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I. INTRODUCTION 

The world oil reserves are estima~ed to be 546,373,626, 

000 bbls. of oil and 2,220,442 x 10 6 cubic feet of gas for 

the year 197 3 ; the world demand is 55,331:,000 barrels of 

oil per day (34). Considering the increase in demand in 

particular in the United States , Europe and Japan and 

dwindling oil reserves in these count ries i t is possible 

to understand the current concern over energy shortages. 

Tar sand deposits have been known to occur in a number 

of countries, however, their exploitation and development 

was not considered to be commerical until 1962, when a 

45,000 BPD plant was constructed at Ft. McMurray in 

Canada, by the Great Canadian Oil Sands, Lts. 

Tar sand has been def ined as sand containing highly 
~·jól.;;¡;...... , ·'° ......---- ":· .. ( ,. r•- _,. 

viscous hydrocarbon material not recoverable in its natura1 · 

state through a well by ordinary production methods. 

major tar sand occurrences around the world have been 

reported, in the literature (29). These are listed in Table 

1, which also gives the location, formation name, and 

6 reserves. These twenty deposits add up to l,099,409x10 bbl 

of oil which could play a significant role to the oil 

supply picture of the world. 

Major tar sand deposits occur in eight countries . The 

apparent uneven distribution is partially due to the occur-

rence of natural asphalt in rocks other than sandstone, 

namely limestone, shale serpentine, etc., and partially 



Table 1 

Major Tar Sand Deposits of the World 

Deposi t LocatTon-- -- - - -----GeologTcalformafion, Age 

Athabasca 

Melville Is. 

Oficina-Temblador 

Bemolanga 

Asphalt Ridge 

Reserves In Place 

Alberta, Canada Lower Cretaceus 

Marie Bay, Canada Triassic, Bjorne Formation 

Venezuela Oligocene, Ofiricina Formation 

Morafenobe, Malgasy Lower Isalo Grup,(Triassic) 

Vernal, Utah, U.S.A. Upper Cretaceus, Mesaverde 
Oligiocene Duchesne River 
Formation 

MMBLS. 

895,000 

? 

600,000 

1,750 

900 

Sunny Side Utah, U.S.A. Wasatch, and Lower Green River, Eocene 500 

Selenizza 

White Rocks 

Edna 

Peor Spring 

Guandco 

Labre a 

Valdna, Albania Middle-Upper Miocene, and Pliocence 

Vernal, Utah, U. S . A . Middle Jurasic , Navajo Formation 

Edna, California, Mio-Pliocene Pismo Formation 
U.S.A. 

Utah, U.S.A. Edcene, Wasatch Formation 

Eastern Venezuela Las Piedras Formation, Mio-Pcuocene 

Gulf of Paria, 
o:;I 

m e:; ,...- '• f'i) ; '; '. 
v ·-1 

." r-; 
~'"\ ..... w _,, 
Fe_.;; -

Miocene, Upper Morne l'Enfer 
Sandstone 

371 

250 

165 

87 

62 

60 
1') 



Table 1 (continued) 

Deposi t Location Geological. -Format-ion, Age MMBLS. 
Reserves In Place 

Santa Rosa New Mexico, U.S.A. Upper Triasic, Santa Rosa Formation 57 

Sisquoc 

Asphalt 

Davis-Dismal Creek 

Kyrock 

Derna 

Cheildad 

Santa Cruz 

Salmon Hill, Calif. 
U.S.A. 

Kentucky, U.S.A. 

Kentucky , U.S.A. 

Kentucky , U.S.A. 

Oradia, Rumania 

Kobystan, USSR 

Upper Pliocene 50 

Pennsylvanian Postville Formation 

Pennsylvanian Postville Formation 88 

Pennsylvanian Postville Formation 

Pliocene, Pannomian Formation 25 

Middle Miocene 24 

California, U.S.A. Miocene Monterrey An Vaqueros Formation 20 

c:o 
m ~ 

r -
ClJ ~~"l 

·-1 su i-; 
O ~ --· r- e:; 

,,,-. -;..., 

",< ~--· 
;·~:' ' )·~\ 

·, r'.r ,·· .• ~ ~\ 
•.: '· ,, ;:j .:- -.. '/JI 
.::.~~;,. .... )~/ -

w 
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to the lack of information, on tar sand deposits in 

many countries. 

Athabasca Tar Sands 

The Athabasca tar sands cover an area of 12,500 

square miles in the north-eastern part of Alberta as shown 

in Figure l. (This figure as well as others involving 

structural and geological cross-sections are reproduced 

from several papers and reports.) The three main formations 

in Alberta are: 

McMurray - Wasbiskaw 

Bluesky - Gething 

Grand Rapids 

Even though the present study does not involve geological 

aspects, description of the geology of the formations is 

presented for the sake of completeness. 

According to Phizackerly and Scott (29), the maJor 

McMurray - Wasbiskaw deposits are located toward the base 

of the formation and are characteristically cross-bedded 

coarse gri ts and gri tty sandstones, all unconsolidated or l .. 1 
• , ~ 1CT 

~sPO" . 
cemented by tar. The sandstone is believed to be derived 

from pre-cambrian rocks outcropping about 100 miles to 

the north-east near Lake Athabasca. The facies of the 

lower part of the McMurray - Wasbiskaw sands varies from 

fluivatile to deltaic. Until the Hauterivian break in 

sedimentation, a lake and swamp environment developed 

probably as a result of subsidence. Marine conditions 

prevailed in the deposition of the Wasbiskaw member of 



··--

o 

Figure 1 

··- .. -,_ .. _ N 
I ·-.. . 'VV 

ff. -·--: . ._!_. '(¡ ··-··- .. 
'· (f)f 

~; 

~ 

it 
,¡.... 

!: 

Miles 

5 

··--..--...-.. --·-

1 

FQkT 
Mc:MUR.RAY 

1 

i L: 

'~ ( !llJ 
.... ¡.:r: 
cr • \J 

Geographical Location of The Athabasca Tar 

Sands. 
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Clearwater formation. The McMurray - Wabiskaw tar sands 

overlie an irregular topography formed on the surf ace of 

westerly dipping Pre-Cambrian to Jurassic sediments. These 

formations cover an area of 9,000 square miles with 

thicknesses ranging from O to 375 feet, with O to 1,900 

feet of overburden. 

Bluesky - Gethi ng formations are probably Aptian age, 

and are composed of sub-angular quartz and well rounded 

chert grains. Sandstones of these depos i ts are frequently 

glauconic and have a calareous matrix . The facies are 

generally that of near shore environment . Coal deposits 

occur in these formation, they overlie several unconformities 

between the Missisippian and Jurassic . The Bluesky - Gething 

formations cover an area of 1,875 square miles with 

thickness ranging from O to 400 feet, the overburden 

a thickeness of 700 to 2 , 600 feet. 

The Grand Rapids formtions are Albian in age, and 

as the Blusky - Gething formations are formed of sub-angular 

quartz and well-rounded chert grains. They cover an area 

of 1,625 square mi l es with an overburden of 300 to 1,400 feet 

and have an average thickness of 280 feet. 

Figure 2 shows the location of the above ment i oned 

tar sand deposits, and Figure 3 is a schematic geo l ogical 

E-W cross section showing the gelogical setting of the 

Athabasca Tar Sands. 

Figures 4 and 5 show pictures of tar san d, before 

and after washing with solvent. As stated befare, 
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Figure 4 Microscopic photographs of original tar sands 



Figure 5 Microscopic photographs of washed tar sands 
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tar serves to cement the grains, which become completely 

loose after being washed. 

Around ten percent of the tar sands deposits of 

Athabasca can be exploited by surface mining methods. In 

the mining of tar sands, a number of problems are encountered 

which are known to the engineer in the mining of lignite, 

hard coal, and certain other minerals. Also, there are 

additional problems because of the nature of the tar. 

Gold (19) notes the factors that must be considered in the 

exploitation of the deposits: 

the thickness of overburden, the thickenss of 

the tar sand deposit, and the ratio of the 

overburden thickness to the thickness of the 

tar sand formation, 

the oil yield of the tar sand, and the quality of 

the oil, 

the mine losses which in underground mining 

sometimes amount to 50 percent and more, 

removal of the overburden, which can be criti 
~ ··1r1 
~ • 1 u 
Ql, 

in the economics of the project, 

disposal of large amounts of sand after processing 

the tar. 

The process used to separate the bitimen from sand 

is the so called Clark hot water process. In this process, 

oil is separated from the hot mixture of oil, water and 

minerals obtained when heating the tar sands with steam and 

diluting with hot water. The problems encountered in 
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this process show that the only way to develop tar sand 

deposits in the long run is in situ recovery, cyclic 

steam stimulation, steamflooding, solvent flooding , and in 

si tu combustion methods. A number of problems such as 

the handling of large amounts of overburden, disposal 

of tailings etc., could be solved in in situ recovery, 

However,the in situ methods have other problems of t heir 

own. 

It is considered instructive to discuss in sorne 

j detail the limitations and problems associated with the 

recovery methods for tar sands. Techniques such as in 

situ combustion, hydraulic or explosive fracturing, solution 

and emulsification processes, steam injection, nuclear 

detonation, oxidation and hydrogenation processes , and 

combination of these will be discussed. 
,.-.::-:·-. 

.r.~ 'Pl.J'-' •('-f! ..... , 

(! .~'-~ "º" 
,).\ ·'r" !t ") ¡- . ,.•. 

to i ncrease the 1 ' · .. '5 . .·' The goal of any in situ process is 

mobili ty of the very viscuos oil that is contained in 
8
tne , ;'.CT 

tar sands. At the original reservoir temperature of ES•" Ol. 

50°F the viscosity of the bitumen is several million 

centipoises. However, when heated to 350-400ºF, the 

viscosity is lowered to around 5 to 10 centipoises. 

Even though heating is an excellent way to increase 

mobility, it is not the only one . When a highly aromatic 

solvent is added to the bitumen a considerable reduction 

in viscosity occurs, although the solution tends to 

reach a saturation point, the viscosity of the solution does 

decrease quite rapidly . The use of aqueous emulsifying 
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solutions is still another possibility. The resulting 

solution will have a viscosity of the order of that of 

the external aqueous phase. The Athabasca tar sand deposit 

in its original state has zero permeability, then there 

is no communication between injection and production well(s). 

It is necessary to establish some kind of channeling or 

communication between the wells mainly to create a path 

~hich can be followed by the steam when its injection begins. 

Then for an in situ process to be successful, low 

viscosity and channels through the formation must exist. 

Hubbard (10) stipulated the conditions under which 

fractures of various oreientations might be realized in 

subsurface formations. An important conclusion of his 

study is that vertical fractures, rather than horizontal pne§' .. 
'-~ . ~:\ 

are more likely to occur. The chances of connecting an¡, ; ', .'.) 
I 

array of injection and production wells with vertical 

fractures are not very high. However, in Shell 

operations (12) relatively standard 

procedures were used in addition to some the emprical 

techniques which are belived to increase the tendency 

of the fracture to tilt. These techniques included 

selective or limited exposure of the vertical section 

an a previous mechanical and hydraulic penetration in the 

formation. The Shell experiments were conducted in the 

McMurray formation, which because of its shallow depth, 

unconsolidated nature, and geological history has been 

successfully fractured horizoníally. It is possible to 

• ; :'CT 
l. 



14 

create or find in this formation very few and limi ted 

(vertical extent) communicating paths between injection 

and production wells. 

Because of the lack of communication between wells, 

the choice of an in situ recovery method becomes rather 

limited. Miscible fluids (solvents) have been considered 

as a recovery tool for tar sands. Even in formations with 

non-zero permeability over the entire reservoir thickness 

it is difficult to apply miscible displacement, because 

of viscous fingering and gravity overlay effects. 

The use of an emulsifying liquid, which after 

emulsifying significant amounts of bitumen has a viscosity 

close to the original viscosity has certain advantages over 

solvents, not only because the viscosi ty of the emulsi.f···?~t\ 
¡. ·¡_¡ 

. \~ ' t•· is lower than that of the comparable solvent-b1 tumen · ,,.-¡ 

solution but also because flow occurs through the wet r:_ng. '. .'CT 

phase (water) and the oil bank ahead is not moved. 

However, with these emulsifying fluids, the permeable 

path is limited to a relatively small zone, (fracture ) as 

a result of which the vertical sweep efficiency is low. 

Diffusion of the active chemicals through the aqueous 

phase would be the principal mechanisim through which the 

solution will propagate through the formation, in addition 

to the original faracture or permeable path. 

The absence of any general deve l oped permeability 

over the oil saturated section of a tar sand deposit 

is also a limiting factor for in situ fire flooding, 
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which is another technique considered for the recovery 

of bitumen. In order for the fire to be propagated, there 

must be adequate permeability in order to obtain a high 

oxygen flux. This is only realized in zones with fractures 

or high permeability strata. Heat generation, and a result 

oil flow, will be restricted to these zones only, which 

consititute a small proportion of the formation thickness. 

One of the major difficulties in conducting a successful 

cornbustion process is that too much heat is generated 

in too short a time. To remedy this steam can be used, 

since it has high temperature and will maint ain it until 

condensation by contact with the cold forma t ion. 

It can be concluded that because of the physical 

characteristics of the tar sand formations, the high 

viscosity of the crude, steam flooding with prior creation 

of communication between the injection and producing 

wells seems to be most effective. 



II. REVIEW OF LITERATURE 

Miscible Displacement 

Recovery of oil by miscible displacement has been 

widely investigated in the laboratory and already applied 

to many field tests. 

LPG, rich gas bank, gas-water injection, high-pres

7
sure 

gas-driven LPG-bank process, water solvent mixtures, 

alcohol-water, are the most common miscible displacement 

techni.ques. In the alcohol slug process, water and oil are 

displaced in t he reservoir, while in the other, hydrocarbons 

are displaced alone. 

Taylor (33), and later von Rosenberg (30), studied 1/f:f?~>:· 
'i 

and summarized the simplest case of miscible displacement . ,. . ¡) 
. ; '/ 

process, the displacement of one fluid by another in a 

single capillary tube u'nder lami nar flow candi tions. 

Taylor determined that the length of the two-component 

mixing zone is proportional to the square root of the 

distance traversed, and the m1x1ng zone length is directly 

proportional to the square root of the flow velocity and 

inversely proportional to the square root of the molecular 

diffusion coeffieicnt. Even if these conclusions apply 

to flow behavior in capillary tubes,they do not necessarily 

hold for flow in reservoir rocks. 

Path length effects were studied by several investiga-

tors, Von Rosenberg (30) conducted studies in 1, 2, and 

4 feet unconsolidated cores, Koch and Slobod (22) made 
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similar studies in longer (123 ft.) cores and arrived at 

conclusions similar to those of Taylor (33) . La ter, 

Cashdollar (8) using unconsolidated cores of 9, 18, 50, 

and 100 feet lengths, indicated again that the length of 

-
the mixing zone is directly proportional to the square 

root of the path length . However, Hall and Geffen (20 ) 

found that the mixing zone grows at a steadily decreasing 

rate, and later stabilizes; after this, further growth is 

impossible to determine experimentally. Lacey (24) 

also observed similar behavior in his study . 

The effect of viscous fingering in oil recovery has 

been measured in terms of mobility ratios . Offeringa ( 27), 

and Blackwell et al. (3) found that some oil is bypassed ::f.•0~1,;: 7·"1" .... i ,....\'. 

viscous fingering is 'i '· );) even in homogeneous sands when 

present andas a consequence, oil recovery at break-

through decreases as mobility ratio increases. 

Blackwell (3 ) investigated miscible displacement at 

very low rates. He found out that mixing both in the 
/ 

direction of mean flow is dominated by molecular diffusion, 

and at higher flow rates mixing is governed by convection. 

Perkins and Johnston (28) reviewed the diffusion and 

dispersion literature and established the variables 

involved in dispersion: Particle size distribution , 

particle shape,packing or permeability heterogeneities , 

viscosity ratios, gravity forces, amount of turbulence, 

effect of immobile phase, and edge effect in packed tubes. 

Blackwell et al. (4) presented results of a laboratory 
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investigation of the efficiency of water-solvent mixtures 

in oil recovery. They found that higher volumes of oil 

can be recovered by using water-solvent displacement 

fluids rather than using water alone, or practial volumes 

of solvent alone. 

Arnold, et al. (1) studied the efficiency of small 

banks of enriched gas driven by methane in displacing oil 

from porous media, and the effect of variation in bank 

size and composition. As a result of this investigation 

they concluded that in reservoirs where strong bypassing 

of oil does not occur, small banks of enriched gas driven 

by methane may be used to effect an oil recovery similar 

to the one produced by continuous injection of enriched gas. 
J~~ 

Al so where no bypassing of oil occurs, the dispersion of/V .- ·: .:·~,J 
1 1 ' 
\ ' ' / 4 

an oil-immiscible enriched-gas bank is controlled by ~~ / 

distribution of various hydrocarbons between gas an oil&' .. ·.tl . 'Cl 

according to the laws of equilibrium phase behavior. Tri~y;' Ot 

conclude that by using oil-miscible bank: (a) more oil 

can be recovered, (b) the total gas injection for ultimate 

recovery is smaller and, (c) when a long flow system is 

being considered, smaller minimum bank sizes and smaller 

quantitites of enriched materials are necessary. 

Benham, Dowden, and Kunzman (2) presented a method 

for calculating the approximate conditions for a miscible 

displacement of reservoir fluid by a rich, light hydro-

carbon gas or LPG mixtures . They found that miscibility 

is favored by increasing pressures, decreased temperatures, 

- -- ---~-- ~- --
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light reservoir fluids, and light-hydrocarbons displacing 

fluids rich in heavier components . 

E . J. Koval (23) sirnulated the fingering of solvent 

into oil. Using the K- factor method, it is possible to 

predict the interaction of macroscopic heterogenities 

and viscous fingering. In the K-factor method, it is 

assumed that a single parameter can be used to represent 

the viscosity effects. This parameter is called effective 

viscosity ratio E, which is given by 

E = (.78 + .22(V)) · 25 4 

where V is the viscosity ratio of the pure materials , 

µ /µ 
o s 

Solvents and Explosives Methods 

Larman, et al. (25) reported preliminary results of 

an explosive fracturing-solvent injection in heavy oil 

recovery experiment conducted by the Bureau of Mines at 

a r~servoir near Bartlett, Kansas, the method combines 

modern chemical explosive fracturing techniques with heat 

and solvent treatments ~o extract the heavy oil. In-

vestigations were conducted to find an inexpensive solvent 

that would lower the viscosity without precipitating 

asphaltenes. The solvents considered were lirnited to 

those with boiling point above 300ºF, for two reasons, 

first the solvent had to be injected hot and because of 

the need for distilling the solvent from the oil after 

production. 
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Thermal-Miscible Methods 

Hernand ez and Farouq Ali ( 21) investigated oil recovery 

from Athabasca tar sands, using a number of solvents with 

~and without steam injection. Five solvents were used: 

~~arbon tethrachlori~ Toluene, Benzene, Naptha and 
< 

Soltrol 170. Of the five, the highest recovery was obtained 

using carbon tetrachloride (98.5%) and the lowest was for 

naphtha (37.2%). They found that bitumen recovery was 

a function of the injection rate being lower at higher 

rates, and that solvent recirculation was helpful in 

improving oil recovery from tar sands. When using a 

combination of slovent slug and steam (0.5 pore 

slug of carbon tetrachloride) recovery was 76.8 

however using steam alone the recovery was even higher. The 
Bl .. ~ ., • :!CT 
ES?OL 

mathematical model used to calculate the steam front 

gave results which were in poor agreement with the 

experimental results, the mathematical model used was 

developed by Magnani (26). From the experiments with 

solvent and steam it was found that recovery increased 

with an increase in slug size. However, if smaller slugs 

helped open a channel for subsequent steam flooding, the 

larger slugs caused permeability block largely reducing 

steam flow. Snyder (32) investigated the recovery of 

bitumen from Athabasca tar sands in a two dimensional 

vertical modes (the same one used in the present study). 

He investigated the recovery efficiency of naphtha, 

injection at different rates, effectiveness of gravity 
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segregation, conductive heating with highly permeable 

channels joining the inlet and the outlet of the pack, 

and steam injection. From the results of his investigation 

he concluded that naphta was technically successful in 

recovering bitumen, but the process was not economical 

because of the amount of solvent (3 . 8 pore volumes) used. 

The dependence of recovery on flow rate was observed , 

recovery was higher at lower rates. 

Gravity segregation was found to be important for 
~t~· ·· i •· · 1cr 

.. 'L. .,, '. 

high recoveries, naphtha opens a flow channel through ES~Ol. 

the pack, but sweeps the inlet portion of the pack more 

than the outlet portion. 

Naphtha injection can lead to asphaltene flocculation 

and as a consequence to the plugging of the formation , 

but he found flocculation only after inj ection large amounts 

of solvent. 

Conductive heating as we l l as gravity segregation were 

found to be unsuccesful when the high permeability channel 

at the bottom of the pack was present. Even steam injection 

is a succesfull recovery technique, the steam action was 

concentrated in the neighborhood of the injection point 

and did not contact the majority of the pack. 

Naphtha injection prior to steam flooding when the 

high permeability channel was present was not succesfull, 

because naphtha is vaporized irnmediately and produced . 

Finally when naphtha was injected prior to steam into 

an homogeneous pack, the steam was concentrated more 
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toward the outlet increasing significantly the recovery of 

bitumen. 

The problem of asphaltene flocculationwhen stimulating 

heavy oils was studied by David (9). When stimulating 

heavy oil with solvent, several problems may develope 

if the asphaltene content of the oil is high. From 

experimental results he conclu<led that the following para-

meters increase the floccula tion o f asphal tenes and 

formation plugging: lower molecular weight and higher 

concentration of solvent, higher asphaltene content in 

the oil and lower rock permeability. The effect of tem-

perature on plugging was found to be dependent on the 

of oil. 

Field Test of In Situ Recovery Methods 

Today, at least 11 experimental in situ recovery 

projects are in operation in the tar sand area in Alberta, 

and a larg~r number is planned for the next two years. 

S. M. Farouq Ali (14) reports that more than 20 projects 

have already been conducted and terminated for several 

reasons. 

From 1957 to 1962, Shell Canada Lts. conducted steam 

drive field tests (17) in tar sand deposits located some 

40 miles nor t h of Ft. McMurray, Alberta, Canada. Doscher, 

et al. (11) reported that in a 1 0 year program of field 

experiments, by the injection of 10 tons of steam per 

day along with a slug of critically prepared alkaline ~ 

solution 200 bbls of bitumen can be recovered from, a S-spot 

pattern 4 acre spacing. 
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In 1956, sorne experiments conducted by Shell led to 

the discovery that certain aqueous alkaline solutions of 

detergents were capable of wetting and emulsifying the 

oil from the McMurray formation. Further experiments 

revealed that critically prepared solutions of sodium 

hydroxide were even more efficient in emulsifying the 

oil. When the alkaline solution of detergent was injected 

into the formation, solutions containing 4 to 30% of 

bitumen were produced. Later it was observed that steam 

capable of increasing the action of these critically 

prepared alkaline solutions . 

In 1960 a large pilot plan combining the use of 

alkaline solutions and steam was started in an bitumen 

saturated interval in a single 5 spot pattern. 

(17) in his discussion pointed out that, if , even a thin 

but continuous shaly zone was present in the McMurray 

formation, good oil displacement occured up to 50 feet 

above the base of the sand, but the presence of such a 

thin impereable zone may interfere and reduce the importance 

of gravity flow to the base (where the fracture is created 

in the Shel l technique) of the formation, and part of 

the Shell process relies on this gravitational process . 

Even though recoveries were high, for reasons of 

economics the project eas abandoned i n 1968 . 

Cyclic steam stimulation have been conducted by 

several companies (Imperial Oil , Texaco, Great Plains, and 

some others) in the tar sands of Athabasca. 
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Samoil (31) described a single well stimulation test 

carried out by Great Plains in Cold Lake in 1965. In.ltially 

hot water was circulated in the well with the idea of 

increasing the quality of steam. Due to the lack of data , 

the total oil displaced is not known . 

Imperial Oil is working these days in a pilot project 

consisting of 23 wells on a 5 acre spacing unit . The current 

oil production rate from this project is around 2000 BID . 

The most succesful cyclic steam stimulat ion reported 

to be the most succesful today involves the injection of 

a large slug of natural gas followed by a large slug of steam. 

Amoco Canada, since 1958, has been testing an in situ 

... -
combustion project in the Athabasca tar sands . The process 

used is a combination of forward combustion and water flood-

ing (COFCAW). The tests were carried out in the lower unit 
_,,,-

of the McMurray formation under 780 ft of overburden (average) . -
The procedure is to hydraulically fracture the formation, ;::::~~. 

and preheat the formation to 200ºF using combustion, at (.;( :* ~~~ t~\ 1 )~) 
' \ ( t ~ .. ~: i 

this temperature the viscosity of bitumen is low enough to 

permit displacement of oil by the COFCAW method. 
' •1cT .., '. 

·S 'L 
Under the present project (Phase V of the one initiated 

in 1958) the formation was fractured with a good response 

from three of the four wells treated, later combustion was 

initiated, and after a 7 month heating period and a month 

shut in period, an average rate of 70 BID was obtained for 

the first six months . Over the fourteen months of 
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production 25,000 bble (43% of bitumen in place) were 

- • -·t ~ ~ ~). e º recovered from two wells. ).o,,.,.. ~ J.,J. ,.,,,_, \)~·,... \t· • 
Several othe~stica~ t ecovery techniques ha ve 

been proposed, such as atomic fracturing, in situ gasifica-

tion of the hydrocarbons, in situ hydrogenation of bitumen, 

carbon dioxide injection, and many others, but its discussion 

is beyond the scope of this thesis. 

v· ..... 
~.: 



III. APPARATUS, MATERIALS AND PROCEDURE 

Models and Materials 

Two models were used in this investigation. The first 

one was designed by Snyder (32). A detailed sketch of this 

model is give n in Figure 6. Five injection points were used, 

four at the top and one at the bottom of the box. Porous 

plates were located at the inlet and at the outlet of the 

pack to avoid sand production and plugging up. Figure 7 is 

a flow diagram for the experimental apparatus used f or 

model l. 

The fluids used in each run were stored in two cali-

brated burettes (1000 ce) . They were connected to two Lapp 

Pulsa feeder pumps 1 , which can handle liquid in quantities 

that can be controlled by a micrometer which regulates the 

length of the stroke. Copper tubing of 1/4" O.D. site 

were used fo r flow lines. An 8 µ millipore 2 filter was 

placed in the flow system to avoid plugging at the inlet of 

the pack. 3 Hoke valves were located strategically along 

the system t o control flow. 

Pressure was recorded using two gauges, one with a 

range of 0-3 0 psig, for low pressures and the other one 

with a range of 0-600 psig for higher pressures. 

1 Lapp Insulator Co., Inc., LeRoy, N. Y. 

2Millipor Filter Corporation, Bedford, Mass . 

3 Hoke Incorporated, Cresskill, New Jersey 
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Steam was generated by an electrode type boiler1 , 

designed to deliver 95 percent quality steam, at a maximum .__ 
pressure of 600 psig and an output of 201,000 BTU/hr . 

.........._. .... -
A 1/4" o.e. steel pipe was used to connected the boiler 

to the steel box of the model. Fiber glass sheets and 

asbestos cloth were used as the insulating materials. Steam 

pressure was controlled by a 0-300 psig gauge. 
........ .. 

2 Twenty thermocouples were fitted on the side of the 

steel box to register temperature distribution in the pack. 

The thermocouples were connected to a scanner 3 , which sent 

impulses to a digital thermometer 3 a 24 hour clock 3 was 

used to recor ed the time of the measurement. These three 

instruments were connected to a printer 3 , which recorded, 

three variables: thermocouple number, temperature, and 

time of recor ding. The samples were collected by a Misco 4 

sample collec tor activated by a Misco 5 interval timer. 

Centrifuge t ubes of 100 ce capacity were used to collect 

the samples when injecting solvent, but during steam -
injection, the large volumes of water produced (from steam 

condensation) made it necessary to use larger (500 and 1000 

ce) tubes. Model 2 was connecte d to the same flow and 

1Electric Boiler Corporation of America, Worcester, Ma5{3 ~•::- .. 

2conax Corporation, Buffalo, New York. 

3Digitex Corporation, Cayton, Ohio 

4Micro Chemical Specialities Co . , Berkeley, Calif. 

5 Eagle Signal Corp., Moline, Illinois. 

;;:: -:, - .· :-~' 
. ~J ! .~. 

\.' 
~ ... 

B
., 
1..i .. d.~ 
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measurement system. Figure 8 shows a sketch for this 

model, and Figure 9 gives detailed characteristics of the 

box. Four 7 inch long wells were used as production points, 

and one 2 inch well as the production point. These wells 

were made of a preperforated brass tubing covered with a 

wire mesh to avoid sand production. The four injection 

wells were connected to a main injection line. By closing 

a valve any section of the system would be isolated. 

Twenty-one thermocouples were used in this model, 

twelve of which were seven i nches long and nine of which 

were three inches long. The thermocouple located by the 

steam injection point was connected to a constant tempera

ture recorder thermometer1 . 

S~ The most important feature of Model 2, was the presence 

of ~verburi!2 press~re, simulated by the use of the axial 

pressure exerted by a rubber diaphragm, pressurized by 

silocone oil 2 . 3 The oil was pumped from a Ruska oil pump 

with a scale and micrometer to control the volume injected. 

Figure 10 shows the modifications for this model. 

1conax Corporation, Buffalo, New York. 

2 Arthur H. Thomas Company, Philadelphia, Pa. 

3 Ruska Instrument Corporation, Houston, Texas. 
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Experimental Procedure 

Solvent Injection Runs. Three different solvents were 

used: naphtha,Mobil solvent, and GCOS synthetic eructe . 

In every case the tar sand was crushed and any rocks as 

well as other impurities were removed. The packing of the 

model was done manually. Solvent was injected at a very 

low flow rate through the injection points (through the 

top and bottom in Model 1 and through the bottom in Model 2). 

Injection was continued until no increase in solvent con-

centration was observed in the effluent samples. At times, 

the model outlet was closed and the model was pressurized 

for several hours. Production was then restarted. The 

effluent produced when injecting naphtha was recirculated . 

