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ABSTRACT 

This researdi was directed towards an experimental investigation of 

the performance of the immisdble carbon dioxide Water-Alternating-Gas 

(WAG) process, which holds considerable promise for the recovery of m o d e  

ateiy viscous heavy oils from thin and/or deep formations, for which reser- 

voir conditions do not favour the application of any of the thermal recovery 

techniques. 

The experimental work was conducted to study the diffusion and grav- 

ity segregation phenornena ocamhg during the process. Work was also 

done to study the non-isothermal immisable carbon dioxide WAG process. 

A number of measurements were made to study the diffusivity of a gas 

phase into a liquid phase. In this study, two gases: carbon dioxide and 

methane were used as the diffushg gas phase. Oils of different physical prop- 

erties were used to represent the l i e d  phase. The measurements were made 

at various pressure and temperature conditions. It was observed that, based 

on the results obtained, the diffusivity of gaseous carbon dioxide or methane 

inaeased with inaeasing pressure and temperature and decreased with in- 

creasing oil viscosity and oil molecular weight and that carbon dioxide dif- 

fused fas- than methane. Using the data collected, an empiricd correlation 

was also developed. 

Several displacement experiments were perfomed to determine the 

possible application of a carbonated waterflood in place of an immisable car- 

bon dioxide WAG flood. A carbonated waterflood was found to be inferior to 

an immiscible carbon dioxide WAG flood, because the carbon dioxide re- 

quisement was too high. 



Gravity segregation of carbon dioxide and water was investigated by 

conduchg a number of vertical and horizontal displacement experirnents. It 

was observed that gravity segregation affected the displacement efficiency of 

the immiscible WAG process. As wd, it was noted that transverse difhrsion 

of carbon dioxide in the horizontal direction normal to the verticai longitudi- 

nal dvection helped delay the upward gravity channeilïng of carbon dioxide. 

In addition to the studies mentioned above, a non-equilibrium math- 

ernatical modei with phase change for the non-isothermal immiscible carbon 

dioxide WAG process was developed, using non-equiiibrium thermodynam- 

ics theory. Two sets of scaiing criteria for the non-isothermal carbon dioxïde 

process were derived ushg the mathematical modei. These were ernployed 

to design and perform non-isothermal experiments. 

Moreover, the experimental results obtained in this investigation, as 

well as those obtained in previous Investigations, were correiated using the 

scaling criteria derived, thus demonstrating the usefuiness of the aiteria. 
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INTRODUCTION 

The immiscible carbon dioxide WAG mater-Altemating-Gas) process 
holds promise for the recovery of moderately Wcous heavy oils from thin 
( les than 10 m) and/or deep (greater than 1000 m) formations where thermal 
recovery methods are ineffective due to high heat loss and other limitations. 

Many studies have been conducted to date to examine the effectiveness 
of the process, as weii as its mechanism. Laboratory studies on the application 
of the process to the recovery of oii from thin and deep resemoirs showed 
that a substantial volume of oil, about I O  to 30% incremental oil compared to 

a waterflood, can be recovered by this processl? Field studies and projects 
conducted in the United States have produced good r e s u l t ~ ~ ~ ~ ~ .  In Alberta, the 
effectiveness of this process was demonstrated by the commerciai immisuble 
carbon dioxide project in Retlaw, started in January 1991. Within six months 
after production began, the cumulative oil production exceeded 120,000 sm3." 

The basic idea of this recovery process is to altemately inject small slugs 
of carbon dioxide and water. When carbon dioxide is injected into a reser- 
voir, if will dissolve in the oïl, causing swelling of the oil and lowering of the 
oil viscosity. Foilowing this, water is injected to displace the carbon dioxide- 
swollen oil. The reason slugs of carbon dioxide and water are dternatively 
injected is to control the mobility of the gas phase. Carbon dioxide gas is pre- 
ferred in this process because it has a very high solubility in oil, compared to 

other gases such as methane, propane, ethane. and nitrogen. In order to 
make the process more effective, carbon dioxide must be injected as gas rather 
than liquid because liquid carbon dioxide may only be sparùigly soluble in oil. 

Even though the process is quite successful in recovering moderately 
viscous heavy oils from thin and deep reseiyoirs, there are s ü i l  a few prob- 
lems associated with it. Two of the few problems ewisting in the process, 
which are also the focus of this current study, are non-equilibrium phenom- 
ena and gravity segregation of the injected carbon dioxide gas. The non-equi- 
librium phenomena mise because the concentration of carbon dioxide near or 
around the injection welI is higher than that away from or near the produc- 
tion w&. Consequently, mass nansfer has to take place to even out the car- 



bon dioxide concentration. One of the weil kmwn mass tramfer processes is 
diffusion which occurs when a system is out of equïiibrium. Diffusion is the 
mass transport process whidi involves the movement of molecules from one 
point to another and is known to play an important role in the immisable 
carbon dioxide WAG process. Therefore, one of the objectives of this research 
is to measure the diffusivity of carbon dioxide in different heavy oiis at vari- 

ous pressures and temperatures A second objective is to deveiop a mathe- 
matical model which indudes the non-equiiibrium phenornena. 

As mentioned above, because carbon dioxide is injected as gas rather 
than as liquid, its density is much lowe. than that of the resemoir oïl. The 
density ciifference between the injected carbon dioxide and the reservoir oil 
resdts in segregation of the injected carbon dioxide, causing carbon dioxide to 
rise to the top of the reservoir and then to finger through the oil. 
Furthemore, the solution of carbon dioxide in oil inaeases the oïl density, 
making the density ciifference worse. 

Studies conducted to-date have been focussed on investigating gravity 
segregation in miscible gas displacements; none has been conducted to inves- 
tigate the same phenornenon in inuniscible gas displacements. Thus, there is 
a need to study gravity segregation in the immiscible carbon dioxide dis- 
placement process. 



STATEMENT OF THE PROBLEM 

Gravity segregation of the injected fluids and non-eqdibrium phe- 
nomenon may have detrimentai effects on the performance of the immisci- 
ble carbon dioxide WAG proœss. In this study, the effects of gravity segrega- 
tion and non-equiiibrium phenornena in the immiscible carbon dioxide 
WAG flooding process are to be investigated. The main objectives of this 
study can be summarized as foiiows: 

1. To study the diffusivity of carbon dioxide into oil at various 
pressures and temperattues. 

2. To design a mathematical mode1 for the non-equilibrium and non- 
isothermal immistible carbon dioxide WAG process, which is used to 
derive scaüng groups. 

3. To correlate the experimental resdts using the scaiing groups de- 
rived in this study. 

4. To investigate the effect of gravity segregation on the immiscible car- 
bon dioxide WAG process and io determine whether gravity segrega- 
tion increases or decreases the efficiency of the process, thus obseming 
how it affects oil recovery from thin resemoirs. 



REVIEW OF THE LITERATURE 

The idea of using carbon dioxide as an enhanced oil recovery agent is 
not new. As early as in the 1950's. ~ a r t i n ' ~ - = ~  conducted the first study on the 

possibility of fiooding an oil reservoir with carbonateci water rather than with 
plain water. He found that a b o n  dioxide has a strong tendency to improve 
the mobility of the oii by lowering the viscosity of the oil after it dissolved in 
the oii. Following the pioneering work of Martin, 0th- investigator~I~-~~ 
also recognized that viscosity reduction due to the solution of carbon dioxide 
in oii led to improved sweep efficiency, thus increasing oil recovery. Holm 
and   os end al^^ experimentally investigated the miscible displacement of a 
very light oii by carbon dioxide and discovered that using carbon dioxide to 

displace oil under misable conditions could recover up to 95% of the in-place 
oil. However, at that tirne, due to relatively high primary oil production and 
the very high cost of carbon dioxide compared to the price of oil, the use of 
carbon dioxide in enhanced oil recovery was not attractive to most oii pro- 
ducers. Today, due to low prïmary oil production, high oil dernands, and 
plentifid sources of carbon dioxide available at relatively low prices around 
the globe, there is an inaeasing emphasis on using carbon diodde as an en- 
hanced oil recovery agent. 

The objective of this chapter is to provide a review of. past work, to 

study the displacement of oil by carbon dioxide, and its relationship to the 
current study, which was duected towards an investigation of the immiscible 
displacement of moderately heavy oils by carbon dioxide and water. 

3.1 - Diffusivity of Carbon Dioxide into Oil at Reservoir Conditions 

In the immiscible carbon dioxide process, the four mechanisms con- 
tributing to oil recovery, according to Rojas and Farouq Ali's f i n d i x ~ ~ s ~ ~ ,  are 
oil swelling, viscosity reduction, interfacial tension reduction leading to the 
formation of water-in-oil emulsions, and solution gas drive resulting from 
blowdown at the end of the displacement. The so-called oil sweiüng occurs 
when carbon dioxide dissolves in oil. There are two mass transfer processes 
whidi take place when carbon dioxide dissolves in oü: solution and diffusion. 
It is known that solution is a fast process whereas diffusion is a slow process. 



In the current research, only the diffusion process is studied. Hence, the next 
section provides a review of the worlc done by 0th- researchers on the 
diffusivity of a gas phase in a liquid phase. 

3.1.1 - Measurement of Diffusion Coefficient 

As mentioned in the above paragraph, diffusion is another means of 
mass transfer between carbon dioxide and oïl, besides solution. It involves 
the movement of molecules from one point to another due to concentration, 
temperature, and pressure gradients; and it is independent of any convective 
forces in the system. It can also be defined as dispersion at the molecular 
level. Dispersion is the mixïng of fluids which occurs when one fiuid diç- 
places an0 ther. 

According to Grogan and ~inczewski~,  molecular diffusion plays an 
important role in the recovery of residual 03 at the pore level since it is an 
important rate controliing mechanism in a carbon dioxide flood. Several 
au th or^^*-^^ have pointed out the advantages of diffusion. It helps carbon 
dioxide to penetrate oil, inhibit viscous fingering, delay gas breakthrough and 
inaease the oil rate. 

