same 

profiles for Run 5 have already been shown in D. 3.5.4. Each of the 

curves show how oxygen gas is consumed in the high temperature region. 

It is very notable that in each case there is a substantial proportion 

of the original oxygen content remaining in the flowing gas at the end 
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of the integrated model region (the limit was the point where the 

porous media temperature was 300°C). 

Figures D.3.32 to D.3.35 show the same oxygen parameters plotted 

against porous media temperature . There is consistency in the result 

that the oxygen content of the flowing gas is very substantial even at 

the 300°c temperature level. Table D.3.5 lists the oxygen partial 

pressure and the oxygen flux, expressed as percentages of tube 

entrance values, at 300°c for each run. The results are reasonably 

close in value, suggesting a low sensitivity of these parameters to 

changes in experimental conditions employed in the test series. The 

large increase in injected air flux in Run 8b over that of Run 8a was 

reflected in only a slight increase in oxygen content of the flowing 

gas at 300°c. 

The flowing gas oxygen content values determined by the model are 

most useful when considered collectively . The consistency of the 

results indicates that a substantial proportion of oxygen consumption 

in the combustion processes observed in this study occurred below the 

300°c temperature level. This result is a very important finding in 

showing that lower temperature oxidation reactions may occur as an 

important part of the complicated process of steady combustion front 

propagation. This fact has been speculated upon and studied by a few 

authors [Bae (1977), Moore et al (1986) , Moss et al (1982)] but there 

has been no previously published analytical treatment of experimental 

combustion tube results that has been able to describe the nature of 

oxygen use. 
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There is much support for the occurrence of a normal low 

temperature oxidation reaction component in combustion front propa-

gation. For example, it was observed in this study's experiments that 

"steam" zones extended a relatively long distance ahead of the 

combustion region. For example, in Run 7, a flat (small gradient) 

temperature profile at approximately 200°C existed for approximately 

10 cm. ahead of the combustion region. Conduction and/or convection 

of heat from the high temperature region would not likely account for 

this, therefore heat generation may have been occurring within this 

steam region to hold the elevated the temperature. The limitations of 

steam temperature (including the effects of non-condensible gas 

partial pressure) likely caused the "plateau" effect at 

temperature level. 

Table D.3.5 

Moving Frame Model Flowing Gas Oxygen Parameters at 300°c 

Run 

this 

No . Percent injected o 2 flux Percent injected o 2 partial pressure 

3 

5 

7 

8a 

8b 

In 

60.1 

59.0 

62.2 

59.5 

65.2 

addition to oxidation to H2o, 

58.2 

56.8 

60.6 

57 . 7 

63.4 

CO and co 2 at lower 

temperatures, it is known from the literature [Burger et al (1972)] 

that other typical crude oil lower temperature oxidation reactions can 
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liberate very substantial quantities of heat, approaching the heats of 

reaction (per amount of oxygen consumed) of complete oxidation. It 

may be that the sources of lower temperature heat generation in the 

combustion process are these types of reactions. The above analytical 

result indicates that there may be a good supply of oxygen passing 

through the high temperature region, allowi ng these lower temperat ure 

reactions to proceed. Given that experimental oxygen consumption was 

very high for t h e s table run p e riods c onsidered in this study, oxygen 

that passed through the high temperature regions would have reacted in 

the lower temperature regions. The results of Run 2 of this study 

showed that substantial oxygen consumption can occur for experimental 

systems of this nature even at very low (1S0°C) temperatures. 

It must be noted that the uniform stoichiometry assumed in the 

model for fuel oxidation (as derived from stable experimental run data 

reflecting overall stoichiometry) may seem questionable given the 

result of oxygen consumption over a very large temperature range. In 

test runs not shown her e , if complete fuel oxidation to co2 was 

assumed for the high temperature region modelled, nearly identical 

oxygen consumption was demonstrated as in the case of a low assumed 

The key point is that the model results are not very 

sensitive to variations in assumed reaction stoichiometry . Run 

specific overall stoichiometric constants are seen as the best 

available source of data for use in the model. Although some 

v ariations in stoichiometry within the reacting regions are likely, in 

the absence of precise knowledge of these, the present model implemen-

t ation must suffice. This is not to say that examining the detailed 
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effects of variations in assumed stoichiometry using the model is not 

warranted, indeed it may be, but this must be left for future study. 

The consistent model results of incomplete oxygen use in the 

experimental high temperature regions may not be definitive of all 

combustion front propagation. What has been demonstrated is that the 

model implementation presented here indicates that this is the 

situation under the experimental conditions of this study and that the 

model may be used to examine the extent of oxygen utilization in the 

high temperature region using ideal steady combustion process data. 

D.3.5.7 Gas Flux Effect 

The previous section revealed a consistent finding among all the 

relevant experiments of this study. This section and the following 

one apply the model in examining the effect of changes in specific 

experimental conditions. 

Runs 8a and 8b were different periods of a single experiment in 

which two different injected 

(cm3 (ST)/cm2s), respectively, 

gas 

were 

flux values, 

used. All 

0.823 and 2.18 

other relevant 

experimental conditions were held constant for the two run periods. 

Figures D.3.36 to D. 3.41 contain model results comparisons for these 

periods. 

Figures D.3.36 and D.3.37 contain the temperature, fuel quantity 

and oxygen partial pressure profiles for Runs 8a and 8b . Steeper 

profiles are noted for the high flux case, as is a shorter combustion 

region. More oxygen has apparently been consumed in the case of the 
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lower flux run , 8a, evidenced by its lower oxygen partial pressure 

value at the 300°c level . The bottom graph in Figure D.3 . 37 and 

Figure D.3.38 show the gas flux parameters. The differences in 

volume , mass and oxygen flux for the two run periods reflect the 

different injection rates during the same periods. 

Figure D.3.39 reveals fuel quantity and oxygen partial pressure 

as functions of temperature. A steeper profile in the fuel quantity 

plot for Run 8b and a steeper oxygen partial pressure plot for Run 8a 

are noted . 

Figure D.3.40 shows the temperature profiles of Runs 8a and 8b 

and the corresponding heat generation rate profiles. It is apparent 

that the higher flux run , 8b , shows a much higher peak heat generation 

rate than the lower flux run, 8a. Figure D. 3 . 41 shows heat generation 

rate plotted against temperature. A similar temperature dependence on 

heat generation rate is apparent for the two run periods . 