Solvent-Steam Injection Runs. Two diff erent pro-

cedures were followed when conducting solvent-steam runs. 

In one case, a solvent slug (three slug sizes were used, 

45% PV, 20% PV, and 10% PV) was injected into the tar sanff~'·:.\-~\ 
r " \ 

• 1 ' • 

\ J I 
pack saturated with bitumen and air. Only GCOS synthetic '. r 

eructe and naphtha were used as solvents for such 

steam injection experiments. In the other case, 

slug was injected into the pack previously saturated with 

water and bitumen. Steam at different rates was injected 

into the pack in both cases. In sorne runs, the porous 

plates were removed from the injection and production ports. 

Also, in sorne suns, the solvent slug was injected into the 

steam injection well, while in others the slug was injected 

into the production well. Table 2 gives a summary of the 
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run performed. When analyzing and collecting the samples 

from solvent-steam injection runs, it was necessary to 

add measured quantities of solvent to the samples collected, 

because the effluent produced was so viscuos that upon 

cooling, the tar remained in globules, or stuck to the walls, 

which made it impossible to read the volume produced. The 

average steam (as condensate) injection rate was calculated 

using the approximate method given by Farouq Ali and El-Saleh 

(13). This is as follows: After a run through a pack 

saturated with bitumen and water was completed, water was 

injected until 100% saturation of the pack was reached; 

then, the steam injected (as condensate ) is given by the 

diff erence between the total ef fluent volume and the 

volume of the water used to saturate the pack after the run. 

This volume is divided by the time of steam injection to 

obtain the average steam injection rate . The technique 

is based upon a very simple material balance analysis: 

= 

= 

= 

= 
= 

V = w .. 
ln] 

Volume of total effluent produced . 

Volume of water produced . 

Volume of bitumen produced . 

Volume of bitumen originally in place. 

Volume of water originally in place. 

Volume of water injected to saturate the pack 

after a run was completed. 

VS = Volume of steam (as condensate) injected. 

VW = Volume of residual water in the pack. 
R 
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= Volume of residual bitumen in the pack . 

then, 

( 1) 

(2) 

( 3 ) 

V = v8 +CV .-VW ) 
wp wi R 

( 4 ) 

then replacing (3) and (4 ) in (1 ) 

recordering terms, 

V w . . 
in] 6

:::~~::-;,~.~, 
.~ ~:., \ 

( ;e,\\ 

' '¡ ! \·. . " . ' . then, 

VT = V + V 
P 

s w .. 
inJ 

q = 

where: t = steam injection time )cc/min) . 
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This method wi l l hold also for the case when the tar sands 

pack is saturated with bitumen and air, the only change 

will be that 

V . = O.O 
Wl 

and the equations will have these forms: 

then: 

= V + V S 
.. 
in] 

i::" e:;.,,,. 

f-' 
~ . ... . .. .. 

'' ' ··' 

For the t hree-dimens i onal model, the procedure was 

almost the same . Only two runs were carried out using 

( 2' ) 

( 4' ) 

this model bec a use of the complexity of handing this model. 

After a run was comp l eted, core samples were extracted 

from the model s to determi ne residual bitumen saturation. 

The core sampl e s were anal yzed following the procedure 

described by Snyder (32). Core samples containing, bitumen, 

water, and solvent were removed from each one of the thermo-

couple ports . The samples were immediately placed in 

graduated tubes, to which known volumes of solvent were 

added. After mixing the solvent and the sand samples 

fluids, sample s were taken to be analyzed by the infrared 

spectrophotometer. This gave the percentage of bitumen 



Core saturated 
with air and 
bitumen solvent 
and steam in-
j ected through 
the steam..-in-
j ection well. 

Table 2 

Classif ication of Run Types 

Solvent {l. 
Satur ation 2 . 
Experiments 3. 

GCOS synthetic crude 
Mobil so l vent 
Naphtha 

Naphtha {l. a 900 c.c.(45% PV) 
Cwith porous plates) 2. 400 c.c.(20% P)ª 

No porous plates {1' 900 c.c.(45% PV) 
2 . 400 c .c.(20% PV) 
3 . 2 00 c.c . (10% PV) 

a 
a 
a 

Continuo u s 1 GCOS 
steam Synthetic 

1 With porous plates 

{1" 
900 c.c.(45% PV) a 

injection Crude 2. 400 c.c.(20% PV) a 

3. 200 c.c.(10% PV) a 

Cyclic steam injection, Naphtha (with porous plates) a 900 c.c.(45% PV) 

en 

r·· 

..:.~ '~ .,.,\ 
\'~\ 
~ 'j 
~~-

'J. - ¡"~:/ 
~/ 

w 
co 



Core sautrated 
1 with 

water and bitumen < 

a f . Re ers to slug size. 

l"'"' -
í'' -

:~}~~ 
. " ' 1·~ : f ~ 1 :..J ¡; 

.... .: .. '!J,!'/} '&r'·• -···- ,- ,,. 
~ ~ ... 

Table 2 Ccontinued) 

Solvent and 
s team inj ected ~ l. 
through the 2. 
steam injection 3. 
well 

a 900 c.c.(45% PV) 
400 c.c.(20% PV)ª a 200 c.c.(10% PV) 

Two dimensional l. 
a 

900 c . c . (45% PV)a 

1 

model 2, 400 c,c,(20% PV)a 
3. 200 c.c.(10% PV) · 

Solvent injected 
into the 

] Three dimensional 
a production well l. 5647 c.c.(45% PV)a 

2. 1240 c.c.(10% PV) model 

w 
e.o 
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present in the effluent. Th e samples were washed completely 

and dried in an oven. Again a measured amount of solvent 

was added to each sample and the volume was recorded. This 

yielded the vo lume of pure sand in the sample . This 

volume substracted from the total volume registered after 

the firs t addition of so l vent gave the total liquid volume 

of the sample. Finally, multiplication of this volume 

by the bitumen percentage of the effluent analyzied gave 

the amount of bitumen in each sample. The value were 

expressed as r esidual bitumen saturation in weight percent. 

(Weight of bi t umen divided by the weight of the core.) 

These va l ues as well as the temperature profiles for 

each run were contoured. 



IV. PHYSICAL PROPERTIES OF THE ATHABASCA TAR SANDS 

Brief Note on Tar Sands 

Carrigy (6) and Bowman (5) made comprehensive studies 

on the physical, chemical, molecular and interfacial 

properties of the Athabasca tar sands . Carrygy (6) 

describes the sands as randomly interbedded, uncemented 

coarse-grained and fine-grained sand. Silt and poorly 

compacted clay make the correlation of these beds even in 

wells drilled at close spacing (200 ft. apart) difficult. 

He classified the sands as three types. 

i. Poorly sorted coarse-grained quartzose sand

stone and pebble conglomerates deposited in 

old river channels. 

ii. Fine-grained well-sorted quartzose sands found 

in deposits characterized by small scale cross 

bedding of small deltas. 

iii. Thinly bedded horizontal micaceous sands and 

silts, very poorly saturated with bitumen. 

These constitute the overburden. 

Bowman (5) gives a complete discussion of the mineral 

content of the sands. He describes the sands as being 

predominantly quartz in the 30 to 325 mesh size, with 

large amounts of finely divided clays and small amounts 

of heavy minerals. 

Carrigy also pointed out the existence of a thin 

coal layer interbedded with the tar sands deposits. 
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In the pre s ent study, clean samples of sand were 

observed and pho tographed. Figure 5, as well as many 

other pictures not included in this work, show the random 

classificat ion of the grain size, as well as depositions of 

quartz and mica. Athabasca tar sands are unconsolidated 

sands; the c eme nting agent is the bitumen. When the 

bitumen is washe d out, these sands become completely loose, 

which may help t o explain the setting of the pack observed 

in sorne of the r uns carried out. The density of the sand 

determined in the present study was 2.684 gm/c.c. 

Bitumen Content and Loss of Weight 

The literature gives a wide range of values for the 

bitumen content of Athabasca tar sands. Phizackerley and 

Scott ( 29) estab lished that Athabasca tar sands have a 

bitumen co ntent of 2 to 18% (by weight ). Carrigy (7) 

established a c ontent above 10% (wt.). Snyder (32) gave a 

value of 1 6 .6% (wt.), but after exposing the sample to 

atmosphere, four days later, bitumen content is registered 

to be 12.6 % ( wt.). Hernandez ( 21 ) ' reported 14.58 % ( wt . ),,--:;;-;;;-;-;;:--, 
/ :·-----~·\ 

·:- H ·e,, '\ 
of bitumen originally in place. ¡. . . 

~ 1 t 

\.,·' . ' ·/ 
J J. ~ . ' 

r • 

It was decided that the bitumen content - -of the sands . . , 
B ~ 1 ~'CT 

would have to be determined every time a run was made. 1"· :. •. 
E3~0l 

Values were found to range from 16.5 to 13 . 5%. These 

values are plotted in Figure 11. Usually higher values 

of bitumen content correspond to fresh samples from 

recently opened barrels of tar sands, in two cases water 

in large amounts was found in the samples . 
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It is practically impossible not to expose tar sand 

to atmosphere, at least for several hours during the handling 

and packing of the model . 

In order to determine how much of the light ends of 

the bitumen are lost due to evaporation, a fresh sample 

(sample l; this sand was used from run 1 to 14) was re-

moved from the 50-gallon barrel, which was properly closed. 

The sample was immediately weighed using an electronic 

1 balance . There after, every 24 hours, its weight was 

recoreded until no further decrease in weight was observed. 

The sample was then completely washed and dried in an oven. 

The weight of the clean sand was substracted from the 

observed weights. This divided by the weight of the sample 

gave the bitumen content as a function of time . When 

beginning run 15 a new barrel of tar sand was opened , 

apparently the sand was much more plastic than the first, 

it was decided to perform again the loss of weight cal-

culations, even though the original content of bitumen was 

lower than sample 1, this sample was more richer in lighter 

components. This can be easily seen in the graphic, 

sample 1 did not decrease below 15%, but sample 2 decreased 

up to 12.49% due to higher concentration in lighter com-

ponents sample 2 appeared to be more plastic and richer in 

bitumen,due to evaporation, the lighter components tend to 

concentrate in the upper part of the barrel; also, a strong 

1Fisher Scientific Company, New York 
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srnell of hydrocarbons was observed when opening the b a rrel . 

In both cases significant weight loss was observed during 

the first two days, later the loss of weight is no 

appreciable as can be observed from the graph. Figure 12 

shows the loss of weight as a function of time . 

Porosity 

Porosity was deterrnined by two different methods . 

First, frorn the weight of the pack, and second, frorn the 

cores withdrawn from the thermocouple ports. The first 

method is considered more accurate, and gave results which 

are in a narrow range . 

The procedure was as follows : 

WB = Weight of the tar sand packed plus steel box, gm . 
b 

Wb = Weight of the steel box, grn. 

Vb = Volurne of the steel box, ce. 

SB = Saturation of tar in the sample (wt.%) . 

WB = Weight of bitumen, gm. 

W = Weight of pure sand, grn. s 

d = Density of sand, gm/cc. s 

dB = Density of biturnen, gm/cc. 

V = Empty space in the steel box, ce . e 

WSP = Weight of tar sand packed , gm. 

WSP = WB - Wb 
b 

WB = Sb •WSP 

VB = WB/dB 

'l"l Bl~- 1 
.... L 

ES?O'L 
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w = WSP - WB s 

V = w /d 
s s s 

V = vb - ( V + VB) e s 

Por e Volume = V <P = VB + V e 

<P = 
V <P 

vb 

As can be irnplied porosity is dependent on the degree 

of cornpaction of the tar sand when packing the rnodel. 

Another way to determine porosity was measuring the volurne 

of the cores withdrawn frorn the therrnocouple ports. This 

rnethod is not accurate. It gave too wide a range of 

porosity values to rnake any sense. Results from both 

rnethods are presented in Figure 13. 

Specific Gravity of Biturnen and Solvents Used 

Specific Gravity of Biturnen. The specific gravity of 

biturnen was deterrninedusing a procedure outlined in th~ · 
E.:.., 

"Standard Methods for Testing Petroleum and its Products" 

ASTM designation IP 59/49. 

Specific gravity is given by the formula 

where: 

wP = 
s 

wP = 

w = w 

Sp . Gr = 

Weight 

Weight 

- w p 

w -w 

of the 

of the 

w psw 

pycnometer 

pycnorneter 

Water equ i valent 

and bitumen 

" r 
,,11 
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The reason for this "water equivalent," is that it is not 

possible to eompletely fill up the pyenometer with bitumen. 

Freshly distilled water is added to fill up the pyenometer 

and the whole system is weighed. The differenee between 

this weight and WP 
s 

gives W . 
n 

WP w = weight of the pyenometer filled up with 
s 

distilled water 

Using the above method, a value of 1.0397 was obtained, 

whieh is in good agreement with the value obtained by 

Hernandez (21) (1.0318) and Carrigy (6) (1.0318). 

measurement was made at room (78ºF) temperature. 

Speeifie gravity of Solvents . The hydrometer wa ' ''"T 
l. '.L 

eonsidered to be aeeura te enough for all these determiri~:_ .:·;·:")l 

tions. This method is elassified as ASTM-Dl298-67 (also 

API standard 2547, IP designation : 160/68). 

Speeifie gravity of the solvents was also measured 

using a 10 e.e. glass pyenometer. Good agreement was found 

between these two methods. 

Speeifie gravity, as well as other physieal properties 

of the solvents used are presented in Table 3 . 

Viseosity Studies 

Viseosity of Solvents Used. The viseosities of the 

solvents used was determined by means of Oswald viseosi-

meters. The prineiple of operation of these viseosimeters 

is based upon Poiseul l e's law of fluid flow in eapillary 



50 

tubes. It is an indirect measurement, because it is neces-

sary to conduct the experiment first with a fluid of known 

viscosity (distilled water). The flow times f or equal 

amounts of the liquid of known viscosity, and the fluid to 

be measured are recorded and the following relationship 

is established: 

= 

where: 

µ = Viscosity in centipoises 

d = Densit~ gm/cc 

t = time of flow, sec. 

The subscripts 1 and 2 indicate the known and 

respectively. The density was previously determined using 
Si. , , 

a precision balance and a glass pycnometer. All t ese 

measurements were conducted at a temperature of 86ºF. 

Several viscosimeters were used and the values averaged; this 

value is also reported in Table 3. 

Viscosity of Athabasca Bitumen. In order to obtain 

bitumen for these experiments, it was necessary to extract 

tar sand with toluene, and later using a distillation column, 

the toluene was separated from the bitumen. This procedure 

was followed until 1000 ce of bitumen were obtained . 



Dens i ty 
Solvent gm/c.c. 

GCOS 
Synthetic o. 8 2 7 

crude 

Mobil o. 8 8 5 

Naphtha 0 . 7156 

Table 3 

Some Physical Properties of the Solvents Used 

co 
m f
úl -
L!"· 

#º 
'!,-" 
~"SI~ 

........ 

Specif i c 
Gravity 

0.829 

o. 8 8 8 

0.717 

~~·.· .·,··~"'-~ 
.+. -~ * ,. 

, 6\ '~ 
~ -.. :~.;~, 

~--

Vi scos ity 
Color cp 

Dark Yellow 4.56 

Black 4. 5 7 

Colorless 0.4482 

So lubility 
in Bitumen 

All proportions 

All proportions 

All proportions 

(Tl 

1-' 
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Experimental Procedure 

A large sample of bitumen was heated and poured into 

a 500 e.e. beaker and the whole system was placed in a 

constant temperature bath. Temperature was steadily in

creased until viscosity for the Athabasca bitumen in the 

desired range was obtained. 

Later, three large samples of bitumen were placed in 

three different 500 e.e. beakers. First, a volume of 

solvent equivalent to 10% of the bitumen in the beaker was 

added. This was done for the three solvents. Viscosity of 

each sample was measured containing 10% of Naphtha, Mobil 

solvent and the GCOS synthetic crude respectively . The 

measurements were made between 82ºF and 360 ° F. 

Later, the solvent concentration was increased to 20% 

and so on, until the desired range of solvent concentrations 

was covered (10 - 80%). The handling of the GCOS synthetic 

eructe bitumen, and Mobil solvent-bitumen mixtures is not 

difficulty, because these two solvents have a relatively 

high boiling point. This is not so for naphtha, which 

has a low boiling point. It was necessary to prepare 

fresh samples for every measurement. Because of the losses 

due to evaporation of naphta, it was necessary to make 

constant corrections in order to have the correct volume. 

Analysis of Results 

It was impossible to determine viscosity of the bitumen 

at 82ºF (room temperature) , Carrigy (6) reports viscosity 

of the Athabasca bitumen to be 600,000 poise at 150°F. 
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Figure 14 was constructed varing the temperatures from 120ºF 

to 380°F. The range of viscosity variation was 32.5 cp 

(380ºF) to 96,500 cp (120ºF). Table 4 gives the complete 

experimental data obtained. As expected (the relationship 

between viscosity and temperature is exponential for most 

rnaterials except some suspensions), and exponential type 

curve was obtained. The experimental values obtained were 

plotted on serni-log paper as shown in Figure 14. 

Kinematic viscosity is defined as the quotient of 

dynamic viscosity divided by density. When plotted on a 

special graph paper (ASTM standard viscosity-ternperature 

charts for liquid petroleum products) the relationship 

between kinematic viscosity and temperature is a straight 

line. Figure 15 shows this relationship. It is irnportant 

to notice that it was not possible to measure the density 

of bitumen at high temperatures. As a result the value of 

density used in this experiment was that determined at 

room temperature (1 . 0370 gm/c.c.). At temperatures above 

300ºF the data do not fit the straight line shown in Figure 

15. 

Figure 14 shows that the rnost significant reduction 

in viscosity was registered between 120°F and 200°F, 

viscosity reductions above 300°F are not so significant, 

and above this temperature the process is much more 

difficult to handle, becuase of the instability of the 

solutions (due to the high temperatures solvent evaporation 

is strong, and the solutions are constantly changing its 
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Table 4 

Viscosity and Kinematic Viscosity Variation 

with Temperature for Athabasca Bitumen 

Kinematic 
Temperature Viscosity Viscosity 

(o F) (Cp) (c. Stokes) 

380 32.5 31. 4 

360 35 . 0 3 3 . 8 

350 30.0 2 9 . o 

340 37.5 36 . 2 

330 50. o 48 . 3 

320 5 6. 2 54 . 3 

310 5 7. 5 55 . 8 

300 70.0 67 . 6 

290 7 5. o 72 . 5 

280 87.5 84 . 6 

270 

260 187.5 181. 2 

250 255.0 246.5 

240 307.0 297 . 0 

230 381. o 368 . 2 

220 500.0 483 . 3 

210 6 3 o. o 608 . 9 

200 1125.0 1087 . 0 

190 1570.0 1517 . 0 

180 2500.0 2416 . 0 

170 3880.0 3750 . 0 
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Table 4 (continued) 

Kinematic 
Temperature Vi scosity Viscosity 

(ºF) (CP ) (C. Stokes) 

160 7000.0 6765.0 

150 1 3300.0 12855.0 

140 24300.0 28320.0 

130 49900.0 48231.0 

120 96500.0 93272.0 
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solvent concentration), heating of the instrument, and 

mainly becuse many times the solutions reached boiling 

point (for concentrations of solvents above 20%). 
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The graphs shown in Figures 16 through 21 were plotted 

to study the behavior of Athabasca bitumen at various 

temperatures, for various kinds of solvents, and solvent 

concentrations . 

The behaviors of the GCOS synthetic crude and Mobil 

solvent were found to be very similar , and viscosity changes 

for identical conditions of concentration and temperature 

were found to be more pronounced for the Mobil solvent than 

for the GCOS synthetic crude, for all ranges of concentrations 

and temperature. Figure 19 is a comparision of these 

curves. An analysis of these curves shows that the three 

solvents used were effective in reducing the viscosity of 

Athabasca bitumen, even for small solvent concentrations 

and temperature increases. 

Naptha gave greater viscosity reductions for all con

centrations above 1 0% (solvent). It can be seen from 

Figure 19 that 60% naphtha concentration gives higher vis

cosity reductions that 80% concentration of Mobil solvent 

or GCOS synthetic crude for all ranges of temperature. 

For low solvent concentrations (10%, 20% and 30%), at 

high temperatures (above 240°F), the curves representing 

viscosity-temperature relationships (at constant solvent 

concentration) tend to be similar implying that at high 

temperatures the nature and amount of solvent are not 
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important. This is so, because at high temperatuees naptha 

is vaporized and does nót help much in lowering viscosity. 

(It must be understood that the experiment was at 14.6 psia.) 

This is not so for the GCOS synthetic eructe and Mobil solvent, 

which have high boiling points, but in any case the effect 

of temperature upon viscosity is much more drastic than the 

effect of solvent concentration increase, especially for 

low solvent concentrations, which are more likely to occur 

in a field project. 

Figures 19, 20 and 21 show the curves obtained for 

viscosity-solvent concentration relationship for a constant 

temperature. From these curves, it is possible to observe 

again the effect of temperature . Take for example Figure 19, 

when the temperature is low, 82°F, up to 180°F, viscosity 

is significantly lowered by solvent addition but above this 

temperature, viscosity is indeed lowered but not as much. 

Now, consider Figure 21 (naptha-bitumen ), the behavior is 

completely different, because at 200ºF (this was the highest 

temperature at which sufficient data to plot the curve 

were available) the reduction in viscosity by adding small 

amounts of solvent is still very important. Unfortunately , 

it is difficult to obtain reliable data at high temperatures 

and high naphtha concentrations. In any case, when t~mpera

ture goes above 200°F , naphtha does not remain in solution 

with bitumen, since the measurements were not made under 

pressures. 
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During these experiments it was observed that naphtha 

does not dissolve bitumen upon immediate contact, and it 

is necessary to stir and agitate the fluids strongly in 

order to have a good solution. A simple experiment was 

conducted to observe the rate o f reaction of bitumen with 

each solvent. Small samples of bitumen were placed on 

filter paper, and the solvent was added to each. 

Naphtha had low reaction with bitumen and the solvent 

was dispersed through the paper without carrying any 

bitumen, with GCOS synthetic crude the reaction was faster, 

but Mobil solvent it was ext reme ly fast. 

Conclusions 

l. Analysis of the curves show that the three 

so l vents used work well in reducing viscosity of 

the Athabasca bitumen. 

2. Naphtha gave higher vi s cosity reductions for all 

ranges 

at 10% 

of temperatures and concentrations, exce ,._:.?.!:::.!'. ... 
~('. - ,~;~"1_, 

(and below) where the three solvents ga ,~ "' .;/);· 
! ,_ /' • 

almo st the same viscosity reductions. 

3. 
t¡: ;!CT 

For temperatures above 240°F solvent concentra\l.onB L 
of 10%, 20% and 30% tend to lower viscosity by 

almo st the same amount. 

4. It can be said that temperature causes a greater 

viscosity reduction than moderate concentrations 

of a solvent. 

5. It was observed that the velocity of solution 

between solvent and bitumen was re l ated to the 
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color of the solvent, the darker was Mobil 

solvent, then GCOS synthetic crude, and finally 

naphtha; the velocity of bitumen solutions was of 

the s ame order. 

6. Naphtha-bitumen solutions became unstable above 

Apparatus 

Viscosity was measured using a Brookfield synchro-lectric 

Viscometer
1 

mo del LVF, with a maximum range of 0-100,000 cp, 

and a minimum range of O - 10 cp (the last one is obtained 

using a specia l adaptar) (UL adaptar). The principle of 

o peration is s imple: the viscometer rotates a cylinder 

or disc in a fluid and measures the torque necessary to 

overcome the v iscous resistance to the induced movement. 

The immersed e lement which is a spindle, registrates the 

degree of thi s torque through a beryllium copper spring 

which is shown on the viscometer dial by a red pointer. 
B •.. :·., ·1c1 

1 &. w 1 ~ 

The degree of deformation is proportional to the viscosi~~- Ol 

of the flu i d f or any given rotational speed and spindle 

size. The mo del used has four different rotational speeds 

of 6, 12, 30 a nd 60 RPM, and four spindles. 

Viscosity was measured at four rotational speeds to 

obtain a better value for the desired viscosity and also 

to evaluate the rheologicalproperties of the material, 

because a bas i c requirement for good measurements is that 

1Brookfield Engineering Laboratories Inc., Stoughton, Mass. 



Table 5 

Data for Figures 16, 17, and 18 

Viscosity (cp.) 

Temperature 10% (Solv. Con.) 20% (Solv. con.) 
ºF Syncrude Mobil Sol. Naphtha Syncrude Mobil Sol. Naphtha 

360 - 20 - - 12 
350 
340 25 26 - - 14 
330 27 - - 15 16 
320 36 - - - 17 
310 - 38 - 15 20 
300 47 48 40 22 21 
290 69 53 42 26 24 
280 65 60 63 30 26 20 
270 78 70 75 40 30 21 
260 96 94 81 45 36 23 
250 116 107 107 59 40 26 
240 131 127 120 68 51 30 
230 178 200 180 86 64 36 
220 235 212 202 108 76 44 
210 300 326 273 138 102 56 
200 500 417 284 193 127 62 
190 551 621 350 260 173 94 
180 826 810 400 346 233 130 
170 1287 1179 700 489 322 180 
160 2050 1617 940 674 409 250 
150 4675 3970 1700 981 883 310 ()) 

140 6450 4055 2400 1487 1158 422 N 

130 9600 5415 6337 2400 1851 1033 
120 15340 8450 7776 4200 3022 1466 
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Table 5 (continued) 

Viscosity (c~:J 
10% (Solv. Con.) 20% (Solv. Con.) 

Syncrude Mobil Sol. Naphtha ~~rude Mcbil Sol. Naphtha 

13573 15683 - 3387 2073 
21900 35200 - 9115 3646 

72500 - 16366 5900 
31700 13900 

Viscosity (cp.) 
40% (sol v. Con.) 60% (Sol v. Con . 

Syncrude Mobil Sol. Naphtha Syncrude Mobil Sol . Naphtha 

- 5 
- 6 
- 7 
7 . 5 7.4 
9.5 8 

14 8.4 
- 10 - - 3. 7 

15 15 - - 4. 5 
17 16 - 6 4.5 
20 18 - 6. 5 5. 6 
22 20 - 7. o 5 . 3 
26 22 - 7 . 6 6. 6 
27 26 12 9 5. 7 
34 29 15 - 7. 7 
39 37 17 11 7. 3 
50 44 18 11. 5 10.4 3. o 
62 51 22 12.5 8. 6 3. 4 m 

76 64 25 14 14 3. 8 w 

98 84 29 17 12 4 



Temperature 
ºF 

140 
130 
120 
110 
100 

90 
82 

Temperature 
ºF 

360 
350 
340 
330 
320 
310 
300 
290 
280 
270 
260 
250 
240 
230 
220 

Table 5 (continued) 

Viscosity (cp.) 
40% (Sol v. Con.) 

Syncrude 

128 
175 
236 
338 
559 

-
1362 

80% 
Syncrude 

3. 2 
3. 2 
3. 9 
4.2 
4.3 

Mobil Sol. Naphtha 

110 34 
161 42 
218 53 
255 72 
425 90 
593 125 
867 164 

Viscosity 
(Solv. Con.) 50% 
Mobil Sol. Naphtha 

2. 5 
2 . 7 
3.0 
3. 3 
3 . 5 

Syncrude 

19 
24 
27 
37 
43 
58 

110 

30% 
Naphtha 

60% (Sol v. Con.) 
Mobil Sol. Naphtha 

19 4. 4 
17 5 
30 6 
25 6. 5 
46 7. 8 
38 9. 2 
65 10.2 

m 
+ 



Temnerature 
ºF 

210 
200 
190 
180 
170 
160 
150 
140 
130 
120 
110 
100 

90 
82 

Table 5 (continued) 

80%(Solv. Con.) 
Syncrude 

5 . 2 
4.9 
5 
6 
6 . 5 
7 
7. 7 
8 . 8 

10 
12 
14 
15 
19 
20. 5 

Mobil Sol. 

~ m ¡: 
t.I~ ~ 
-~' ~ 
"1~1 . -
t1 . ' 
SN -
t e-:; -

4.0 
4. o 
4. 7 
4. 3 
4.9 
5 . 5 
6 
6 . 9 
7. 8 
8.9 
9. 3 

11 
13 
14.7 

-
Viscosity 

50% 
Naphtha 

-
-
6 
6 . 5 
7 
8 
9 . 2 

10.7 
12.5 
15 
17.5 
20 
24 

· 21.5 

30% 
Naphtha 

23 
25 
30 
32 
37 
42 
56 
73 
91 

123 
161 
222 
329 
642 

01 
(Jl 
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the fluid should be Newtonian, i.e., the relationship 

between the shear force (F') and the rate of shear (s) should 

be a straight line. 

The instrument gives measurements with an accuracy of 

+ 1%. 

A silicone oíl constant ternperature bath was used 

to maintain the temperature at the desired level. A 

1 'h 1 1 d b. stove wit a ternperature regu ator was a so use to o tain 

a finer control of temperature adjustments. The ternperature 

was measured with a O - 500° F range thermometer. 

Figure 23 shows a schematic representation of the 

apparatus used for viscosity rneasurements. 

si·~ 1 ~~CT 

ES:POl 

1Lab-Line Instruments, Inc., Melrose Park, Illinois . 
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V. METHOD OF ANALYZING THE LIQUID SAMPLES 

Brief Description of the Theoretical Foundations of 
Spectrophotometric Analysis 

The liquid samples of effluent were analyzed using 

a Perkin-Elmer1 infrared spectrophotometer . 