Since 1933, efforts have been made by several investigators to measure 
experimentaliy molecular diffusion coefficients at elevated pressure and tem- 
perature conditions. Pomeroy, Lacey, Scudder, and stappZ8 were the first to 
design an unsteady-state method which dowed the determination of diffu- 
sion constants at pressure up to 3 MPa. The method was based on Fick's sec- 
ond law of diffusion. They reported values in the range of 5x1 o - ~  to M x  
m2/s for the diffusivity of methane in isopentane for pressures in the range 
of O to 2 MPa and at 30°C. Employing the same ewperimental apparatus, Hill 
and ~ a c e y ~ ~  measured the diffusivity of methane in different oils for tempera- 
tures in the range of 30°C to 60°C and at 2 MPa. The reported diffusion coeffi- 
cients are in the range of 3.8 x 10-Io to 1.3 x1W8 m2/s. Diffusion was noted to 
inaease with increasing temperature. HU and ~ a c e p ~  also presented a set of 
data for the diffusivity of propane in liquid hydrocarbons for pressures in the 
range of 0.2 to 1.4 MPa and temperatures from 30 to 60°C. They reported val- 
ues in the range of 1.7~10~ to 6.3~10" m2/s. The diffusivity of propane was 



found to increase with increasing temperature and pressure. Other investiga- 
tors31-35 have also reported values for the diffusivity of methane and propane 
in various liquid hydrocarbons over various pressure and temperature 
ranges. 

There have been many measurements of the diffusivity of methane in 
hydrocarbon solvents at elevated temperatures and pressures, but very few 
for the diffusivity of carbon dioxide. The ody measurements reported are 
those of Schmidt, Leshchyshyn, and ~ut tagunta~~;  Denoyeiie and ~ardon~'; de 
Boer, Wellington and 'BchiedeP8;  enn ne^?^; and Grogan, Pinuewski, 
Ruskauff, and 0rr40. Schmidt et al? performed the first work on determin- 
ing the diffusivity in reservoir fluids at reservoir conditions. They measured 
the diffusivity of carbon dioxide in a 362,000 mPa.s bitumen at 5 MPa and 
temperatures ranging from 20 to 200°C. Their results demonstrated that the 
diffusivity of carbon dioxide in bitumen inaeased with inaeasing tempera- 
tue. Denoyelle and ~ardonj' reported that the diffusivities of carbon dioxide 
in oil at reservoir conditions were about 5 to 10 tirnes higher than those mea- 
sured at atmospheric conditions. They conduded that the diffusivity coeffi- 
cients at atmospheric conditions couid not be used to estimate those at reser- 
voir conditions. de Boer et al? studied the diffusivity of carbon dioxide 
through an interface (water layer) into an oil droplet. Their observations are 
at variance with the work of Denoyde and ~ardon~'. They observed that the 
diffusion rates of carbon dioxide in aude oil at elevated pressures were con- 
sistent with calculated rates based on diffusion coefficients measured at atmo- 
spheric conditions, provided that there was no precipitation of asphaltenes. 
They also obsenred that the precipitation of asphaltenes at the oiI-water inter- 
face formed a highly resistive layer which retardeci carbon dioxide mass trans- 
fer. 

Employing the method of Reamer et al.j2, ~ e n n e s ~  measured the dif- 
fusivity of carbon dioxide in decane and brine in consolidated porous media 
at pressures from 0.9 to 5.8 MPa and at 3S°C. In this experimentai study, he 
noted that the diffusivity of carbon dioxide increased with inaeasing pressure 
when the core was placed in the horizontal position and was independent of 

pressure when the core was in the vertical position. Grogan et al.40 per- 
fomed their measurements for carbon dioxide diffusion in pentane, decane 



and hexadecane. The reported data indicated that the diffusion coeffiaent de- 
creased with increasing solvent rnolecular weight and ïnaeased with inaeas- 
h g  carbon dioxide concentration. Furthemore, they also conduded that cor- 
relations for the diffusivity of carbon dioxide in hydrocarbon solvents in 
terms of solvent Wcosity, developed from measurements at atmospheric 
pressure, provide realistic estimates for the diffusion coefficient at reservoir 
conditions. This is opposite to Denoyelle and Bardon's ~ondus ion~~.  

3.1.2 - Correlations of Diffusion Coefficients 

In addition to experimentally determinhg the diffusion coefficient, ef- 
forts have been made to propose correlations for estimating the diffusivity of 

carbon dioxide. The first effort was made by McManamey and ~ o I I e n ~ ~ ,  who 
presented an empiricai correlation for the diffusivity of carbon dioxide in or- 
ganic Iiquids as a function of solvent viscosity oniy. This correlation was later 
shown by Denoyeiie and gardon3' to give poor estirnates of carbon dioxide 
diffusivity at pressures higher than atmospheric pressure. By fitting the data 
reported by Schmidt et to the Nernst-Einstein equation (which is 

KT 
), ~ c h m i d t ~ ~  presented an empirical correlation for the diffusivity 

= 6nR,,LB 

of carbon dioxide in bitumen as a function of viscosity and temperature. 
~ e n n e s ~  also correlated his data and others' to corne up with a codation for 
preàicthg the diffusivity of carbon dioxide, methane, ethane, and propane in 
liquid hydrocarbons. His correlation showed that increasing pressure de- 
aeased the diffusivity of a gas phase in oils. Mehrotra, G a g ,  and S v ~ c e k ~ ~  
used Schmidt et A.'s data36 to evaluate severai correlations. They found that 
Umesi-Danneis correlation, together with the use of the corresponding States 
theory of ~ e j a ~ ~ ,  could be used to predict the diffusivity of carbon dioxide in 
bitumen at reservoir conditions. The disadvantage of using this technique 
for field applications is that Teja's method is complicated; that is, it requires 
too many calculations and thermodynamics data. 

3.2 - Carbonated Water Injection 

The carbonated water injection process is quite different from the 
WAG injection process. Water is sahuated with carbon dioxide at the surface 
before being injected into the resemoir. This process was first studied by 



~ a r t i n ' ~ - l ~  and Saxon, Breston, and ~ a c f a r l a n e ~ ~  in the early 50rs, and rein- 
vestigated by ~ o l m ~ O  and de ~ e v e r s ~ ' . ~ ~  in the 60's. Based on the results 
gathered, Saxon et ai?= conduded that a carbonated waterflood wodd not re- 
duce the oil saturation any further than a waterflood. ~ o l r n ~ ~  reported 
higher carbon dioxide requirernents and lower recoveries for a carbonated wa- 
tdood ,  as compared to a carbon dioxide slug flood. 

In the 50's and 6Ws this oiI recovery technology was tried in oilfields in 
New York and ~ k l a h o r n a ~ ~ ~ ~ .  After more than a year of operation, no signif- 
icant oii was recovered. It was hied igain in Texas by Amoco in 1987. After 
only 7.5 months, injection was terminateci because of extensive corrosion and 
plugging problems. There was no mention of any ïncremental r e c~ve ry~~ .  

Perez, Poston, and ~ h a r p  studied carbonated water imbibition in core 
plugs at various pressure and temperature conditions. They conduded that 
this method may hold promise for inaeasing oii production rates front frac- 
tured, low mahix pemieability, and low gas-oil ratio oil reservoirs. 

3.3 - Gravity Segregation 

According to Morrow and HO~OP, gravity segregation occurs when 
capiiiary and viscous forces are insuffkïent to overcome the effect of buoy- 
ancy forces. The first laboratoxy study of gravity segregation performed by 
Craig, Sanderlin, Moore, and ~effer?~ in 1957, showed that in linear gas or 
water injection operations in horizontal fonnations, segregation of the fiuids 
due to the gravity effect could result in oii recoveries to breakthrough as low 
as 20% of those otherwise expected and that, in 5-spot injection operations in 
such formations, the oil recoverïes at breakthrough could be as low as 40% of 
those predicted by methods which assume negiigible gravity effects. Their re- 
sults also indicated that the magnitude of segregation of the fluids due to 
gravity was influenced by the average injection rate rather than temporal 
variations. 

Richardson and ~erkins'~ studied experimentdy the effect of rate on 
oil recovery by waterflooding. They conduded that deaeasing the rate at 
which water is injected into a thick, homogeneous reservoir sand increases 



the tendency of the water to underrun the oil. ~ i l ~ e r " ~  aiso observed that 

water underran the oil in his study. 

Blackwell, Terry, Rayne, Lindey, and l end ers on'^ reported an investi- 

gation of the efficiency of water-solvent mixtures for oil recovery. They 
observecl that, while flowing through sands the water and gas segregated into 
a gas layer on the top and a water layer at the bottom and that gas occupied a 
much smaller fraction of the vertical cross section than water. As a result, 
ody  the thin top layer was misably flooded by gas, whereas the bottom por- 
tion was watefftooded. This phenornenon was aiso observed by other inves- 
tigators 543-57 

~ t a l k u ~ ~ ~  hypothesized that injection of solvent with low viscosity 
into a vertical cross section that contained oïl more dense than the solvent 
led to the formation of a gravity tongue if the flow veloaty was low enough 
so that vertical transport by gravity segregation dominated the viscous forces 
that induce instability. As the flow velocity increased, gravity forces played a 
diminishing role, and eventually viscous forces dominated. 

Van der ~ o e l ~ ~ ,  h4illd4, and warneS6 studied misable displacements 
in horizontal reservoirs. They ail observed that when oil was displaced from 
a horizontal reservoir by a solvent of lower density, the latter tended to over- 
ride the former in the shape of a tongue owing to gravity segregation. Fayers 
and ~ewlef '  noted that the tendency for solvent to rise became more pro- 
nounced when the flow rate was reduced. M.illd4 obsemed that the gravity 
override tongue pushed the reservoir oil down into the center of the reser- 
voir which was then slowly displaced immiscibly by the water injected dong 
with the gas. Based on this observation, he conduded that, in field opera- 
tiuns, when the economic limit is reached, a substantial amount of the oil 
displaced by the misable fluid early in the reservoir life is left unswept at 
abandonmen t. 