The above figur es r ev eal that the higher gas flux may lead to 

slightly decreased oxygen utilization and much greater peak heat 

generation rate in the high temperature region. The peak heat 

generation rate for Run 8b is a factor of 3.0 greater than that of Run 

8a with the flux a factor of 2.6 greater. 

The heat generation results show that rathe r than caus ing the 

heat generation rate profile to narrow with a relatively constant peak 

v alue, decreased flux "flattens" the profile, 

decreasing close to proportionately with the flux . 

with peak rate 

The implications 
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of this are that the low flux case is more prone to extinct i o. due to 

typical process irregularities . Since the entire heat generation rate 

profile is lower for reduced flux, the ability for a front propagation 

supported by a smaller flux to overcome sudden increases in heat loss 

from the system, or to satisfy greater demands for heating caused by 

porous media irregularities (e.g. small regions of increased packing 

density) is reduced. This result reveals why increasing injected gas 

flux results i n more stable combustion propagation and decreases the 

chances for stable process extinction. 

D.3.5.8 Effect of Pack Porosity/Consolidation 

Runs 7 and 8b employed similar experimental conditions except for 

the type of porous medium used. Run 7 employed a 22.5% porosity 

consolidated Berea section and Run 8b used a 34.2% porosity unconsol-

idated Berea pack. Although the gas fluxes used were similar, they 

were not identical: 2.50 (cm3 (ST)/cm2 s) for Run 7 and 2.18 

(cm3 (ST)/cm2 s) fo r Run 8b. Figures D.3.42 to D.3.47 show the 

comparative model results for Runs 7 and 8b. 

Figures D.3.42 to D.3.44 reveal the model parameter/distance 

relationships. Similar profiles for temperature, fuel quantity and 

oxygen partial pressure are seen for the two experiments. Oxygen 

consumption was apparently slightly greater in Run 7 a s shown by lowe r 

oxygen partial pressure values. The combustion region is longer in 

the case of Run 7. The gas flux parameters are also compared and show 

the relative values of volume and mass flux, and oxygen flux for the 

two runs. It is seen that the oxygen flux values appear to converge. 
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Figure D.3.45 shows very similar relationships of oxygen partial 

pressure and fuel quantity with respect to temperature for the two 

runs. These relationships, especially fuel quantity versus 

temperature, are closer than those for Run 8a and Run 8b shown in the 

previous section. 

Figures D.3.46 and D.3.47 show the heat generation rate relation-

ships for the Runs 7 and 8b. Peak heat generation rates are similar 

for the two, with the profile of Run 7 being broader than that of 8b. 

Heat generation rates as functions of temperature show higher values 

for Run 8b above 430°c and lower rates under 430°c. 

From examining the above, it is apparent that, given similarity 

in injected gas flux, the effect of employing the two different packs 

is most obvious in altering the combustion zone length and the heat 

generation rate relationships. The higher porosity pack had a shorter 

high temperature zone and a sharper heat generation rate profile. It 

also showed heat generation may be skewed slightly towards higher 

temperatures compared to the lower porosity experiment. 

It is interesting to note that the flux for Run 7 was slightly 

higher than Run 8b. From the results of the previous section, if the 

flux of Run 7 were lowered, say to the same value as 8b, the peak heat 

generation rate would drop accordingly. The result would be lower 

peak heat generation and an even "flatter" profile for Run 7 compared 

to that of 8b. The implications of this are the same as in the 

previous section concerning vulnerability to process irregularities. 

For a given flux, it seems that the lower porosity consolidated pack 
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is more likely to have its combustion propagation extinguished than 

the higher pososity, unconsolidated pack. 

The results of this and the previous section may explain the lack 

of success experienced in achieving steady combustion at lower gas 

flux in Runs 6 and 7 . For both lower flux and lower porosity the 

results indicate that a heat generation profile in a steadily moving 

combustion zone would have a lower peak value and be longer. The 

exact nature of how the heat generation profile changes with flux and 

porosity is not determinable from the limited data examined, but the 

above trends are indicated from the model results. For the low 

porosity consolidated packs of Runs 6 and 7 the achievement of self-

sustaining combustion may not have been possible at lower injected gas 

flux due to the fact that the resulting combustion region would be too 

spread out and not of sufficient local heat generation rate to 

overcome heat loss and satisfy the demands of propagation. 

The question arises of the relative effects of porosity and 

degree of consolidation on the achievement of process self-sustenance. 

It is not possible from the limited results of this study to conclude 

that merely porosity differences account for the variation in the 

behaviour outlined above. What is known is that the specific surface 

area values were very close in the two cases but the uniformity of the 

porous medium in the case of the unconsolidated packs was likely 

somewhat affected by packing procedures. It is for future systematic 

experimental study to explore this and other important conditions that 

affect the ability to achieve self-sustaining combustion in relevant 

simulated reservoir systems. 
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D.3.5 . 9 Quantitative Significance of Model Results 

The accuracy of parameter values determined by the model depend 

on the general assumption of an ideal, one-dimensional process. Their 

accuracy with respect to the specific implementation of the model 

shown here also depends on the validity of: 1) the imposed condition 

of negligible fuel at peak temperature and 2) the approximation of 

heat loss inclusion. The fuel quantity condition was adopted for use 

in this initial model analysis since it is the ideal condition and was 

supported by qualitative experimental evidence (including positive 

correlation of location of peak temperature at extinction with the 

start of the swept zone - determined by post-run examination of 

excavated material). The heat loss approximation was made in an 

attempt to incorporate experimentally observed departures from process 

ideality . The exact effect on the results of realistic deviations 

from ideal process behaviour cannot be accounted for by the model. 

Also, the accuracies of the specific implementations 1) and 2) above 

were difficult to quantify conclusively. 