Sorne of the theoretical foundations of infrared spectro-

photometry will be discloused. Infrared radiation is a 

portion of the electromagnetic spectrum. Inf rared 

radiation as well as all the other types of radiation, 

are light energy waves moving in accordance with the law: 

A.\> = c 

where: 

A. = wave length of the light in cm . 
B, . ¡rT 

Li ·' J u 

v = frequency in cycles per second . 

c = velocity of light 

The units used for measuring the position in the in-

frared range of the electromagnetic spectrum are, the wave 

length (A.) unit, the micron (µ) (lµ 
4 4 o 

= 10- cm= 10 A), and 

the frequency or wavenumber (v) unit , waves per cm. which 

is written as cm-l 

When radiant energy falls upon a transparent body, 

part of this energy is reflected, part is absorbed and part 

is transmitted. The magnitudes of these processes is 

measured as reflectance , absorbance, and transmittance, 

1The Perkin-Elmer Corporation, Norwalk, Conn . 
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respectively. The infrared spectrophotometer measures 

transmittance or absorbance of radiant energy. The in

frared spectrum is a graphical plot of this transmittance 

or absorbance versus the frequency of the light waves. When 

a particular compound, such as a solvent-bitumen solution, 

is exposed to the infrared light it produces a spectrum 

which cannot be duplicated by any other compound. This 

is a llfingerprint 11 of the solution; the whole process of 

measurement is based upan this principle. 

When a pure substance is analyzed, it produces a 

spectrum which is its characteristic. Because the spectral 

characteristics are largely retained in a mixture of the 

pure substance and variable proportions of another sub

stance (which is bitumen in this particular study), it 

can be said that the spectrum of a mixture is a superposition 

of the spectrum of the individual components with allowance 

for the concentrations present. From atomic chemistry 

fundamentals the characteris t ic absorption frequencies are 

dependent upon three molecular characteristics: 

l. The atoms. 

2. Chemical bond forces. 

3. Spatial geometry. 

Now, if two molecules have these three characteristics in 

common, they are identical. If they differ in one of the 

above they are different. From this principle it is assumed 

that the infrared adsorption spectrum of a compound is 

likely to be unique to that compound. 
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The Lambert-Beer Law gives the theoretical relat i onship 

between the amount of light removed from a monochromatic 

beam that passes through the absorption medium (which is the 

solvent-bitumen solution for this particular experiment ) . 

The Lambert-Beer Law states that the radiant energy of 

wave length incident on the absorber and the enrgy transmit-

ted are related by : 

I = 1 exp ( -KCL) 
o 

where: 

I = Transmitted energy. 

I = Radiand energy . 
o 

K = adsorption coeffient of the medium at frequency 

v and wavelength A. 

L = Length of the cell containing the absorption 

medium. 

C = Concentration of the material (solvent) being 

studied. 

The basic assumption in using Beer's Law is that of 

simple additivity of absorbance, i.e . , the wavelength (A) of 

a mixture is equal to the sum of the wavelenth (A) of each 

of the components present. 

Rewriting the Lambert-Beer Law as: 

LoglO 

for n components. 

I = KCL 1 
o 
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.+ K C L n n n 

If, in a two-component mixture (as in this case) two 

suitable wavelengths are chosen and designated by the 

superscripts 1 and 2, the absorbance at the two wavelengths 

will be given by: 

L is constant if the same cell is used for all measurements 

and so it can be absorbed in the constant K, so that the 

above two equations take the following form: 

log 
101 (Kl)lC + (Kl)lC -I- = 1 1 2 2 

I o2 (K2)1C 2 log -I- = + (K2)C2 1 1 

To solve these equations it is necessary, f i rst, to know 

the value of K's. If the concentration of a given material 

is known cc1 , or c2 , for this particular experiment, 100, 

90, 80, 70, 60, 50, and 40% solvent concentration compounds 

were prepared), then selecting in the infrared spectra a 

particular wavelenght (i.e., 8.45 for Bitumen-GCos synthetic 

crude solutions as shown in Figure 24) where the absorbance 

Cor transmittance) for the compound is particulary strong 
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for the compound involved and weak for another, the 

relationship I ./I (transmittance or absorbance ratio) can 
Ol 

be read from the chart (Figures 25, 27, or 29) . Once 

c 1c 2 , I 01 /I, and 102 /I are known, K is evaluated. 

When many analyses are involved, it is more convenient 

to salve the above equations by matrix methods: 

el (Kl)l 
1 

(Kl) l 
2 

(Kl)l 
n 101 

(K2)1 (K2) 1 (K2)1 
-I-

c2 I = 1 2 n º2 
-I-

e (Kn)l (Kn) l (Kn)l I on n 1 2 n -I-

The applicability of the method depends on the exteniS¡ 

to which the Lambert-Beer Law is obeyed. When the 

ment is conducted , the ·relationship between concentration 

of the solvent and transmittance, when plotted, must be a 

straight line, and the procedure can be followed imrnediately. 

When the graph deviates from a straight line, the process 

is more complex and corrections for nonlinearity must 

be considered. Then when considering the method of 

analysis, the main consideration should be to determine 

experimental conditions such that the Lambert-Beer Law is 

followed as closely as possible . 

Several factors aff ect the Lambert-Beer Law and cause 

deviations from the straight line. 
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l. The absorption coefficient is exact only for a 

monochromatic beam of radiation. Because wave-

leng th varies along the spectral slit width, only 

a n average value o f K is possible. This average 

v alue can hold at only one wavelength. From 

exp e riments conducted it is possible to see that 

t he narrower the slit width the more linear is the 

plo t . 

2. Mol e cules with smaller intramolecular forces tend 

to obey the Lambert-Beer Law better. Hydrocarbons, 

for instance, will give fairly linear relationships. 

3. At h igher concentrations of one of the components 

non l inearity is stronger . For this particular 

expe riment deviations from the straight line were 

obs e rved above 70% solvent concentration. 

4. Ana l ytical wavelengths chosen for the readings 

are usually those for which the component shows 

strong absorbance (or transmittance), while 

a bs orp t ion ( o r transmittance) for other components 

rema in low. 

Procedure 

Solution s containing 100, 90, 80, 7C, 60, 50, and 40% 

solvent conc e ntration were prepared for the three solvents 

to be used. Once the spectra were drawn for the three 

solvents, particular wavelengths were chosen for each 

solvent (9 mi crons and 1115 cm-l for Naphtha, 8.45 microns 

-1 -1 and 11-5 cm for syncrude, and 8.4 microns and 1190 cm 



81 

for Mobil solvent). Figures 24, 26, and 28 show the portian 

of the spectrum chosen for each bitumen-solvent solution. 

Transmittance of the solutions was divided by the values 

of transmittance for the pure solvent, and these values 

were plotted. Figures 25, 27, and 29 show these relation

ships, which are fairly linear at low solvent concentrations. 

These base curves provided the tool for the sample analyses. 

When samples of the effluent were obtained and analyzed 

by the spectrophotometer the relation of the observed 

transmittance to 100% solvent transmittance was measured 

and using these "base curves," the solvent concentration 

(by difference the concentration of bitumen) in the sample 

was found. 
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Figure 24 Transmitance Spectra for Bitumen-Syncrude Solutions . 



l . r+.-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-;;¡ 

c9 

.8 

,7 

µ..:¡ 
u .6 
z 
<C 
E-l 
H 
~ .5 
Cf) 

z 
<C 
~ 
E-l .4 
µ.... 
o 
o .3 
H 

~ 
~ .2 

.1-

RATIO OF TRANSMITANCE = 
(8.45h) 

TRANSMITANCE OF MIXTURE 
TRANSMITANCE OF 100% 

SOLVENT 

20 30 40 50 6 º· 1 , 1 1 , 1 ~ h ~ h r 7 8 9 10 o 10 

SYNTHETIC CRUDE, VOLUME PERCENT 

Figure 25 Calibration Curve for Bitumen-Syncrude Solutions. 

ro 
w 



80 

40 

30 

20 

10 

o 

14 o 

WAVELENGTH (MICRONS) 

, , 1 r 1 1 , , 1 1 , 1 1 i 

12 o 
WAVENUMBER (cm1 ) 

100% 

1000 

Figure 2 6 Transmita ne e Spectra f or Bi tumen-Mobil-Sol vent 
Solutions. 

84 



l . Ar-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-::~ 

.9 

.8 

li-1 
u 
Z• 
<C 
E--1 
H 

::s 5· (/) . 
z 
<C 
~ 

E--1 .4 
µ_, 
o 

8 .3 
E--1 

;'Z 
.2 

o. o 

RATIO OF TRANSMITANCE = TRANSMITANCE OF MIXTURE 
(9.0) TRANSMITANCE OF 100% 

SOLVENT 

10 20 30 40 50 60 70 80 90 100 

MOBIL SOLVENT, VOLUME PERCENT 

Figure 27 Calibration Curve for Bitumen-Mobil Solvent Solutions. 

co 
(Jl 



~ 
u 
z 

6 

E'.540. 
H 
::8 
(f) 

z 
~ 
E--i 

6 

o 

1200 

WAVELENGTH (MICRONS) 

fü~. , _.,, '. ~~CT 
E~:3:.J>JL 

1000 
WAVENUMBER (cm 

1
) 

86 

11 

1 1 ·¡ 1 

Figure 28 Transmitance Spectra for Bitumen Naphtha Solutions. 



}~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-

.7 

.6 
~ 
u z 
~ 
E-! 
H • 
::8 
(/) 

z 
<!; 
~ · 
E-! 

µ.... 
o 
o 
H 
E-! 
~ 
~ . 

o. 
00 

RATIO OF TRANSMITANCE = 

30 40 50 60 
t} ;\ ... · 

/::f 

. ·-. ~. - ·-/~·:;/ 
NAPHTHA VOLUME, PERCENT 

TRANSMITANCE OF THE MIXTURE 

TRANSMITANCE OF 100% SOLVEN 

70 80 90 100 

,_Figure 2 9 Calibration Curve for Naphtha-Bi turnen solutions. 

00 
--J 



VI. STATEMENT OF THE PROBLEM 

The purpose of the present study was to investigate 

the recovery of bitumen from the Athabasca tar sand samples 

by miscible and thermal-miscible displacements in an 

essentially two-dimensional flow vertical model and in a 

three-dimensional flow model . 

The main objectives were as follows: 

l. To investigate the recovery efficiency of GCOS 

synthetic crude, Mobil solvent and naphtha in

jection into a homogeneous tar sand pack saturated 

with bitumen and air. 

2. To investigate the recovery efficiency of GCOS 

synthetic crude inject i on into a homogeneous tar 

sand pack saturated with bitumen and water. 

3. To investigate the effectiveness of naptha-steam 

combinations in the recovery of bitumen. 

(i) non-continuous steam injection, 

Cii) continuous steam injection for two slug 

sizes, 45% PV , and 20% PV. 

4. To investigate the effectiveness of GCOS synthetic 

crude-steam combinations as compared to naphtha

steam combinations. 

5. To investigate and compare the effect of changing 

the location of the solvent slug from the steam 

injection well side, to the effluent production 

well side. 
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6. To investigate the importance of steam injec tion 

rate in the recovery of bitumen. 

7. To investigate the effect of an overburden pressure 

in the flow of solvent and steam into a tar sand 

pac k. 

8. To investigate the compaction of tar sand packs 

under solvent-steam injection. 



VII. DISCUSSION OF RESULTS 

When injecting solvent and steam (or either one) into 

a homoge neous pack of tar sand, many factors control the 

recovery of bitumen. It is the purpose of the present 

research to investigate sorne of these factors. To achieve 

this goal, three solvent injection runs, and 19 solvent-

steam injections were conducted . Three different solvents 

were used: naphtha, GCOS synthetic crude, and the Mobil 

solvent. The effects of slug size and slug injection 

location were thoroughly studied . Injection of different 

slug siz e s and types, combined with steam injection into 

a medium saturated with bitumen and air, as well as with 

bitumen and water , was investigated. Two kinds of model 

were used; a vertical two dimensional model, and a three-

dimensional model. 

Experirnent s with Tar Sand Columns 

This was a very simple experiment but provided con -

siderable insight on solvent stimulation of bitumen . Gates 

and Caraway ( 18) studied solvent stimulation of viscuos~~·~\~ 

crude-oil production, using glass columns of unconsolid 'ted · J.) 
. • •¡ 

sand, which were saturated with the viscous oil to be 
Bl ,., •¡.·¡ 1 • ·1c1 

UL ~.t , , , 
stimulated. . In the present investigation, two columns ESPOL 

of 50 c e were filled with tar sand and packed carefully . 

One of the columns was placed touching the surface of a 

liquid (naphtha) contained in a beaker. Now the 10 ce 

of solvent was placed on top of another tar sand column 

(1 ). Figure 34 is a schematic representation of the 
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apparatus used. In both cases, it was observed that the 

fluid tends to penetrate into the column, but the rise of 

the fluids at t he walls of the glass columns is much higher 

than the actual position of the front which is far behind. 

This is actually a serious problem in any kind of experiment, 

it is not poss i ble to correct it , mainly because when the 

sand is being c ompacted the contact between wall and sand 

is not as good as the contact of the sand grains themselves. 

This causes a high permeable channel to remain between the 

model wall and the sand pack . This can be an explanation 

for the flow o f solvent through the thermocouples observed 

in Run 6. It was observed also, that the solvent, when 

placed in contact with the tar sand, tends to penetrate the 

pack at first a t a relatively high velocity, but later 

stabilizes, and reachers equilibrium. This shows that the 

action of capi l larity is also important in the production 

of bitumen, and that the wall effect is also present in this 

process. Actually what occurred was an interchange between 

solvent and bi t umen, becuase as the solvent was penetrated in 

the column, bi t umen and sand flowed down into the beaker 

and quilibrium was established. When analyzed, the effluent 

samples from both columns, even the one for column 1 was 

richer in bitumen . The effluent from column 2 also had 

significant amounts of bitumen. 

Solvent Injection Runs 

Run 1 was made to investigate the behavior of the 

tar sand pack under naphtha injection. Table 6 gives the 
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general characteristics of the run as well as the results 

obtained. 

Injection was initiated through the wells at the top, 

trying to saturate the sand pack evenly. After 4.93 hours 

of injection (1140 ce breakthrough occurred but no 

large decrease in pressure was observed . After several 

hours of solvent injection, when well 21 was opened to 

injection (and all the others closed) a sharp increase 

in pressure was observed (up to 175 psig, pressure was 

normally around 35 psig), formation plugging occurred 

in the neighborhood of well 2, due perhaps to asphaltene 

flocculation. When well 4 was opened to injection, pressure 

dropped immediately, and when analyzing the effluent samples 

a decrease in bitumen concentration was noticed for these 

particular samples. The production line was closed, and 

recycling of the effluent was initiated, the pack was 

pressurized (60 psig) and left closed overnight to observe 

the effec t of diffusion of solvent into the pack . This 

procedure was repeated several times until 2000 ce were 

recycled. ~ .. 

When analyzing the samples in the infrared spectro~:~~~-:\ 
' j 

meter, it was observed that the highest recoveries were 

B ' - "1CT 
obtained at the beginning of the production. The first: 1

º1. ... !:, .: 
ESi?Ol 

sample collected (60 ce contained a concentration of 

27 . 5% bitumen, which represents 22 . 5 ce of bitumen, 

1 All the runs up to 20 were performed using model l . 
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considering that a total of 378 ce of bitumen were re

covered, this represents 5 . 9% of the total recovery. When 

the model was closed and produced 8 hours later, an in

crease in bitumen concentration of the effluent was obtained 

(41.5% bitumen) and from 46 ce of effluent analyzed this 

41.5% represents 5.05% of the volume recovered . Samples 

always presented a decreasing concentration in bitumen, 

even though the model was closed two more times ( 8 hours 

each time) no further increase in bitumen concent ration 

was recorded. 

When the effluent produced was recirculated , effluents 

with an average solvent concentration of 86% were recovered. 

Considering that the solvent concentration in the injection 

solution was also 86% no improvement in bit umen recovery 

was obtained. It is important to notice that recirculating 

the effluent caused plugging in the lines, valves and 

especially in the millipore filter which had to be 

removed and changed constantly . 

Considering that the pore volume was 2153 ce and 

that 1140 ce of solvent was injected before any pro

duction, only 53% of the pore · volume was contacted by the 

solvent before effluent breakthrough . The samples re

covered were generally lower in bitumen concentration as 

the injection proceeded, even when the outlet was closed 

and the pack was pressurized for 8 hours or more · This 

indicates rather slow diffusion. Apparently once a path 

is created, the fluid stays in it without contacting fresh 
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tar sand. Figure 30 shows the production history f or this 

run. 

When the pack was opened, and analyzied, it was found 

that the sand was very clean toward the top of the model, 

and it was especially clean just in a few parts. Con-

sidering that the fluid was being injected through the top, 

a few inches below the injection points, channeling was 

observed especially toward the walls of the model . Through 

these channels, solvent-bitumen solution was conducted to-

ward the bottom of the pack, where sand was saturated with 

a very dark solution with a high concentration of bitumen 

which was not recovered. 

With the experience obtained from the previous run, it 

was decided to inject solvent at the base of the model in 

order to sweep perpendicular to the fluid displaced from 

the top of the model. Mobil solvent was injected in this 

run (Run 2). The behavior of this solvent in comparison 

to naphtha was completely different. It required very 
"'~~~~~~ 

4/' '·"' 
slow inj ection rates, the run took around 7 2 hours to 1-'fu~ . _,·.~:-\') 

,·l .. · , /;!/ 

completed, and recovery was much higher. Table 7 gives' ... 
.;~"'/ 

detailed information for Run 2. 
E~~ · L 

The first 2000 e.e. of solvent wer.e injected through 

the wells located at the top of the model, and 2000 e.e. 

were injected through the injection point at the base . 

Solvent soaking and pressurizing of the model proved 

to be a little better for Mobil solvent than for naphtha, 

even the bitumen content of the samples were markedly 



higher for this solvent, the first volumes of effluent 

recoverect being the best for the whole process. 
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Figure 31 represents the proctuction history for Run 2. 

In Run 3, GCOS synthetic eructe was usect as the solvent. 

The observect behavior was similar to that for Run 2 . Figure 

33 compares the cummulative bitumen recoveries for the runs 

where solvent was usect. It can be seen that the Mobil 

solvent gave the highest recovery, followect by naphtha anct 

GCOS synthetic eructe. 

When naphtha anct GCOS synthetic eructe were injectect, 

the amount of solvent retainect by the pack almost equallect 

the volume o f solvent injectect, befare having breakthrough 

(see Tables 6, 7, anct 8) of effluent. This was not the 

case for Mobil solvent. In this case, the volume of solvent 

retainect by the pack was twice as great as the volume in-

j ectect befare breakthrough. If the amount of solvent 

retainect by the pack at the enct of the run is approximately 

the same as the volume injectect befare effluent breakthrough, 

the solvent establishes a path Cor paths) between the inlet 

anct the outlet, anct tencts to stay in it without opening new 

channels. That is why the recoveries were so low for sol-

vent stimulation, anct in all three cases it was founct that 

the higher concentrations of bitumen were at the beginning 

when the first samples were collectect. Very little bitumen 

was recoverect after the first pore volume of solvent was 

injectect, showing that the solvent ctict not open more paths 

through the sanct, anct that the small amounts of bitumen 



96 

recovered in the samples collected after the injection of 

the first pore volume of solvent were due to diffusion or 

a small increase in sweep by the solvent. It was observed 

also that later in a run the injection and production rates 

stabilized with no significant increase in bitumen con

centration at which t i me the injection was stopped. For 

Mobil solve nt the behavior was different; only 760 e.e. of 

solvent were necessary to cause effluent breakthrough 

(1140 e.e. were required for naphtha, and 1340 e.e. for 

GCOS synthetic crude), but the amount retained by the pack 

was almost twice as large (1486 e.e.). From Figure 31 

it can be seen that significant recoveries were obtained 

even after the first pore volume was injected. This last 

solvent was more efficient for dissolving bitumen and 

opening channels in the sand, which led to a higher bitumen 

recovery. 

In each case, the amount of solvent injected was 

extremely large to be considered for a field test. It 

is impractical to inject more than one tenth of the pore 

volume for stimulation purposes. The ratio solvent-bitumen 

in these runs was over 5.0, which shows clearly the im

practicality of the solvents used to recover bitumen . 

These test will have only experimental value, helping to 

understand the flow of fluids through tar sands. It is 

also believed that solvents are necessary to stimulate 

tar sands prior to a steam injection recovery process . 
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Snyder (32) and Hernandez (21) also experimented with 

naphtha. They obtained recoveries higher than in the 

present experiment. Hernandez reported a recovery of 37.2%, 

but the model used was a cylindrical core, with a small 

cross sectional area, and eight pore volumes of solvent 

were injected. Synder found recoveries as high as 58.7%, 

using the same model as employed in these experiments. 

This high recovery was obtained because of the poor conso-

lidation of the tar sand, (he reported that after the 

experiment a void space of 2017 ce was found in the pack). 

When the sand is poorly packed the characteristics of flow 

change completely, mainly because of the poor contact among 

the sand grains. Under these conditions if the right 

amount of solvent is used it is possible to extract these 

tar sands totally. 

Run 6 was intended to be a solvent - steam injection . . ~· 
run, but due to sever leakage in the gaskets the run 

had to be terminated. 

of solvent flow were observed in this run. Naphtha was 

injected using the steam and solvent inlet (see Figure 6). 

When the l eakage made it necessary to stop injection, 

820 ce of solvent had already been injected at a rate 

of 2 . 23 cc/min. Even when injection was taking place 

through a low point in the pack, solvent was distributed 

all along the pack. When the thermocouples were 

removed, effluent flowed through points 5, 6, 7, 8 10, 

11, 12, 13, 15, 16, 17, 18, 20, 21, 22 and 23, showing 
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that capillarity was strong at least at this level of 

saturation of the pack. The advance and distribution of 

the fluid was quite uniform. This can be a consequence 

of a low injection rate which gave time to the fluid to 

flow in all direction uniformely. 

The flow of solvent in tar sands is difficult to 

understand because of the different mechanisms present as 

well as the interaction among them. The experiments 

conducted gave certain qualitative ideas of the process, 

but it is necessary to investigate these aspect further to 

obtain quantitative concepts of dispersion, diffusion , 

capillarity, etc.in a porous medium partially saturated 

with bitumen. The experiments to be descri bed in the 

following gave additional understanding of the flow of 

solvent in tar sand packs, but the interest was mainly 

focused on the act i on of temperature in the production of 

bitumen. It is belived that temperature has a more im-

portant role in the recovery of heavy oils and bitumen . 

Solvent-Steam Injection Runs 

A total of 19 runs were performed using combinations 

of solvent and steam. Th 1 f th 
. t ~f J.,-·~ .. , .. : 1CT 

e goa o ese experimen s was · 
E'.!.i~·Ol 

to investigate the recovery of bitumen from Athbasca 

tar sands using different solvents, slug sizes, mediums 

initially saturated with air, water and bitumen. Changing 

the stimulation with solvent from injection to production 

well and using two physical models, a two - dimensional ver-

tical model and a three-dimensional model. 
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Table 6 

General Characteristics and Results for Run 1 

Amount of tar sand packed 

Bitumen content of the tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of the steel box 

Void space in the model 

Pore volume 

Porosity 

Total solvent injected 

Amount of s o lvent retained by the pack 

Solution rec ycled 

Total run time 

Time f or ef f luent breakthrough 

Solvent injection time 

Volume of solvent in]. before effluent B.T. 

Average injection rate before B.T . 

Average flow rate 

Average pressure 

Solvent injected - bitumen ratio 

Solvent produced - bitumen ratio 

Total bitumen recovered 

Recovery 

13562 gms. 

143 7 ( wt%) 

1948 gms. 

1881 ce 

Naphtha 

11613.7 gms 

4327 ce 

6480 ce ~ 

2 71. 8 ce · 

2153 ce 

3 3 . 2% 

4 O O O ce 

10 51 ce 

2 O O O ce 

24.3 hrs. 

4. 9 hrs. 

21.08 hrs. 

1140 ce 

3.85 cc/min 

4.75 cc/min 

45 psig 

9 . 6 c es 
ccb 

ces 
7. 08 .. ccb 

416. 6 2 ce 

21 .35% 
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Table 7 
General Characteristics and Results for Run 2 

Amount of tar sand packed 13671 gms. 

Bitumen content of the tar sand 15362 (wt%) 

Weight of bitumen in place 2094.5 gms. 

Volume of bitumen in place 2021.7 ce 

Solvent used Mobil 

Weight of clean sand 11577 gms. 

Volume of clean sand 4313.4 ce 

Volume of the steel box 6480 ce 

Void space in the model 145 ce 

Pore volume 2166.6 ce 

Porosity .334 

Total solvent injected 4000 ce 

Amount of solvent retained by the pack 148 6 ce 

Total run time 72.45 hrs. 

Time for effluent breakthrough 20.13 hrs. 

Solvent injection time 72.45 hrs. 

Volume of solvent in]. before effluent B.T. 760 ce 

Average injection rate before B.T. 629 cc/min. 

Average flow rate 9 2 cc/min. 

Average pressure psig 

Solvent injected - bitumen ratio ce/ce 

Solvent produced - bitumen ratio ce/ce 

Total bitumen recovered 

Recovery 32.2% 
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Table 8 
General Characteristics and Results for Run 3 

Amount of tar sand packed 13699 gms. 

Bitumen content of the tar sand 16134 (Wt%) 

Weight of bitumen in place 2238 gms. 

Volume of bitumen in place 2160 ce 

Solvent u sed Syncrude 

Weight of e lean sand 11461 gms. 

Volume of e lean sand 4270 ce 

Volume of the steel box 6480 ce 

Void space in the model 49.13 ce 

Pore volume 2209 ce 

Porosity .341 

Total solvent injected 4000 ce 

Amount of solvent retained by the pack 1615 ce 

Total run time 76.67 hrs. 

Time for effluent breakthrough 24.6 hrs. 

Solvent injection time 76.67 hrs. 

Volume of solvent inJ. before effluent B.T. 1340 ce 

Average injection rate before B.T . 91 cc/min. 

Average flow rate ,y.•~~1·::. 1 . 61 ce/ min. 

Ó
•':/ \ 
' . 1 

_:. · ~ )O. 9 psig Average pressure 

Solvent injected - bitumen ratio r l .l ¡· 1 7 ce/ ce 
Blul1 • _{; 

Solvent produced - bitumen ratio ES?~~-¡;. 6 ce/ce 

Total bitumen recovered 358 ce 

Recovery 16. 6% 
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Table 2 shows the classification of these runs. A 

separate discussion will be presented f or every set of 

runs. The results and physical characteristics as well as 

the general data concerning each of the runs are surnmarized 

in several tables presented for every run. 

Naphtha-Steam Runs 

Run 4 was the first run where steam injection opera-

tions were involved . Due to leakage of steam, the pro -

duction data for this run were not consistent, and it 

was decided not to include it in the present theses; 

even though important data was lost, many interesting 

observations were made. 

When solvent was being injected through the top in-

jection wells, the boiler was tested, apparently the valve 

closing the steam line was not in good condition because 

some steam went inside the pack, as observed from increase 

in temperature registered by the thermocouple at the steam 

inlet. The physical conditions for this run were similar 

to those for Run l. Due to steam leakeage, breakthrough 

of the effluent occurred when 540 ce of solvent had 

been injected. This gave an idea of the effect of steam 

in increasing the mobility of solvent in the pack. 

low boiling point of naphtha led to evaporation of 

naphtha when i t came in contact wi th hot water and gr._tea¡n :'CT 

and this traveled much faster in the sand pack ' · l 

the outlet. 
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The sand pack was saturated in two directions, first 

vertically, through injection poins (1), (2), and (3) 

(see Figure 7) and when breakthrough occurred, injection 

was switched to point (35). Once the production flow 

rate was equal to the injection rate, it was decided to 

stop solvent injection. 

After a few minutes of steam injection a flow rate 

of 16.6 c.c . /min. was obtained. Production of effluent 

with high concentrations of naphtha was characteristic of 

the first samples collected. Naphtha, due to its low 

boiling point is vaporized and immediately finds its way 

out of the system. After a few hours of steam injection, 

most of the solvent was produced . Shortly after producing 

187 e.e. of effluent, production stopped completely, and 

the temperature in the sand pack began to decrease. At 

this point, steam injection was terminated overnight. After 

6 hours of steam soaking, operations were restarted. When 

the drain at the inlet was opened, 100 e.e . of solution 

were recovered. The temperature in the pack at this time 

was lOOºF, and steam injection began with a pressure of 

80 psig. After several hours of steam injection , only a 

slight increase in temperature was registered, showing 

that no steam was going into the model, the small increase 

in temperature was due only to the heating of the steel 

box. This effect was characteristic of this run . After 

several variations in steam pressure, it was concluded that 

some kind of plugging was occurring in the pack. The 
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injection of steam was terminated, and the drain was opened . 

Immediately afterward, a dark, dense, heavy mixture of 

bitumen, water, silt and other solids flowed out of the 

drain. Because of the original distribution of bitumen in 

the pack Capproximately the same along the sand pack) , 

bitumen which was contacted by steam, due to the sharp 

reduction in viscosity and because of the solvent in 

solution with bitumen, flowed immediately toward the outlet 

as well as t o ward the inlet, due to the high effect of 

gravity segre gation was building up around the inlet of 

steam, and a c tually confined the steam outside the pack. 

When steam injection was stopped, this solution was able 

to flow out. The outlet was also drained , and sorne of 

this mixture flowed out also. After the plugging was re-

leased the increase in temperature was normal. 

When the run was completed, the model was opened to 

clean out the sand. A big hole was observed at the top 

of the sand pack, due to excessive compaction. Observing 

Figure 4 it can be seen that bitumen covers and cements 

the sand grains, and when bitumen is washed outc;f~vent 
or steam, the se grains are left e lean, and they te~~ :/~O 
reaccomodate it in the structure. If this eff e~ ·is .. pded 

to the effect of the steam which is being inj edifé-<l.t alt.L a 

high pressure and is actually displacing not only bitumen 

but sand als o , it is possible to understand compaction of 

these uncons o lidated sands. 
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In Run 4, steam was injected for 28 hours, production 

of bitumen was high (50 or 60% of the bitumen originally 

in place), the effect of compaction was one of the more 

severe observed during these experiments. It might be 

conjectured that some quantitative relationship exists 

among compaction, volume of steam injection, size of the 

solvent slug, recovery of bitumen and steam injection rate. 