According to ~illerT>~, there are two important mechanisrns causing 
the formation of an overriding gravity tongue. They are the density differ- 
ence between the two miscible fluids, which causes the injected lighter fluid 
to ovemde the in-place fluid, and the vertical counterflow segregation result- 



ing from a density difference between two immiscible fluids whkh results in 
the migration of the iighter hyàrocarbon fluid to the top of the reservoir. 

Millers4 &O investigated the effect of reservoir thickness on gravity- 
controlled dispiacements. He conduded that if a gravity finger was formed by 
density difference between two miscible fluids at the interface when a Iighter 
fluid was injected, an inaease in resenroir thickness would Iead to more 
overriding because there was a greater gravity potential gradient at the top of 
the reservoir than at the bottom of the reservoir. However, if the gravity fin- 
ger was caused by counterfiow segregation, then a decrease in reservoir thidc- 
ness would lead to poorer performance since the fluids would have a shorter 
distance to travd to segregate. He dso suggested that capillary forces could 
prevent segregation, or at least retard the rate of segregation, in very thin 
sands. 

S p i ~ a k ~ ~  investigated gravity segregation in the two-phase displace- 
ment process, ushg a three-dimensional, three-phase and incompressible 
simulator, and found that gravity segregation inaeased with inaeasïng per- 
meability (either horizontal or vertical), density difference and viscosity ratio, 
but decreased with inaeasing rate and levd of viscosity for a fixed viscosity 
ratio. In conhast to Miller's con dus ion^ Spivak found that gravity segrega- 
tion in a 6 m thick reservoir could be as severe as in a 60 m thick reservoir. 
Based upon this finding, he conduded that formation thiduiess alone did not 
determine whether gravity segregation wouid be a problem. 

Araktingi and Orr 61 used a simdator to study gravity segregation in 
miscible displacements in a vertical cross-section. Their shidy confiied that, 
in homogeneous porous media, better displacement performance couid be ob- 
tained at high viscous-to-gravity force ratios for any mobiiity ratio. As a re- 
sult, high recoveries were reported at inaeasing viscous-to-gravity force ra- 
tios. 

Thomas, Bergins, Monger and   as si ou ni^^ conducted six horizontal 
cyclic carbon dioxide coreflmds to investigate the influence of gravity segrega- 
tion on oil recovery. They conduded that any effect of gravity segregation on 
the process was caused mainly during the huff (injection) stage and that grav- 
ity override benefited process performance. A few vertical cydic carbon diox- 



ide corefloods were carrïed out &o. In these experiments, carbon dioxide was 

injected at the bottom. Gravity segregation was found to promote oil contact 
by faditating the deeper penetration of carbon dioxide into the core resulting 
in irnproved oii recovery. 

Using a compositional simulator to investigate the effect of solvent 
composition on displacement performance in two-dimensionai (x-z) flow 
where both viscous and gravitational forces cause transverse transport or 
aoss flow of fluids,   an de^^ conciuded that the magnitude of the aossflow is 
affected by the oil-solvent density ratio and that the drïvuig force for gravity 
aossfiow is provided by the diffaence in fiuid densîties. 

Gravity segregation has not only been studied in horizontal flood ex- 
periments, but also in vertical flood experiments. Hillh4, by conducüng exper- 
iments on the displacement of sugar liquor by water from columns of granu- 
lar bone of charcoal (sweetening off), came up with a critical veiocity expres- 
sion which predicts the rate above which instabilities can occur and viscous 
forces can dominate for verticaiiy downward displacements. At rates less 
than this criticai rate, gravity forces dominate and instabilities will not occur. 

The equation, defined in terms of the viscosities and densities of the two Bu- 
ids, aiso accounts for the channeliing which sometimes occurs when one 
fluid follows another dong a uniformly padced column. 

Using the sarne idea as did HillG4, ~ u m o r e ' ~ ~  developed an analytical 
mode1 for predicting a gravity stable rate for a misable displacement which ai- 
lows mb&g between the solvent and oil. 

Slobod and ~owlet t6~  used the aiticai velocity concept to determine 
the critical flow velocity for theV vertically downward miscible displacernent 
experirnents. Their experiments were perfomed using fiuids of various den- 
sities and viscosities. The results indicated that gravity segregation couid act 
to shorten the mMng zone developed between the displaced and displacing 
phases when the displacing materiai was the less dense phase, and lengthen 
the mixing zone when the displacing phase was the more dense phase. 

Experimentai studies performed by Tiffin and Krernesec6' showed that 
oil recovery at breakthrough was nearly doubled when carbon dioxide was in- 



jected at the top rather than at the bottom in vertical miscible displacement 
experiments. A cornparison of vertical and horizontal displacement experi- 
mens was ais0 made in theh studies. Downward gravity-assisted displace- 
ments, even at velocities much greater than the mticai rate, were shown to be 
more efficient than horizontal carbon dioxide displacements at comparable 
rates. Fong, Tang, Ernanud, and ~abat6* recently conciucted the same experi- 
mental studies as àïd Tiffin and Kremesec. Their results indicated that, at the 
same oil recovery, the producing gas-oil ratio of a vertical core flood experi- 
ment where gas was injected at the bottom, was twice that of a horizontal 
displacement. 

3.3.1 - Effect of Gravity Segregation on Saturation Distribution 

In 1951,  arti in^^ perfonned a theoretical study on gravity segregation 
problems dtving two-phase flow in porous media. H e  conduded that only a 
short tirne wouid be required for an initially uniformly distributed gas 
saturation to reach a distribution in which most of the gas, which is free to 
flow, is segregated at the top of the reservoir- 

During the course of their experiments, Richardson perkid3 observed 
that the volume of gas concentrated at the top of the sand due to gravity seg- 

regation was displaced by oii which in turn was displaced by water. 

Walsh and ~ 0 0 x 1 ~ ~  theoreticaliy analyzed the immiscible displacement 
of oü by water injection in a down dip reservoir. Their results showed that 
the final oil saturation increased as the gravity number inaeased. In their 

study, the water-oil gravity number was defined as @o-pw)kgrnia,  and 
kUT.  

pw are, respectively, the densities of oil and water; and k, g, ~r, and UT are, re- 
spectively, the absolute perrneability, gravity, oiî Wcosity, and total veioaty. 

Hovanessian and ~ayers'l studied gravity effects in hear waterfloods 
and conduded that the gravitational forces had a pronounced effect on the 
sa turation profiles. 

Recently,   an de^^ and Beigrave and  in'^ used a three-phase, three- 
dimensional bladc oil simdator to study gas saturation distribution Ki homo- 



geneous reservoirs at various viscous to gravity force ratios. They showed 
that, on movuig upward from the bottom to the top of the reservoir, the gas 

saturation increased and deaeased on moving outward to the production 
welis. 

~ o o k ' ~ ,  analyàng gravity segregation performance during naturd de- 
pletion, conduded that gas libeated from solution cm segregate to the top of 
sand developments in such a manner that a zone of high gas saturation 
fonns dong sand tops and is underlain by a zone of hi@ oil saturation where 
flowing gas-oil ratios are maintained vexy low. 

3.3.2 - Effect of Segregation on Sweep Efficiency 

It is weii that gravity tends to decrease vertical 
sweep efficiency in horizontal homogeneous reservoin because of gravity 
tonguing. Belgrave and  in^^ obsewed that, for homogeneous reservoirs, 
vertical sweep efficiency inaeased with inaeasing gas injection rates. Re- 
centiy, ~ k r a n n ~ ~  proposed an analytical model to predict the oü recovery at 
breakthrough with gravity effects for a waterflooding process, using vertical 
equilibrium theory. Using his model to generate results, he conduded that, 
in two-layer horizontal reservoirs, gravity may have a profound effect on the 
vertical sweep effiâency of a watdooding process. 

%one7' hypothesized that it takes some tirne for gavity segregation to 

occur; thus, there is a region near the injection well where vertical confor- 
mance is good, and the size of this region is determined principdy by the in- 

jection rate, the vertical permeability, and the dewity difference between wa- 
ter and gas. Using this hypothesis, he proposed an analytical model to predict 
the size of this zone and, hence. the vertical sweep efficiency of a WAG flood. 
In deriving this anaiytical model, Stone assumed that a mobile gas zone was 

formed at the top of the resenroir and a mobiie water zone at the bottom. 

Craig et aLS2 measured vertical sweep at breakthrough in homoge- 
neous and isotropie cross-sectional models. Their experiments showed a re- 
duction in vertical sweep for inaeasing values of mobility ratio and decreas- 
h g  viscous-to-gravi ty forces ratio. 



3.3.3 - Effect of Reservoir Heterogeneities 

Studies have shown that gravity segregation of the fluids is sensitive to 

reservoir A simulation study on gravity segregation 
on a two-layered reservoir conducted by spiva.k60 showed that gravity effects 
were diminished when the low-permeability layer was on the bottom and in- 
aeased when the high-penneabïiity layer was on the bottom. warneP6 ex- 
plained that if the high-permeability layer is located on the top of the reser- 
voir, i t  provides a high-conductivity path to transport the carbon dioxide 
rapidly to the producer, once carbon dioxide has segregated into this layer . 

Spivak60 and wameS6 also investigated gravity segregation in ran- 
domly heterogeneous reservoirs. wameC6 reported a nearly doubIed oil re- 
covery for the carbon dioxide slug process when random heterogeneity was 
w d  in place of homogeneity in his simulation study. They both agreed that 
the random heterogeneity tended to reduce gravity segregation. 