Given the above, the model results have been presented without 

"judicious" manipulation of input parameters in order to present 

relationships representative of a uniformly applied model . The 

presentation of numerical results does not imply high absolute 

accuracy of the parameters. The even application of the model r ev eals 

relationships that are useful in exposing differences in a series of 

experiments and in showing consistencies among them . With more 

accurate representations of experimentally observed process conditions 
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and further development of experimental systems which would allow an 

even closer approach to ideal process behaviour, more strictly 

quantitative results of the model will be possible. 
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CHAPTER D. 4 

SUMMARY AND FUTURE MODEL DEVELOPMENT 

The major development of the theoretical component of this study 

has been a novel descriptive model of the high temperature zone of the 

in situ combustion process. After initial work using a v ery simple 

and limited particle scale predictive model, the stable velocity 

moving frame model was developed. It was formulated for use in 

with data from stabilized laboratory combustion conjunction 

experiments. Applied to results of experiments performed as part of 

this study, it reveals, for the first time in the literature, small 

scale relationships of: temperature, fuel concentration, oxygen 

partial pressure, volumetric gas flux , gas density, local heat 

generation rate and position in the moving combustion region . 

A summary of findings: 

1) The model reproduced experimental temperature profiles well . 

Similar overall reaction kinetic parameters determined for the 

reasonably similar experimental systems supports model validity. 

Differences between these parameters among the experiments and 

with respect to comparison with literature values for high 

temperature oxidation are likely due to mass transfer effects in 

the physical process simulation. Model parameter relationships 

exclusive of position in the combustion zone were shown to be 

unaffected by the choice of kinetic parameters. 

2) The model solution showed proper behavior by the successful 
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overall balance of relevant quantitites in test examples. This 

proved that the model system of differential equations was being 

integrated properly. It follows that the no-accumulation moving 

frame balance principle was upheld for the entire integrated range 

of a model run. 

3) The overall heat loss during the stable experimental run periods 

was estimated by the use of stabilized period experimental data 

and a simplified balance based on the moving frame principle. 

This showed that reasonable success was achieved in minimizing 

total heat loss during the experimental stabilized combustion run 

periods. The overall heat loss appeared to increase with 

increased injected gas flux, with the likely explanation that this 

was caused by increased lag in heater response in the higher flux 

situations. It was also shown that the inclusion of the effect of 

heat loss in the model is justified. 

4) For each of the stable combustion periods in the experimental 

program, the model suggested that oxygen consumption was not 

isolated to the high temperature (greater than 300°C) region. 

This consistent result indicates that low temperature oxidation 

reactions may have been occurring as part of the overall process 

of combustion propagation in these experiments. As revealed by 

the model, the amount of oxygen used in the high temperature 

region was apparently relatively insensitive to the level of 

injected gas flux within the range used. 

5) For stable combustion in a given experimental system, an effect of 
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i n creasing gas flux is to increase the peak combustion zone heat 

generation rate nearly proportionately, and to decrease the 

combustion zone length. 

6) For stable combustion using a given core material composition, 

crude oil, and injected gas flux, the model indicates that a lower 

porosity consolidated porous medium element would have slightly 

greater combustion zone oxygen utilization, lower local peak heat 

generation rate, and a longer combustion zone compared to that of 

a higher porosity unconsolidated material element . 

7) The implications of 5) and 6) are that, for a given flux, a lower 

po r osity consolidated core elemental system is more prone to 

process extinction than an otherwise equivalent higher porosity 

unconsolidated system. This also indicates that the former system 

requires a higher minimum flux than the latter to allow combustion 

process self-sustenance. This effect was likely observed in the 

experimental program where runs employing low porosity 

consolidated material would not sustain combustion at the flux 

levels successfully used in runs (which were similar in other 

respects) with higher porosity unconsolidated packs. 

The model development and results indicate the following future 

model uses and extensions: 

1 ) Use the current model with existing stable run data from other 

combustion tube systems. Given the availability of appropriate 

data , further process insights would likely be reveal ed . The 
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model can be applied to oxygen enriched air cases with no 

modification, although some changes to relevant gas parameter 

relationships may be required for high pressures. Data from 

normal wet combustion experiments may be used with likely 

relatively minor modifications to gas parameter relationships 

given that steam is in a superheated state. Applying the overall 

heat balance to other experimental tube systems would be useful in 

evaluating their performance. 

2) Use the current model in future experimental mechanistic 

combustion studies. Single process variable changes from run to 

run would be desirable in a systematic program. Field relevant 

parameters such as gas flux, pack porosity, degree of oxygen 

enrichment, pressure, injected water/gas ratio, and initial oil 

saturation are obvious choices for variables. The model may also 

be useful in examining the effects of mass transfer on the overall 

high temperature reaction rate, and thus in determining new 

kinetic relationships incorporating these. 

3) Alter the current model to include heat loss more rigorously if 

development of experimentally based local heat loss estimation is 

also improved. 

4) For the current model, possibly make the heat transfer coefficient 

between the solid and gaseous phases of infinite value. Using a 

conservative coefficient value, the near equality of gas and solid 

temperatures at given positions for all experimental r uns 

indicates that this may be justified. Alternatively, system 
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equation reduction and rearrangement as outlined in the text may 

be performed. 

5) Extend the concept of the current model into a more comprehensive 

version by applying the balance principle to lower temperature 

regions. This may be possible if an experimentally demonstrated 

applicability of the constant velocity assumption to these regions 

is shown for a given case . 

If the immobile hydrocarbon phase assumption is shown valid 

down to a temperature limit lower than 300°c, the model would 

not have to be altered at all except perhaps for a slightly 

more complicated formulation for overall reaction kinetics. 

An extension into regions requiring the relaxation of the 

immobile hydrocarbon phase assumption would be desirable, but 

require a reformulation of the model. Oil distillation, low 

temperature oxidation in the flowing phase, and the effects of 

saturated steam conditions would require an increase in the 

number of model variables and equations and the use of 

relevant phase behavior relationships. 
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SECTION E 

CONCLUSIONS AND RECOMMENDATIONS 

This section lists the major conclusions and recommendations 

arising from this study. Specific findings and more detailed 

outlines of indicated future development are found in the 

appropriate chapter and major section summaries. 

Conclusions 

1) Theoretically supported experimental study using combustion tube 

tests and descriptive analytical modelling allows the examination 

of important small-scale parameter relationships and their effects 

on the mechanisms of in situ combustion. 

2) A new combustion tube system was successfully designed, 

constructed, and tested that improves the ability to reveal 

mechanisms associated with stable in situ combustion propagation. 