Run 5 showed a considerable increase in bitumen 

recovery as compared to the solvent injec t ion runs . Solvent 

was injected first with the purpose of creating a channel 

in the sand pack. Injection was stopped when the first 

drop of effluent was produced. Solvent was injected 

through the base injection point. The problem observed 

in Run 4 was also present at the beginning of Run 5; i.e., 

the temperature did not increase and steam was not flowing 

into the sand pack. Steam injection was stopped, and the 

injection well was drained out, large amounts of water 

along with considerable quantities of bitumen were re

covered. 

Four injection cycles were carried out in Run 5 of 

3, 7, 7.5 and 11.5 hours, respectively . The first in

jection cycle did not give much effluent production 

mainly because of the complication f rom the plugging of 

the porous plates, lines and possibly the formation, of 

the total bitumen recovered, only 13.5% was recovered in 

this cycle, but also only 2.6% of the total water produced 

was collected in this stage. The second cycle lasted 7 hours, 
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and plugging again made recovery very low; 15.32% of the 

total bitumen recovered was produced in this stage. Even 

though it lasted twice as long as the first cycle, now 

the volume of water produced was much higher than before, 

but in general , the behavior of this cycle was very similar 

to cycle 1 and Run 4. Cycles 3. and 4 did not present 

plugging, but it was necessary to drain the inlet of 

the water saturation buildup around the injection point. 

Recoveries were very substantial and also the water-bitumen 

ratios were high . Table 10 gives a comparison of these 

four cycles for Run 5, which is the only one involving non-

continuous steam injection. Table 11 and Figure 35 give 

the injection history for Run 5; Table 12 and Figure 36 

give the production history. When the operations were 

terminated (shortly after steam breakthrough), the model 

was allowed to cool and 20 core samples were taken from 

the thermocouple ports, in order to determine the residual 

bitumen saturation. When the box was opened, no compaction 

was observed, but the sand was so loose that it was 

possible to compact i t wi thout any effort . Figure 3 7..--s.hows 

the residual saturation contour for Run 5; conside{¡~·~; ··~t 
.... ·'. ¡ ··. 

~-

the initial bitumen concentration (Wt% ) was 14 . 1% th~ 

contours show the actual saturation of bi turnen ( Wt~ ~) .;' .. ~;¡ . ~CT 
E~:POL 

remaining in the sand. 

From the temperature distribution contours for Run 5 , 

it was possible to observe in the fourth injection cycle 

(where breakthrough of steam occurred) that the steam 

- - - -- --- - - - ----
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actually tries to flow through the top of the model, and 

the breakthrough of steam occurs early because of this 

overriding effect. This was characteristic for all the 

runs performed in the two-dimensional model; regardless 

of the size and nature of the slug, as well as the porous 

medium, steam injection rate, etc., steam flowed pre-

ferentialy through the upper part of the sand. 

Figure 43 shows small increases in temperature due 

to plugging in the sand pack which was mentioned before. 

Temperature profiles for the third cycle show that the 

plugging was released to sorne extent, but the increase 

in temperature was not as high as that observed under 

similar conditions of steam pressure were plugging did 

not occur. 

Runs 7 and 8 were conducted using naphtha as the 

solvent, but continuous injection of steam was considered 

for two slug sizes: 45% pore volume (Run 7) and 20% 

. . 6~~. pore volume ( Run 8). Al so, wi th the experience gainer·•'>--.·-~ .. .<'(! .. (.;.t-'. \ 
~ • 1 , 1 

on the overriding effect of steam during Run 5, it wa~ . :i0, 
decided to open the outlets at the bottom of the mod~~' 

¡; 1 ' ·, f f ¡ LH u, .,. , 1 

once steam breakthrough occurred at the mai n outlet. ES:r·(H. 

Both of these runs presented the same difficulties 

as observed in Run 5, i.e., plugging of the outlet as 

well as in the inlet. 

The eff ect of the slug size was found to be i mportant 

for this kind of solvent, because in Run 7 (45% pore volume 

slug size), recovery was 42% and in Run 8 (20% pore volume) 

recovery was 28.8%. 
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In both runs, naphtha was produced almost completely 

at the beginning of the process, but as the naphtha was 

being produced, large amounts of bitumen were being dis

placed also (see Production History for Run 7). Once the 

naphtha was almost completely produced the behavior of both 

runs was almost the same. 

When the wells in the bottom were opened, recoveries 

were not so high, mainly because of the plugging in the 

line due to the high production of sand, si l t, and un

doubtedly asphaltene flocculation. 

Regardless of the plugging when produci ng through 

the bottom of the model, recovery was improved significantly 

because the steam acts like a piston, pushing and displacing 

bitumen from the top to the bottom, the only complication 

is the plugging of the neighborhood of the production point. 

David (15) investigated asphaltene flocculation in 

solvent stimulation of heavy oils. Some of the parameters 

that he found to increase the flocculation of asphaltenes 

were present in these experiments: Low molecular weight 

and high concentrations of solvent, high asphaltene con

tent (experiments performed for separation of bitumen with 

ligh~ hydrocarbon compounds, as naphtha, benzene and toluene 

(6) showed that the asphaltene content could be as high as 

28.8% Wt.) of the bitumen, and low permeability of the 

formation. David also found that the plugging that may 

occur to a certain temperature is released when the 

temperature is raised. This was also observed in these 
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experiment s , because of high tempera ture s (above 210ºF) 

plugging was no longer a prob lem . 

Temperature profiles for Run 7 are presented in Figures 

47 through 50. It is possible to observe clearly the 

overriding ef fect of the steam, and the high temperatures 

developed in this run when producing through wells 1 and 2. 

When steam injection was stopped, even when the pack 

(Run 8) was at a very high temperature (average 290°F) no 

flow of bitumen was registered (thi s phenomenon was observed 

in all runs performed). It is seen that f or the 

production of bitumen it is not only important to have a 

temperature increase but also it is necessary to have a 

pressure gradient . When Synder (32) in his studies con-

sidered conductive heating of the tar sand pack, naphtha 

was inj ected after the pack was heated to an average te~ .... ,.,.. 

erature of 18 7ºF. Significant recovery of bi turnen wa~ ~,,~--;-,·-~:~ 
' J.J : . {. ·~? 

reported, but no production was recorded before the in- ~-

jection of naphtha . Also heating the pack prior to 

injection of naphtha only increased the recovery of 

bitumen by 10% when equal amounts of naphtha were injected 

with and without previous heating . 

Analyzing the core samples for Runs 5 and 7, it was 

observed that bitumen had a relatively moderate mobility 

when the injection of steam was stopped . In view of 

gravity effects and the overriding effects of steam, the 

cores withdrawn from the central part of the pack at the 

base showed an increase in the bitumen content. The 
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samples were not withdrawn until the pack was completely 

cold; thus bitumen had time to flow toward the base of the 

pack increasing in this way the original bitumen saturation 

of this portion of the pack. 

Such behavior was not observed in the analysis of 

cores from Run 8, where large amounts of bitumen from the 

neighborhoods of wells 1 and 2 were produced. 

Even though conclusions for these experiments will be 

presented together with the conclusions from other runs, 

it is considered advisable to make certain observations on 

the naphtha-steam runs in order to preserve the continuity 

of the present discussion. 

For the five experiments performed using naphtha 

stimulation prior to steam injection, it can be said that 

recovery improved significantly in comparison with the 

solvent flooding experiments. 

Cyclic steam stimulation yielded higher recoveries 

of bitumen (47% of original bitumen in place) than 

continuous injection of steam (42% of original bitumen in 

place), for similar conditions of slug type and size 

(see Runs 7 and 5), and steam pressure. Cyclic steam 

stimulation required higher amounts of steam (10,867 e.e. of 

water) and time (29.3 hours of steam injection) than 

continuous steam injection (4525 e.e. of water, and 14 hours 

of steam injection). Slug size was found to be important 

in the recovery of bitumen especially in the early stages 

of bitumen recovery when the pack was not heated. After 
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a certain time, most of the naphtha was evaporated and 

bitumen was produced just by the displacing action of steam. 

Overriding eff ect of steam was the main reason for 

early steam breakthrough. 

When performing naphtha-steam stimulations, plugging 

by asphaltene flocculation may occur for certain ranges of 

temperatures and pressures. Mobility of bitumen in the 

pack is substantially increased, both by steam and solvent. 

Compaction of the formation is to be expected in cases 

of long periods of steam injection (implying high recoveries 

of bitumen), high injection pressure of steam (above 100 

psig), and several slug sizes (70% PV, 40% PV, and 

20% PV). Even if compaction is not present (Runs 5 and 

7), sand in the upper part of the model was so loose that 

if any overburden pressure had existed compaction of the 

formation would have been present. 

Steam injection rate was the most important factor 

affecting recovery of bitumen. 

Solvent is more or less evenly distributed throughout 

the pack rather than channeling. 

Slippage of solvent and steam through the walls, may 

be the other reason f or early 



117 

Table 9 
General Characteristics and Results of Run 4 

Amount of tar sand packed 

Bitumen conte nt of the tar sand 

Weight of bi t umen in place 

Volume of bi t umen in place 

Solvent used 

Weight of cle an sand 

Volume of cl ean sand 

Volume of the model 

Void spac e in the model 

Pare volume 

Porosity 

Total solv en t injected 

Total run time 

Ti me for effluent breakthrough 

Solvent injec tion time 

Volume of so lvent in]. before effluent B.T. 

Average injec tion rate before B.T . 

Average flow rate 

14029.8 gms. 

1431 (Wt%) 

2007.7 gms. 

1937.91 ce 

Naphtha 

12022.18 gms. 

4479.2 gms. 

6480 ce 

62.9 ce 

2070.56 ce 

.3195 

1400 ce 

44 hrs. 

4 .75 hrs. 

16 hrs. 

540 ce 

1.89 cc/min. 

1.46 cc/min. 



Cycle Time 
# (hrs) 

1 3. 3 5 

2 7.13 

3 7. 3 5 

4 11. 35 

Table 10 
Comparative Table for the Steam Injection Cycles Performed in Run 5 

Volume 
Produced 

(ce) 

532.0 

1534.0 

5 811. o 

5235.0 

Water 
Produced 

(ce) 

285.0 

1278.0 

5099.0 

4235.0 

e;;:; 
.---:-~'-, 

... -...... \ 

.... J\ 
.. i;·¡ 

- ~-~~;;/ 
. ~,_;. t:"/" 
''.....::.__.;..... 

Average Average Bitumen Percent 
Flow Rate Steam Press. Recovered Recovered 

( cc/min,.) (psig) (ce) (%) 

2. 65 100.0 129.2 13.5 

3.59 100.0 145.0 15.2 

13.18 100.0 302.0 31. 7 

7. 69 100.0 380.0 39. 7 

1-' 
1-' 
(X) 
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Table 11 

Injection History f or Run 5 

Cumulative Volume Cumula ti ve Flow 
Time Time Iniected Volume Rate Pressure 
( min.) ( min.) (ce) (ce) ( cc/min.) (psig) 

o.o o.o o . o o. o o. o o. o 

42.0 42.0 80.0 80.0 l. 9 6. o 

71. o 113.0 180.0 260.0 2. 5 3 25.0 

99.0 212.0 170.0 430.0 l. 71 40.0 

123.0 3 35. o 80.0 510.0 . 6 5 30.0 

56.0 391. o 30. o 540.0 . 54 3 2. 5 

23.0 41 4 .0 60. o 600.0 2.6 42.0 

38. o 452.0 60.0 660.0 1.58 5 2. o 

89.0 541.0 120.0 480.0 1.35 42.0 

40.0 5 81. o 40.0 820.0 1.00 3:.f~:B"O?:, .. .. ... . ....... "'~-, 

/ . .") 
1 • 1 

34.0 615.0 20.0 840.0 .589 '40.0 ¡> 
I 

35.0 650.0 60.0 900.0 l. 71 40.0 
' ~~CT BI' ' . 

ES L 
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Cumulative Volume 
Sample Time Time Produced 

# (min ·) Cmin.) (ce) 

1 90. o 90.0 250.0 

2 110.0 201. o 292.0 

3 248.0 440.0 577.0 

4 441. o 890.0 957.0 

5 75.0 965.0 491. o 

6 34.0 999.0 320.0 

7 101.0 1100.0 1000 . 0 

8 231. o 1331 . 0 1900 . 0 

9 220.0 1551. o 1900.0 

10 213.0 1764.0 1900 . 0 

11 178.0 1942.0 19-(}{) . o 

12 50 . 0 1992 . 0 1135 . 0 

Table 12 
Production History for Run 5 

Cumulative Water Cumulative 
Volume Próduced Water 

(cc2 ~cc2 (ce) 

250.0 90.0 90.0 

532 . 0 _195 . 0 295 . 0 

1109.0 449.0 734.0 

2066.0 889.0 1623.0 

2557.0 455.0 2078.0 

2877.0 270.0 2351.0 

3877 . 0 850 . 0 3207 . 0 

5777.0 1675.0 4992.0 

7577.0 1750.Q 6632.0 

9577 . 0 1720.0 8352.0 

11477.0 16-18.0 9970.0 

13312 . 0 897 . 0 10867 . 0 
co 

m ;:...: -~ ,;. -~.--:.t#-,1, 
('/) \":_-, 
"ij ;....-; 
o~~} 
r~ : :: 

e-::. -

Bitumen Cumulative 
Produced Bitumen 

(ce) (ce) 

7 8. 8 7 8. 8 

51.1 129.0 

90.0 210.0 

56.4 275.4 

40.0 315.4 

37.0 352.4 

49 . 6 402.0 

125.2 527.2 

48.8 576.0 

81. o 657.0 

171. o 828.0 

129.0 957.0 
f-J 
N 
f-J 



Table 12 (continued) 

I a r? Flow Steam Solvent Cummulative 
W.B.R. S.B.R. Rate Pressure Recovery Solvent 

(ce/ce) (ce/ce) ( cc/min.) (psig) (ce) (ce) 

1.14 l. o 3 2. 7 8 100.0 91. 2 81. 2 

3. 8 2 . 7 o 2. 54 100.0 35. 9 117.10 

4.99 . 42 2. 3 3 100.0 38.0 155.0 

15.76 .21 2.17 100.0 11. 6 166 . 70 

11. 38 o.o 6.55 100.0 o.o 166.70 

7. 30 . 3 5 9.41 100.0 13.0 179.70 

17.14 2. 02 9. 9 o 100.0 100.4 280.00 

13.14 . 8 o 8. 2 3 100.0 100.0 380.10 

35.86 2.07 8.64 100.0 101. 2 481. 30 

21.23 1.22 8. 92 100.0 99.0 580. 30 1 ;:'"' 
' . " . 

9.46 . 6 5 10.7 100.0 111.0 691.30 
' 

6.95 .84 22.7 100.0 109.0 8 o o . 3 ó,., ~; 
-< 

1-' 
a N 

I W.B.R. = Instantaneous water bitumen ratio. N 

b 
I S.B.R. = Instantaneous solvent biturnen ratio. 
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Table 13 
General Characteristics and Results for Run 5 

Amount of tar sand packed 

Bitumen content of the tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume occupied by the porous plates 

Volume of the steel box 

Volume of clean sand 

Void space in the model 

Pore volume 

Porosity 

Total solvent injected 

Amount of solvent retained by the pack 

Total run time 

Time for effluent breakthrough 

Solvent injection time 

Volume of solvent inJ. before effluent B.T. 

Average injection rate before B .T . 

Average flow rate 

Average pressure for solvent injection 

Total steam injected (as water) 

Average pressure for steam injection 

Time of steam injection 

14912 gms. 

.141 

2102 gms . 

2020 ce 

Naphtha 

12809 gms. 

161.58 ce 

7054 ce 

4772.5 ce 

90.34 

2119 ce 

.30 

900 ce 

9 9. 7 ce 

29.12 hrs. 

10.83 hrs. 

10.83 hrs. 

90 O ce 

1.38~ 

l. 38 

min. 

ce 
min. 

35.32 psig 

10867 ce 

100.75 psig 

29.3 hrs. 
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Table 13 (continued) 

Time f or steam breakthrough 18.29 hrs. 

Water-bitumen ratio 11.26 ce/ce 

Solvent-bitumen ratio .94 ce/ce 

Total bitumen recovery 957.4 ce 

Steam inject i on rate (as condensate) 47.17% 

Recovery 621 cc/min. 

. ~ - I 

/ 

E ~I!'') '<; 
~r ~ .. 



126 

RUN 5 

INITIAL BITUMEN SATURATION • 14. I ( WT. % ) 

5.t9 7.25 4.96 12.01 r- 5,39 
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Figure 37 Residual Saturation Contours for Runs 5 , and 7. 
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Table 14 

Injection Hi story for Run 7 

Cumulative Volume Cumula ti ve Flow 
Time Time Injected Volurne Rate Pressure 
(min.) (min.) (ce) (ce) (cc/min. ) (psig) 

o . o o.o o . o o.o o.o o.o 

10.0 10.0 20.0 20. o 2 . o 1.0 

15.0 25.0 40.0 60.0 2. 6 6 2. o 

45.0 60.0 100.0 100.0 3. 2 2 5.5 

71. o 131.0 200.0 360 . 0 2.81 14.0 

4 7. o 178.0 120.0 480 . 0 2. 5 5 18.5 

41. o 219.0 80. o 560 . 0 l. 05 19.0 

23 . 0 242.0 70.0 630 . 0 3. 04 19.0 

76. o 318.0 130.0 760 . 0 1.71 2 3. o 

60.0 378.0 70. o 830.0 1.66 19 . 5 

19.0 397.0 40 . 0 870.0 2.10 21. 5 

37.0 434.0 37 . 0 907.0 1.0 22 . 5 

23 . 0 451.0 33.0 940.0 l. 43 2 2 . 5 

/ 
-. -~), 

I 
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Table 15 

Injection History for Run 8 

Cumulative Volume Cumula ti ve Flow Pressure 
Time Time Injected Volume Rate 
(min.) (min.) (ce) (ce) (cc/min.) (psig) 

o.o o . o o.o o. o o.o o.o 

11. o 11. o 20.0 20 . o l. 8 2 1.0 

13.0 24 .0 22 .0 42 . 0 1.69 l. o 

14. o 38.0 18 .0 60 . o 1.29 2 . 5 

25.0 63.0 80 .0 140 . 0 3.20 7. o 

15.0 78.0 30.0 170 . 0 2.0 1 3.7 

16.0 94.0 40.0 210.0 2.5 21. 5 

23.0 117.0 50. o 260.0 2.17 2 2. 8 

26.0 143.0 so .o 310.0 1.92 2 8. 5 

16.0 159.0 30 . o 340.0 1.88 32. 5 

14.0 173.0 20 . 0 360.0 l. 43 32.5 

11. o 184.0 20.0 380.0 1.82 3 2. 5 

12.0 196.0 20. o 400.0 l. 67 3 2. 5 



Table 16 
Production History f or Run 7 

Cwnmulative Volume Cumulative Water Cumula ti ve Bitumen Cumulative 
Sample Time Time Produced Volume Produced Water Produced Bitumen 

# Cmin·) (min.) ( ce ) (ce) (ce) (ce) (ce) Ccc) 

1 - - 850.0 850.0 600.0 600.0 47.6 47.6 

2 - - 800.0 1650.0 600.0 1200.0 3 3. o 80. 6 

3 130.0 130.0 944.0 2594.0 350.0 1550.0 248.5 329.1 

4 153.0 183.0 1080.0 3674.0 650.0 2200.0 265 . 0 594 . 1 

5 93.0 276.0 890.0 4564.0 730.0 2930.0 104.0 698.1 

6 128.0 404.0 870.0 5434.0 860.0 3790 . 0 10.0 708.1 

7 38.0 437.0 880.0 6314.0 870 . 0 4660 . 0 10 . 0 718 . 1 

8 54.0 491. o 770.0 7084.0 700.0 5360.0 70. o 788.0 

9 30 . 0 521 . 0 400 . 0 7484 . 0 350 . 0 5710 . 0 50.0 838.l 

10 25.0 546.0 200.0 7684.0 270.0 5880.0 30. o 868.1 

CQ 

r.'I e; • !.:"": 
Cñ .:.:.> 
"-U ·-= ,-. 

o~: 
"~ f-' ,.,. : :: "'~"-,--~ ~ ... :• 

• e-;, 
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Table 16 (continued) 

rª Ib Flow Steam Solvent Cumulative 
W.B.R. S.B.R. Rate Pressure Recovery Solvent 

(ce /ce) (ce/ce) (cc/min.) (psig) (ce) (ce) 

12.61 4.24 - 100 .0 202.0 202 .0 

18.18 5.06 - 100.0 167.0 369.0 

l. 41 l. 39 7.26 100.0 345.0 714.0 

2.45 0.62 20 .3 8 100.0 165.0 879.0 

7 . 02 0 . 54 9 . 5 7 100.0 56.0 935.0 

86.0 o. o 6. 80 110.0 o.o 935.0 

86.0 o . o 26.67 100.0 o.o 935.0 

10.0 o. o 14.26 100.0 o. o 935.0 

7.0 o.o 13.30 100.0 o. o 935.0 

5.67 o. o 8. 8 o 100.0 o. o 935.0 

ªr W.B.R. = Instantaneous water bitumen ratio. 

b = Instantaneous solvent bitumen ratio. I S.B.R. 1-' 
w 
1-' 



100.~~~~~~~~~~~~~~~~~.-~~~~~--:~~~~~~~~~~~---

RUN 7 ' - 1 O O . 01 12 5 . 

9 o. 

8 o. 

7 o. 

E--i 

~ 60. 
o 
p:::; 
µ..:¡ 

P... 5 o • 
... 

¡:::i 
µ..:¡ 
p:::; 
µ..:¡ 4 o. 
> o 
o 
µ..:¡ 
p:::; 3 o. 
z 
o 
H 20. 
E--i 
o 
~ 
µ... 

10. 

SOLVENT: NAPHTHA ~CUMULATIVE SOLVENT 
SLUG SIZE: 940 c e RECOVERY 
STEAM INJ. TIME: 9. 
INITIAL BITUMEN IN 

INSTANTANEOUS 

¿_ A -
~ATER- BI~UM§)J 
~RATIO_/ 

PRESSURE 

CUMULATIVE 
BITUMEN RECOVEI<.Y 

80. _JlOO . 

u 
u 

........ 
u 
u 

60 ... 'o 
H 
E--i 

~ 
z 
µ..:¡ 
::8 

40 '~ 

2 o . 

H 
1)::1 

1 
p:::; 
µ..:¡ 
E--i 

~ 

'J 5. (.!J 

H 
(f.) 

P... 

µ..:¡ 
p:::; 
:::J 

o. ~ 

,_S. 

µ..:¡ 
p:::; 
P... 

~ 1 )----==:": 1 1 1 1 ---i 1 10.0 o. o 
o. o l. o 2 . 0 3 • o 4.0 

CUMULATIVE PRODUCTION OF FLUIDS, PV. 

Figure 39 Production History for Run 7. 

1-' 
( ) 

' .J 



Cumulative Volume 
Sample Time Time Produced 

# (min.) (min.) (ce) 

1 85.0 85.0 290.0 

2 181.0 166.0 850.0 

3 05.0 261. o 810.0 

4 228 . 0 489 . 0 900 . 0 

5 250.0 730.0 1900.0 

6 - - 1000.0 

7 - - 9 2 o. o 

8 - - 880.0 

9 - - 400.0 

10 - - 540 . 0 

11 - - 640.0 

Table 17 
Production History for Run 8 

Cumula ti ve Water Cumulative 
Volume Produced Water 
~cc2 ( ¡,::¡,:: 2 (ce} 

290.0 290.0 2 9 o. o 

1140.0 750.0 1040.0 

1950.0 540.0 1580.0 

2850 . 0 700 . 0 2280 . 0 

3750.0 720.0 3000.0 

3750.0 950.0 3950.0 

5670 . 0 830.0 4780.0 

6550.0 850.0 5630.0 

6950.0 300.0 5930.0 

7490 . 0 529.0 6459.0 

8130.0 630.0 7091. o 

Bitumen 
Produced 

(ce} 

o. o 

39.0 

70. 2 

96 . 0 

156.8 

28. o 

32.0 

23. o 

100.0 

11. o 

8 . o 

Cumula ti ve 
Bitumen 

~cc2 

o . o 

3 9. o 

109.2 

205 . 2 

362.0 

390.0 

422.0 

445.0 

545.0 

556.0 

564.0 

f-J 
w 
w 



Table 17 (continued) 

rª Ib Flow Steam Solvent Cumula ti ve 
W. B. R. S . B ~ R . Rate Pressure Recovery Solvent 
(ccw/ccb)(ccs/ccb) (cc/min.) (psig) (ce) (ce) 

o. o 3.41 100.0 o.o o.o 

19.23 l. 56 4.70 100.0 61. o 61. o 

9.12 l. 43 8. 5 3 100.0 100.0 161. o 

8. 33 l. 08 3.95 100.0 100.0 265.0 

4.59 .15 3.60 100.0 23.0 288.0 

35.71 . 79 - 95. o 22.0 310.0 ca 
,~, ~-) 

27.5 2.13 - 100.0 68.0 378.0 V') ~-. ··o ; .. ;~ 
38.3 .30 90.0 7.0 385.0 t~ ~ ~: - ""3 • ' 

?" ·-• C"':'.I -4.0 o. o - 100.0 o.o 385.0 

44.0 o. o - 100.0 o.o 385.0 

80.0 o.o - 100.0 o.o 385.0 

ªr W.B.R. = Instantaneous water bitumen ratio. 

bI S.B.R. = Instantaneous solvent- bitumen ratio. 

--.~~ 
-~ ~~~,'~ ... •,.C. .. , .. · .• · ... 
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Table 18 

General Charac t eristics and Results far Run 7 

Amount af tar sand packed 

Bitumen cantent af tar sand 

Weight af bitumen in place 

Volume af bitumen in place 

Solvent used 

Weight af clean sand 

Volume af clean sand 

Volume af steel bax 

Volume af paraus plates 

Void space in the madel 

Pore valume 

Porosity 

Total salvent injected 

Amount af salvent retained by the pack 

Total run time 

Time far effluent breakthraugh 

Solvent injectian time 

Volume af salvent in]. befare effluent B.T. 

Average inJ. rate befare effluent B.T. 

Average flaw rate 

Average pressure far salvent injectian 

Average pressure far steam in jectian 

Time af steam injectian 

Time far steam breakthraugh 

14601.4 gms. 

. 145 

2177 . 2 gms . 

2043 . 63 ce 

Naphtha 

12424 . 2 gms. 

4628.9 ce 

6874 ce 

161. 5 8 ce 

40 ce 

2083 . 63 

.3031 

940 ce 

5 ce 

21 . 37 hrs . 

13.14 hrs. 

7 . 62 hrs. 

940 ce 

ce 2 . 05 -.-min. 

ce 2.05 -.-min. 

16.15 psig 

100 psig 

14 hrs . 

22 . 12 hrs. 
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Table 18 (continued) 

Water-bitumen ratio 6. 7 7 
ce 
ce 

Total steam injected (as condensate) 4525 ce 

5.39 ce 
---r--
min . Steam injection rate 

Total bitumen recovery 86 8 ce 

Recovery 42% 

B' 1 - •• ~1"l L~t:J ·~)1.U 

E~POi. 
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Table 19 

General Characteristics and Results for Run 8 

Amount of tar sand packed 

Bitumen content of tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of steel box 

Volume of porous plates 

Void space in the model 

Pore volume 

Porosity 

Total solvent injected 

il\' JI 7 '\ "ll'T U UL! ·' 1 ... t, .. , J .U 

E~POl. 

Amount of solvent retained by the pack 

Total run time 

Time of solvent injection 

Time of steam injection 

Time for effluent breakthrough 

Volume of solvent in]. before effluent B.T. 

Average injection rate before effluent B.T. 

Averag flow rate 

Average pressure fo r solvent injection 

Average pressure for steam injection 

14120 gms. 

.1437 

2020 gms. 

1958.6 ce 

Naphtha 

12091.4 gms. 

4505 ce 

6874 ce 

161. 5 ce 

248.7 ce 

2207.4 ce 

.3211 

400 ce 

15 ce 

15.4 hrs. 

3.27 hrs. 

12.13 hrs. 

4.52 hrs. 

400 ce 

2.04 

4.85 

ce 
min. 

ce 
min. 

19 psig 

90 psig 
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Table 19 (continued) 

Time for steam breakthrough 12.13 hrs. 

12.57 ce 
--r--Water-bitumen ratio 
min. 

Total steam i njected (as condensate) 7745 ce 

10.38 
ce 
min. Steam inject i on rate 

Total bitumen recovery 564.24 ce 

Recovery 28.8% 
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Figure 45 Temperature Profiles for Run 5. 



145 

lEM{RATIJE PRJFILE N'lER rn HR> Cf S1EA'1 lllJ.,P = ~.O PSIG.,TEW. ltl II:G. F. (fUIRlll ItllECTlrr.l CfQf) 

i!J,o : 257.b: :. ::: :::; ·:::::::::;· ·: ........ m.o ....... ..... ts,,o ..... :········· 357 .fJ 

---· -

213.0·. 

.. .. 
•• .. .. 

.. . 
.. .. . 

• <-• •• ,,., •• >.9 ,,, •••.;;.,.•.c.~'tu•.;.• 

IQ: •• ""• ... ... ··· "\.·· ··· · ~"'"< (.11 .... 0 ..... $.'.) 391.0 
•• • ·~ •• ~ •~ ••• ••11> .•. • •• ..•• , . • • · ~ *""'c· • •••""•~••ii•••"•".;i;( """"'•" 

.... • • , •• •• (<.,, • • • (l ··"•·~, ... .. .. tq,r't,i ••• r. "" •••• . .. ,,... . ...... . 
.¡¡o .... ,, ..... ... 

• ......... : .J!O.Q . 

....... 
ll"I ..... . .. 

••g;4.0 .. : .. . .. ... • • ·326.0 
···~ 

··~ ~ '\. 

·~l.fJ 

·· ----'-'~... ... .. ... ... .. . .. 
.. . .. 

~·(l. .. 
.... .. 

. ... . .. 
·~·· 

• • 

···: .. - -~~-------... . .. ... . ..... .._ . 
. . 