Araktingi and 0 r r 6 I  aiso showed that for injection of a light solvent 
into a layered reservoir with high permeabiiity low in the reservoir, better 
displacement efficiency was observed at intermediate values of viscous-to- 
gravity forces ratio than at high or low values. If the high permeability was at 
the top, a high value of viscous-to-gravity force ratios was preferred. 

3.3.4 - Field Observation of Gravfty Segregation 

Wilcox, Poizin, Kuo, Saidikowski, and ~umphrey'~ noted the overrid- 
ing of the injected gas in the Prudhoe Bay Miscible Gas Project in Alaska due 
to high vertical permeability and the large difference in density between the 

gas and reservoir fiuids. The injected gas rose to the top of the reservoir or 
underneath shaies. forming cone-shaped swept intervais around WAG hjec- 
tors. 

Pritchard and ~iernan'~ reported segregation of the injected gas after 
examining the dynamics of a hydrocarbon miscible flood in the Judy Creek 
field through the inspection of saturation cross-section between the injector- 
producer pair. Early in the solvent injection life, the solvent displaced an oil 
bank from the swept zone out into the reservoir. With further miscible injec- 



tion, the solvent tended to override the water flowing interval and traveled 
dong the top of the reservoir to the producers. This solvent then displaced 
oil thaï retided in the upper portion of the reservoir. As long as injection of 
the miscible fluid was contuiued, oil continued to be produced from either 
within or below the gas flowing zone. When water was injected, the oil bank 
also migrated upward in the reservoir due primarily to density ciifferences be- 
tween oil and water. The oil would then move into the previously oil swept 
gas flowing zone and re-saturate this region back to the residual oil saturation 
to watdooding. This oil would become immobile and could not be recov- 
ered. 

3.4 - Background to Non-Equilibrium Processes 

Non-equilibrium thermodynamics, also known as irreversible thermo- 
dynamics, considers systems which are not in thermodynamic equilibrium, 
or whidi are approaching equilibrium. Historically, its roots are found in the 
phenomenological laws of viscous flow (Newton), heat conduction (Fourier), 
diffusion (Fick), and electncal conduction (Ohm). Its theory restricts itseif to 
large systems that can be treated as continuous media and can be assumed to 

be in local equiiibrium. That is to Say, a non-equiii'brium system in local equi- 
librium can be divided into cells small enough so that any thermodynamic 
properties - such as mass, density, pressure, and temperature - which in 
non-equiübrium situations can be functions of space and time, Vary slightly 
over one cell. On the other hand, these c d s  must be large on a miaoscopic 
scale - large enough so that they can stiU be treated as thennodynamic sub- 
systems in contact with their surroundings. It shouid as weU be kept in muid 
that local equiïibrïum cells m u t  be open for energy and/or mass transport in 
order to account for the overall macroscopic time evolution of the systemsO. 

Non-equilibrium thermodynamics has many applications in petrole- 
um engineering. The idea of petroleum reservoir engineering simulation is 
analogous to the theory of non-equilibriurn thermodynamics. The reservoir 
under study is divided into many blocks. In each block, the fluid properties 
and saturations, pressure, and temperature are everywhere uniform, but Vary 

from block to block. In the immiscible carbon dioxide injection process which 
is the subject of this research, when carbon dioxide is injected into a heavy oil 



reservoir, ulitially, because the concentrations of carbon dioxide in the in- 
jected gas stream and those in the reservoir fluids are not equd to the ther- 
rnodynamic equilibrium values, mass transfer occurs, tending to even out the 
concentrations. Furthemore, as was already mentioned in Chapter 1, the 
concentration of carbon dioxide near or around the injection well is higher 
than that away from or near the production weii. Thus, mass transfer has to 
take place to even out the carbon dioxide concentration. Consequently, it is 
important to know the conditions and the time required for thermodynamic 
equilibrium to be reached. The time at which equiiibriurn is reached is 
known as the equilibrium the .  Goss and ~ x a l l * ~  performed an experimental 
study on the equiiibrium t h e  of a carbon dioxide-bitumen mixture. An 
18,000 mPas sample of bitumen was left exposed to carbon dioxide at 6.8 MPa 
and 50°C. After 125 days, they observed that concentrations of carbon dioxide 
in the gas phase equaled those in the bitunen phase. 

Martin, Cornbarnous, and ~harpentier~~ conducted an experimental 
study on mass transfer and phase distribution in two-phase flow through 
porous media under conditions sirniiar to hydrodynamic reservoir condi- 
tions. The gas phase was carbon dioxide and the liquid phase iso-octane. 
Based upon the experimental results and observations, they conduded that 
the mass transfer process was not instantaneous while the phases are flowing 
CO-currently inside a porous medium, that the equilibriurn lag varied as a 

function of the ratio of gas to iiquid velocity, and that m a s  tr&sfer variations 
were mainiy due to specinc interfacial area variations. 

3.4.1 - Background to Mathematical Modelling of Non-equilibrium 

In order to model the mass transport phenomena under non-equilib- 
rium conditions, a mass balance for each phase has to be written. A set of 
maaoscopic mass balances with interfacial mass transfer phenomena were 
presented by Bird, Stewart, and ~ightfoop~. By considering each phase sepa- 
rately in a two-phase flow system, interfacial balance equations, and interfa- 
cial boundary, and using a time averaging procedure, ~ s h i i * ~  developed a 
mathematical model which consists of two sets of equations which govern 
the mass, momentum, and energy balances for each phase. This so-cded 
two-fhid model was later shown by Kataoka and I s e  to predict accurately 



mechanical and thermal non-equilibrium between phases, if interfacial rias- 

fer terms are modeiied accurateiy. 

Farouq Ali, Chakma and islamg6 proposed a non-equiiibrium mathe- 
matical modei for the simulation of alkaiine/polymer injections. The model 
consish of mass balances for water, oil, gas, and diemical transport in the 
porous medium. A numericd simulation study was performed to investi- 
gate the time effects of absorption, dispersion, and interfacial tension. ~ree*' 
developed a non-equilibrium thermodynamic theory of continuous media 
for simple mixtures. Global and local entropy inequaiities were derived for 
the mixture and for each of its constituents. He found that the set of entropy 
inequalities for the constihients was not equivaient to the single entropy in- 
equality for the mixture. Mathieu and ~ e b o n ~ ~  presented a non-equilibrium 
thermodynamic model for desaibing the flow of a two-phase fluid with 
phase transition. A non-zero slip veloaty, as w d  as a temperature jump be- 
tween the two phases, was taken into account. They also devised a method 
for calculating the velocity of condensation which is based on the Knudsen 
number, which is the ratio of the molecuiar mean free path to the mean 
diameter of the partide. Lozada and Farouq Ali89 proposed a set of mass 
balance equations which govemed non-equilibrium transport phenornena in 

an immiscible carbon dioxide flood. Interfacial rnass transfer effects were 
taken into account. The two-fiim theory was employed to model the 
interfacial m a s  transfer effect They obtained su< sets of scaling aiteria, whidi 
were used to design the experiment for a non-equilibrïum immiscible carbon 
dioxide driveg0. Their equations were not complete because momentum, 
total energy , and entropy balances were not induded. 



4 - DEVELOPMENT OF THE MATHEMATICAL MODEL FOR THE 
NON-ISOTHERMAL AND NON-EOUILISRIUM IMMISCIBLE 

CARBON DIOXIDE WAG PROCESS 

To-date there has been no mathematical model for an irmnisable car- 
bon dioxide flood whîch indudes non-equiiibrium and phase change phe- 
nomena for non-isothermal cases, where the reservoir temperature is differ- 
ent from the surface temperature. The mathematical model previously pre- 
sented by Lozada and Farouq ~ l i ~ ~ ,  which consists of mass balances for each 

component i in each phase j, indudes the non-equilibrium phenomena 
amongst the oil, gas, and water phases only. Thek model is vaiid for isother- 
mal cases, where the reservoir temperature is the same as the surface temper- 
ature. A phase change was not considered in theïr model either, for the gas 
phase was assumed to consist of pure carbon dioxide only. Consequentiy, 
there is a need to develop a non-isothemal and non-equilibrium mathemat- 
ical model induding phase changes and interfaciai mass transfer, which was 

one of the objectives of this research. 

4.1 - Derivation of the Mathematical Model 

The following assumptions were made when developing the model. 
The process was treated as three-phase flow (oleic, aqueous, and vapour). The 
gas phase was assumed to consist of carbon dioxide and water vapour, wMe 
the oil phase consisted of carbon dioxide and heavy oil, and the water phase 
consisted of carbon dioxide and water. Mass transfer was assumed to occur 
from the gas phase to the oil phase and from the oii phase to the water phase. 
Mass transfer was assumed to result from diffusion, convection, and disper- 
sion. Interfaad mass transfer between the oleic phase and the vapour phase 
and/or the water phase for any component i was modeiied using an interfa- 
cial film model. Darcy's, Fourier's, and Fi&s laws were assumed to be valid. 
The system was assumed to be in local themodynamic equilibrium. Chemi- 
cal reactions were neglected. Negiigibie potential energy was assumed. Gas 
bubbles were assumed to be of a single and constant size. The velocity of the i 
component in the j phase was assumed to be that of the j phase. In- 
stantaneous phase equilibrium was assumed to east at the interfaces between 
the oil and gas phases and the oil and water phases. No accumulation at the 



interfaces was involved. Oil, gas, and water were considered to be Newtonian 
fluids. The viscosity of the gas phase was that of carbon dioxide. The above 
assumptions lead to the foliowing mathematical mode1 for a non-isothermal 
and non-equilibrium ïmmiscible carbon dioxide flood. The diagram below 
presents a schematic of the system under consideration. 