The new apparatus features a unique combination of: an uncon-

solidated/consolidated core material packing capability, the 

ability to withstand high process and net external pressures, and 

the use of a modular component design. The system allows the 

performance of physical one-dimensional combustion process 

simulations using a great range of elemental systems and experi-

mental conditions with an excellent equipment replacement ability. 

3) A novel stable velocity moving frame descriptive model of the high 

temperature region of the combustion process to be used in 
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conjunction with appropriate experimental data was successfully 

developed. The model uses results derived from stabilized 

combustion process experiments as input parameters. The model can 

be useful in: 1) revealing consistent small-scale high 

temperature region parameter relationships as they may occur in a 

series of combustion experiments and 2) analyzing the effects of 

single experimental process variable changes on these relation-

ships. The model was shown to be a useful analytical tool applied 

to the relatively limited systematic experimental program of this 

study. 

4) Applying the new model with data from the combustion experiments 

revealed a consistent result that oxygen consumption was not 

isolated to the high temperature region. This showed analytically 

for the first time that substantial low temperature oxidation 

reactions can occur as a normal part of a stable in situ 

combustion process propagation. An isothermal low temperature 

oxidation test performed using the combustion tube system 

illustrated that great quantitites of oxygen may be consumed, and 

combustion fuel-like hydrocarbon residues may be formed in a 

moving front manner at low temperatures. 

5) Applying the descriptive model also showed that, for a single 

elemental system used, the combustion region peak local heat 

generation rate varied in close to direct proportion with injected 

air flux. This offers an analytical explanation of why any stable 

combustion process is more prone to unstable behaviour or 
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extinction as gas flux is lowered . This is due to the fact that 

lowering the local heat generation rate decreases the ability of 

the process to overcome local increases in heat loss and to 

satisfy the demands of process propagation for generated heat . 

6) It was experimentally demonstrated that, for a uniform set of 

process conditions, a higher injected air flux was needed to 

sustain combustion in the case of a lower porosity consolidated 

material element compared to a higher porosity unconsolidated pack 

of the same material. Application of the descriptive model 

revealed the likely reason for the observed behaviour. This was 

that, for given conditions, lower local combustion region heat 

generation rates in the case of the former system make a stable 

process in that system more prone to extinction, and thus more 

difficult to sustain initially, than in the latter. 

Recommendations 

1) The new combustion tube system is suitable for future use in 

experimental 

conditions. 

combustion studies employing a wide range of 

If enriched air capability combined with tube re-use 

is desired, a nickel-based alloy such as Inconel 600 should be 

used for construction of the tube component . 

experiments are: 

Other possible 

Use of field core material if appropriately preserved sections 

become available. 

Use of horizontal orientation in a combustion experiment , 
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taking advantage of the porous medium uniformity of a tube 

packed with synthetic material. 

Use of the system in experimental elemental steam displacement 

studies. This is strongly suggested by the design incor-

porating the use of modular components and other system 

capabilities that would theoretically allow many experiments to 

be conducted in a reasonable period of time using a great range 

of steam conditions. 

2) Apply the descriptive model using suitable existing stable 

combustion data to gain insights into the parameter relationships 

in experiments employing varying process conditions. This could 

include data from enriched air and normal wet combustion tests. 

3) Use the model in conjunction with new mechanistic experimental 

programs employing systematic process variable changes relevant to 

field parameters, for example: 

injected gas flux 

porosity 

oxygen enrichment 

pressure 

water/gas ratio 

initial oil saturation. 

4) Applied to existing or future data, the model may be useful in 

developing high temperature reaction kinetic formulations that 

incorporate the effects of mass transfer that were evident from 

applying the model to this experimental program. 
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5) Improve/extend descriptive model: 

include local heat loss more rigorously in the existing model 

given commensurate improvement of experimentally measured heat 

loss. 

alter gas phase relationships in the existing model as 

necessary to better describe various conditions that may be 

encountered by adoption of 2) and 3) above. 

extend model concept into a more comprehensive description of 

the combustion process. Depending on the scope of the 

extension, this may require further balance equation develop-

ment and incorporation of relevant phase behaviour relation-

ships. 

6) Increased study of low temperature oxidation in the in situ 

combustion process is recommended given the likely substantial 

role of this r eac tion r egime i n s t able combustion propagation . 

The existing great emphasis in the literature on thermal cracking 

as the only important mode of fuel deposition for stable high 

temperature combustion appears unjustifiable given the results of 

this study. 
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APPENDIX A 

PARTICLE MODEL SOLUTION PROGRAM EXAMPLE 

(Runge-Kutta Algorithm) 



10 ' SPHERICAL PARTICLE HEAT TRANSFER PROGRAM 2A 
20 ' 86-12 - 02 
30 ' FUEL - PARTICLE TRANSIENT. LUMPED HEAT TR@NSfER PROGRAM 
40 ' RUNGE- KUTTA METHOD 
so , 
iiO , 
70 ' 
60 ' 
90 ' 
100 ' DEFAULT VALUES or CONSTANTS 
110 Kl• '. . 61748E+l2 :K2•47114 . 8:K3•3 . 01463 :K4•-2142 5:KS•-8262 . 901 
120 ' INPUT NEW CONSTANTS IF DESIRED 
130 INPUT"[NTER NEW CONSTANTS? YIN" . NW1' 
140 If NWlt-"N" GOTO 180 
150 INPUT"ENTER Kl-KS JN ORDER" . Kl.K2.K3 , K4. KS 
160 ' 
170 ' 
180 PRINT" Kl•" :Kl:" K2•";K2 ; " K3•";K3 ;" K4•" ;K4 ;" KS•";KS 
190 'INPUT INITIAL VALUES or MF, T •ND DTM . DN 
200 INPUT"ENTER INITIAL VALUES or Mf. Tf , TP " . Mf. Tf. TP 
210 ' 
220 INPUT" ENTER TIME STEP SIZE AND TIME BET WEEN RECORDS <SEC)" , DTIM, LTIMO 
230 TIM•O 
240 OPEN " C:SCRACH . DAT" FOR OUTPUT AS 11 
250 \J1 •TP+273 . 15:W2•Mf :W3•Tf+273 . 15 
260 ' 
270 ' 
280 
290 ' 
300 ' 
310 ' CALCULATE RUNGE- KUTTA CONSTANTS 
320 K<l . V•DTIM*K3*(\J3-\Jl) 
330 K<l . 2l•DTIM• K4*\JZ*tXP<KS/W3J 
340 K<l . 3>•DTlfH(Kl/KZ*EXP<KS/W3)-U/KZ>*U/\J2) * KH<W3- Wl)) 
350 ' 
360 K<2 . H•DTlM.$ K3*<W3+K(1 . 3)/2-Wl-K(l, 1J/2J 
370 K<2. Z>•DTIM* K4*<WZ+KC1 . 2)!2)*EXP<KS/ W3+KU . 3)12)) 
380 K<2 . 3J•DTIM* (Kl/Kl* EXP(KS/ \J3+KU . 3J/2))-(l/K2J .$(1 / (\J2+K<l. 2)/2)) * K3* (\J3+K(l 
. 3)12-\Jl-KU . 1)12)) 
390 ' 
400 K<3 , H•DTIM* K3 * (\J3+K<2. 3J/2-Wl-K<2 , 1J/2J 
410 K<3 . 2J•DTIM* K4* (\J2+K<2 , 2)12) *EXP<K5/(W3+KC2. 3)12)) 
420 KC3 . 3>•DTIM.$ CK 1/KZ* EXPCK5/(W3+K<2. 3)12)) - (l/K2J.$ Cl/CW2+K<2 . ZJ/2)) * K3* CW3+K(2 
. 3)12-Wl-KCZ , J)/2)) 