=~.· ·~rn.o·:........._ ·:-....,_ ·:""""--. ·:~·º ·::-..... 
• \ • \ • \ • • \ •• \ • 1 .\ ... . . \ 

• ~ ••?J2.0 ~ ·~ ~ •]TI.O 

• • 2!ll.G • :~ci: m.o =:311J.o. '. · 3'll.~ 
;D!l,0 

·-----·~=·~210_.o __ ·~·izn_._o_·:. rn~ ·: ~tO~ :.2!X>.o ·: ?:fí!·º 'fll·º . . -~~--------.. 
200.0 

.. .. 
lXJ.O 

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

253.0 

•• . ~-• • 

_ *.• ~ 
285.0 3?.5.0 

TBfEMlUI[ PRJFILE AT SlE/t!JLIDKTHIO.GI ( 11.17 l,P ª~.O PSIG.,lFJP. UI IIG. F. < RlmH I~U::CTl'll CfQf > .... ······· •....•. ....• ·· ·····•·····•·•·····••······•···••·••··••••••···• -128~: •• ··- U - ••• " ••• O• ••• o o ••• • • 373.0 '-3(1),0-.../ 37?..0 - - JiS,0-----
·;. ·:.. ·:.:• • ·:.;u ·:.; • • ·: . ;~~ tJ q U U-H-'J-~ -~ • ~·~..:_:: ••••••u••••• 7f0.Q."., .. . .. . . . .. . . . .. . . . .. . . . .. . ........ . 

__ • __ ...._.__ _ •• _____.l....LL._ ~··· •• ••• •• ••• •• ••• •• ••••• ••• ••••••• • ••••••• ··········•••!._•JJJ..0---------. .. .. . . . .. . . . .. . . . .. . . . . ....... . 
• :-:-: - ··: ••• JI .. ·~:-:· : •• :.:·: •• :.:·: •• :.:· : ..... . .................. . ............. .. : •• -~'º ... 

•• •• • • •• • • • • •• • •• • • • • • ••••• _. *!:** •••• "'""*__!_ *!!!_!.!....*.!.~······. ..... . . . .. . . . .. . . . .. . . . . . ..... 
•• . .•••..•••.• • · ·•••·•·•·•••·•··•· · •··••••• ••! ---·--------· .. .. . . . . . . . . . . . . .. . . . . .. . . . .. .. ' . . . . -··· -- '-----

21¡8," •• • • • •• • • • • • 3l9 o .... ~ ••• ~ ~ o 
... .. ... ... . . . ···\:··········7· . . . .. 

~----·-·-----~~----~~--~=- ..... ... .. , .. ·--- '- ...... o/-...!!!.. --~o -•-•n:i ..... ._o ______ _ 
··:~. ·:. • •• ··· · · ·: ......... . :·· · ·········N'.Y ••• ·:.:" _:~_) _____ _ 

·: •• 2!1.o ••• ···:... ········::..... . : :! ~:L - -
--~-----·~=~·~·-----·~·:... --L._._ , , - • • • •• ,.. ····: •• - · «•~ •• • 

•• •• • • • • + ·~ • • • \ ·: •• 

-216. ()~ 
•• 22),0 

210.0 

.. 
•• • .. 

. ·~ 237.0·:. \ 
: _21(),0 

Z29.8 

'!:'-\ ·~.O ·~ · : . 2!E,O =~ \ : . *:Sl!l.'.l ': =~·O --

-~=:~,O . : . ~O ·=~·~ . :~i :.?91.'l: 
. ~ :t .. 

.. 
2X>.l 

.. .. . . . . . 
?.75.~ 

. . 
• 

'tl!i.5 

Figure 46 Temperature Profiles for Run 5 . 



146 

lEMUAlUIE PIU'llf ffJER 03 l!Ri (J= S1Flt1 lflJ. ,P = lOO.O PSIG., IDf' . 111 IIG. F 

• 
107.0 

.. 
•• 
_!. _ 

•• 

+ • 
1J6.0 • 

·~ :~ 
• llD.O • lJl.O 

loo.O =: •• ~ iJ9·.o: · · J : .. ' 
·~····- - - Lt,: • •••• ... ... .. 

••• 
•• • •• 

•• •• 

n . 
·•rn.o 

·= I •• •• . .. 
• . . 

. 
• 

Da.O '. 

¡] 
• llll.O 

+ ·j 135.0 ~ 

• 
!Ji.O 

.. .. ). .. .. . 
• • 19),0 

. ... • 
191.0 17.l.O 

.. . : ·¡ •• 
·· ·~ ~ 

~:) 
• • lffi.O L. ]]1),0 • • 

•• . . ....•.......... 
: • 168.'l ••••• 17),0 

• 

.. 
. 
• . 
• 

•• . . 
• •• • ••• . r::··· .. :··· 

• llJl.O • • ••• 
• •• ....._. __ 
• •• • • 

• • 
]fü.~ 

• \ : . • • 
• 214.0 
• • • ¡gl.O : •: • •• .. .. - ¡; .-- -.- .1 .----

•• •• . 
•• • ... _. ! . 

• . .. • 
lDl.ll - l.lD.O 

+ 
ill.O 

• 
. 
• 

• • 

·-• • 
]ffi,0 

) n ·~'l). ~ -
-~ - ;_:m.o : ..,1 . . . 

2l!l.O -

JE!ffa\ll.IU'IUILLAFTER Oti l!RiJESlEttl .lfU.,P- lOO.O PSIG,,TEH'. IN IEi. F t_~ ~ 1 CT 

~~-• 
1]6, 

• tJO.O • • 
•• -.--
• 

•• • • 
](J},0 
• 

• _...J26.0 

: ;.12),0 

• • rn.o 

.. 
• 
•• 
•• • .. 

• • --.-.----
• .. 
• 

- ----'·-'·-----------L>----- -- ·f--.. 
•• • • -. - .. 

........... -'•::...._ _________ __ _._,, ______ -- ! . . . . . 
lm.O ll8.0 

. . . ..... 
•• 1112.0 19),()<•••• • • 

· - -· - .~ .. ,..... - ~-~~-- _._JS).,Q . . ............. ::./ . . . . ... . . •• • • •• .. • lltl.O .. • •• ·• . 

• 
138.9 

+ • 
138.(). 

. . 
ni.O 

•••••• •• • •••••• •••• 
. .. 

• •• •• •• .. :··· ~.:· · ·: .. ·:. • •• 
27o.o 
• •• 12),0.... •• • 

•: 1T\Q ''' ' ** +* ' ' ' *** ''' *** ''' *** * 
~ ••.• .. · .. l!IJ.Q •• •••••••••••••••• • 176,Q ___ _ ..... . .... ..•....•.....••... 

• ••••••• - ••• • t..J~•..!_...._._••• .... ~=-··"-------........ . . . ... . . . ... . .... . . .. .•....•••.....•... ........... ..•... •••...•••...••••.. -
•• • • • • ••• • • • • •• ~!· *!._ . ...••. ....••...•.....•.• 

• 
' 

.. 
• 

. .. :·· .... -.... : ·:.:. :-. --:-· .. :·~-.~.~.~.-:-·-:-.~.~-----
• • • • • 

165.0• • •• 
•• • . . 
-· 
• • 

228.0 

~---
: : 210.0 

-ZD,0 . 
•• • • llll.O • -\ := ~ - _,~ . .. 
JJO,O m.o :ro.o m.o 
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GCOS Synthetic Crude-Steam Runs 

Tar Sand Pack Saturated with Bitumen and Air 

Runs 9, 10 and 11 were made using the GCOS synthet~;~:;.;~ 

eructe as sol vent, f ollowed by steam inj ection. When \:.( : ·:,/ J,J 
·~ • I ,..,~· I 

experirnenting with naphtha, plugging of the pack was 

attributed t o plugging in the porous plates. It was 

decided to rernove the plates in the next three runs 

(9, 10 and 11). But, later it was discovered that plugging 

was not occurring because of the plates, but because of 

asphaltene flocculation when using naphtha as a solvent. 

Run 9 was carried out to reproduce as closely as 

possible Run 7 . Even though similar volurnes of solvent 

were injected, in Run 9 breakthrough of effluent did not 

occur. Table 20 and Figure 51 give the injection history 

for this run. The product i on characteristics for this 

run were completely different frorn those of Run 7. Because 

of the remova l of the porous plates, steam breakthrough 

occurred after 4.5 hours of stearn injection, and the 

recovery o f b iturnen was lower also (36%), but water-biturnen 

ratios rernained low until the solvent was produced. After-

ward, a sharp increase was observed. Figure 52 and Tables 

21 and 22 give the production history for this run as well 

as the results obtained. 

Run 10 was made with the idea of having effluent 

breakthrough befare steam injection, even though break-

through occurred when 880 e.e. of solvent were injected, 

injection continued up to 1010 e.e. 
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Table 23 and Figure 53 present the injeetion history 

for Run 10. 

Runs 10 and 9 were alike, even though Run 9 yielded a 

higher bitumen reeovery (36%) than Run 10 (31.4%) the 

general trends followed were in elose agreement. Table 

24 and Figure 54 give the produetion history for Run 10 . 

Table 25 gives all the information relative to this run . 

Run 11 was made to observe the behavior of the proeess 

using a 400 e.e. slug size (20% PV) of GCOS synthetie erude . 

Table 26 and Figure 55 present the injeetion history for 

Run 4. 

Reeovery was mueh lower for Run 11 (19 .3 %) than for 

Run 8 (28.8%), where similar eonditions were involved but 

the naphtha and the porous plates were not removed. 

Figure 56 and Table 27 present the produetion history 

for this run, Table 28 gives the general eharaeteristies 

and results for Run 11 . 

As a result of the removal of the porous plates from 

the outlet and the in l et, the eharaeteristies of the 

experiment ehanged eompletely. The void spaee in the paek 

inereased, and the steam found less resistanee to the flow 

in the upper part of the sand paek, and as a eonsequenee , 

the reeovery was lowered beeause of the early breakthrough 

of steam. 

Temperature was reeorded for all these runs, but only 

temperature profiles for Run 9 are presented in Figures 60 

and 61. Due to the removal of the plates, after 2 hours of 
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injection, the overriding effect of steam was already 

observed, and finally breakthrough occurred in the three 

runs after only 4-5 hours of steam injection. 

Even though the time of steam injection was short, 

recoveries followed the trend observed in Runs 5, 7 and 

8, where the larger slugs yielded higher recoveries. During 

the course of the runs, no plugging was observed; even 

though sorne sand was produced, the lines were never plugged . 

After steam breakthrough occurred, the pack was allowed 

to cool, and 20 core samples were withdrawn for every case. 

Figure 59 gives the residual saturation contours for 

Runs 10 and 11. In the contour for Run 11 it is possible 

to observe the increase in bitumen concentration at the base 

of the pack. When the steelbox 

present in the sand, not of the same type as the ones 

observed in Runs 4 and 8, but vertically located a long 

the face through which steam was being injected. A 
. B!u1.1 1JiU,·~ :~CT gain 

ES?Ol. 
the removal of the porous plates caused these cavities , 

because the empty space left between the sand and the box 

was larger when the porous plates were removed, and the 

steam experienced less resistance to f low in the upward 

direction. Runs 12, 13 and 14 were conducted using 45, 20 

and 10% slug sizes, respectively, but now the porous plates 

were placed again at the outlet as well as in the inlet of 

the model. 

In general, recoveries increased for both slug sizes 

used. Run 12 (45% PV) yielded 57% recovery , Run 13 
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(20% PV) yielde d 27% , while Run 14 (10% PV) gave 18.75% 

recovery. 

During these runs no plugging was observed, and steam 

injection did not involve the complications of Runs 5, 7 

and 8 where naphtha was the solvent used. In all the runs 

involv ing GCOS synthetic crude, injection port plugging 

never occurred for any size of slug or any temperature. 

Asphaltenes are not precipitated by this type of solvent 

for any o f the condi t ions studied. 

It was ob s erved that most of the naphtha injected was 

recovered during the early stages of production and the 

residual saturation of naphtha was almost zero. This was 

not the case f or the runs involving GCOS synthetic crude 

i njection, where residual saturation of solvent ranged from 

47 % (of the original solvent injected) in Run 11, to 16%¿.-.;-.-;-;> 
/ ,1 .- -••. ,.,, 

,0r,.. ,'~ ( ·~'""'Ó\ 
in Run 12 . (_: .~ ) :} 

,, ,/'l 
Figure 6 2 and Table 29 show the injection history for 

sir. . ·"' ''CT 
Run 12, Figure 63 and Table 30 represent the productiorf_i.' 1."'1." 

1t::.SPOl. 
history for Run 12 and Table 31 gives the data and results 

for this run. 

In these three runs, the strong dependence of recovery 

on solvent slug size was again evident. This dependence 

was observed when using naphtha as a solvent , and when 

the porous plates were removed from the box and GCOS 

synthetic crude was injected. 

The nature of the solvent was also found to be im-

portant for the recovery of bitumen . GCOS synthetic crude 
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is a liquid of higher viscosity (4 . 56 cp ) than naphtha 

(0.448 cp), and its bo i ling point is much higher also. 

When steam is injected , the temperature is increased in 

the sand pack, and even befare having steam in the pack, 

naphtha is vaporized and produced ahead. That is why 

almost no naphtha is left behind when the overriding eff ect 

of the steam causes breakthrough to occur. This was not 

the case for the GCOS synthetic crude. Because of its 

higher boiling point (higher than water), it is displaced 

much more slowly than naphtha. As a consequence , residual 

saturations are higher for this solvent, but the displace -

ment of bitumen is much more efficient yielding higher 

recoveries of bitumen. 

Run 14 was the first involving a 10% PV slug size 

The reduction in recovery was large, but also the steam 
B' 

injection time, as well as the amount of steam injected 

was much lower than in any other case. Even though the 

tar sand packs were packed very carefully, it is impossible 

not to have a void space in the model. When the slug is 

injected, it tends to saturate the who~pack (as observed 

in several experiments). Thus, it was necessary to inject 

900 e.e. of solvent ( which is more or less the empty space 

remaining in the sand pack) prior to effluent breakthrough. 

When a large slug was injected ( 45% PV), almost no void 

space remained in the sand pack, and when steam was in-

jected , a water-solvent interface existed in the model, 

which off ered resistance to the overriding effect of the 
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steam, and as a logical consequence recovery increased. 

When the size of the slug is decreased, so is the resistance 

to the overriding effect of the steam, and recoveries are 

lowered. Figure 68 shows the effect of the slug size on 

the recovery of bitumen. Regardless of the solvent used, 

recoveries were higher for larger slugs. Figures 60 to 72 

show temperature profiles for Run 12 (45% PV slug size). 

Only after 13 hours of steam injection , the overriding 

effect of the steam is observed. While in the temperature 

profiles for Run 9 (Figures 60 and 61) the overriding 

effect was present even after 3 hours of steam injection. 

When the box was opened no compaction was observed 

in these runs, but in Run 12 and 13, the sand at the top 

of the model was completely loose, and if any overburden 

pressure had existed, compaction of the formation would 

have been present. 

Thus, in general it is more advisable to use the GCOS 

synthetic crude as a solvent rather than naphtha for large 

slugs (45% PV), because it not only yielded higher recover-

ies, but the water-bitumen ratios observed for the GCOS 

synthetic crude-steam combinations were much lower than 

those for the naphtha-steam combinations . Observing Figure 

39, it is possible to see that the WBR ( Water-Bitumen Ratios) 

for Run 7 are always increasing, and increases in bitumen 

recovery imply an increase in water production. This was 

not the cas e for Run 12, where a slug of the same size was 

injected but GCOS synthetic eructe instead of naphtha was 
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used. WBR were much lower for this case, and increases 

in instantaneous bitumen recovery imply decrease in WBR 

and vice versa. 

For Runs 8 and 13, similar behavior was observed, 

but in this case due to the decrease in slug size , and 

because of the volatility of naphtha as compared to 

GCOS synthetic crude, the WBR for both runs was high 

at the initial stages of steam injection, and later tends 

to be lower for naphtha- bitumen solutions . But if the 

curve for cumulative recovery of solvent is observed, it 

is clearly seen that the production of solvent is much 

higher at the beginning for Run 8, while later it stabilizes. 

On the contrary the one for GCOS synthetic crude-bitumen 

keeps increasing till the end. of the run, and the WBR stays 

low. If the WBR is low , and the recovery is high, the water 

(as steam) requirements are much lower, and not only the 

mechanisim of the process i mproves, but also it economics. 

Tar Sand Pack Saturated wi t h Bitumen and Water 

In its original state, tar sands are saturated with 

bitumen and water. The purpose of Runs 15, 

to investigate the recovery of bitumen from 

pack saturated with bitumen and water. 

After packing and closing the model , injection of 

water was initiated until a volume close to the void space 

was injected. Initially, the injection pressures were 

low, but on reaching the saturation point the pressure 

increased sharply and injection of water was stopped . As 



Table 20 

Injection History for Run 8 

Cumula ti ve Volume Cumulative 
Time Time Injected Volume 
(min.) (min.) (ce) (ce) 

o.o o . o o.o o . o 

13.0 13.0 40.0 40.0 

17. o 30. o 6 o. o 100.0 

116.0 146.0 440.0 540.0 

17.0 163.0 60.0 600.0 

19.0 182.0 55.0 655.0 

13.0 195.0 35.0 690.0 

32.0 227.0 70.0 760.0 

13. o 250.0 60.0 870.0 

30.0 280.0 60.0 880.0 

13.0 293.0 20.0 900.0 

157 

Flow Pressure 
Rate 

(cc/min.) C:esig) 

o.o 

3.08 

3.53 

3. 79 

3.53 

2.89 

2. 69 

2.19 

4.62 

2. o 

l. 54 

o. o 

7 . 8 

5 . 2 

24.0 

27. o 

29.0 

30. o 

28.0 

22.0 

20 . 2 

20 .0 

B!~L:~H::A ;!CT 
ESPOL 
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~ RUN 5; SLUG SIZE.,,900 ce STEAM INJ, RATE .. 6.7cc/min (CYCLIC). 
90 

~ RUN 7; SLUG SIZE .. . 940 ce STEAM INJ. RATE, .5.8cc/min(CONTINUOUS). 
80 

~ RUN 8; SLUG SIZE , ,, 400 ce STEAM INJ , RATE . . 8 5cc/min(CONTINUOUS). 
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Figure 51 Comparison of Cumulative Recoveries for Runs 5 ' 7' and 8. 
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Table 21 
Production History for Run 9 

Cwnulative 
Time 

Volume Cumulative Water Cumulative Bitumen Cumulative 
Sample 

# 
Time 
(min.) 

Produced Volume Produced Water Produced Bitumen 

1 
2 
3 
4 
5 
6 

131 
70 
44 
28 

( min.) 

131. o 
201. o 
245.0 
273.0 

(ce) (ce) 

1000.0 1000.0 
1019.5 2019.5 

954.0 2973.5 
926.0 3899.5 
691. 6 4591.1 
127 . 0 4718 . 1 

· (ce) (ce) (ce) 

600.0 600.0 180.0 
550.0 1150.0 229.5 
550.0 1700.0 204.0 
900.0 2600.0 26. o 
650.0 3250.0 41. 6 
100 . 0 3350 . 0 27 . 0 

rª Ib Flow Steam Solvent Cumula ti ve 
W.B.R. S.B.R. Rata Pressure Recovery Solvent 

. (ce/ce) (ce/ce) (cc/min.) (psig) (ce) (ce) 

3. 3 3 
2.40 
2 . 70 

34.62 
15.81 

3.70 

a I W.B.R. = 

b I S . B. R. = 

l. 22 
l. 05 

.98 
o. o 
o.o 
o. o 

7.63 
14.56 
21. 68 
3 3. o 7 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

Instantaneous water-bitumen ratio. 

Instantaneous solvent-bitumen ratio . 

220.0 220.0 
240.0 460.0 
200.0 660.0 

o . o 660.0 
22.0 6 8 2. 2 
o. o 682.2 

(ce) . 

180.0 
409.5 
613.5 
639.5 
681.1 
708 . 1 

1-' 
(Jl 

tO 
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Table 22 

General Characteristics and Results for Run 8 

Amount of tar sand packed 

Bitumen content of tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of steel box 

Void space in the model 

Pore volume 

Porosity 

Total solvent injected 

Amount of solvent retained by the pack 

Total run time 

Time of solvent injection 

Time of steam injection 

Time for effluent breakthrough 

Volume of solvent inj. before effluent B.T . 

Average inj. rate before effluent B . T. 

Average flow rate 

Average pressure for solvent injection 

Average pressure for steam injection 

Time for steam breakthrough 

Water-bitumen ratio 

14179.5 gms. 

.145 

2050 gms. 

1984.6 ce 

GCOS Synthetic 
Crude 

12123.5 gms. 

4517 ce 

6874 ce 

372.45 ce 

2357 ce 

.3429 

900 ce 

217.8 ce 

9.93 hrs. 

4.88 hrs. 

5.50 hrs. 

5. 8 5 hrs. 

900 ce 

3. o 7 ce -.-min. 

13 ce 
min. 

21. 32 psig 

100 psig 

9.02 hrs. 

4. 7 3 ce/ ce 
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Table 22 (continued) 

Total steam i n jected (as water) 4036 ce 

Steam injectio n rate 12.23 
ce -.-min. 

Total bitumen recovery 708 . 1 ce 

Recovery 36% 

... 
' .. 



Time 
(min . ) 

o.o 

30.0 

41. o 

44.0 

80. o 

40.0 

106.0 

129.0 

9 5. o 

237.0 

185 . 0 

110.0 

Table 23 

Injection History for Run 10 

Cumula ti ve Volume 
Ti me Injected 
(min.) (c e ) 

o.o o.o 

30 .0 80. o 

71. o 120.0 

12 0 .0 110.0 

20 0 .0 120.0 

24 0 .0 40.0 

34 6 .0 150.0 

47 5 .0 110.0 

5 70. o 60.0 

807.0 100.0 

99 2 .0 80.0 

110 2 .0 50.0 

Cumula ti ve 
Volume 

(ce) 

o.o 

80.0 

200.0 

310.0 

420.0 

460.0 

610.0 

720.0 

780.0 

880.0 

960.0 

1 010.0 

Flow 
Rate 

( cc/min. ) 

o. o 

2. 6 7 

2.93 

2.24 

l. 50 

1.0 

1.42 

. 85 

. 6 3 

.42 

.43 

.45 

B,r · · '-,CT !1.JLd (Í. • • 

ESPOl. 
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Pressure 
(psig) 

o. o 

4.6 

18.1 

30. o 

36.0 

35. o 

36.0 

26.0 

2 3. 3 

21.7 

17.0 

16.0 
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Sample Time 
# (min . ) 

1 532 . 6 
2 98. o 
3 133.0 
4 51. o 
5 38.0 
6 32.0 
7 60.0 
8 10.0 

Inst. W.B.R. 

(ccw/ccb) 

o. o 
8. 70 
8.52 
o. 25 

28 . 13 
24.24 
17 . 71 

2. 35 

Cumula ti ve Volume 
Time Produced 
(min~) · (ce) 

5 32 . 6 302.0 
630.6 950.0 
763.6 1812.0 
814 . 6 415.0 
852.6 932.0 
884.6 849.0 
944 . 6 916 . 0 
954.6 152.6 

Inst. S .B.R. 

(ccs/ccb) 

3 . 80 
. 6 3 
. 77 

1.14 
o. o 

.48 

. 3 8 

. 2 3 

°" m@ 
U) --~ .. i3 ;=.' 

~ , 
(..¡ : : 

-:.---, 

Table 24 
Production History f or Run 10 

Cumula ti ve Water Cumulative Bitumen Cumulative 
Volume Produced Water Produced Bitumen 
(ce) '(ce) · (ce) (ce) · (ce) ' 

302.0 - - 65. o 6 5. o 
1252.0 800.0 800.0 92.0 157.0 
3064.0 1500.0 2300.0 176.0 333.0 
3479.0 250.0 2250.0 77.0 410.0 
4411. o 900.0 3450.0 32.0 442.0 
5260.0 800.0 4250.0 33.0 475.0 
6176 . 0 850.0 5100.0 48.0 523.0 
6328.6 100.0 5200.0 42.6 565 . 6 

Flow Rate Steam Pressure Solvent Cumulative 
Recovery Solvent 

~ (cc/min~) CEsig) (ce) (ce) 

. 5 7 85 247 247 
9.59 100 58 305 

13.82 100 136 441 
8 . 14 80 88 5 39 

24 . 53 80 - 539 
26.53 80 16 555 
15.27 80 18 573 
15.26 - 10 583 

1-' 
O'> 
m 
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Table 25 

General Characteristics and Results for Run 10 

Amount of tar sand packed 

Bitumen content of tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of steel box 

Void space in the model 

Pare volume 

Porosity 

Total solvent injected 

Amount of solvent retained by the pack 

Total run time 

Time of solvent injection 

Time of steam injection 

Time for effluent breakthrough 

Volume of solvent inj. befare effluent B. T. 

Average inj. rate befare effluent B.T . 

Average flow rate 

Average pressure for solvent injection 

Average pressure for steam injection 

Time for steam breakthrough 

13834.8 gms. 

. 1349 

1866.31 gms. 

1801.46 ce 

GCOS synthetic 
crude 

11968 . 4 gms. 

4178.9 gms. 

6874 ce 

893.6 ce 

2395 ce 

.3921 

1010 ce 

427 ce 

26.17 hrs. 

18.37 hrs. 

7 hrs. 

12.83 hrs. 

880 ce 

1.14 

13.19 

ce 
--.--
min. 

ce 
min. 

26.32 psig 

100 psig 

4 hrs. 



Table 25 (continued) 

Water bitumen ratio 

Total steam injected (as water) 

Steam injection rate 

Total bitumen recovery 

Recovery 

9. 20 

169 

ce 
ce 

5475 ce 

13.04 ~ min. 

564.6 

31. 4% 



170 

Table 26 

In jection History for Run 11 

Cumula ti ve Volume Cumula ti ve Flow 
Time Time Injected Volume Rate Pressure 
(min.) ( min . ) (ce ) (ce) (cc/min.) <:esig) 

o.o o.o o . o o . o o . o o. o 

12.0 1 2 .0 30 .0 30 . 0 2.5 6 . o 

14.0 26. o 30 . o 6 o. o 2.14 11.0 

17.0 43.0 50 .0 110 . 0 2.94 14.0 

13.0 56.0 30 . o 140 . 0 2.31 14.8 

34.0 90.0 80 .0 220 . 0 2. 3 5 16.0 

10.0 100.0 20 .0 240 . 0 2.00 17.0 

21. o 1 21.0 50 .0 290 . 0 2.38 21.0 

32.0 153.0 70 .0 360 . 0 2.19 26. o 

10.0 1 6 3.0 20 . o 380 . 0 2.0 28.0 

12.0 175.0 20 .0 400.0 l. 67 30.0 

nl L'' ¡ 1 ~ -' CT Ow1,t1> .. 