8 s  

oil 

water 

In the mass balance for each component, the foIlowing tenns are con- 
sidered: convective mass flux, Musive mass flux, and interfacial mass trans- 
fer. 





where, 

Nw**-+4 = rate of mass flux of water from vapour phase to Iiquid phase, 

%,&* = rate of mass flux of water from liquid phase to vapour phase. 

It is assumed that when water vapour condenses it has to give up a 
certain amount of latent heat which is enough to vaporize the same amount 
of water to the vapour phase. Therefore, Nw..+/ can be equated to 

Adding these two mass balances for water will eliminate these two temu and 
result in one single mass balance for water, which is as foiiows: 

Note that in the case where the condensing gas phase is carbon dioxide 
and the vaporizing liquid phase water, the assumption as stated above is not 
vdid because the latent heats of carbon dioxide and water are not the same. 
In such a case, in order to determine the amount of water that vaporizes for 
each mole or mass of carbon dioxide that condenses and/or diffuses, one 
needs to perform a heat balance at the interface using the latent heat as shown 
below. 



Knowing the latent heats, the reiationship between the two fluxes can 
be determined fkom the above beat balance. 

In the momentum balance for each component, the following terms 
are considered: momentum gain by convection, diffusive momentum flux, 

gravitational force, pressure force, drag force, buoyancy force, momentum 
gain by viscous transfer, and momenhim gain by interfaad mass flux. 

a 
- -~[ ,co2.0~o poyfiox + *,aoy + ~oyfioz) + es. (m + sko,, )a;(cc02.0~0~0y)] 

ay 
a - -8 a  p. az (~oz*o, + ~ o z * o y  + *oz*oz) + 4% (D~ + + < D , ~ o ) a ; ( ~ ~ ~ 2 . 0 ~ O ~ O z ) ]  

Mornentum Balance for mibon Dioxide in the Gas Phase 



Momenturn Balance for Oil in the Oil Phase 

Momentum Balance for Water 



In the totd ertergy balance for each phase, the foliowing tems are con- 
sidered: convective transport of kinetic energy dong with the fluid across the 
system boundary. kinetic energy of diffusion, work done by pressure forces, 
work done by viscous forces, work done by mass forces, reversible conversion 
of kinetic energy to internai energy due to viscosity, irreversible conversion 
of kinetic energy to intemai energy due to vïscosity (i.e.. the energy that is dis- 
sipated), work done by drag forces, work done by buoyancy forces, convective 
heat and kinetic energy transport due to interfaad mass transfer, and convec- 
the/ conductive hea t flux. 

Total Fnerav Balance for Carbon Dioxide in the Oil Phase 









Encirgy B m c e  for the Rock Matrix 

The foiiowing balance equations express the changes of the entropy of 
each component with tirne, whidi are due to the flows of entropy into the 
volume element and the presence of an entropy source due to irreversible 
phenornena inside the volume dement The foilowing terms are considered 
in the entropy balance for each component: convective entropy flux, diffusive 
entropy fiux, entropy aeated due to convective heat flux, entropy transport 
due to temperature gradient, entropy transport due to chemical potential 
gradient, entropy created by work done by buoyancy forces, entropy created by 
work done by drag forces, entropy created by work done by mass forces, 
entropy flux due to velocity gradient, and entropy flux due to interfaciai mass 
transfer- 



v Balance for Carbon Dioxide in the Gas ph- - 









These partial differential equations represent the consenration of mas ,  
mornentum, total energy, and entropy for the non-isothemal and non-equi- 
iïbrium immiscible displacement of oil by carbon dioxide and brine. They re- 
quire additional constitutive relationships, constraint equations, and initial 
and boundary conditions. Table 4.1 (on the next page) lists the constitutive re- 
lationships and constraints. Appendix A contains a possible set of boundary 
conditions. 



Table 4.1 - Constitutive Relationships and Conshaints 

1. So+S,+S,=l  
2- Cco,,o = Cco,*o (x. Y. z. 1. P. T) 
3œ c ~ ~ 2 * W = C ~ ~ 2 . W ( x * y , ~ t , p * T )  

4- cm2,=cc0,*g(s~.s~.~.T) 
5- Cco2*0 + co.0 = 1 
6- C C O ~ . ~  + CarrVg = 1 
7- Cco2.w + G , w  = 1 
8- P, = PO(X.Y.G t) 

9- Pw=l?,(x.y.zt) 
10- P, =pg(x.y.&t) 

11- L w  = PO - Pw 
12- P c p  = Pg - Po 
13- J'ko2.0g = -~c0**~0 
14- ~co2.0v" = -~co2.w0 

15- f: = fi:(&y,%t,p,~) 
I I  

16- fig =~&(x,Y.zsP.T) 
1 17- 4: = fiw (x, y, c t, p, T) 

I I  18. fio = fig i=COû O, w I=interface i>/g 
I I  19. f ,  = fi, i=CQ, O, w I=interface o/w 

20- PO = P ~ ( P ~ . T . c c O ~ ~ , S Y . Z ~ )  

21- pg = pg (pg C C O ~ , ~ , J G ~ .  rr) 

22- Pw = ~ , ( ~ , . ~ , ~ c 0 ~ * ~ , x , ~ . z . ( )  

23. P, = po (P, .T, Ço,,,, x,y. r t) 
24- Clg = lg (pg. T. x, y, z* t) 

25- P w  =Clw(~w.~,cco**~,x,y ,st )  

26. $=constant 
27. g=cons tant 

28. ko =ko(s,,sg,sw.k) 

29- kg = k g ( ~ , , ~ , S , . k )  

30- k W  = ~,(s,,s,,s,, k) - -* 





59. Z = Z(x, y, z) fixed coordinates 

According to Perkins and ~ohnston~~, the dispersion tensor consists of 
molecular diffusion and convective terms. Bear and ~uchlin~l conducted a 
thorough study on transport processes of materials in porous media and 
showed that for porous media that are isotropic with respect to dispersion and 
where an orthonormal coordinate system paralid to the directional flow is 
chosen, the dispersion tensor becomes 

Also, Newtonian fluids were assumed. Therefore, the foIlowing rela- 
tionships for the shear-stress components are m e .  

afi 2 as, r, = - 2 p l + - p  az 3 (ax.2+2), 

ryz=zw=-p L+- (a, 21, 

For mass transfer aaoss the inteface, the two film theory was assumed 

to be vdid. The theory assumes that the phases are in equilibrium at the 
actual points of contact at the interface, and the buik of each phase being well 
mixed; thus, the flux equations can be written asB9 



where, 
Ni$ = mass ~ransfer rate of component i in or out the j phase through 

the jl interface, 
ka = local mass transfer coefficient of component i in j phase reiated to 

the j1 interface, 
aJ1 = interfaad area between phase j and 1, 
CG = average mass fraction of component i in the b d k  of j phase, 

= mass fraction of component i in j phase at the jl interface. 

Furthexmore, Dxcy's law for flow in porous media was assumed to be 
valid. Thus, Darcy's equation, which can be expressed as foilows, applies. 

4.2 - Derivation of Scaling Groups 

This section de& with the derivation of simiIarity groups which are 
used to design experiments for a non-isothermal and non-equilibrium carbon 
dioxide WAG process. There are two approaches for deriving the similarity 
groups: Inspectional Analysis and Dimensionai Analysis. Inspectionai Anal- 
ysis requires the variables in a set of equations which fully describe the whole 
process. In almost al l  instances, the equations desaibing a flow process are 
partial differential equations, and the relevant boundary and initial condi- 
tions need to be speafied for the process to be completely desaibed. Dimen- 
sionai Analysis requires knowledge of ai l  of the relevant variables influenc- 
ing the process. This method is employed to derive the simiiarity groups 
when the partial differentiai equations describing the flow process of interest 
are not known. Geertsma, Croes, and ~ d i w a r z ~ ~  showed- that Dimensional 
Analysis often yields a larger set of similarity groups than inspectional anai- 
ysis, but the physical meaning of the similarity groups themselves is more 
apparent from Inspectional Anaiysis. For Uùs reason, Inspectional Analysis is 
often preferred. Dimensional Analysis is aiways used in conjunction with 

Inspectional Analysis to ensure that important groups are not omitted. Both 



of these methods have been used extensiveiy by many other researchers to de- 
sign their physical 

The procedure to derive the similarity groups by this method is to first 
express the governing partial differential equations, initial and boundary 
conditions, constitutive relationships, and constraints in tenns of the dimen- 
sioniess variables and th& reference quantities. In other words, it is neces- 
sary  to divide each variable and or property by some characteristic reference 
quantity. The foliowing example can deariy illustrate this step. The generai 
property M can be written as M = MDMR, where MD is the dirnensionless 
form of the property M, and MR some constant characteristic reference quan- 
tity. Replacing M with MDMR in the governing partial differential equations, 
as weil as in the constraints. constitutive relationships, initial and boundary 
conditions, results in an equation with the form as shown below for the mass 
balance of carbon dioxide in the oil phase. Appendix B iists the dimension- 
less form of the momentum, energy and entropy balances for carbon dioxide 
in the oii phase. 



For other components, theV dimensionless balances can be written in a 
similar manner. The reference quantities in the braces represent the coeffi- 
cient for that term in the equation. Al1 coefficients have the same units. To 
obtain sirnilarity groups, the entire equation is divided by any one of these co- 
efficients. This gives the dimensioniess foms of the equations and their sim- 
ilarity groups. Similarly, the dimensionless f o m  of other governing equa- 
tions are obtained in the same manner. They are induded in Appendix B. 
Table 4.2 lists the similarity groups and th& physical meanings. 



Table 4.2 - Similarity Groups From Inspectional Analysis. 