430 ' 
440 K(4 . l >•DTIM* K3* CW3+KC3 . 3J-Wl-KC3 . J>> 
450 K<4.Z>•DTIM*KOC\J2+K 3 . 2)HtXl5/ W3+KC3 , 3))) 
4fi0 K<4 . 3J•DTIM* <K1/KZ*EXP<K5/CW3+KC3 , 3)))-U/KZJ * U/C\J2+KC3 . 2))) * K3* \J3+KC3, 3J-
\JJ - K<3 . 1))) 

410 I 

480 I 

490 ' UPDATE VARIABLES 
SOO Wl•Wl+(K<l . l)-+-2l K(2 , 1)+2* K(3 . 1)+K<4 . l)J/6 
S10 \J2•W2+(K C1. 2)+2* KCZ , 2)+2* K(3 , 2)+K C4 . 2)J/6 
520 \J3•\J3+(K C1 . 3)+2 * K<2. 3)+2* K(3 . 3)+K C4 . 3))/6 
530' 
540 Tf•WJ-273 . 15:TP•\Jl-273 . 15 
550 I 

560 I 

570 'UPDATE TIME 
580 TIM•TIM+DTJM 
590 I 

600 LTIM•LTIM+DTIM 
610 IF LTIM<LT JMO GOTO 690 
620 ' 
ii30 PRINT TIM .Tf . TP,W2 
640 PRINT 11. TIM. Tf . TP . \J2 
6S0 'LPRINT TIM . TF TP , W2 
660 LTIM•O 
670 ' 
660 ' 
ii90 If TF> 700 GOTO 750 
700 IfW2>1E-10 GOTO 260 
710 ' 
720' 
730 ' 
740 ' 
7S0 'PRINT VALUES or FINAL TIME . TF . TP 
760 PRINT"TIME FOR FUEL CONSUMPTION :": TIM ; " SEC " 
770 PRINT"FINAL FUEL TEMP" :\J3 ; " C" 
780 PRINT"FINAL PARTICLE TEMP" ;\Jl:" C" 
790 'PRINT VALUE or FUEL MASS AT ENDOf CALCULATION 
800 PRINT"flNAL FUEL MASSVALUE" ;IJZ ; " g" 
610 I 

820 ' 
630 I 

840 END 

N 
Ul 
N 
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APPENDIX B 

STABLE VELOCITY MOVING FRAME DIFFERENIAL MODEL CONSTANTS 
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The following are the constant values and relationships used in the 

moving frame model: 

z 1.01 - estimate based on species, expected pressure and 
temperature [Reid et al (1977)] 

2.65 g/cm3 

1.15 g/cm3 - estimate based on variety of hydro-
carbon fuels 

cpf 1.30 J/g-K - estimate as above 

(0.891995) + (3.115 x 10- 4 ) Ts 
[Perry et al (1984)] 

(21045.5)/Ts 2 J/g-K 

(0.921096) + (2.87884 x 10- 4 ) Tg - (11505.9)/Tg2 J/g-K 
[Agca et al (1985)] 

Mf 12.011 + 1.0079 x g/mol 

[ (265,700)C1 + 197,850 
+ 25925X - 171,700 

- where X 
Cl 

H/C atomic ratio of fuel 
co2;co molar ratio 

] 4 . 1868 
J/g 

(12+X) 

This neglects water heat of vaporization since 
region of interest is above steam temperature 
[Burger et al (1972)] 

h = 3 x 10- 5 J/cm2 -s-K - conservative estimate based on 
calculation involving flux, mean 
particle size, from Pfeffer (1964) 
- low Reynold's number. Particle-
fluid heat transfer. 

SSA - 4 x 103 cm2/g - median value for porous media of exper i -
mental program (couples with h above) 