ES!?O L 
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Sample 
# 

1 
2 
3 
4 

Table 27 
Production History for Run 11 

Volume Cumulative Water Cumula ti ve 
Time Produced Volume Produced Water 
( min.) ' (ce) (ce) (ce) (ce) 

Bitumen 
Produced 

(ce) 

Cumulative 
Time 
(min.) 

~~~~~~~~~~~~-'-~~~~....:.....:e-=-::.__~~~____:-=.....::....:....~~~~~::..::.:.._~~~~~::::....!._:_~ 

Cumulative 
Bitumen 

(ce) . 

110.0 
110.0 

83.0 
51. o 

110.0 
220.0 
303.0 
354.0 

Inst W.B.R. 

(ccw/ccb) 

o. o 
27 . 47 

7.45 
2.62 

900.0 900.0 900.0 900.0 
820.75 1720.75 768.0 1668.0 
962.80 2683.55 775.0 244 3 . o 

1100.0 3783 . 55 700.0 3143 . 0 

Inst S . B . R . Flow Rate Steam 
Pressure 

(ccs/ccb) (cc/min.) 

o. o 
0.887 
0.537 
0.498 

c::o m &; ,.._ , ... -
VI t.::..:."J 

8.18 
7 . 46 

11.66 
. 21. 5 7 

"'l) ft ,. . 1,; 

o : ": \,;·~ _.·~:~Y 
F2 ·- '~~ • e-:. 

--« 

(psig) 

95 
100 
100 
100 

27.95 
104.0 
267 . 0 

Solvent 
Recovery 

(ce) 

o. o 
24.8 
55.85 

133 . 0 

27.95 
131. 95 
398.95 

Cummulative 
Solvent 

(ce) . 

o.o 
24.8 
80.65 

213 . 65 

1-' 
-...J 
l'0 
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Table 28 

General Characteristics and Results for Run 11 

Amount of tar sand packed 

Bitumen content of tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of steel box ( __../:::.:.\'.!~~~'-
.. l ~ I : 

~ ,. ¡;,• 
: ':; Void space in the model 

Pore volume 

Porosity 

Total solvent injected 

Amount of solvent retained by the pack 

Total run time 

Time of solvent injection 

Time of steam injection 

Time for effluent breakthrough 

Volume of solvent inj. before effluent B.T. 

Average inj. rate before effluent B.T . 

Average flow rate 

Average pressure for solvent injection 

Average pressure for steam injection 

Time for steam breakthrough 

15133.9 gms. 

.1418 

2145.9 gms. 

2071.4 ce 

GCOS synthetic 
crude 

12987.9 gms. 

4534.9 ce 

6874 ce 

267.67 ce 

2339.09 ce 

.3403 

400 ce 

186.35 ce 

10.92 hrs. 

2.92 hrs. 

6 hrs. 

5.04 hrs. 

400 ce 

2.28 

10.69 

ce 
min 

ce --.--
min. 

18.3 psig 

100 psig 

5.67 hrs. 
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Table 28 (continued) 

Water bitume n ratio 7.88 ce/ce 

Total steam injected (as water) 3541.95 ce 

Steam inject ion rate 9.84 cc/min. 

Total bitume n recovery 398.95 

Recovery 19.26% 
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RUN 10 

lNITlAL B!Tl.t4EN SATURATION • 13.49 ( WT .S ) . 
ll.12 9 .LB 

. 
.lll.53 9.16 

... 
• ,., ... .(< .. ~-· 

14.24 

r. 
10.(15 

......... ~·,. ................. 
. ... 

13.12 

....... . · : ••• .]2. ...... 
" .. 
ll.98 

RUN 11 

. . 
. •' ·12.6} " 11.12 9.!ll 

12 . 

. . 
9.04 9.<Il 8.63 

8 • 
+ + 

8.20 9.!11 6.00 

<"• " "' """'• ...... ... ft. ... 12. • ......... .... ,,. •••11'1 
,, .......... ,. .. ,. .......... f\.·i¡ ll •••• 

,, ...... 
+ + 

........ ~ ,. .... ....... 
13.a:l 14.62 --u.48-

~ l:i 
1 ; .. ·¡ - / 

lNlTIAL BITUMEN SATURATION • 14.27 ( WT. S ) 

8.12 

•.:._8, 

7.Jt!J 

•• 
f is ... ... ... 

- ..... ,,..---

r. 
14.45 

... .. 
•• 12. 

8,24 

• 11.55 ........ " ...... 

:.~.63: 

]6, 

14.41 

+ 
ID.71 

..... ~. :····· 
• • • + 

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

... 7,'[;J 

............ 
11.78 ..... .......... 

6,88 

+ . : 8. 
6.88 l0.:9 

4.67 ••••• : .... 
. .. 

• ••• 12.71 . ... 
.... * . ... . .. .... ,.. ... 

••« ........... ,. •• .,, .. ,. .... . 

.... ... ,.. •• :· ... ···: ........ Zl. . ...... : ...... }ti¡ ...... . 
'CI ••• .. ........... ~. • •••••••• • ... 

20, •• .. 24. 
'26.38 

····-,J 
'21.91""' ' •• 16.oe·• 

Figure 59 Residual Saturation Contours fo r Runs 10, and 11. 
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Figure 60 Temper a ture Profiles for Run 9 . 
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Table 29 
Injection History f or Run 12 

Cumula ti ve Volume Cumula ti ve Flow 
Time Time Injected Volume Rate 
(min.) (min.) (ce) ( ce) (cc/min.) 

26 26 6 o. o 6 o. o 2 . 31 

21 47 40.0 100.0 l. 90 

50 97 90.0 190.0 1.80 

32 129 50.0 240.0 l. 56 

60 189 60. o 300.0 1.0 

66 255 60. o 360.0 .91 

100 355 40.0 400.0 .40 

358 713 60.0 460.0 .17 

180 893 40.0 500.0 . 2 2 

374 1267 100.0 600.0 .27 

588 1855 100.0 700.0 .17 

132 1987 100.0 800.0 .76 

30 2017 6 o. o 860.0 2 . o 

30 2056 90.0 900.0 l. o 3 

180 

Pressure 
(psig) 

16.0 

14.0 

21.5 

27. 5 

40.0 

35. o 

26.0 

20.4 

11. o 

16.7 

20.5 

44.0 

39. o 

35.0 

Bl~U!.i: tC.1 :!CT 
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Table 30 
Production History for Run 12 

Cumulative Volume Cumulative Water Cumula ti ve Bitumen Cumulative 
Sample Time Time Produced Volume Produced Water Produced Volume 

# (min:) (min.) (ce). (ce) ' (ce) · (ce) · (ce) (ce) 

1 - - 304.0 304.0 138.0 138.0 75.0 7 5. o 
2 82 82 911.0 1215.0 750.0 888.0 80. o 155.0 
3 87 169 9 39. o 2154.0 680.0 1568.0 126.0 281. o 
4 114 283 9 51. o 3105.0 740.0 2308.0 139.0 420.0 
5 150 433 1133 .0 4238 .0 800 .0 3108.0 169.0 589.0 
6 120 553 861 . 0 5099.0 780.0 3888.0 37.0 626.0 
7 125 678 908.0 6007.0 825.0 4713.0 56. o 682.0 
8 108 786 1007.0 7014.0 800.0 5513.0 91. o 773.0 
9 95 881 984.0 7798.0 880.0 6393.0 72.0 845.0 

10 94 975 900.0 8898.0 800.0 7193.0 100.0 945.0 
11 99 1074 900.0 9798.0 820.0 8013.0 80.0 1025.0 
12 69 1143 700.0 10498.0 650.0 8663.0 50.0 1075.0 
13 36 1179 150.0 10648.0 140.0 8803.0 100.0 1985.0 

Inst. W.B.R. Inst. S .B.R. Flow Rate Steam Solvent Cumulative 
{ccw/ccb) (ccs/ccb) (cc/min.) Pressure Recovery Solv. Recovery 

C12sig) (ce) <ce) 
l. 84 l. 21 - - 91. o 91. o 
9. 38 l. 01 11.11 100 81. o 172.0 
5.40 l. 06 10.70 100 133.0 305.0 
5. 32 0.82 8.34 100 72.0 377.0 
4.73 0.97 7. 55 95 164.0 541. o 

21.08 1.19 7.18 90 44.0 585.0 
14.13 0.48 7.86 85 2 7. o 612.0 

8.79 l. 27 9. 32 90 16.0 728.0 
12.22 0.44 10.36 106 32.0 760.0 f-' 

CD 
2.0 o. o 9. 57 120 - 760.0 N 

10.25 o. o 9.09 125 - 760.0 
13.0 o. o 10.14 120 - 760.0 
14.0 o . o 4.17 12ú - 760.0 



100. 

9 o. 

8 o. 

E--17 o. 
z 
µ:¡ 
u 
P::: 
µ:¡ 6 o. 
o.. 

Q 
µ:¡ 5 o. 
u 
:::> 
Q 
o P:::40. 
o.. 
z 
o 
H30. 
E--1 
u 
~ r.i...20. 

10. 

RUN 12 
SOLVENT: GCOS SYNTHETIC CRUDE 
SLUG SIZE: 400cc 
STEAM INJ. RATE: 8 . 54 cc/min 
INITIAL BITUMEN IN PLACE: 13 . 07 

-o () o~ 

PRESSURE 

CUMULATIVE SOLVENT 
RECOVERY 

CUMULATIVE BITUMEN ~OVERY 

INSTANTANEOUS BITUMEN RECOVERY 

o. 

40. 

o 
o 

........ 
o 
o 
"' 3 o .c5 

H 
E--1 

~ 
z 
µ:¡ 
?: 

')o ?-
L •t-"i 

10. 

H 
o::¡ 
1 

P::: 
µ:¡ 
E--1 
<r:; 
::s: 

2.0 3.0 4.0 5.0 6.0 
o. o . 
o. l. o 

C10 

m e-~ ,...... 
#A C:; "' ___ .. , 
"t2 ~; ,. . : _,. 
""" . . 
.~.il -
·~ 

CUMlA.ATIVE PRODUCTION OF FLUIDS, PV. ... - ~~~ 

''·.Ftgv~·~ 63 Production History for Run 12. 
' :% .;¡ 

'- '·· _ .. ., -.......;,:.. ... _.,,.. 

2 5. 

o o. 

C..!J 
H 

5. (/) 
o.. 

µ:¡ 
P::: 
:::> 
(/) 
(/) 
µ:¡ o. P::: 
o.. 

5. 

o. 

f-' 
00 
w 



184 

Table 31 

General Characteristics and Results for Run 12 

Amount of tar sand packed 

Bitumen content of tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of steel box 

Volume of porous plates 

Void space in the model 

Pore volume 

Porosity 

Total solvent injected 

Amount of solvent retained by the pack 

Total run time 

Time of solvent injection 

Time of steam injection 

Time for effluent breakthrough 

Volume of solvent inj. befare effluent B. T. 

Average inj . rate befare effluent B.T . 

Average flow rate 

Average pressure for solvent injection 

Average pressure for steam injection 

15023 gms . 

.1307 

1964.3 gms . 

1896.03 gms. 

GCOS synthetic 
crude 

13058 gms . 

4865.5 ce 

7720 ce 

181.58 ce 

777 ce 

2673 ce 

.346 

900 ce 

140 ce 

55.4 hrs. 

34.2 hrs. 

19.3 hrs . 

12.9 hrs. 

895 ce 

1.16 
ce 
min. 

7 . 7 4 e'? 
min. 

24.25 psig 

104.25 psig 
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Table 31 (continued) 

Time for steam breakthrough 19.3 hrs. 

Water bitumen ratio 8.11 ce/ce 

Total steam injected (as water) 9888 ce 

Steam injection rate 8.53 cc/min. 

Total bitumen recovery 1085 ce 

Recovery 57% 

~ -- -~---~- -----



Time 
(min.) 

o. o 

8.0 

13.0 

15.0 

14.0 

12.0 
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6 . o 
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Table 32 

Injection History for Run 13 

Cumula ti ve Volume 
Time Injection 
(min.) (ce) 

o.o o.o 

8 .0 40 .0 

21. o 70 .0 

36 .0 70 .0 

50 .0 40 .0 

6 2 . o 80 . o 

70 . o 40 .0 

7 6. o 20 . 0 

Cumula ti ve 
Volume 
(ce) 

o . o 

40.0 

110.0 

180.0 

2 2 o. o 

300.0 

340.0 

360.0 

Flow 
Rate Pressure 

( cc/min. ) (psig ) 

o.o o. o 

5 .0 15 .0 

5.38 26 .5 

4 .67 3 7. o 

2 . 86 39 .0 

6 .67 57 . 5 

5 . o 65 .0 

3 . 33 64 .0 

B!~ ,, • ~ ·1cT 
ESPO~ . 



100 " 5. -u.o. 

90 

8 o. PRESSURE Jo. Js. 
~70. 
µ:¡ 

/ /\ ..-' FLOW RATE ~5· ~+ · ~ ~60.L 
(/) u 
P... u 

z 
:35 o. µ:¡ µ:¡ 
E-< ¡:::¡:::; E-< 
u ::::i <i:: 
µ:¡ (/) ¡:::¡:::; 

~o. o. µ:¡ 4 . 8: 
H I ¡:::¡:::; o 

P... ....::¡ 
z µ.., 
o 
H3Ü1 
E-< 
u 

~20.U / 
~ INSTANTANEOUS SOLVENT INJECTION 

--1J._ 5. 12 . 

L-~~---1..~~~...L.-~~__¡_~~~_J_~~__J~~~-'--~~~-'--~~-"-~~~......___.O. _JQ . 
o. 100. 200 300. 400 . 500 . 600. 700 . 800. 900. 

VOLUME INJECTED,cc 

Figure 64 Injection History for Run 13 

f-' 
00 
-J 



Sample 
# 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Time 
( min. ) 

35 
116 

84 
106 
100 

95 
42 

177 
41 
35 

Inst. W.B.R. 
(ccw/ccb) 

41. o 
26.25 
16 .60 

9.4 
9.4 
5.16 
7.25 
6. 2 3 

22.63 

Table 33 
Production History for Run 13 

Cumulative Volume Cumula ti ve Water Cumulative 
Time Produced Volume Produced Water 
(min.) ' (ce) (ce) . (ce) (ce) . 

35 230 230 230 230 
151 900 1130 8 20 1050 
235 900 1830 630 1680 
341 910 2740 830 2510 
441 900 3640 780 3290 
536 900 4540 780 4070 
578 400 4940 330 4400 
755 1600 6540 1370 5770 
796 400 6940 330 6100 
831 450 7390 430 6530 

Inst. S.B.R. 
(ccs/ccb) 

3. o 
l. 06 

.60 

.45 

.43 

.09 
• 2 2 
.32 
.05 

~ m ~..; º' !. :: IL,:.,¡ ~ _, 

w ;:.;.; 

O
,~, 

:t... ,.,. ... -.- , 
• e-; 

---( 

Steam 
Pressure 

(psig) 

100 
100 

90 
100 

90 
90 
95 
90 
90 
90 

Solvent 
~f gg)~ry 

o.o 
60.0 
36. o 
30.0 
37.0 
36. o 
6. o 

41. o 
17.0 
l. o 

Flow Rate 

(cc/min.) 

6.57 
7. 76 
8.83 
8.58 
9.0 
9.47 
9. 52 
9.04 
9. 76 

12.86 

Bitumen 
Produced 

(ce) . 

o 
20 
34 
50 
83 
84 
64 

189 
53 
19 

Cumulative 
Bitumen 

(ce) 

o 
20 
54 

104 
187 
271 
335 
524 
577 
596 

Cumula ti ve 
Solv. Recovery 

(ce) ' 

o. o 
60. o 
96.0 

126.0 
165.0 
201.0 
207 .0 
248.0 
265.0 
266.0 

1-' 
co 
co 
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Table 34 

General Characteristics and Results for Run 13 

Amount of tar sand packed 

Bitumen content of tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of the model 

Volume occupied by porous plates 

Void space in the model 

Pore volume 

Porosity 

Total solvent injected 

15141 . 17 gms. 

. 15 1 4 

2292 . 37 gms. 

2212 . 72 ce 

GCOS synthetic 
crude 

12848.8 gms. 

4870 . 66 ce 

7720 ce 

181.58 ce 

455.7 ce 

2667 . 7 ce 

. 35 

400 ce 

1 l.;ú' í~~. -1c1 Amount of solvent retained by the pac 134 ce 
-S?O·. 

Total run time 

Time for effluent breakthrough 

Time for steam breakthrough 

Solvent injection time 

Volume of solvent inj. befare effluent B. T . 

Total steam inected (as water) 

Average pressure for solvent injected 

Average pressure for steam injection 

Water bitumen ratio 

20 . 13 hrs. 

2 . 1 hrs . 

15.9 hrs. 

1.45 hrs. 

400 ce 

5700cc 

46 psig 

93.18 psig 

10.96 ce/ce 
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Table 34 (continued) 

Solvent bitumen ratio .58 ce/ce 

Total recovery 596 ce 

Steam injection rate 6.57 cc/min . 

Recovery 27% 



Time 
(min. ) 

o.o 

7. o 

4. o 

7.0 

5 . o 

4.0 

5. o 

4. o 

4. o 

5. o 

4.0 

Table 35 

a 
Injection History for Run 14 

Cumulative Volume Cumulative Flow 
Time Injection Volume Rate 
(min. ) (ce) (ce) (cc/min.) 

o . o o . o o.o o. o 

7. o 40.17 40.0 5.71 

11. o 20.08 6 o. o 5 . o 

18.0 40.17 100.0 5.71 

2 3. o 25.10 125.0 5.0 

2 7. o 15.06 140.0 3. 7 5 

32.0 30.13 170.0 6. o 

36. o 10.04 180.0 2 . 5 

40.0 20.08 200.0 5 . o 

45.0 20.08 220.0 4.0 

49.0 20.08 240.0 5.0 

192 

Pressure 
(psig) 

o . o 

l. o 

2 . o 

7.5 

16.0 

23.0 

28.0 

33.0 

3 6. o 
81'" ,,,,__ -1cr 

.u 1iJH ~ .•. 
41. o ESPO t 
43.0 

ªForty e.e. were drained out when initiating steam injection. 
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Cumula ti ve Volume 
Sample Time Time Produced 

# (min.) (min.) (ce) 

1 75 75 800.40 
2 51 126 1000.50 
3 41 167 900.45 
4 147 314 900.45 
5 70 384 700.35 

Inst. W.B.R. Inst. S.B.R. 

(ccw/ccb) (ccs/ccb) 

30.15 l. 37 
16.41 . 02 

5 . o o 
3.67 o 

Table 36 
Production History f or Run 14 

Cumula ti ve Water 
Volume 
· (ce) 

800.40 
1800.90 
2700.35 
3600.80 
4300.15 

Flow Rate 

( cc/min.) 

10.67 
19.61 
21. 9 5 
6.12 
5.49 

C>C7 

- ¡;:-:¡ ••• !::: 
(ñ C.' 

"'a ~: 
I'"\ ~ 
w ..... 
F' e=; -

Produced 
(ce) 

800 
920 
840 
750 
550 

Steam 
Pressure 

(psig) 

90 
78 
85 
85 
90 

"{]) 

Cumulative- --
Water 
(ce) 

800 
1720 
2560 
3310 
3860 

Solvent 
Recovery 

(ce) 

52.0 
1.0 
-
-

Bit:ümeri - -C-umulative 
Produced Bitumen 

(ce) (ce) · 

38. o 38.0 
59. o 97.0 

150 257.0 
150 397.0 

Cumulative 
Solvent 

(ce) 

52.0 
53.0 
53.0 
53 . 0 

1-' 
tD 

+ 
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Table 37 

General Characteristics añd Results for Run 14 

Amount of tar sand packed 14968 . 8 gms. 

Bitumen content of the tar sand . 14658 

Weight of bitumen in place 2194 . 127 gms. 

Volume of bitumen in place 2117.883 ce 

Solvent used GCOS synthetic 
crude 

Weight of clean sand 12774 . 670 gms. 

Volume of clean sand 4761.338 ce 

Volume of the model 7720 ce 

Volume occupied by porous plate 181.58 ce 

Void space in the model 659 . 199 

Pore volume 2777 . 082 

Porosity . 36 

Total solvent injected 240 ce 

Amount of solvent retained by the pack 187 ce 

Total run time 7.68 hrs. 

Time for effluent breakthrough 2 . 5 3 hrs. 

Time for steam breakthrough 3 hrs. 

Solvent injection time . 82 hrs . 

Volume of solvent inj. before effluent B.T. 240 ce 

Total steam injected (as water) 3680 ce 

Average pressure for solvent injected 28 . 44 psig 

Average pressure for steam injection 85.25 psig 

Water bitumen ratio 9. 7 2 ce/ce 



Table 37 (continued) 

Solvent bitumen ratio 

Total recovery 

Steam injection rate 

Recovery 

197 

.13 ce/ce 

397 ce 

10 . 05 cc/min. 

18 . 75% 
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will be understood later, it is important to notice that 

water, solvent, and steam were injected through the same 

port in these three runs . 

Figures 73, 75 and 77 present the injection histories 

for these runs . It is interesting to note that for t he 

three cases studied (45, 20 and 10% PV slug size), the 

amount of water produced during the injection of solvent 

was almost equal to the volume of solvent injected. For 

example, in Run 15,90 percent of the water injected to 

saturate the pack was produced, considering that 890 ce of 

water were injected and 801 ce were produced. This was 

observed also in Runs 16 and 17. 

It is interesting to note that after effluent break-

through occurred, water production decreased to zero, and 

only solvent-bitumen solutions flowed out of the pack. 

is an interf a~~ 
( ~ . --·\';"\ 

and the water \ ~eini~/ 
When solvent is being injected, there 

between the solvent-bitumen solutions 

displaced. No viscous f ingers develop because of ¡fu~ l~~'CT 

injection rate, and the interface must be a more o ·ms L 

well defined front . That is why the volume of the solvent 

injected is almost the same as the volume of water produced 

throughout the entire injection period . When the front 

is very close to the production well, and most of the water 

has been produced breakthrough of effluent occurred and just 

10% of the water injected is confined in the pack. 
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Eventhough breakthrough of solvent-bitumen solutions 

did not occur for Runs 16 and 17 , the behavior was similar. 

When injecting steam, Run 15 showed an increasing WBR, 

and a recovery (37% OBP) which was lower than the one 

obtained in Run 12 (57% OBP). Also, in Run 12, 84% of the 

original solvent was recovered, meanwhile in Run 15 only 

51% was recovered. Steam injection rate was lower i n 

Run 15 (4.75 cc/min.) of that in Run 12 (8.53). Eventhough 

too high a steam injection rate tends to lowe r bitumen 

recovery, too low rates increase only the wate r production. 

It was observed also that for a long period o f time (722 

minutes), the steam pressure was t oo low (65 psig) in Run 

15. It is believed that this low steam inject ion rate f or 

this long period of time was the reason f or the low 

recovery. Runs 16 and 1 7 exhibi ted very large WBR a t ,, .. .;::~!!.',,,_ 

the beginning of the steam inj ection. It must be conside:&~;~ .. f",~~:;\ 
• • ' j 11l 

., -/./ . .. ·-··. )' 
that effluent b~eakthrough did not occur because of the size · · 

of the slug, and only water was pr oduced from the sand 
ESPOL 

pack in the initial stages of steam injection. 

In Runs 15 and 16 recovery o f the solvent injected 

was lower than in Runs 12 and 13, especially in Runs 13 and 

16. In Run 13 almost 70% of t he s olvent injected was 

recovered, while in Run 16 less than 30% was recovered. 

On the other hand, the recovery of bitumen was larger in 

Run 16 (33.1% OBP) than in Run 13 (27% OBP). Analyzing 

the temperature profiles for Run 16 presented in Figures 

83, 84 and 85, it is possible to see that the overriding 
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eff ect of the steam was strong only after 7 hours of steam 

injection, and even the higher temperatures were at the top 

of the sand pack, the temperatures at the bottom were not 

much lower as observed in Run 13. 

As a consequence of the injection of water to saturate 

the sand pack, the steam injection time increased for 

Run 17 (5.83 hours) as compared with Run 14 (3 hours); 

and eventhough the difference in steam injection times were 

large, the increase in recovery was not. An increase 

in the recovery of the solvent injected was observed 

showing that the stimulation by this small slug was almost 

insign ificant for Run 17 . Observing Figure 82, it is 

possible to see that mos t of the solvent was recovered 

in the initial stages of steam injection when most of the 

steam was condensed due to the low temperature of the sand 

pack. 

In Runs 18, 19,and 20, the injection location of the 

solvent slug was changed from the steam injection well to 

the production well . The sand pack was saturated with 

water, which was injected through the side of the steam 

injection well. When sat uration of the pack was obtained, 

injection of solvent was started through the production 

well . 

The characteristics of these three runs were completely 

different from those of Runs 15, 16,and 17, where the 

solvent slug was injected through the steam injection well. 

Pressure and injection rates did not show the fluctuations 
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observed in the previous runs. Water was produced only 

up to the moment of effluent breakthrough. The most 

remarkable characteristic was the lowering in the volurne 

of the solvent required to obtain effluent breakthrough. 

In all the previous runs it was observed that the volume 

of solvent required to breakthrough was around 900 ce 

(which represents 45% of the total volume of biturnen in 

place). In Runs 18, 19, and 20 this volume decreased to 

200-300 ce. 

It is possible to see that in these three cases the 

solvent opened a channel in the sand pack, and created 

a path to be followed by the steam. 

Once effluent breakthrough occurred , production of 

water stopped completely . This was observed also in Run 15 

where breakthrough of effluent also occurred . Actually, 

the flow of solvent-bitumen solutions <loes not allow the 

water to flow,wh ich is desirable since the recovery is 

increased and the solvent is confined also to certain 

regions of the pack which are washed almost completely 

and a path for the steam is created helping in this way 

to decrease the tendency of the steam to override the sand 

pack. 

It was noticed also that the displacement of bitumen 

by the solvent alone was rnuch more efficient than in all 

the other runs. The SBR (Solvent Bitumen Ratio) in Runs 

18 and 19 was 0.64 ccs/ccb showing that one volume of 

solvent displaced nearly two volumes of bitumen. Again the 
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explanation could be that even though a smaller volume of 

bitumen was contacted by the solvent, the parts of the 

sand pack contacted were efficiently swept by the solvent 

slug. 

Figures 86, 91, and 96 present the injection histories 

for Runs 18, 19, and 20. 

Most of the solvent injected in Runs 18 and 19 was 

recovered, 93% in Run 18 and 82 % in Run 19. Even though 

Run 18 yielded a recovery (38% OBP) slightly better than 

in Run 15 (37% OBP), the condit i ons were much more favorable 

in Run 18. Take for example, the water-bitumen ratios , 

for Run 18; they were much lower than in Run 15, showing 

a substantial decrease in steam injection time and water 

requirements, as well as in water production . The same 

was observed in Runs 19 and 18, but in these cases recovery 

of bitumen increased more than twice as compared to the 

recoveries for Runs 16 and 17. 

In Figures 101, 102 and 103, comparisons of Runs 15 

and 18, 16 and 19, 17 and 20 are made . It is possible to 

see that the recoveries were improved by changing the 

position of the slug placement. When the solvent slug 

was placed in the neighborhood of the producing well the 

size of the slug was not important, as in the previous 

runs, where reduction in the slug size implied reduction 

in recovery, the highest recovery was obtained when a 

20% PV slug size was used, and even the 10% PV slug yielded 

a recovery higher than Run 18 where a 45% PV slug was used. 
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Figure 104 shows the variation in bitumen recovery for 

several slug sizes and conditions. 

When the slug is injected into the sand pack through 

the effluent production well, most of the solvent remains 

in the neighborhoqd of this well, and the viscosity of 

the bitumen is highly reduced in the vicinity of the well. 

When injection of steam begins, the hot water flowing 

ahead of the steam is capable of displacing the effluent 

because of the low viscosity of the effluent. The two 

displacement mechanisms were much more efficient for 

this last set of experiments; the miscible displacement was 

improved because of the low volume of the solvent required 

to establish communication between injection and production 

wells, and because the displacement of bitumen was more ..--.-. 

efficient for this case. While inj ection of sol vent was (;:;;_:~;· 
J~· 

•. , J- I , 

taking place, the water did not allow the solvent to spre~d - -:~· 

itself all over the pack and the flow of effluent did s1:,. ~lr-,i'. ;icr 
ESPOl 

not allow the water to flow outside of the pack. 

When injection of steam began, the steam found much 

better communication between injection and production wells 

at the base of the model, and the overriding effect of 

the steam which causes early and abrupt steam breakthrough 

was less pronounced in these three cases. Temperature 

profiles are presented for Runs 18, 19, and 20, in Figures 

88, 89, 90, 94, 95, 98, 99 , and 100. In Figure 89, after 

six hours of steam injection, the temperature was higher 

at the top of the model, as well as throughout the sand pack. 



In Figure 90, at steam breakthrough, the outlet was at 

277ºF and the inlet was at 303ºF. 
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In Figures 93, 94, and 95, which give the temperature 

profiles for Run 19 (the highest bitumen recovery was 

obtained in this run, 58% OBP) the overriding effect of 

the steam was even less pronounced in thé initial stages of 

steam injection. But when breakthrough occurred, the 

diff erence in temperature between the inlet and the outlet 

was llOºF. 

Run 20 was the last conducted using the two dimensional 

model. A 10% PV slug was used. Although the effluent 

breakthrough did not occur, effluent was produced almost 

imrnediately after beginning steam injection, which confirmed 

what was observed in Runs 18 and 19, that only 200-300 ce of 

solvent were necessary to cause effluent breakthrough, 

and that for the case of having the sand pack saturated 

with bitumen anc water, and when solvent is injected in 

the neighborhood of the producing well, the solvent creates 

better cornrnunication between the production and injection 

wells. Bitumen recovery was higher in comparasion to 

Run 17, where a similar slug was injected through the steam 

injection well. 

Again the overriding eff ect of the steam took several 

hours to occur, and breakthrough was delayed. In Run 17 

steam breakthrough occurred after 5.83 hours of steam 

injection, while in Run 20 it took 17.4 hours. Figures 

106 and 107 show the changes in temperature with time for 
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Runs 17 and 19, respectively. It is possible to see that 

in Run 17 the overriding effect of the steam was present 

almost from the beginning of steam injection, because the 

temperature of point 4, after one hour of steam injection, 

was always higher than the temperature of point 19 which 

was closer to the steam injection point. This was not 

the case for Run 19, where the behavior was more normal 

(this is to say that the higher temperatures were at the 

neighborhood of the steam injection port) and points 19 

and 14 were the ones with higher temperatures almost through 

the whole steam injection process. Just before breakthrough, 

the temperatures of points 4, 3, 2, 1, and O increased fast, 

and attained values higher than the temperatures of points 

19 and 14. 

Usually large bitumen recoveries were associated with 

long periods of steam injection. In Run 20, for example, 

the steam injection time was 17.4 hours and the recovery 

40%. In Run 12, the steam injection time was 19.3 hours, 

and the recovery 57%, on the other hand, generally short 

steam injection times were associated with low recoveries. 

In Run 14, recovery was 1 8.75% and the steam injection time 

was 3 hours. In Run 11, recovery was 19.26%, and the 

steam injection time was 6 hours. Run 19 (where 58% of 