Now, let xR=L, yR=W, and ZR=H 
Group 

1- '~JR 
L 

2. - w 
H 

S ~ R  I l .  - 
SOR 

Physical Meaning 

porosity 

geumetric scaling fztor 

time scaling factor 

ratio of gravitational to viscous forces 

ratio of gas to oil density 

ratio of water to oil density 

gas-oil mobility ratio 

water-oil mobility ratio 

ratio of gas to oit saturation 

ratio of water to oif saturation 

ratio of initial water to initial oil satufation 

ratio of production to oil pressure 

ratio of oil-water capillary to gas-oil capiiiary pressure 

ratio of water to oil pressure 

ratio of C a  partial pressure to water vapour partiai 
pressure in the gas phase 

ratio of dispersive forces to viscous forces 



Table 4-2 - (Continued) 

Group Physical Meanhg 

ratio of transverse dispersion to longitudinal dispersion 
of Ca in the oil phase 

ratio of lonpitudinal dispersion to transverse dispersion 
of C a  in the gas phase 

ratio of longitudinal dispersion to transverse dispersion 
of CO2 in the water phase 

ratio of longitudinal dispersion to transverse dispersion 
of oil in the oil phase 

ratio of longitudinal dispersion to transverse dispersion 
of water in the water phase 

ratio of longitudinal dispersion to transverse dispersion 
of water vapour in die g& phase 

ratio of longitudinal dispersion to transverse dispersion 
of gas in the gas phase 

ratio of mass msfer rate of CO2 in or out of the oïl 
phase through the oiVgas interface to viscous forces 

ratio of mass transfer rate of COz in or out of the oil 
and gas phases 

ratio of mass transfer rate of CO2 in or out of the water 
and oil phases 

ratio of Ca wncentration in the water and oii phases 

ratio of C&concenttation in the gas and oil phases 

ratio of water vapour concentration in the gas and water 
phases 

ratio of buoyancy force ta mass force 

ratio of buoyancy force to dragfme 

ratio of the rate of water condenses or evaporates to 
viscous forces 



Table 4.2 - (Continued) 

Group Physical Meaning 

ratio of C a  enthalpy to oil enthalpy 

ratio of water vapour enthalpy to water enthaipy 

ratio of C a  intemal energy to oil interna1 energy 

ratio of water vapour internai energy to water internai 
energy 

ratio of the energy stored in the rock to that in the oïi 

ratio of amount of latent heat reIeased/absorbed when 
water coadenses/evaporates to water enthalpy 

ratio of the rate of water condenses or evaporates to 
water injection rate 

ratio of convective to conductive heat m s f e r  

ratio of the longitudinal dispersive entropy flux of CO2 
in the gas phase to Ca entropy 

ratio of entropy gained or Iost by C a  due to convec- 
tive heat transfer to C@ entropy 

ratio of water entropy to oil enmpy 

ratio of C a  entropy to water vapour entropy 

ratio of the entropy of the rock maaix to water entropy 

ratio of the conversion of gravitational forces to en- 
tmpy to oil enaopy 

ratio of CO2 injection rate to viscous forces 

ratio of water injection rate to gas injection rate 

ratio of the momenhim of the injected C& to the longi- 
tudinal dispersive momentum of CO2 in the oil phase at 
the injection well 



Table 4.2 - (Continued) 

Physical Meaning 

ratio of CQ mmennim to water mornentum 

ratio of the kinematic energy of C@ to conduction heat 
transfa at the injection weii 

ratio of the bernatic energy of water to conduction 
heat tranSfer at the injection weu 

ratio of the ennopy re1easeUabsorbed when water con- 
denseievaporates ta water enmpy 

ratio of the C a  entropy to the entropy created due to 
conduction beat aaasfer at the injection weii 

ratio of entropy gained or lost by the rock due ro con- 
ductive heat transfa to the rock entropy 

ratio of initial oil and reservoir temperatures 

4.2.2 - Derivation of the Relaxed Scaling Groups 

The aim is to obtain sets of simiiarity groups which can be used with 

the scaled physical model, which was previously designed and built by Rojas1. 
The derivation of these groups is founci in Appertdix C. 

Approach No. 1 

In this approach, it is assumed that both the resentoit and the model 
have the same porous medium, fluids, pressure drops, temperature, and ge- 
ometric similarity is satisfied. The advantage of approach is that it leads to 
the satisfaction of the scaling requirements for viscosity, density, solubility, 
diffusivity, equilibrium constants, mass transfer rate, condensation and/or 
evaporation of water, and 0th- properties which depend on pressure and 
temperahue. Ushg the same porous medium (sarne porosity, sarne perme- 
abiüty, same grain size, and same wettability) ailows the residual saturations 
to be the same in the model and in the prototype. Therefore, viscous forces, 



capülary forces, and diffusive forces 
lowing set of relaxed scaling groups. 

4: 

are properly scded. This leads to the fol- 

In addition, it should be noted that ali the dimensionless properties 
must be the same function of th& dimensionless variables for the model and 
the prototype. For a model reduced in length by a scaling factor "a" and 

Approach No. 2 

In this approach, the reservoir and the model are assurned to have dif- 

ferent fluids and pressure drops, the same porous medium, and geometric 
simiiarity. This approach is rather similar to Approach No. 1. The only dif- 

ferences are the model oil and the experimentd pressure and temperature 
conditions. The model oil is selected so that its viscosity at room temperature 
equais that of the prototype oil at reservoir temperature. The experimental 
model pressure and temperature are different from the reservoir pressure 
and temperature. 



In this approach, 
atmospherïc temperature 
ities of carbon dioxide in 

the determination of the experimental pressure a t 

is auaaî,  because it is hypothesized that the solubil- 
oil at two different pressure and temperature condi- 

tions can be the same. In 0th- words, the experimental pressure at 2I0C is 
determined such that the solubility of carbon dioxide in the model oil at lh is  

pressure is equal to that in the reservoir oil at the field pressure and tempera- 
tue. 

In addition, in order to balance viscous forces (viscous x/viscous y) and 
viscous divided by gravitational forces while maïntaining geometic simüari- 
ty, the pressure drop is relaxed. It is proposed to use the same porous 
medium in the mode1 as in the field. In other words, the modei will have 
the same permeability, porosity, and saturation distributions as the protowe. 
The main weakness of this approach is that al l  properties (except solubiiity) 
which depend on pressure and temperature, and composition are not scaied 
because of the different pressure and temperame in the model and the proto- 
type. The resuiting groups are as follows: 

In addition to these requirements, the dimensionless properties as 
functions of dimension1ess variables should be the same in the model and 
the prototype. For a model reduced in length by "a", and considering the 
same fluids, +, Soi, Swi and K must be the same in the model and the proto- 



type. The parameters W, H, and t must be reduced by "a". The parameters 
Wco, and Ww must be reduced by "aZ". 

The dimensional analysis approach to derive the similarity groups for 
a process is based on the Buckingham rc-Theorem, which uses the Prinaple of 
Simüarïty. The procedure is to first select the relevant variables for the pro- 
cess. The similarity groups can be determined ushg the Buckingham R-Theo- 
rem. The general d e  for this approach is that if there are n separate vari- 
ables and rn primary quantities, then the set wül be complete when there are 
(nom) dirnensionless groups. More detaiis on this approach can be found in 
Ref. 98. The similarity groups derived by this method are given below. 

The group - """6 appears in the above set derived using the dimen- 
@b 

sional analysis approach because gApgo was taken as a variable. 



5 - EXPERIMENTAL APPARATUS and PROCEDURE 

This chapter presents a description of the apparatus, materiais, and pro- 
cedures used in the present research. The first part describes the procedure 
for packing and saturathg the model prior to conducting an experiment, and 
the second part gives detaiis of how the diffusivity and solubiiity of carbon 
dioxide in oil, in the presence of nitrogen, were measured. A discussion of 
the procedure for conducting an imrniscible WAG expriment is also pro- 
vided. 

5.1 - Experirnental Apparatus 

Figure 5.1 shows a schematic of the apparatus used for the displace- 
ment experiments. As shown, the apparatus used in this study consists of the 
physical model, fluids and porous medium, fluid injection and production 
systems, and the data acquisition system. 

5.1.1 - Physical Modets 

Two models: linear and two-dimensional, were used in the present re- 
search. The linear model was partiaily scaied while the two-dimensional 
model was fuUy scaled to the Aberfeldy reservoir in Saskatchewan. The simi- 
larity groups which were used to design the model can be fond  in Ref. 1. 
The linear model was built to act as a screening model for the two-dimen- 
sional model. It was 415 mm in length and 98 mm in diameter. Chevron- 
type fittings were used to seal the ends of the pipe, as wd as to f o m  the injec- 
tion and production ports. Figure 5.2 presents a schematic of the linear 
model. 

In contrast to the linear model, the two-dimensionai modei was more 
cornplex. Cross sections of the two-dimensional model are shown in Figure 
5.3. Much effort was expendeci in designing and fabricating itl. A brief de- 
scription of this model is given below. 

- Rectangular shape: 45.7 an x 45.7 cm x 2.2 cm. 
- Three reinforcing members. 
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Figure 5.2 - Schematic of the Linear Model. 



a) Horizontal Cross-Section 

b) VerticaI Cross-Section 

Figure 5.3 - Cross-Sections of the Two-Dimensional Model. 



- Maximum interna1 pressure: 20.0 MPa at 51°C. 
- Maximum deflections of walls at 10.0 MPa: < 0-01 mm. 
- Weight of model: 1.0 tonne. 
- N u m k  of weiis: 9. 
- Possible patterns to simulate: 5-spot, 9-spot, line drive. 
- The mode1 can be rotated for horizontal, indined, or vertical floods. 

In this research, in addition to conducting experiments at iso-thermal 
conditions, it was intendeci to perform experiments at non-isothermal condi- 
tions. The field data that were used to design the scaied non-isothermal ex- 

periments are given in Table 5.1, on the next page. 

5.1.2 - Fluids and Porous Medium 
Oi l 

The oils used in aU experiments were from the Aberfeldy and Battrum 
South fields in Lloydmiwter, Saskatchewan and from a heavy oil field in 
Oklahoma. 