APPENDIX C 

STABLE VELOCITY MOVING FRAME DIFFERENTIAL MODEL 
SOLUTION PROGRAM EXAMPLE 

(Outputs Distance, Temperature , Heat Generation Rate) 
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10 ' HOVING FRONT MODEL PROGRAM GHOA (HVGHOA) <INPUT C'S) 
20 'VARIABLE ROCK. GAS HEAT CAP (f(T)) AND HF<X . CV . DOUB . PREC . . FORMATOUTPUT 
30 ' HCf• 1. H02• 1 
40 'GENERAL PROGRAM so, 
60 ' 
70' 
80 ' 87-03-07 
90' 
100 ' DEFINE INTEGER. DOUBLE PRECISION VARIABLES 
110 '------------------------------------------
120 DEfDBL A-M . 0-Z 
130 DEfINT N 
140' 
150' 
160 ' INPUT KINETIC PARAMETERS 
170 ' -------------------- -------------------
180 INPUT"ENTER Af . El ". Af , El 
190 HCf•l :M02•1 
200' 
210 'DEFINE DEFAULT CONST.NTS 
220 ' ------------------------
230 Z•l . Ol :DER•Z . 65 :DEfU•l . 15 
240 CPf•l . 3 
250 H• . 00003 :SA•4000 I 
260 Rl •8 . 3143 :R2•82 . 04 
270' 
280 ' DEFINE DEFAULT SWITCH CONSTANTS 
290 ' -------- -----------------------
300 TMN•573 :P02MN•O :CfMX• . 03 
310 INPUT"ENTER Cfl" . Cfl 
320 ' 
330 ' 
340 ' INPUT SWITCH CONS T ANTS 
350 ' --- -- - ------ -------- --
360 INPUT" ENTER E . V. OGS . R . P . TMXC . X , C 1", E. V, OGS, R, P, T MXC, X, C 1 
370 ' 
380 ' 
390 TMX•TMXC+273 . 15 
400 ' 
410 ' 
420 ' INPUT STEP SIZE , NUM or STEPS BETWEEN RECORDS 
430 '--- ------ - -------- ---- -- - --------------------
440 INPUT"ENTER STEP SIZE (cm) , NUMBER or STEPS BET . RECORDS", DL, NU MST 
450 ' 
460 INPUT " ENTER HLD " . HLD 

470 ' 
480 'INITIALIZE VAR I ABLES 
490 '----------------- ---
500 HGI•CR/<l+RH*26 . 013+(1/(l+R))* 31 . 999 
510 TG•TMX 
520 TGC•TMXC 
530 TS•TMX 
540 TSC •THXC 
550 er-en 
560 POZ•<l/Cl+RH*P 
570 OG•Z* THX/298/P * OGS 
580 DEG•P*MGI/Z/R2/TMX 
590 L•O 
600' 
610 ' 
620 'OPEN DATA FILE 630 , _____________ _ 

U.0 - 0POL •~C:S.CRACH. DAT~'- .f01l OUTPUT .AS 11 . 
6S0' 
660 ' 
670 ' PRINT INITIAL VARIABLE VALUES TO SCREEN. FlLE 
680 ·---------- -------- ---------------- -----------
690 PRINT USING "HH . tH• " ;L , TGC , TSC. P02 
700 PRINT USING "I. Htt···· " ;CF , OG , DEG 
710 PRINT 11,L . TGC,TSC,Cf,POZ , OG,OEG 
720' 
730' 
740 'PROMPT TO START RUN 
7S0 '-------------------
760 INPUT"TO START RUN ENTER 1, OR RETURN TO BEGINNING" , ST 
770 If ST•l GOTO 790 
780 GOTO 10 
790' 
800' 
810 'CALCULATE COMBI NATION CONSTANTS 
820 '------------------- ------------
830 Hf•(CC 1 * 26S700 l+l 978501)/(Cl +1)+25925* X-171700 I) *4 . 1868/ ( 12+X) 
840 HSR•H*SA*DER*U-E> 
850 HS•H*SA 
860 KO•X/4+((Cl+ . 5)1(Cl +l)) 
870 Mf•l2 . 0ll+l 0079*X 
880 KR•X/4+ . Sl<Cl+l) 
890' 
900' 

N 
lJl 
a, 



910 ' INITIALIZE PRINT VARIABLE 
920 '-------------------------
930 NUM•O 
940 I 

950 I 

960 'SOLUTION LOOP 970 , ____________ _ 

980 I 

990 ' CALCULATE ROCK. GAS HEAT CAPACITIES 
1000 ·- ----------------------------------
1011.1 CPR =- &9 199 5+ ( . 000311S>*T5- (2104S . S)/T5.2 
1020 CPT• . 921096+(2 . 87884E-04) *TG-(11505 9)/TG·z 
1030 ' CALCULATE COMBINATION VARIABLES 
1040 '-------------------------------
1050 HG•Z*RHTG•DEG/P 
1060 OCF• <OG/E/V-1> * (E/<1-EJ/DER>+<CF/DEFU) 
1070 RV•DER*<l-E)*(l-DEG/DEFU>*V 
1080 GV•DEG*DER/DEFU*<l-E>*V 
1090 OV•-OG+E•V-CF*DER/DEfU*<l-E)*V 
1100 CPS•CPR+CPF•cr 
1110 ' 
1120 I 

1130 ' CALCULATE DIFFERENTIALS 
1140 ' -----------------------
1150 DCF•Af * EXP(-El/Rl/TS) * <cr·Hcn * (lt0Z.M02)/V 
l 160 DDEG•((l-KR*MG/Mf>/OCF+<RV+GV>•CPT/CPT/(-QV) * <TG-TSJ/TG> * DCF+HSR/(-QV)ICPT* 
<TG-TS>ITG 
1170 DOG•OV /DEG* DDEG+RV /DEG• ocr 
1180 DTG•TG* (1-KR *MG/Mf>/DEG/OCF*DCF-TG/DEG*DDEG 
1190 DP02• <<KR* P02+KO* P)l<KR *MG/Mf-1) *MG/Mf) * <DTG/TG+DDEG/DEG) 
1200 DTS•<HS * <TS-TG)-<1-HLD) *Hf*V*DCF)ICPS/V 
1210 I 

1220 I 

1230 ' UPDATE VARIABLES 
1240 ' ------ ----------
1250 Cf•CF+DCf*DL 
1260 DEG•DEG+DDEG*DL 
1270 OG•OG+DOG*DL 
1280 TG•TG+DTG*DL 
1290 TGC•TG-273 . 15 
1300 P02•POZ+DPOZ*DL 
1310 TS•TS+DTS*DL 
1320 TSC • TS-273 . 15 
1330 L•L+DL 
1340 HEGR•HF*V*DCF*DER*<l-E) 
1350 ' 
1360 I 

1370 'CHECK TO EXIT LOOP 
1380 '------------ ------
1390 IF CF>CFMX GOTO 1570 
1400 IF POZ<POZMN GOTO 1570 
1410 IF TS<THN GOTO 1570 
1420 I 

1430 I 

1440 ' PRINT VARI ABLES TO SCREEN . FILE 1F TIME TO 
1450 '------------------------------ ------------
1460 NUM•NUM+l 
1470 IF NUM<NUMST GOTO 960 
1'160 NUM•O 
1490 PRINT 11, L, TSC. HEGR 
1500 PRINT USING "IHI. IHI " ;L. TSC , HEGR 
1510 GOTO 9&0 
1520 I 

1530 ' 
1540' 
1550' 
1560' 
1570 'FINISH 1580 , _____ _ 

1590 PRINT 11, L, T SC, HEGR 
HiOO PRINT USING "IHI . HH " ; L, TSC, HEGR 
1610 PRINT"RUN COMPLETED" 
1620 I 

1630 END 

N u, 
--.j 
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APPENDIX D 

ESTIMATION OF EXPERIMENTAL ENERGY LOSS 
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An approximate overall energy balance for stable combustion 

propagation is: 

Rate heat generated 
(HG) + 

+ 

Net rate heat gained by porous media 
Net rate heat gained by gas (G) 
Rate heat lost outside system (HL) . 