the original bitumen in place was recovered, and steam 

was injected by 9.3 hours) was the exception, but in this 

run the recovery by steam injection was only 44%, because 

14% was recovered by solvent injection. In Run 18 
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(where the bitumen recovery was 38% and the steam injection 

time was 7.07 hours), 19% of the bitumen was recovered 

by solvent injection. Steam injection rate was more critical 

than steam injection time in the bitumen recovery. When 

small solvent slugs were injected, large steam injection 

rates produced low bitumen recoveries (e.g., 19.3% re-

covery in Run 11, Table 28, for a 9.84 cc/min. steam in

jection rate, and 19% recovery in Run 14, Table 37 shows 

a 10.05 cc/min. steam injection rate, as compared to 40.2% 

recovery in Run 20, Table 55 for a 6.35 cc/min. steam 

injection rate; also see Figures 57, 67, and 97, respective

ly). When a large solvent slug was injected, very low 

steam injection rates increased the water bitumen ratio 

without increasing the b i tumen recovery (e.g., 37% recovery 

in Run 15, Table 40, with 10.22 ce/ce WBR, for a 4.75 

cc/min. steam injection rate, as compared to 57% recovery 

in Run 12, Table 31, with 8 . 11 ce/ce WBR, for a 8.53 cc/min. 

steam injection rate; also see Figures 74 and 63, respec~ 

tively). 

Figure 105 shows the effect of steam injection rate 

on bitumen recovery for the conditions studied. In Runs 

15, 16, 18, 19, and 20, bitumen recovery was above 30% , and 

as a consequence compaction of the sand pack occurred in all 

these runs. It must be remembered that bitumen is the 

cementing agent for the sand grains. When bitumen is 

produced from the tar sand pack, the void space increases 

and the pressure exerted by the steam on the sand grains 
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causes compaction of the tar sand pack. Figure 108 

shows the void space found in these runs. 

Three-Dimensional Model 

Two runs were conducted using Model 2 (Figures 8, 9, 

and 10 give the characteristics and dimensions of this 

model). The purpose was to investigate the efficiency of 

miscible and thermal - miscible displacements from a 5-spot 

tar sand system which included simulation of the over-

burden pressure and a pack saturated with bitumen and water . 

The handling of this model was very complicated 

because of the large weight of the box (335 lbs . packed) and 

the long run time (39 and 30 hours for Runs 

respecti vely) . 

Run 21 . When water injection was completed, and the · 

overburden pressure stabilized at 75 psig, a 45% PV 
} . ' ... \ "lf"J 
Ulu ,, "\ , ~·.\, 

solvent slug was i njected throug h the four production 

wells. The injection history fo r Run 21 is shown in Table 

56 and Figure 109 . Breakthrough occurred after 165 ce of 

solvent had been injected. Assuming that equal amounts 

of solvent were being injected t h rough each well, it was 

necessary to inject only 41.25 ce of solvent to open a 

path between production and injection wells. The distance 

from injection to producing well was 8.49 inches, whereas 

this distance was 20 inches in Model l. From these 

figures it can be conjectured that the reason for so early 

an effluent breakthrough is that the distance between the 

wells is smaller, but it must be remembered that Model 2 
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Table 38 

Injection History for Run 15 

Cumulative Volume Cumulative Flow 
Time Time Injection Volume Rate Pressure 
(min~) (min ~) , (ce ) , , (ce) (éc/min.) (psig) 

o. o o. o o. o o. o o.o 65.0 

7.0 7. 0 15.02 15.0 2.14 11. 7 

16.0 23. 0 25.03 40.0 1.56 12.0 

20.0 43.0 40.04 80.0 2.0 12.8 

70.0 113. 0 115. 1 3 195.0 l. 64 2 7. 8 

139.0 252. 0 160. 1 8 3 55.0 1.15 26. o 

2 5. o 277.0 2 5. o 3 3 8 o. o l. o 2 5. 3 

61. o 388.0 50.06 4 30.0 .82 25.5 

73.0 461.0 80.0 510.0 1.10 26.0 

79. o 540. 0 110. 1 2 620.0 l. 39 2 9. 5 

6 2. o 602. 0 80.09 700.0 1.29 27.2 

73.0 675. 0 120. 1 3 810.0 1.64 31. 5 

38.0 713. 0 40.04 860.0 l. 05 28. 8 

15.0 728. 0 40.04 900.0 2. 6 7 2 8. 5 

Water Cumula ti ve Effluent Cumulative 
Production Production Production Production 

(ce) . (ce) . (ce) , , (ce), 

o . o o. o o. o o. o 

30.0 30.0 o. o o . o 

30.0 60. o o. o o . o 

40.0 100.0 o. o o . o 

125.0 225.0 o. o o . o 
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Table 38 (continued) 

Water Cumulative Effluent Cumula ti ve 
Production Production Production Production 

'ccc) (ce) ' (ce) (ce,) 

135.0 380.0 o. o o.o 

20. o 400.0 o . o o . o 

5 o. o 450.0 o. o o.o 

77.0 527.0 o . o o . o 

33.0 560.0 o . o o. o 

67.0 627.0 o.o o. o 

150.0 777.0 o . o o.o 

35.0 807.0 35. o 35. o 

o. o 807.0 40.0 7 5. o 
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Table 39 
Production History for Run 15 

Cumula ti ve Volume Cumulative Water Cumulative Bitumen Cumulative 
Sample Time Time Produced Volume Produced Water Produced Bitumen 

# (min.) (min . ) (ce) (ce) (ce) (ce) (ce) (ce) 

1 461 461 527 . 26 527 . 26 527 527 o . o o. o 
2 467 928 400.33 987 . 40 280 807 67.0 6 7. o 
3 61 989 900.45 1877.94 540 1347 170.0 237.0 
4 226 1215 1630 . 82 35171. 76 1300 2647 212 . 0 440 . 0 
5 207 1422 900 . 45 44172 . 21 810 3457 7 3. o 522.0 
6 176 1598 880.44 52979.65 820 4277 44.0 566.0 
7 722 2320 35301.77 88274.41 3310 7587 151. o 717 . 0 
8 31 2351 860.43 96874.84 760 8347 100.0 817.0 

rª Ib Flow Steam Solvent Cumulative 
W. B.R. S . B.R. Rate Pressure Recovery Solvent 

(ce/ce ) (ce/ce) (cc/min.) CEsig) (ce) (ce) 

1.14 - - o 
4 . 74 l. 69 .99 - 113.0 113.0 
3. 58 .7 2 14 .7 5 95 1 23 . 0 236 . 0 
6 . 59 . 56 7 . 21 80 118 . 0 354 . 0 

12.73 . 2 3 4.35 75 17 . 0 371. o 
18.64 .36 5.00 90 16.0 387.0 
26.27 .46 4.89 65 69.0 456.0 

7.6 - 27.74 90 o.o 456.0 

a = Instantaneous water-bitumen ratio . IX:' I W. B. R. 
m t~ ~:-;:~º l'J 

1--' 

b 
(;}e;,.,,,,. 

O'l 

I S.B.R. = Instantaneous solvent-bitumen ratio. ~ :i <~:Y':)) 
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Table 40 

General Characteristics and Results for Run 15 

Amount of rar sand packed 

Bitumen content of the tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of the model 

Volume occupied by porous plates 

Void space in the model 

Pore volume 

Porosity 

Total water injected to saturate the pack 

Total solvent injected 

Amount of solvent retained by the pack 

Total run time 

Time f or effluent breakthrough 

Time for steam breakthrough 

Total steam injected (as water ) 

Steam injection rate 

Average pressure for solvent injection 

Average pressure for steam injection 

Water bitumen ratio 

14515.2 gms. 

.15867 

2303.13 gms. 

2223.07 ce 

GCOS synthetic 
crude 

12212.07 gms. 

4533.34 ce 

7720 ce 

181.58 ce 

782.01 ce 

3005 ce 

. 39 

890 ce 

900 ce 

444 ce 

41. 72 hrs. 

16.1 hrs. 

27 hrs . 

7697 ce 

4.75~ 
min. 

23.6 psig 

80.8 psig 

10.22 ce 
ce . 
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Table 40 (continued) 

Solvent bitume n ratio (injection) 1.1 ~ 
e . e. 

Volume of sol vent inj. before effluent B.T . 820 oc 

Solvent injec t ion time 12 . 13 hrs. 

Total recovery 817 CJC 

Recovery 37% 
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Cumulative Volume 
Time Time Injected 
(min.) (min.) (ce) 

6 6 40.10 

8 14 97.24 

10 24 53.13 

9 33 50.12 

10 52 100 . 24 

5 57 20.05 

3 60 20.05 

6 66 30.07 

Table 41 
Injection History for Run 16 

Cumulative Flow Water 
Volume Rate Pressure Production 
(ce) (cc/min.) CEsig) (ce) 

40 6. 6 7 22. 5 o 

137 12.13 72 10 

190 4.3 73 20 

240 5. 56 68 10 

340 5 . 26 63 30 

360 4.0 63 80 

380 6. 6 7 63 30 

410 5.0 63 25 

Cumulative 
Production 

(ce) 

260 

270 

290 

300 

330 

410 

440 

475 

N 
N 

+ 
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Table 42 
Production History for Run 16 

Cumulative Volume Cumula ti ve Water Cumulative 
Sample Time Time Produced Volume Produced Water 

# (min.) (min . ) (ce) (ce) (ce) (ce) 

1 79 79 500 . 25 500.25 440 440 
2 134 213 930.465 1430.715 889 1329.0 
3 129 342 900.45 23301.165 830 2159.0 
4 93 435 910.455 32401.62 854 3013 . 0 
5 157 592 22501.25 34902.745 1718 4 7 31. o 
6ª - o 130.065 56202.81 110 4 8 41. o 

Inst. Inst. Flow Steam Solvent 
W.B.R. S.B.R. Rate Pressure Recovery 

(ccw/ccb) (ccs/ccb) (cc/min.) CEsig) (ce) 

23.16 2.16 6. 33 65 41. o 
21.68 o 6 . 94 8 3. 5 -
16 . 60 .40 6. 98 81 20 
17.80 .17 9. 7 8 90 8 . o 

3.51 . 09 3 . 80 6 7 . 5 42.0 
5 . 50 .DO - - -

ªThis ample was recovered when steam injection was stopped. 

Bitumen 
Produced 

(ce) 

19.0 
41. o 
50 . o 
48.0 
490.0 

20.0 

Cumula ti ve 
Solvent 

(ce) 

41. o 
41. o 
61. o 
69.0 

111.0 
111.0 

Cumulative 
Bitumen 

(ce) 

19.0 
60.0 

110.0 
158.0 
648.0 
668.0 

N 
N 
01 
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Table 43 

General Characteristics and Results for Run 16 

Amount of tar sand packed 

Bitumen content of the tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of the model 

Void space in the model 

Pore volume 

Porosity 

~ 
¡:;~~~ .. ~ 
(;, ,.,, ,;;:;. '•) 
¡:I .~-"·/¡ ... ( _,_ • .. , 

' \ J .• 
~ .J • ~" .. ~ .. / ...... 

B·r ' - . " 1CT l .. i..1 '~ t.Li ; . 

Total water injected to saturate the pack 

Total solvent injected 

Amount of solvent retained by the pack 

Total run time 

Time for effluent breakthrough 

Time for steam breakthrough 

Solvent injection time 

Volume of solvent in]. before effluent B.T. 

Total steam injected (as water) 

Average pressure for solvent injection 

Average pressure for steam injection 

Water bitumen ratio 

14968.8 gms. 

.1397 

2091.14 gms. 

2018.48 ce 

GCOS synthetic 
crude 

12877.66 gms. 

4797.9 ce 

7 7 2 O. ce 

7 2 2. ce 

2813.14 ce 

.364 

7 2 5. ce 

410 . ce 

2 9 9. ce 

14.68 hrs. 

4.07 hrs. 

11. 5 hrs. 

1.2 hrs. 

410 ce 

4380 ce 

61 psig 

85.67 psig 

7.25 ce/ce 



Table 43 (continued) 

Solvent bitumen ratio (injection ) 

Steam injection Rate 

Total bitumen recovered 

Volume occupied by porous plates 

Recovery 

229 

61 ce/ce 

6.35 cc/min. 

668 

181.58 ce 

33 . 1% 



230 

Table 44 

Injection History for Run 17 

Cumulative Volume Cumula ti ve Flow 
Time Time Iniected Volume Rate Pressure 
(min,) (min.) (ce) (ce) (cc/min.) (psig) 

o. o o. o o . o o.o o. o 16.0 

3. o 3. o 20.09 2 o. o 6.67 36. o 

6.0 9. o 50.23 70.0 8.33 46.0 

11. o 20.0 70.32 140.0 6.36 6 8. o 

5. o 25.0 40.18 180.0 8 . o 62.0 

7. o 32.0 40.18 2 2 o. o 5.71 60.0 

Water Cumulative 
Production Production 

(ce) (ce) 

100 . 0 100.0 

10.0 110.0 

15 . 0 125.0 

6 5. o 190.0 
B' i . ~ 

1 '1' V 
t1 ·'" 

:~cT 

ES?Ol. 
2 o. o 210.0 

30.0 240.0 
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Table 45 
Production History for Run 17 

Sample Time 
# (min.) 

iª 587 
2 70 
3 37 
4b 95 
5 92 
6 10 
7 86 

Inst. 
W.B. "R. 

(ccw/ccb) 

59.0 
23.0 
20.0 

4.0 
3.7 

Cumulative Volume 
Time Produced 
(min. ) (ce) 

- 500. 25 
70 500.25 

107 540 . 27 
202 910.46 
204 960.48 
304 210.11 
390 1280.64 

Inst. 
S.B.R. 

(ccs/ccb) 

.11 
5.16 

.43 

. 22 

. 04 

Cumula ti ve 
Volume 

(ce) 

500. 25 
1000.50 
1540 . 77 
24501.23 
34101.71 
36201.81 
49002.40 

Flow 
Rate 

(cc/min.) 

2.11 
7.14 

14.59 
9. 58 

10.43 
21. o 
14.42 

Water 
Produced 

(ce) 

500 
500 
530 
719 
850 
160 

1000 

Steam 
Pressure 

(psig) 

60 
90 
85 
80 
80 
95 

Cumulative Bitumen Cumula ti ve 
Water Produced Bitumen 
(ce) 

500 
1000 
1530 
2249 
3099 
3250 
4259 

(ce) 

9. o 
31. o 
42.0 
41. o 

2 70 . 0 

Solvent 
Recovery 

(ce) 

l. o 
160.0 
18.0 

9.0 
10.0 

(ce) 

9. o 
40.0 
81. o 

123.0 
393.0 

Cumulative 
Solvent 

(ce) 

o 
o 
l. o 

161. o 
179.0 
188.0 
198.0 

ªThe time for this sample is not registered for the cumulative value because it was 
recovered overnight (from 240 ce - 500 ce). 

bFifty ce of sand were produced here. 
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Table 46 

General Characterist i cs and Results for Run 17 

Amount of tar sand packed 

Bitumen content of the tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of the model 

Volume occupied by porous plates 

Void space in the model 

Pore volume 

Porosity 

Total water injected to saturate the pack 

Total run time 

Total solvent injected 

Amount of solvent retained by the pack 

Time for effluent breakthrough 

Solvent injection time 

Time of steam injection 

Volume of solvent inj. befare effluent B.T. 

Total steam injected (as water) 

Average pressure for solvent injection 

Average pressure for steam injection 

15138.90 gms. 

.1326 

2007.42 gms. 

1937.66 ce 

GCOS synthetic 
crude 

13131.48 gms. 

4892.5 ce 

7720 ce 

181.58 ce 

738.5 ce 

2645.92 ce 

.34 

895 ce 

9. 8 hrs. 

220 ce 

141.01 ce 

3.62 hrs. 

. 53 hrs . 

6.01 hrs. 

220 ce 

3282 ce 

51. 5 7 psig 

86.82 psig 
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Table 46 (continued) 

Water bitumen ratio 10.84 ce/ce 

Solvent bitumen ratio . 5 6 ce/ce 

Steam injection rate 9. 38 cc/min. 

Total bitumen recovery 393 ce 

Time for steam breakthrough 5.83 hrs. 

Recovery 20.3% 
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Table 47 

Injection History for Run 18 

Cumulative Volume Cumulative Flow 
Time Time Injected Volume Rate Pressure 
(min.) (min, ) (ce) . (ce) . ( cc/m.Ín. ) . (psig) 

o. o o.o o. o o. o o.o 50.0 

8. o 8.0 60.07 6 o. o 7 . 5 31.0 

5.0 13.0 40.04 100.0 8. o 3 7. o 

16.0 20.0 100.11 200.0 6. 2 5 3 3. o 

21. o 50.0 140.16 340.0 6.67 33. o 

17.0 67.0 120.13 460.0 7.06 33. o 

7. o 74.0 35.04 405.0 5.0 33.0 

10.0 84.0 45.05 540.0 4. 5 33. o 

12.0 96.0 60.07 600.0 5.0 33. o 

68.0 164.0 300.33 900.0 4.41 35. o 

Water Cumula ti ve Effluent Cumula ti ve 
Production Production Produced Production 

(ce) (ce) (ce) écc) 

20. o 2 o. o o. o o.o 

130.0 150.0 o. o o.o 

70. o 220.0 o. o o . o /~;;-;.;-, 
1.:~\\º ..--·-··· .... ~·· .. 
, ...... / tt" r•·'\"--; {;' ·-.' ' , \ • ) • ' 1 ' 

6 o. o 280.0 o.o o. o ·.\' t''.:. ' '\' 1 .:.' 
\ \. (-J -"' /·'. 

\._I- • ;·)-"' :J~I 

10.0 290.0 30.0 30. o B" .. , ·nr·1·1c1 ;lol.1tL 1. .. 11 .• 

50.0 340.0 160.0 190.0 er-i,,~-i.p, 
~ '•' , .. 

o.o 340.0 3 o 5. o 495.0 

o. o 340.0 50.0 545.0 

o . o 340.0 55.0 600.0 

o.o 350.0 280.0 880.0 
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Table 48 
Production History far Run 18 

Cumulative Volume Cumula ti ve Water Cumulative Bitumen Cumulative 
Sample Time Time Produced Volume Produced Water Produced Bitumen 

# (min.) (min.) (ce) (ce) (ce) (ce) (ce) (ce) 

1 126 126 700 700 340 340 220 220 
2 74 200 445 1195 340 680 43 263 
3 90 290 605 1800 o 680 148 411 
4 63 353 500 2300 400 1080 39 450 
5 94 447 900 3200 830 1910 60 510 
6 141 588 960 4160 900 2810 60 570 
7 112 700 1620 5780 1420 4232 176 746 
8 95 795 420 6200 340 4572 68 814 

Inst. Inst. Flow Steam Solvent Cumula ti ve 
W.B.R. S. B. R . Rate Pressure Recovery Solvent 

. Cccw/ccb) (ccs/ccb) (cc/min.) <:esig) (ce) (ce) 

l. 55 . 64 5. 56 140 ' 140 -
7 . 91 2 . 6 6 . 69 - 112 252 
o 3.0 6. 7 8 - 457 709 

10.2 l. 56 7 . 94 60 61 770 
14.0 .17 9.57 80 10 780 
15 . 0 o. o 6.81 90 o 804 

8 . 0 . 14 14.46 85 24 828 
5 .0 .18 4 .42 85 12.0 840 

N 

+ 
f-J 

Cl:J mo 
(/• ~ I ~~ 

"6 ;-.";~ r ~, 
,./ : . 
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Table 49 

General Characteristics and Results for Run 18 

Amount of tar sand packed 

Bitumen content of tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of c lean sand 

Volume of clean sand 

Volume of the model 

Volume occupied by the porous plates 

Void space in the model 

Pore volume 

Porosity 

Total water injected to saturate the pack 

Total solvent injected 

Amount of solvent retained by the pack 

Total run time 

Time f or ef fluent breakthrough 

Time for steam breakthrough 

Solvent injection time 

Volume of solvent inj. before effluent B.T. 

Total steam injected ( as water ) 

Steam injection rate 

Average pressure for solvent injectio n 

15138.9 gms . 

. 1474 

2 2 31. 4 7 gms . 

2153.9 ce 

GCOS synthetic 
eructe 

12907 . 43 gms. 

48 1 0.82 ce 

7720 ce 

181. 5 ce 

573 . 78 ce 

2727 . 68 ce 

. 353 

690 ce 

900 ce 

60 ce 

13.25 hrs. 

1.87 hrs. 

7.07 hrs . 

2.77 hrs. 

340 cc/min. 

5610 ce 

13 . 22 cc/min . 

30 . 7 p s i g 
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Table 49 (continued) 

Average pressure for steam injection 80 psig 

Water bitumen ratio 5.62 ce/ce 

Solvent bitumen ratio 1.11 ce/ ce 

Total recovery 814 ce 

Recovery 38% 

B
, !" Ll, ... r . .. , ~ • 
!u 1tl1 1.1 ~ :L 1 

ES .. Ot 
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Cumulative 
Time Time 
(min.) (min.) 

o o 
16 16 
45 61 
11 72 

9 81 
9 90 

12 102 

Effluent 
Produced 

(ce) 

o 
o 

180 
10 
30 
10 
90 

Volume 
Injected 

(ce) 

o 
70.18 

130.33 
60.15 
40.10 
40.10 
60.15 

Cumulative 
Production 

(ce) 

o 
o 

180 
190 
220 
230 
320 

Table 50 
Injection History for Run 19 

Water Cumulative 
Produced Injection 

(ce) 

10 
40 

120 
o 

180 
o 
o 

(ce) 

o 
70 

200 
260 
300 
340 
400 

D:J 

m~ 
(}) ~~ 
»-C,i ~=; 
o:· ~ 
f-<!tf ... -
' <-:> 

Cumulative Injection 
Production Flow Rate 

(ce) (cc/min.) 

10 -
50 4.38 

170 2. 8 9 
170 5.45 
180 4.44 
180 4.44 
180 5.0 

Pressure 
(psig) 

64 
70 
68 
46 
50 
52 
48 

I'-.) 

+ 
(l') 



l o o. 

9 O, 

8 ºº 
E-i 7 O, 
z 
µ:i 
u 
p::; 
g: 6 o. 

" 
Q 
µ:i 5 o. 
E-i 
u 
µ:i 
1-:> z 40. 
H 

z 
o 
H 30. 
E-i 
u 
<i: 
p::; 
µ... 20. 

10. 

1 7511 0. 

100 :-18. 

¡::: 
· rl 

7 5 . s 6 ......... 
H o 
(/) o 
p.. . 

" µ:i 
µ:i E-i 

.'--FLOW RATE ~50 .~ <i: 
p::; 

4 . 8: 
µ:i o 
p::; ,_::¡ 
p.. µ... 

. CUMULATIVE WATER PRODUCTION 

...... 

__.. -~ CUMULATIVE EFFLUENT PRODUCTION 

25. --12. 

~- INSTANTANEOUS SOLVENT INJECTION 
1-----<--__¡._ ___ ..L--__ __,_ ___ _.__ __ -...J"------'----..._ __ __._ ___ .....___i o • _J o . 

o. 100. 200 . 300 . 400 . 500. 600 . 700. 800. 900. 

VOLUME INJECTED, ce. 

Fi gure 91 Inject i on Hi stor y f or Run 19 . 

N 
+:" 
tD 



Table 51 
Production History for Run 19 

Cumulative Volwne Cumulative Water Cumulative 
Sample Time Time Produced Volume Produced Water 

# (min . ) (min.) (ce) (ce) (ce) (ce) 

1 86 86 700 700 200 200 
2 109 195 470 1170 330 530 
3 153 348 900 2070 7 50 1280 
4 96 444 670 2740 550 1830 
5 115 559 1000 3740 770 2600 
6 140 699 1495 5235 1040 3640 

Inst. Inst. Flow Steam Solvent 
W.B.R. S.B.R. Rate Pressure Recovery 

(ccw/ccb) {ccs/cclü (ce/rain. ) (Esig) (ce) 
.66 .64 8.14 - 195 

6. 35 l. 69 4.31 80 88 
5.91 .18 5 . 88 80 23 
4.66 . o 2 6.98 80 2 
3.5 . o 3 8.70 80 6 . 9 
2 . 36 . 03 10 . 68 80 15 

Bitumen Cumulative 
Produced Bitumen 

(ce) (ce) 

305 305 
520 357 
127 484 
118 602 
224 826 
440 1266 

Cumulative 
Solvent Recovery 

(ce) 
195 
283 
306 
308 
31 4 
329 

I'.) 

(Jl 

o 
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Table 52 

General Characteristics and Results for Run 19 

Amount of tar sand packed 

Bitumen content of tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of the model 

Volume occupied by porous plates 

Void space in the model 

Pore volume 

Porosity 

r -· - ~ ~u'T EL . J. t., . : . i.. 

ESPOL 

Total water in]. to saturate the pack 

Total solvent injected 

Amount of solvent retained by the pack 

Total run time 

Time for effluent breakthrough 

Time for steam breakthrough 

Solvent injection time 

Volume of solvent inj. befare effluent B.T. 

Total steam injected (as water) 

Steam injection rate 

Average pressure for solvent injection 

15223.95 gms. 

.1476 

2247 .055 gms. 

2168.972 ce 

GCOS synthetic 
crude 

12976.89 gms. 

4834.904 ce 

7 7 2 O ce 

181.5cc 

4 5 6. 6 ce 

2 6 2 5. 5 ce 

.34 

720 ce 

400 ce 

71 ce 

16.1 hrs. 

3. 5 hrs. 

9.3 hrs. 

l. 3 hrs. 

200 ce 

4395 ce 

7. 8 8 cc/min. 

56.86 psig. 
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Table 52 (continued) 

Average pressure for steam injection 82 psig . 

Water bitumen ratio (aver.) 2.96 ce/ce 

Solvent bitumen ratio (aver.) . 32 ce/ce 

Total recovery 1266 ce 

Recovery (%bitumen in place) 58% 
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Cumulative~~Volume Water 
Time Time Injected Produced 
(min.) (min . ) (ce) (ce) 

o o o 50 
3 3 20.10 50 
6 9 40.20 50 
6 15 40.20 30 
5 20 40.20 45 
4 24 20 . 10 25 
5 20 40 . 20 25 

Table 53 
Injection History for Run 20 

Cumula ti ve Cumula ti ve 
Injection 

o 
20 
60 

100 
140 
160 
200 

(ce) 

_..;,, 

"1 E~ 
(j} ~~ 
~ ~,.., 
u ...... 

o~ r ~ ,o, • - ___ ./ 

Water 
(ce) 

50 
100 
150 
180 
225 
250 
275 

Injection 
Flow Rate 

(cc/min.) 

-
6. 6 7 
6.67 
6.67 
8. o 
5. o 
8. o 

Pressure 
C:esig) 

52 
58 
58 
60 
58 
60 
58 

N 
(Jl 

-..J 
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Cumulative 
Sample Time Time 

# ( min.) (min.) 

1 86 86 
2 130 216 
3 128 344 
4 153 497 
5 214 711 
6 165 876 
7 69 945 

Inst. Inst. 
W.B.R. S.B.R. 

(ccw/ccb) (ccs/ccb) 

18.60 2. 28 
18.28 l. 31 

6 . 44 . o 9 
5. 00 o. o 

10.71 o. o 
9. 38 o. o 
4.15 o. o 

Table 54 
Production History for Run 20 

Volume Cumulative Water Cumulative 
Produced Volume Produced Water 

(ce) (ce) (ce) (ce) 

500 500 425 425 
980 1480 870 1295 
900 2380 770 2065 
900 3280 750 2815 

1640 4920 1500 4315 
1660 6580 1500 5815 
1030 7610 830 6645 

Flow Steam Solvent 
Rate Pressure Recovery 

( cc/min.) (psig) (ce) 

5.81 80 52.15 
7.54 80 62.4 
7.03 80 10 . 4 
5.88 80 o.o 
7.66 70 o. o 

10.06 85 o. o 
15.06 80 o. o 

Bitumen Cumulative 
Produced Bitumen 

(ce) (ce) 

22.85 2 2. 8 5 
4 7. 6 70.45 

119.6 190.05 
150 340.05 
140 480.05 
160 640 . 05 
200 840.05 

Cumulative 
Solvent Recovery 

(ce) 

52.15 
114.55 
1.2 4 . 2 5 
124.25 
1124. 2 5 
124.25 
124.25 

N 
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Table 55 

General Characteristics and Results for Run 20 

Amount of tar sand packed 

Bitumen content of tar sand 

Weight of bitumen in place 

Solvent used 

Volume of bitumen in place 

Weight of clean sand 

volume of clean sand 

Volume of the model 

Volume occupied by the porous plates 

Void space in the model 

Pore volume 

Porosity 

Total water injected to saturate the pack 

Total solvent injected 

Amount of solvent retained by the pack 

Total run time 

Time for eff luent breakthrough 

Time for steam breakthrough 

Solvent injection time 

Volume of solvent inj. befare effluent B.T. 

Total steam injected (as water) 

Steam injection rate 

Average pressure for solvent injection 

14713.65 gms. 

.147 

2162.9 gms. 

GCOS synthetic 
crude 

2087.74764 

12550.7 gms. 

4676.13 ce 

7720 ce 

181. 5 

775.37 

2863.11 

.37 

800 ce 

200 ce 

7 5. 5 ce 

17.42 hrs. 

2.42 hrs. 

17.40 hrs. 

. 48 hrs. 

200 ce 

6629 ce 

6. 3 5 ce -.-
m1n. 

57.71 psig. 



Table 55 (continued) 

Average pressure for steam injection 

Water bitumen ratio (aver.) 

Total recovery 

Recovery (% bitumen in place) 

262 

79.29 psig. 

7.91 

840.05 

40.24% 

ce 
ce 
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Table 56 
Injection History for Run 21 

Cumula ti ve Volume Cumulative Flow Rate 
Time Time Injected Volume Pressure 
(min.) ( min.) (ce) (ce) ( cc/min.) <Esig) 

43 43 165 165 3.84 70 
51 94 155 320 3.04 30 
34 128 220 540 6.47 26 

121 249 330 870 2. 7 3 29 
32 281 325 1195 10.1 21 

290 571 852 2047 2.94 16 
186 757 323 2370 l. 74 18 

67 824 350 2720 5. 22 75 
192 1016 6 20 3340 3. 23 , 16 

55 .. - 1071 440 3780 8.00 16 
31.2 1383 520 4300 l. 6 7 9 
210 1593 740 5040 3.52 9 

81 1674 160 520 l. 98 70 
l41 1815 120 5320 .85 23 

68 1883 280 5600 4.12 100 

Volume Cumulative Bitumen Cumu la ti ve Solvent Cumula ti ve Water Cumulative Flow 
Produced Production Produced Production Produced Production Produced Production Rate 

(ce) (ce) (ce) (ce) (ce) (ce) (ce) (ce) 
(ce:: ~ 
min. 

o.o o.o o.o o.o 250 250 5.81 
250 250 

23 23 204 204 48 298 5. 39 
275 525 
410 935 17 40 289 493 104 402 12 . 06 

254 1189 9 49 209 702 36 438 2.10 
325 1514 11 60 310 1012 4 442 10.16 
940 2454 33 93 897 1909 10 452 3 . 24 N 

2814 27 120 363 2272 o 452 2. 63 -....] 

390 e + o 2844 o 120 o 2272 o 452 o. o 



Table 56 (continued) 

Volume Cumula ti ve Bitumen Cumula ti ve Solvent Cumula ti ve 
Produced Production Produced Production Produced Production 

(ce) (ce) (ce) (ce) (ce) (ce) 

500 3344 27 147 473 2745 
810 4154 28 175 782 3527 
435 4589 41 216 394 3921 
650 5239 43 259 607 4528 

o 5239 o 259 o 4528 
300 5534 10 278 281 4809 

o 5539 o 278 o 4809 
700 6239 56 334 6 44 5453 

~ ~ m ¡;,., ;·<.::;.::..:::~ 
(j) s:= .. ; '.·-/ '.•. ;,~ 

~ ! \;:J~~~ 
_.; 

Water Cumulative Flow 
Produced Production Rate 

(ce) (ce) (e~ ) 
min . 

o 452 2.60 
o 452 14.73 
o 452 2 . 04 
o 4 52 3.10 
o 452 o 
o 452 2.13 
o 452 o 
o 452 

N 
-..J 
c.n 
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is several times wider than Model 1, and that injection of 

solvent in Model 1 was carried through a restricted fluid 

entry. If these factors are considered, it must be con-

cluded that the overburden pressure and the water injected 

previously confined the flow of solvent to a well-defined 

path. Later, when analyzing the effluent in the infarred 

spectrophotometer it was observed that the concentration 

of bitumen in the effluent produced was always in decreasing 

quantities. If Figure 109 is observed, it can be seen that 

97% of the solvent injected was produced before injecting 

any steam, also as observed in Runs 15, 18, and 19, water 

production stopped the moment effluent began t o be produced. 

The model was closed and pressurized several t imes (notice 

the sharp increases in pressure and decreases in flow rate 

in Figure 109) but no increase in bitumen concentration was 

observed in the effluent recovered. Throughout the s~; 

('1 t· \" 
inj ection process' the pressure of the overbur den wa~ ·'1_r:ro{>, ~ 

-~ . ... _, ,' ' 
, •• ~ ¡:. .l.\' 

aff ected . '·-:<:''._'/ 

•f' •. . .. t 

Several h o urs la ter steam inj e et ion was ini tia ~(1. 1 ' 1 ·-~: • "
¡f: ,_ ·p :"; ~1 

through the steam injection well (Figure 113 shows the 

position of the wells and the temperature recording intervals 

of Model 2). Steam was produced through wells 4, 2 , and 1, 

after 2, 2.32 and 2.48 hours of steam injection respectively, 

which shows that the pack was channalized almost symetricaly, 

well 3 produced steam after 4.37 hours of steam. injection. 

Steam injection pressures were held at lower values than 

those in Model 1, considering that the distance between 
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wells was smaller, and that the sand pack was so bulky that 

high steam injection pressures causes premature steam break

through without allowing flow of bitumen to the ~hannels 

opened by the solvent. Table 57 and Figure 110 represent 