Carbon Dioxide Gas 

Commercial carbon dioxide gas with a purity of up to 99.9%, purchased 
from Medigas, was used in ail m s .  

Field-simulated brines were used in al1 nuis. 

Porous Medium 

For most of the runs, Ottawa Siiica Sand from Ottawa. Michigan, was 

used to represent the fieid porous medium since it has a grain size similar to 
that of the reservoir sands (70-140 mesh). 



Table 5.1 - Field Information 

Field narne 
Date discovered 
Producing depth 
Net sand thickness 
Original reservoir pressure 
Current reservoir pressure 
Production pressure 
Reservoir temperature 
Oil gravity 
Oil density (@ surface temperature) 
Formation volume factor 
Initial oil saturation 
Current oil saturation 
Oïl viscosity at bottom hole temperatme 
Porosity 
Permeabiiïty 
Geometry 
Weil spacing 

X 
November, 1987 
912 m 
5.1 m 
8560 kPa 
4799 kPa 
2600 kPa 
3 7 T  
17.3O API 
950 kg 
1.024 rm3/sm3 
60.7% 
44.0% 
160 mPa.s 
25.1% 
0.1 to 2.5 darcies 
inver ted Bspo t 
161,875 m2 



5.1.3 - Fluid Injection and Production System 
Gas Injection 

Carbon dioxide was injected using a Matheson gas metering system. 
This system controiled and measured the gas entering the model. The 
Matheson Dyna-Blender helped to control the flow rate of gas. A gas com- 
piessor was also used to maintain a constant gas injection pressure. A 
Matheson totalizer provided the cumulative volume of gas injected into the 
model. 

011 Injection 

A positive displacement Milroyal pump was employed to hject heavy 
oii into the model. 

Brine lnjection 

Brine was injected by a constant rate screw-type piston pump. The pump 
flow rate was controiied by varying the pump speed. 

Fluid Production 

The effluent was coilected in a glass cylinder at atmospheric conditions 
(101.325 kPa and B0C). Oil and water, because their densities were greater 
than that of gas, were coiiected at the bottom of the cyiïnder while gas dis- 
placed a volume of water in the upright glass burette equal to the total vol- 
ume of gas produced. Since oil and water mixed with each other at the tirne 
of collection, they had to be heat-separated to determine the produced vol- 
umes of each. 

5.1.4 - Data Acquisition System 

The production pressure was controlled by a badc-pressure regulator 
which was co~ected to the production end of the model. Two Heise pres- 
sure gauges were used to measuse the injection and production pressures. 



5.2 - Experimentel Procedures 

In this research, as mentioned previously, two models: linear and two- 
dimensional, were used to conduct experirnents. The terms 'Linear' and 
'Two-Dimensionai' are used for convenience only; in fact, flow in any physi- 
c d  modd is thme-dimensional- Much effort was made to minimize the effect 
of gravity, which acts in the third dimension. 

For both models, the experimentai procedures used were identical, ex- 

cept that dry padang was used for the linear modei and wet packing for the 
two-dimensional model. The procedures are as discussed below. 

5.2.1 - Packing 
Linear Model 

Dry packing was used for the linear model. The padang procedure is 
relatively simple. After the bottom Chevron end cap was installed on the 
production end of the model, the model was inverted so that the open 
(injection) end was up and so that it was perfectly vertical. A level gauge was 
used to check if it was in the vertical position. An air vibrator was then 
strapped on the side of the model. Nat, Ottawa sand was slowly poured into 
the model while it was bwig vibrated. In this way, a tight sand pack was 
adiieved. Afterwards, the model was Ieft vibrating for eight-to-ten hours. 
After vibration, the top Chevron end cap was mounted, and a vacuum pump 
was connected to the top end to evacuate air from the model while it was 
again king vibrated for another eight-to-ten hours. A vacuum was drawn at 

the top to achieve the best vacuum possible. At this point, the model was 
ready for pore volume determination. 

Two-Dimenstonal Model 

Whiie the linear model was dry-packed, the two-dimensional model 
was wet-packed for convenience. Similar to the iinear model, the two-di- 
mensional model was first inverted so that the open cavity was facing up. 
Next, an aluminium extension was temporarily mounted on the top of the 
model, and distilied water was added to the model. The purpose of the exten- 

sion was to maintain a IO-cm head of water above the sand level. An air 



vibrator was damped on the top of the modei and activated, and Ottawa sand 
was slowly poured in until the sand level was about 2 cm above the head of 
the model. The modei was then vibrated for at least eight-to-ten hotus. 
Afterwards, the IO-an head of water, air vibrator, and aluminium extension 
were removed, and the top flange was put on and bolted. Finaiiy, the modei 
was pressure-tested at about 6.0 MPa or higher to check for leaks. If no leak 
was detected, the model was now ready for pore volume determination. 

5.2.2 - Pore Volume Determination 
Linear Model 

After a vacuum was drawn on the model, a plastic tube from a d i -  

brated cylinder containing an initially known volume of brine was connected 
to the bottom end of the model and b ~ e  was drawn up into the model due 
to the pressure diffèrence between the model and the atmosphere. By inject- 
ing water from the bottom of the model, a more accurate pore volume and a 
more uniform water saturation could be achieved. The difference between 
the initial and final volumes of brhe yieided the pore volume of the model. 
The porosity was calculated by dividing the pore volume by the bulk volume 
of the model. 

Two-Dimensional Model 

For the two-dimensional model, the detexmination of the pore vol- 

ume was more time-consuming than that for the h e a r  model. First, the 
model was rotated so that the Bange side faced down. Next, brine with a re- 
fractive index of 1.3446 was injected at the bottom of the rnodel using the con- 
stant rate screw-type piston pump, while distiiled water was being produced 
and coiiected at the top of the model. Brine injection was continued until the 
refractive index of the produced water readied 1.3446. At this tirne, the modei 
was believed to be 100% brine saturated, and the injection was stopped. For 
each sample of water coliected, its refractive index was measured using a re- 
fractometer to estimate a gradua1 change from water to brine solution. The 
refractive indices of the first and last water samples were plotted versus the 
percent of brine in solution, since it was believed that the first sample con- 
tained 0.0% brine and the last 100.0% brine (Figure 5.4). From this plot, 



% Brine in Solution 

Figure 5.4 - Two-Dimensional Model Fraction of Brine in Solution. 
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Figure 5.5 - Two-DimensionaI Model Pore Volume Determination. 
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knowing the refractive index of each water sample, the percent of brine in so- 

lution could be fond. To determine the pore volume of the modei, the per- 
cent of brine in solution was plotted versus the cumulative volume of water 
produced, and the area under the curve was divided into two qua1 portions 
(Figure 5.5 on the previous page). îhe pore volume was the cumulative vol- 
ume at which area A evalled area B. 

5.2.3 - Permeability Determination 

For both the iinear and the two-dimensional models, the permeabiiity 
was measured using the same approach. Note that after the pore volume de- 
termination, the model was brine saturated; thus, brine was used as the fluid 
to measure the penneabilig of the sand pack. The horizontal permeability of 
the modd was measured by flowïng brine through the modd in a horizontal 
position, at a specific flow rate and pressure differential. A known volume of 
water was coiiected at a given tirne and pressure differential, and the perme- 
ability was determined using Darcy's linear flow equation for the ünear 
model and Muskat's equationg9 for the two-dimensional model. 

5.2.4 = Oil Saturation 

For both physical models. the procedures to saturate the model sand 
pack with oii were similar. Fist, the model was inverted so that the injection 
port was fadng up and the production port facing down, and the model pres- 
sure was brought to the experimental pressure by injecting brine into the 
model with the production back-pressure regulator (BPR) dosed. Also, oil 
had to be pressurized to the experimental pressure by activating the constant 
rate Milroyal pump, with the îniet valve dosed, until the oii pressure was at 
least a little higher than or equal to the model pressure. Then it was injected 
into the model at a very slow rate by fuUy opening the inlet valve. Right after 
oil breakthrough occurred. injection was stopped and the volume of brine 
produced was recorded. 
oil saturation, as foliows. 

This volume of brine was used to predict the initial 



For the linear model: 

B M ~  Volume Produceci - Oit Vehme in Chevron - Type Caps 
Soi = x 100% 

Pore Volume 

For the two-dimensional modei: 

- Brine Voluw Roduced 
S, O Pore vohune 
At Uiis tirne, the model was believed to be oil-sahirated and ready for 

an experiment. 

5.2.5 - WAG Process, Post Watertlood, and Blowdown 

The same procedure was used to conduct an experiment in both physi- 
cal models. To start an experiment, the volumes of gas and brine to be in- 
jected had to be caiculated first The caldation procedure is shown below. 

Since it was found by previous researchersI.5 that a total gas slug size of 
20% HCPV and a water volume four times the gas volume, both of which 
were divided into ten equal slugs, were optimal, they were used in all exper- 
iments in this study. 

Total Gas Volume @ Experimental Conditions = 0.20 x HCPV [an31 

It had to be converted to its equivalent volume at the meter (standard) 
conditions. 

Total Gas Volume @ Meter Conditions 

MD @ Experimentai Conditions 
= 0.20 x HCPV x 

MD @ Meier Conditions 

where, 
MD = molar density calculated using the Stariing Equation of stateloo. 

Total Brine Volume = 4 x Total Gas Volume @ Experimental 
Conditions [an3]. 

Finally, the total gas and brine volumes were divided into ten slugs 
each. 



After the preliminary caiculations had ken  completed, the model was 
prepared to start an experiment. With the model in the horizontal position, 
a gas slug was first injected then followed by a water slug until ten slug pairs 
of gas and water had been injected, and the WAG process ended. 