Given that HG, R, G are known, HL is determined: 

Heat loss factor HLD 
HL 

HG 

(R) 

HG (Rate heat generated via combustion of hydrocarbons) - from 
stabilized run results of fuel consumption rate. 

R 

HG (J/s-cm2 ) 

(Net rate heat gained by porous media) - since 
moving at V, net heating rate proportional to V 
temperature rise from tube ambient to peak value. 

R (J/s - cm2 ) 

process 
and to 

G (Net rate heat gained by gas) - as it travels through the 
tube, is heated from room temperature to peak temperature 
and cools back to tube ambient temperature (G1 ), also as 
front progress, heated gas space increases at rate 
proportional to V (G 2 ) . 

G Gl + G2 (J/s-cm 2 ) 

G1 mgcpg<Ta-Tr) 

The net heat gained/lost by system liquids is neglected - assume they 

leave system at the ambient temperature. 
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FCR Rate of fuel consumption per unit tube area (run result) 

V 

Fuel heating value (calculated from run results) 

Porous media porosity (run specific) 

Velocity of front (run result) 

(g fuel/s-cm 2 ) 

(J/g fuel) 

(fraction) 

Porous media matrix material density 2.65 

(cm/s) 

(g/cm3 ) 

Pg Gas density (mean value Ta-Tp range) (run specific) (g/cm3) 

Porous media heat capacity (average in Ta-Tp r ange ) 0.995 
(J/g-K) 

Gas heat capacity (average in Ta-Tp range) 

Gas heat capacity (average in Tr-Ta range) 

Temperature - peak (run result) 

Temperature - tube ambient (run specific) 

Temperature - room (injected gas) 

Mass flux of gas as injected (run specific) 

1.029 

0. 920 

25 

(J/g-K) 

(J /g-K) 

(OC) 

(OC) 

(oC) 

The overall steady propagation heat balance described above is a 

reasonable approximation of the real situation, with the accuracy of 

the averaged heat capacities, especially for the porous media, 

affecting result accuracy to a greater extent than other approxi-

mations. This limitation was minimized by the use of an integrated 

average value of cpr obtained from numerical integration of a typical 

temperature profile (Run 7) from tube ambient temperature to peak 

temperature: 

Tp 
I cpr dT 

Ta 
cpr 

Tp - Ta 
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where is the heat capacity of the porous media expressed as a 

function of temperature (see moving frame model). 

Table A.D.l 

Stable Run Heat Loss Factor Calculation Terms 

Run No. 3 5 7 Ba 8b 

Constants 
---------
FCR 7.315xl0- 5 7.035xl0-S 2.123xl0- 4 6 . 873xl0-S 1. 75lxl0- 4 

Hf 34,556 36,025 35,576 37,173 35,571 

Pg 0.0183 0.0217 0.0179 0.0180 0.0178 

Ta 90 70 80 80 80 

mg 9.700xl0- 4 9 . 7llxl0- 4 2.943xl0- 3 9.686xl0- 4 2.56lxl0- 3 

Calculated Terms 
----------------

HG 2.5276 2 . 5344 7.5528 2.5549 6.2299 

R 1. 9277 2.5330 4.6346 1. 8184 3 . 7961 

Gl 0.0580 0.0402 0.1489 0.0490 0 . 1296 

G2 0.0077 0.0138 0.0094 0 . 0066 0.0137 

HL 0.5342 -0.0527 2.7599 0.6808 2 . 2905 

HLD 0.211 -0.021 0 . 365 0 . 266 0 . 368 



APPENDIX E 

STABLE VELOCITY MOVING FRAME DIFFERENTIAL MODEL 

COMPOSITE DATA LISTING EXAMPLE - RUN 5 

DIST 

TGC 

TSC 

Distance (cm) 

- Gas Temperature (C) 

Porous Media Temperature 

Oxygen Partial Pressure 

(C) 

(atm) 

CF Fuel Quantity (g•fuel/g•sand) 

QG - Gas Volume Flux (cm3/cm2-s) 

DEG - Gas Density (g/cm3) 

MFLX = Gas Mass Flux (g/cm2-s) 

OFLX - Oxygen Mass Flux (g/cm2-s) 

MLWT 

HEGR 

Gas Molecular Weight (g/mol) 

Specific Heat Generation Rate 
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Table A.E.l 

Model Results Example - Run 5 

01ST TGC TSC P02 er QG DEG MFLX OfLX 
0 532 532 10 . &0823 0 0 . 044711 0 . 021724 0 . 000971 0 . 000227 

0 .1 531 . 9836 531.9824 10 &0786 0 . 000001 0 .044710 0 . 021725 0 .000971 0 .000227 
0.2 531 . 9601 531 . 958& 10 60735 0 .000002 0.044709 0 . 021725 0 . 000971 0 . 000227 
0 . 3 531 . 928& 531 .9265 10 . 60667 0 .000003 0 .044707 0 . 021 726 0 .000971 0 .000227 
0 . 4 531 8860531 . 883310 60575 0 000 00 4 0 . 044705 0 .021728 0.000971 0 .000227 
0 .5 531 .8288 531 .825110 60451 0 .000005 0 . 044703 0 .021729 0 . 000971 0 . 000227 
0 .6 531 . 7517 531 . 74&7 10 60284 0.000007 0 . 044699 0 . 021731 0 . 000971 0 . 000227 
0.7 531 . 6480 531 . &4l3 10 . 60060 0 . 000010 0 . 044694 0 .021734 0 .000971 0 .000227 
0 .8 531 .5085 531 . 4994 10.59758 0.000014 0 . 044&87 0.021738 0 . 000971 0 .000227 
0 . 9 531 . 3209 531. 3088 10. 59352 0 . 000018 0 . 044&78 0. 02'1743 0 . 000971 0 . 000227 