the production history for Run 21 . 

Run 22. With the experience gained in Runs 18, 19, 20, 

and 21, with regard to the slug size when the solvent is 

injected through the production well, a 10% PV slug was 

injected, but now only well 1 was opened and when 25% of 

the slug was injected, later this well was closed and well 

2 was opened, later well 3 and finally well 4. Figure 111 

represents the injection history for Run 22. In Table 59 

it is possible to see that increasing amounts of bitumen 

were recovered, showing thateverytime a well was opened 

fresh tar sand was contacted . Before initiating steam 

injection 81% of the solvent injected was recovered, show

ing again that the solvent was confined just to very 

definite paths in the pack. 

Steam injection pressure was held at 30 psig most of 

the time with the purpose of heating the pack in a more 

uniform fashion, in this way bitumen would have more 

time to flow to the channels and to the wells. When 

steam was injected into the two dimensional model, the 

overriding eff ect of the steam confined a large section 

of the pack, and even gravity segregation was strong 

bitumen was not recovered in volum: that could be recovered 

if this effect had not existed. In Runs 21, and 22 the 
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overriding effect of the steam was not present, because 

due to size of the model, the walls of the box were far 

away from the steam injection point and the wall effect 

was no longer a problem. Temperature was recorded for both 

Runs 21 and 22 , but only profiles for Runn 22 are presented 

in Figures 114 to 121, temperature was registered for two 

planes, 7 and 3 inches from the base of the model. In 

both runs it was very interesting to observe the symmetry 

of the temperature profiles which are almost perfect 

circumferences (plane EFGH), mainly because of the low 

steam injection pressure and the homogeneous medium con-

sidered. After 9 hours of steam injection in plane ABCD 

(7 inches from the base) profiles began to have ellypse 

like form. At 11 : 46 steam breakthrough occurred through 

well 2 and if the temperature profile after 12 

steam injection is observed (Figure 120) it is 

seen that the line of 200°F going around 

¡\~' ¡·li'.~, •1c1 the steam inj ection well. La ter ( at 1 6: 10 ) breakthrotr •J·~ h • 

.::S Ot 
occurred through well 3, it is possible to observe also, 

in the temperature profile after 16 . 25 hours of steam in-

jection ( Figure 121) how steam is flowing from the steam 

injection point to well 3. When steam was produced through 

the four wells, injection was stopped, and after injecting 

water to deter mine the volume of steam injected (as con-

densate ) , 27 c ore samples were withdrawn from the planes 

shown in Figure 122. 

From thes e figures (123, 124, and 125 ) it is possible 



280 

to see that rnost of the biturnen was produced in large 

arnounts frorn planes 2 and 3, (Figures 123 and 124 ) , while 

plane 1 presented high residual biturnen saturations . The 

production wells (Figure 8) were four seven inch tubes 

covered by a wire screen, and the injection well was a 

two inch long tube, then rnost of the biturnen carne frorn 

the portian of the sandpack within the wells. The higher 

ternperatures were recorded in the plane EFGH, 3 inches 

frorn the base (Figures 119, 120, and 121 ) , this rneans that 

stearn swept more ef ficiently through this portian of the 

sand . Figure 127 shows the low residual saturations of 

this plane. The three vertical planes sarnpled show higher 

residual saturation of biturnen at the upper section of the 

sand pack, showing again that rnost of the biturnen recovery 

carne frorn the section within the wells. Vertical plan 2 

(EFGH, Figure 125) shows that biturnen was displaced more 

efficiently in this section, this is because the injection 
t::;:"';ou;.1:l . 
.>º_,--....;,•,~º l.'/ ~'.~_(-';';~" /: 'lf "·~·¡ " \~ \'i·:· :·.r~ )·; 

of stearn took place in this plane . 

Cornpaction of the pack was also observed in these :'~~,-:9 

last two experirnents . Before beginning stearn inj ectiolfi~E tfü;A i~CT 

h b d b 7 5 . At the ESPOL t e over ur en pressure was set to e psig. 

beginning of stearn injection, the heating effect of the 

stearn being injected caused expansion of the sand and the 

forrnation fluids, later when flu i ds were being produced 

frorn the box, it was necessary to purnp more oil with the 

Ruska purnp in arder to rnaintain a constant pressure. This 

effect was stronger in Run 22 where the recovery was higher 
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than in Run 21 (e.g., 36.6 % recovery in Run 22, Table 61, 

compared to 26. 3% recovery in Run 21, Table 58; also see 

Figures 112 and 110 respectively). As observed in the 

experiments cond ucted with the two-dimensional model , 

compaction of t h e sand was in direct proportion to the amount 

of bitumen recovered. 



Sample Time 
# (min.) 

1 149 
2 139 
3 253 
4 121 
5 -
6 -
7 -
8 -

I 
W.B.R. 

(ce/ce) 

8.0 
2 . 3 3 

. 11 
3.0 
2.62 
l. 85 

. 8 3 
l. 67 

Table 57 
Production History for Run 21 

Cumulative - --Volume Cumulative Water Cumulative 
Time Produced Volume Produced Water 
(min.) (ce) (ce) (ce) (ce) 

- 1010 1010 800 800 
- 1000 2010 700 1500 
- 1000 3010 1 00 1600 
- 1000 4010 750 2350 
- 1050 5060 760 3110 
- 770 5830 500 3610 
- 440 6270 200 3810 
- 400 6670 250 4060 

I Flow Steam Solvent 
W.B.R. Rate Pressure Recovery 

(ce/ce) (cc/min.) (psig) (ce) 

1.1 6. 7 8 40 110 
o. o 7.19 40 o . o 
o. o 3 . 45 40 o. o 
o. o 8.26 40 o.o 
o. o - 40 o.o 
o.o - 60 o. o 
o. o - 60 o.o 
o.o - 60 o.o 

= m ~ ~·,__~ 
(fJ ~ !' , /~,' -.;-,;.\ 

- ~~ -Í'~-·: <'h \V ~ r'T· ~ .. t .··1~n·~1~ 
,~ {-.... ,->\ f' ,! . <>-- )"" u ~ '\-~(---:. .. ~·./.j; 
~'l!~ ~-~ ·,::2:--3, __ , 

Bitumen 
Produced 

(ce) 

100 
300 
900 
250 
290 
270 
240 
150 

Cumulative 
Solvent 

(ce) 

110 
110 
110 
110 
110 
110 
110 
110 

Cumulative 
Bitumen 

(ce) 

100 
400 

1300 
1550 
1840 
2110 
2350 
2500 

N 
co 
N 
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SLUG SIZE: 5600cc (45% PV) 
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co 
w 

Figure 110 Production History for Run 21. 
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Table 58 

General Characteristics and Results for Run 21 

Amount of tar s and packed 

Bitumen content of tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of steal box 

Void space in the model 

Pore volume 

Porosity 

Total solvent injected 

Amount of solv ent retained by the pack 

Total run time 

Time of solven t injection 

Time of steam injection 

Time for effluent breakthrough 

Volume of solvent inj. before effluent B. T . 

Average injection rate before effluent B.T . 

Average flow rate 

Average pressure for solvent injection 

Average pressure for steam injection 

Time for steam breakthrough 

69599 gms . 

.1602 

11157 gms . 

10769 ce 

GCOS synthetic 
eructe 

58442.5 gms. 

21782 ce 

34200 ce 

1648.5 ce 

12417 ce 

.36 
/-;.-:·· . ....... 

5 ~/_,Q º·· - ·\ ce .·. 1 
i. 

\· ·, . . , . 
'31-· ·cé'.;/ 

Bl3 9,,::g,,7. ; l\~s . 
ESPOl 
31. 38 hrs. 

4 . 37 hrs. 

3 . 15 hrs. 

130 ce 

3.02 
ce 
~ 

min. 

2. 9 7 
ce -.-min. 

35.2 psig. 

50 ps i g . 

4.37 hrs. 



285 

Table 58 (continued) 

Water bitumen ratio l. 59 ce/ce 

Total steam injected (as water) 5130 ce 

Steam injectio n rate 19.57 ce 
~ min. 

Total bitumen recovery 2834 ce 

Recovery 26.3% 



Table 59 
Injection History for Run 22 

Volume Cumula ti ve Bitumen Cumulative Solvent Cumulative Water Cumulative Flow 
Produced Production Produced Production Produced Production Produced Production Rate 
(ce) (ce) (ce) (ce) (ce) (ce) (ce) (ce) (ce) 

92 92 92 92 18.4 
14 106 14 106 2.0 
12 118 12 118 3.0 
74 192 12 130 8 . 8 
46 238 13 13 21 83 12 142 11. 5 
48 286 31 173 16.0 

100 386 20 193 11. o 
200 586 22 215 18.2 

90 676 28 41 52 410 10 225 6.4 
84 760 30 225 4. 7 

138 898 8 263 6. o 
28 926 12 275 3. 5 

100 1026 33 77 67 674 o 275 4 . 5 
66 1092 12 287 4.7 

246 1338 48 335 9. 5 
1 48 1486 48 125 84 1010 16 331 6 . 2 

Cumulative Volume Cumulative Flow 
Time Time Injected Volume Rate Pressure 
(min.) (min . ) (ce) (ce) (cc/min.) (psig) 

5 5 60 60 12 83 
7 12 76 136 10.8 90 
4 16 59 195 14.7 97 
9 25 85 280 9. 4 100 
4 29 30 310 7. 5 100 !'.) 

3 32 40 350 13.3 99 co 

9 41 90 440 10 91 m 

11 52 100 540 9. 09 70 



Time 
(min.) 

14 
18 
23 

8 
22 
14 
26 
24 

Cumula ti ve 
Time 
(min.) 

66 
84 

107 
115 
137 
151 
177 
201 

~ 

m~ 
(j) § 
·'fj ~~ 

o=~· 
~:» :---= 

<e~~ 
-/·~r+ ~3~\ 
;\r:.'&t~ 

Table 59 

Volume 
Injected 

(ce) 

80 
75 

105 
40 
90 
75 

125 
110 

(continued) 

Cumula ti ve 
Volume 

(ce) 

620 
795 
800 
840 
930 

1005 
1130 
1240 

Flow 
Rate 

(cc/min.) 

5.71 
4.17 
4. 5 7 
5.0 
4.09 
5.36 
4.81 
4.58 

Pressure 
(psig) 

50 
75 
62 
60 
47 
65 
51 
40 

rv 
co 
-....¡ 
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Table 60 
Production History for Run 22 

Cumulative Volume Cumulative Water Cumulative Bitumen Cumulative 
Sample Time Time Produced Volume Produced Water Produced Bitumen 

# (min.) (min.) (ce) (ce) (ce) (ce) (ce) (ce) 

1.1 344 - 900 900 800 800 100 100 
l. 2 548 - 9 30 1 8 30 850 1 6 50 80 1 80 
l. 3 517 - 900 2730 750 2400 150 330 
1.4 572 - 820 3550 650 3050 170 500 
2 .1 383 - 780 4330 630 3680 150 650 
2 . 2 101 - 950 5280 800 4840 150 800 
2. 3 351 - 900 6180 400 4880 500 1300 
2 . 4 438 - 900 7080 200 5080 700 2000 
3.1 2 38 - 950 8030 700 5780 250 2250 
3.2 360 - 670 8700 600 6380 70 2320 
3. 3 228 - 1000 9700 700 7080 300 2620 
3.4 - - 850 10550 450 7530 400 3020 
4.1 - - 1000 11550 300 783 0 700 37 2 0 
4.4 - - 750 12300 550 8380 200 3920 

o ver- CIO 

+~ 190 8570 
night - - 35 !fr1 ~ 24 3944 

t!l ~1 :~··<.·,~ . : ;·~11 
~ ,-.. \''.-'. - .;:. ·¿} 

I I ~lB"w -'2JJ' Steam Solvent Cummulative 'Z';;"--- -~ ... 
W.B.R. S. B.R. !ita~ ' Pressure Recovery Solvent 
(ce/ce) (ce/ce( ( cc/min.) (psig) (ce) (ce) 

8.0 o. o 2.62 40.0 o. o 
10.6 o. o 1.72 32.5 o. o 

5. o o. o l. 74 32.5 o.o 
3.8 o. o l. 43 32.5 o. o 
4.2 o.o 2 .04 30.0 o. o - t0 

5 . 3 o . o 5. 9 30.0 o. o - (X) 

LO 
. 8 o.o 2. 56 30. o o.o 
. 3 o.o 2. o 5 30.0 o.o 



I I Flow 
W.B.R. S.B.R. Rate 

(ce/ce) (ce/ce) (cc/min.) 

2 . 8 o . o 3.99 
8. 6 o . o l. 86 
2. 3 o.o 4.39 
1.13 o.o -

.43 o.o -
2. 7 5 o. o -
7.92 o. o -

Table 60 (continued) 

Steam Solvent 
Pressure Recovery 

(psig) (ce) 

30.0 o. o 
30.0 o.o 
35.0 o.o 
30.0 o. o 
30.0 o.o 
30.0 o . o 
- 136 

Cumulative 
Solvent 

(ce) 

136 

N 
U) 

o 
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Table 61 

General Characteristics and Results for Run 22 

Amount of rar sand packed 

Bitumen content of tar sand 

Weight of bitumen in place 

Volume of bitumen in place 

Solvent used 

Weight of clean sand 

Volume of clean sand 

Volume of steel box 

Void space in the model 

Pore volume 

Porosity 

Total solvent injected 

Amount of solvent retained by the pack 

Total run time 

Time of solvent injection 

Time of steam injection 

Time for effluent breakthrough 

Volume of solvent inj. befare effluent B.T. 

Average injection rate befare effluent B.T. 

Average flow rate 

Average pressure for solvent injection 

Average pressure for steam injection 

Time for steam breakthrough 

69684.3 gms. 

.1652 

11511.8 gms. 

11111. 8 ce 

GCOS synthetic 
crude 

58572.5 gms. 

21830 ce 

342000 ce 

12 5 7 ce 

12369 ce 

.362 
Sl~UDHCA ;!Cl 

·SPOt 
1240cc 

94 ce 

30 hrs. 

3 . 35 hrs. 

22 . 7 hrs. 

. 5 hrs. 

2 80 ce 

9.33~ min. 

6.17 ~ min. 

73.7 psig 

30 psig 

22.7 hrs . 



Table 61 (continued) 

Water bitumen ratio 

Total steam injected (as water) 

Steam injection rate 

Total bitumen recovery 

Recovery 

293 

2.17~ 
min. 

11150 ce 

8.17~ 
min. 

4069 ce 

36.6% 
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Figure 113 Temperature Recording I ntervals of Run 22. 
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PLAHE ABC0(7"FROM THE BASE),TEMPERATURE PROfllE AFTER 01 HRS OF STEAM INJ.,P • 40.0 PSIG.,TEMP. IN OEG. F. 
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Figure 114 Temperature Profile for Run 22. 
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PLANE ABCD(7"FAOM THE BASE) ,TEMPERATURE PRDFILE AFT ER 03 HRS OF STEAM INJ. ,P • 30 .0 PSIG., TEMP . IN DEG. F. 
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Figure 115 Temperature Profile for Run 22. 
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PLANE ABC0(7"FROM THE BASE),TElt'ERATURE PROFILE AFTER 16.25 HRS ,P • 30 . PSIG ,T. IN OEG. F • 

l!ll. 3 

:m. 

185.~ 

.. 

1ll.7 

.. .. . 
•• m. 

.. 
,..1·: 2 
~ .. 

·184.2 • 

200. 

. 

.196.l 

. 
203.0 

.. 
• 210. .. 

• 

.. . .. 
. . . 
213.S. 

.. 

;;J)),5 

Figure 117 

. 
20'.i.O 

... ... " .. . 

•218.0 

... 
... 

221 ••• 2Jl .•• : "2ic: •• • : . • 2JJ. •• •• 221:: .... .. · ~ 

.. 

.. .. .. . . 

. . 

.. . .. 

.. . . 

. .. ... . . 
+ ... . . 

• • • 26),0' . 
. .. I!' • ... 

.... ... . ... 

.... 
·Zll.8 

lli.o 

. 
196.5 

2l2.2 

2]0, . ... . 
. . 

• • 212 . ~· . . . . 

. .. 
201.5 

~.8 

3 

200. m . • 

Temperature Profiles far Run 22. 

298 

: · 183.9 

183.9 

m.7 



299 

30•.PSl:B...T. IN DEG.F. 
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PLANE EFGH(3'FROM THE BASE),TE ... ERATURE PROFILE AFTER OIHRS OF STEAM INJ.,P • 40,0 PSIG.,TEM!'. IN DEG. F. 
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PlAllE EFGH(3"FROM THE BASE) ,TEMP.PROFILE AFTER 09.5 HRS OF STEN4 INJ . ,P • 30.rSIG,. TEHP. IN DEG. F. 
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PLAHE EFGH( 3"FROM THE BASE). TEHP. PROFILE AFTER 16.25 HRS,P•30, PSIG,TElt'. IN DEG. F. 
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Figure 125 Residual Saturation Contours for Run 22. 



VIII. SUMMARY AND CONCLUSIONS 

This study is a continuation of a series of investiga-

tions conduced at The Pennsylvania State University by 

Snyder (32) and Hernandez (21). The present study was 

concerned with the recovery of bitumen from Athabasca Tar 

Sands in a two-dimensional vertical model with restricted 

fluid entry, and in a three-dimensional model. Three 

different solvents (GCOS synthetic crude, Mobil Solvent 

and naphtha) were used to i nvestigate recovery from the 

models by miscible displacements. Thermal-miscible dis-

placement effectiveness of different slug sizes (45% PV, 

20% PV and 10% PV), and so l vents (GCOS synthetic crude 

and naphtha) was studied for both tar sand packs saturated 

with bitumen and air and tar sand packs saturated with 

bitumen and water. 

The eff ect of changing the placement of the slug Ú~\ 
¡;¡ ,.p . ..., , l \ 

from the steam inj ection well to the production well fo'r-\~~di~~-) 
' .:{!_~?~~·.,. 

the three GCOS synthetic crude slugs (45% PV, 20% PV an~ ¡~l+ , ·1rtn ~ i !' 1;l.it.1kJ. <Ji'I • • 11 

10% PV) was al so investigat ed . ESPCt 

Finally, two GCOS synt hetic crude slugs (45% PV and 

10% PV), followed by steam were placed in the neighborhood 

of the production wells of the three-dimensional model to 

investigate bitumen recovery from a 5-spot system under 

the action of a 75 psig overburden pressure. Miscible 

and thermal-miscible displacement were studied in the 

three-dimensional model. Within the limitations of the 
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present study, the following conclusions may be drawn: 

Miscible Displacements 

l. Recovery of bitumen by miscible displacement is 

not f easible considering the large volumes of 

solvent used TO recover relatively low amounts of 

bitumen. Of the three solvents used, Mobil 

solvent yielded the highest recovery (32 . 2%), 

naphtha was next (21.35%), followed by GCOS 

synthetic crude (16 . 6%). 

2. When the sand pack is saturated with biturnen and 

air, the solvent injected does not create a channel 

but instead tends to saturated all the ernpty spaces 

and pores left after packing the rnodel. It was 

necessary to inject a volurne of solvent close 

to the void space in the rnodel bef ore obtaining 

effluent breakthrough. 

3. Mobil solvent was the solvent that swept the tar 

sand e fficiently . When GCOS synthetic crude and 

naphtha were injected, the arnount of solvent re

tained by the pack was the volurne injected before 

effluent breakthrough. The tar sand sarnples 

recovered always showed decreasing biturnen con

centration. It i s therefore, concluded that the 

new portions of t he tar sand pack contacted by 

these two solvents after effluent breakthrough 

were o f a srnall extent. Whenthe Mobil solvent was 

injected, the arnount of solvent retained by the 
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pack was twice the volume of the solvent injected 

befare effluent breakthrough. As a consequence, 

bitumen recovery was higher for this solvent, 

because a fresh portian of the pack were contacted 

and swept. 

4. Pressurizing the model and recirculation of 

effluent did not improve bitumen recovery. 

5. Capillarity in bitumen-solvent-air-sand systems 

was f ound to be a strong force which helped to 

distribute the solvent over the tar sand pack. 

6. Wall effect is to be expected in such experiments 

because it is practically impossible to achieve 

perf ect contact between the tar sand and the walls 

of the steel box. 

7. Asphaltene flocculation was not observed for any 

of the solvents at the experimental conditions . 

Thermal-Miscible Displacements 

Naphtha-Steam Combinations 

l. Naphtha-steam combinations proved to be an efficient 

way of recovering bitumen from the Athabasca 

Tar Sands. 

2. Non-continuous steam injection yielded higher 

bitumen recoveries than continuous injection for 

similar conditions of slug size and steam injection 

pressure, but the water requirements and steam 

injection timewere a l so higher for the non

continuous steam injection case. 
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3. Solvent-temperature combination caused asphaltene 

flocculation (for 45 and 20% PV slug size, and 

temperatures up to 210ºF) 

4. Recovery of bitumen was directly, proportional 

to any slug size. 

5. Bitumen recovery was found to depend upon the 

steam injection rate, being higher at medium1 

injection rates. 

6. Residual saturations of solvent were negligible 

for naphtha. 

7. Injection of slugs of l i ght solvents such as 

naphtha is not desirable, because due to the low 

boiling point of these solvents most of the 

solvent is produced in t he first stages of steam 

injection. 

GCOS Synthetic-Steam Combinations 

i) Tar Sand Pack Saturated with Bitumen and Air 

l. GCOS synthetic crude-steam combinations 

were f ound to be more ef f icient than naphtha-

steam combinations in the recovery of bitumen, 

especially for cases where a 45% PV slug 

was injected. For 20% PV slugs, recovery 

was the same for both solvents, but the water 

1The following classification was used for the steam inj
ection rates; low (0-4.75 cc/min.), medium (4.75-10 cc/min) 
and high (10 cc/min. and up). 
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requirement of the naphtha-steam runs was 

higher. 

2. Bitumen recovery was a direct function of 

t he size of the slug injected, being higher 

for larger slugs. 

3. GCOS synthetic crude-steam combinations did 

not cause plugging by asphaltene flocculation 

f or any of the conditions studied. 

4 . Residual saturation of solvent ranged from 

4 7 to 16% of the original volume of the 

s olvent injected. 

5. Medium steam injection rates were more 

e ffective in the recovery of bitumen of all 

t he slug sizes used. 

6 . 
~' .. ,(:,s' ---.. ~+¡, 

Water-bi turnen ratios were usually lower~·~;~/?\ 
. ~~~~~'1\ /(';¡ 

for GCOS synthetic crude-steam comb1nat'~G!1_$:/~·' 
~ ~· .~ / 

t han for naphtha-steam combinations . h!:St;ílHC1\ :::: 

f:G'.P1'"'•"' 
Tar Sand Pack Saturated wi th Bi turnen and Wat~r ··-• ""· 

l. When water, and subsequently, solvent are 

injected through the same side of the pack 

(steam injection point) the volume of water 

displaced from the pack is equal to the 

volume of solvent injected and there is no 

diff erence in the general behavior of the 

experiments with regard to those experiments 

where the pack was saturated with bitumen 

and air. 



2. Low steam injection rates proved to be 

undesirable for bitumen recovery. 
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3. When solvent injection was changed from 

the side of the steam injection well to 

the side of the effluent production well, 

recovery of bitumen increased for all the 

slug sizes used and recovery was - no longer 

dependent upon slug size . 

4. Changing the placement of the slug reduced 

the volume of solvent required to have 

effluent breakthrough from 900 ce (when 

solvent was injected through the steam 

injection well) to 200-300 ce. In this case, 

the solvent opened a channel in the pack 

and a definite path was created between the 

injection and the producing wells. 

5. Becuase of the presence of water saturating 

the empty spaces of the tar sand pack 

the flow of solvent was confined to small 

sections of the pack, and the miscible dis

placement was more efficient. 

6. Recovery of bitumen was higher for medium 

steam injection rates than for high steam 

injection rates 

7. When solvent was injected in the neighborhood 

of the production well, residual saturations 

of solvent were negligible. 
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8. Water-bitumen ratios were lower when the 

slug was placed in the neighborhood of the 

production well. 

9. The characteristics of the experirnent did 

not change when the three-dirnensional rnodel 

was used, and the conclusions obtained for 

the two-dirnensional rnodel are valid for the 

three-dirnensional rnodel as well. The only 

diff erence was the absence of the wall 

effect and the overriding eff ect of the stearn 

observed in the two-dirnensional rnodel. 

10. The presence of the overburden pressure 

helped in confining the solvent flow to a 

definite section of the rnodel, irnproving 

cornrnunication between wells and lowering 

the volurne of solvent required to open 

channel in the sand pack. 

11. Cornpaction of the tar sand packs is to ~W~lU1tí:A f~CT 

. FSPOL 
expected when the production of biturnen is 

large.- It should be rernernbered that the 

cernenting material in this unconsolidated 

sand is biturnen, and when this is produced 

the sand grains are left with a larger 

void space inbetween, if to this is added 

the action of the stearn flow as well as the 

overburden pressure large cornpaction is to 

be expected. (This conclusion is lirnited 
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only to experiments where the tar sand 

is manually packed, because in actual tar 

sands the contact is grain-to-grain and 

compaction is negligible.) 



IX. LIMITATIONS OF THE EXPERIMENTS, 
AND EXPERIMENTAL DIFFICULTIES 

Limitations of the Experiments 

Even though the experiments conducted provided 

information on the mechanics of miscible and thermal-

miscible displacements, a number of factors, limit the 

validity of the results obtained . 

Even when the model was carefully packed, it was 

impossible not to have a void space in the model which 

gives some degree of communication between wells. It is 

known that the Athabasca Tar Sand in its original state 

has zero permeability, then the characterist i cs of flow 

could change in a system like that. 

The porous media studied were homogeneous tar sandd-;:o;-,.;-;;~. 
cr~;~~::"\ 

packs, where all the clay and rock were removed befare :~'(.5f!:cff'i~1 
\•.> ~:--r~-'; /. I 

1t..((• l,.b.'/..._.!'/ 
., ... J • .s~-;-·~ .. / 

packing . But the tar sand formations have a variable '· ·,~ 
., ·.l!!'\7- 1, ~l''l 
,l¡i¡ ,i; u.~ ....... 

bi tumen satura tion which changes from one po i nt to ano~~~ ,..,~ 
),,,,. """'.: -~ l.> ·~ 

in the formation. 

The small thickness of model 1 caused s t rong steam 

override of the sand pack which was the reason f or early 

steam breakthrough and the consequent decrease in recovery. 

The compaction observed in the models shows that 

the models did not have grain-to-grain contact. 

Both models were insulated with fiberglass which 

helped to maintain the models without too much heat 

losses. A thermometer placed on top of the f iberglass 

insulation never exceeded 150°F, while inside the model 



the temperature many times was above 250ºF allowing a 

uniform temperature distribution. 

The effluent samples recovered where centrifuged 

to separate any water that stayed in suspension but it 

is still possible that sorne readings may be affected 
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because of this. ( I t must be remembered that the samples 

were analyzed in an infrared spectrophotometer and the 

samples are suppose to be made up only of two components, 

bitumen and solvent . ) 

Experimental Difficulties 

Considering 14 . 5 (wt.%) as an average value for 

bitumen content of the tar sand samples used in the 

experiments, to obtain 1000 ce of bitumen necessary for 

the viscosity measurements experiments, it was necessary 

to extract 15 pounds of tar sand using large amounts of 

solvent. Later it was necessary to separate the solvent 

from the bitumen by distillation using a glass column . 

These processes are very time consuming and difficult, 

especially because of the sulfurous gases liberated from 

the bitumen. 

Bitumen must be handled at high temperatures, 

because at room temperature it is solid, and cannot be 

transferred from one beaker to another. 

The experimental runs were lengthy and difficult . 

Sometimes it took more than 30 hours to have steam 

breakthrough, and steam injection had to be continuous . 

Handling of the models was complicated because it was 
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necessary to pack the models carefully in each run and 

packing was done manually. Model 2, in particular, was 

extremely difficult to operate . Its weight was 

more than 350 pounds once the steel box was packed. 

Finally, when steam was injected it was necessary to 

record temperature and steam pressure every hour. As 

mentioned before, many runs took over 30 hours. Collection 

of effluent was also troublesome because of the large 

volumes of water produced, and because emulsification of 

the water in the viscous bitumen produced occurred 

several times. 

.. ., .. , 1 ~ .. ¡; ¡ 
1)t1h.11J.1.~t. ',l. 

r,i:~l?;":/'1; 1 
,.._... ~"~ ~ "'• ... 
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