1 531 . 0690531 .052710 .58808 0 .000025 0 . 044666 0 .021750 0 . 000971 0 . 000227 
1 . 1 530 . 7309 530 .7090 10 .58077 0 . 000034 0 . 044650 0 .021759 0 .000971 0 .000226 
1 . 2 530.2779 530 . 2486 10 .57098 0 . 000045 0.044628 0 . 021772 0 . 000971 0 .000226 
1 . 3 529 . 6721 529 . &330 10 .55790 0 . 000061 0 . 044~99 0.021788 0.000971 0 . 00022& 
1 . 4 528.8640 528 .8119 10.54046 0 .000082 0.044560 0 .021811 0.000971 0 .000226 
1 5 527 . 7896 527.7204 10 . 51729 0 . 000110 0 . 044508 0 .021840 -0 . 000972 0 .000225 
l. G 526 . 3675 526 . 2763 10 .48666 0.000147 0 . 044439 0 .021880 0 . 000972 0 .000225 
1 . 7 524 . 4963 524 . 3767 10.44642 0 . 000195 0 . 044348 0 .021932 0 .000972 0 . 000224 
1 .8 522. 05Z7 521 . 8973 10 . 39396 0 . 000258 0 .044230 0 .022000 0 .000973 0 . 000223 
1 .9 518 .8925 518 . 6929 10 . 32630 0 . 000340 0 . 044077 0.022089 0 .000973 0 . 000221 

Z 514.8558 514 . 6029 10 .24014 0 . 000443 0 . 043881 0 .022204 0 . 000974 0 .000220 
2 .1 509 . 7777 509 . 4628 10 . 13220 0 . 000573 0.043634 0 .022350 0 .000975 0 . 000218 
2 .2 503 .5074 503 . 1232 9 .999572 0 . 000733 0 .043329 0 .022533 0 .000976 0 . 000215 
2 . 3 495 . 9324 495 . 4748 9 .840300 0 . 000926 0 . 042959 0 .022758 0.000977 0 . 000212 
2. 4 487 .0073 486 . 4766 9.653950 0 .001152 0 . 042522 0.023029 0.000979 0 . 000208 
2 . 5 476 . 7758 476 . 1777 9 . 442026 0 . 001409 0 . 042019 0 .023348 0 . 000981 0 . 000204 
2. 6 465 . 3799 464 . 7254 9 . 208071 0 . 001694 0 . 041458 0 .023712 0 .000983 0 . 000199 
2 . 7 453 . 0499 452 . 3541 8 .957348 0 . 002001 0 . 040847 0 .024120 0 .000985 0 . 000194 
2. 8 440 . 0754 439 . 3554 8 . 696142 0.002321 0 . 040202 0 .024563 0 . 000987 0 . 000189 
2.9 426 . 7665 426 .0391 8 . 430920 0 . 002647 0 .039538 0 .025036 0 . 000989 0 . 000183 

3 413 .4163 412 . 6964 8 . 167569 0 . 002972 0 . 038869 0 . 025528 0 . 000992 0 . 000178 
3 . 11 398 . 9791 398 . 2809 7 .8857 37 0 . 003321 0 . 038142 0.026082 0 .000994 0 . 000172 
3 . 21 386 .2847 385 . 6150 7 . 640415 0 .003625 0.037501 0 . 026589 0 . 000997 0 . 000167 
3 . 31 374 . 1333 373 . 4972 7 407731 0 . 003915 0 .036884 0 .027093 0 . 000999 0 . 000163 
3 41 362 . 6012 362 . 0013 7 . 188819 0 . 004188 0.036297 0 .027589 0.001001 0 . 000158 
3 .51 351 . 7238 351 . 1608 6 .984028 0 . 004445 0 .035741 0 .028073 0 .001003 0 .000154 
3 . 61 341 . 5068 340 .98016 .793153 0.004684 0 . 035218 0 . 028544 0 . 001005 0 .000150 
3 .71 331 . 9350 331.4431 6.615632 0 . 004908 0 .034726 0 . 028999 0 .001007 0 . 000146 
3.81 322 . 9804 322 . 5215 6 . 450693 0 . 005116 0 .034265 0 . 029439 0 . 001008 0 . 000143 
3.91 314 . 6075 314 . 1792 6 . 297460 0 . 005309 0 .033832 0 .029862 0 . 001010 0 .000139 
t . 01 306 . 7771 306 . 3773 6 . 155026 0 .005489 0 .033427 0 . 030268 0 .001011 0.000137 
4. 11 299 . 4494 299 . 0757 6 . 022497 0 .005657 0 .033047 0 .030659 0.001013 0 . 000134 
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ML\JT HEGR 
28 . 85461 
28 .85482 0 .001021 
28 . 65483 0 . 001375 
28 .85485 0 . 001852 
28 . 65488 0 . 002494 
28 .8S491 0 . 003358 
28 . 85495 0 . 004520 
28 .85501 0 . 006082 
28.85509 0 . 008178 
28 .85520 0.010990 
28 . 85534 0 .014755 
28 .85553 0 .019784 
28.85579 0.026482 
28 .85613 0 . 035369 
28 . 85658 0 . 047096 
28 .8S718 0 . 062464 
28.85797 0 . 082415 
28 .85~01 0 . 108000 
28 . 86036 0 . 140287 
28 .86208 0 . 180189 
28 .86426 0 . 228200 
28 .86697 0 . 284039 
28 . 87025 0 . 346283 
28 .87414 0 .412125 
28 .87863 0 . 477449 
28 .88364 0 .537350 
28 .88909 0 .587060 
28 .89483 0.622961 
28 .90073 0 .643313 
28.90665 0 .648396 
28 . 91 247 0 .6401 16 
28 .91867 0.621308 
28.92404 0 .595050 
28 .92914 0 .564168 
28 .93394 0 .530976 
28 .93845 0 .497211 
28 .94267 0 . 464080 
28 .94662 0 .432355 
28 .95030 0 . 402482 
28 .95374 0 . 374677 
28 .95696 0 . 349000 
28 .95997 0.325411 