The WAG process was foiiowed by the "pst-WAG waterflood. This 
waterfiood was carried out oniy when, after the WAG process, the produàng 
WOR was still below 20:l. The model was flooded with brine witil the WOR 
reached 20:1, or higher, when the waterfiood was terminated. The "blow- 
dom" was comrnenced by first closhg the injection valve and then slowly 
lowering the pressure to atmospheric pressure by releasing the production 
BPR. Subsequently, the model was left for at lest  eight hours to make sure 
a3l gas was produced. At this time, the experiment was terminated. 

After the termination of the experiment, the model was opened and 
the sand pack was removed and discarded. The model, as weli as the injec- 
tion and production ports, were deaned first with Varsol. then toluene, and 
readied for the next experiment. The data coilected were analyzed to deter- 
mine various parameters indicative of the overd performance of the exper- 
iment A typical nui took a total of two weeks. 

5.2.6 - Data Processing 

The experimental data were processed using a previously developed 
cornputer ~ r o ~ r a r n ~ .  The program was based on the material balance of oil, 
water, and carbon dioxide mixture. The volume of fhids injected was calcu- 
lated by this program. It also computed the water-oil ratios (WOR), gas-oil ra- 
tios (GOR), oil recovery, the totai volume of oil produced, oil produced-fluid 
injected ratio (OPFIR), carbon dioxide retention and carbon dioxide required 
to pproduce a unit volume of oil. 

The carbon dioxide material balance used the Starling equation of 
stateloO. The equation of state is as foiiows: 



where, 
p = pressure m a )  
T = Temperature (K) 

p = molar density (kmo1/m3) 

ïhe constants for carbon dioxide in SI units are: 

Newton-Raphson's method was applied to the above equation to de- 
termine the molar densities of nitrogen-carbon dioxide mixtures of various 
compositions. According to StarlingZoO, the above equation predicts experi- 
mental density data with an average error of less than 1.0%. 

5.3 - Diffusivity Experiments 

This section is divided into two sub-sections. The first presents the 
mathematicai anaiysis leading to the determination of the diffusivity coeffi- 
aent, and the second discusses the experimental tedinique. 

- Mathematical Analysis 

The one-dimensional unsteady-state diffusivity equation is 

ac- -2 = CD:- a2ci 
at l3 à 7  

subject to the folIowing initiai condition: 

Ci(x,t=O)=O for O I X S ~  



and the foilowing two boundary conditions (assuming an ùifinite length): 

q ( x  =O,t >O) =C, 
Ci(x=-,t >O)=O 

where, 
Ck= equiiibrium concentration at the interface. 

The solution to equation (5.2) subject to the above conditions ido1 

The total mass of the gas component i, r q ,  absorbed after time t can be 
defined as 

œ 

m, = AIC~ (x, t)dx 
O 

where, 
A = difisional aoss-sectional area. 

Iwerting equation (5.6) into equation (5.7) gives 

The solution to equation (5.8) given by other investigatorsa 32 3739 is 

(5.9) 

i injected into the diffu- The parameter, m, is mass of gas component 
sion ceii after t h e  t to maintain a constant pressure during the duration of a 
diffusion experïrnent, which can be determined directly from the observed 
volume of gas injected into the cd, which can be converted to mass by using 
an appropriate equation of state. For carbon dioxide, the Starling equation of 
state is the most accurate. The interfacial equilibrium concentration, Ge, in 



taking a sample 
area, A, can be 

kg/m3 of solution, which can be measured experimentally by 
at the top of the oil column. The diffusional cross-sectional 
measured directly. By plotting m, vs. 4, a straight iine with a dope equal to 

can be obtained. The diffusivity coefficient, DG, can be determined 

from the dope of the straight he. 

5.3.2 - Experimental Measurement 

The method of measuring the carbon dioxide diffusivity in oils pre- 
sented here is quite similar to the one designeci by Pomeroy et al?, except for 
the completion of the experiment. in Porneroy et method, at the end of 
the diffusion period, the diffusion ceIl was shakert or contuiuously rotated to 
obtain equilibriwn and complete mixing of the gas and oïl. Then, a sample 
was taken, and the equiiibrium concentration was determined. In this 

method, at the end of the time aiiowed for the diffusion to occur, a sample at 
the top of the oil column was taken, and the volume of gas released from the 
oü was used to determine the quiiibrium concentration. 

The diffusion ceii used in this study is shown in Figure 5.6. Lt consisted 
of a stainless steel cyluider fitted with two flanges. The intemal cross-sec- 
tional area of the ceil was 3217 an? and the length was 1220 cm. The celi was 
aiways placed in the vertical position during packing and deaning, as weii as 
during the actual experirnents. The top flange was connected to a high pres- 
sure carbon dioxide cylinder. A Heise pressure gauge was dso comected to 
the top flange to measure the pressure inside the ceii duruig the experiment 
The bottom fiange was equipped with a two-way high pressure valve which 
permitted collection of oil samples for determining the concentration of dif- 
fused carbon dioxide in the oil at the end of the experiment. 

The procedure for conducting a diffusion experiment was as follows. 
First, the diffusion cell was evacuated for six hours using a vacuum pump 
connected to the top flange of the cell. Next, while the ce11 was still being 
evacuated, a plastic tube from a calibrated cylinder containhg an initially 
known volume of oil was connected to the bottom valve, and oil was drawn 
up into the ceii to obtain an oii column of at least 20 cm, and the bottom 
valve was closed. Carbon dioxide at the desired experimental pressure was 





injected into the ceil at the top flange, and the pressure was kept constant 
during the course of the experiment by injecting carbon dioxide. The volume 
of car bon dioade injected and the time it was injected were recorded. As the 
injection of carbon dioxide continueci, a straight line was obtained on the plot 
of rnt vs. &. At this tirne, a sample at the top of the oii coiumn was taken. 
The voiume of gas released was trapped and measured. The expairnent was 
then terminated. The ce11 was opened and deaned to prepare for the next 
experimen t. 

A sarnple plot of m, vs. 4 for one of the diffusivity experiments is 
provided in Figure 5.7, on the next page. The lower part of the curve near the 
origin where the data points are scattered inàicates the period during which 
the interfacial equilibrium concentration is becoming established. The upper 
pari of the curve where the cunre rises rapidly indicates the diffusing gas has 
reached the bottom of the diffusion ceil. When this has occured, it means 
that the infihite boundary condition assumption is no longer tenable. The 
middle section (between A and BI, where a straight iine is established indi- 
cakes the diffusion period which may be used to determine the diffusivity co- 

efficient. 

It should be noted that when carbon dioxide diffuses in oil, it causes the 
oil to sweil. In this study, the effect of swelling was induded in the caicula- 
tion of the equiiibrium concentration at the interface by usi& Weiker and 
Dunlop's ~orrelation'~. 



Figure 5.7 - Mass of Carbon Dioxide Injected into Diffusion Cd1 vs. Square 
Root of Tirne. 



6 - DISCUSSION OF EXPERIMENTAL RESULTS 

This chapter consists of two parts. The first part deals wîth the presen- 
tation and discussion of the work done to uivestigate the diffisivity of a gas 
phase into a liquid phase. The second part contains the discussion of the dis- 
placement expefimenh - isothermal and non-isothemal. 

1 - Diffusivity of Carbon Dioxide and Methane 

Tables 6.1 and 6.2, respectively, present the 76 measurements made to 

investigate the diffusivities of carbon dioxide and methane into different oils. 
The raw data were plotted and are induded in Appendix D. The conditions at 

which the measurements were made are given in Tables 6.1 and 6.2. 

6.1 - Effect of Pressure 

Figure 6.1 shows a log-log plot of the diffusivities of carbon dioxide 
versus pressure for an 1842 mPa.s oil at 294.15 K. Figures 6.2 and 6.3, respec- 
tively, present the logarithm of the difhsivity of carbon dioxide in 1842 and 
3607 rnPa.s oils vs. the logariùlm of pressure at the temperame conditions at 

which carbon dioxïde is gaseous. It is apparent in these two figures that as 

long as carbon dioxide is in a gas phase, its diffusivity inaeases linearly with 
increasing pressure. In Figure 6.1, there are two distinct regions: gaseous and 
liquid carbon dioxide diffusion. First consider gaseous carbon dioxîde diffu- 
sion consisting of Experiments 3 to 7 conducted at 0.69 to 5.17 MPa. As is 
shown by the gaseous carbon dioxide diffusion line, the diffusivity of carbon 
dioxide into oil inueased with inaeasing pressure, under the experimental 
conditions. Now, consider the liquid carbon dioxide diffusion region, consist- 
ing of Experiments 8 to 11 perfonned at pressures fkom 6.89 to 10.34 MPa. 
Clearly, liquid carbon dioxide diffusion remained unchanged and was much 
lower than gaseous carbon dioxide diffusion. The reasons can be as follows. 
When carbon dioxide is in a gas phase, molecular forces are weak, thus aliow- 
ing carbon dioxide molecules to move quiddy and freely into the oil. Hence, 
high carbon dioxide diffusion can result On the other hand, at 6.89 to 10.34 
MPa and 294.1S°K, carbon dioxide is in a liquid phase, which means that the 
molecular speed of the carbon dioxïde molecules is low due to the strong 



Table 6.1 - Diffusivity of Carbon Dioxide. 

1 Experiment 1 Oil Viscosity 1 Temperature 1 Pressure 1 Diffusivity 



Table 6.1 - Cont'd. 

1 Expriment 1 Oil Viscosity 1 Temperature 1 Pressure 1 Diffusivity 



Table 6.1 - Cont'd. 

Table 6.2 - Diffusivity of Methane. 

Experiment 
, No. 

~ 
I 

57 

Oil Viscosity 
at 2I0C and 
0.101 MPa 

(mPa.s) 
3607 

Experiment 
No. 

72 

73 

74 

75 

76 

Temperature 
(Oc) 

79.3 

Oil Viscosity 
at 2I0C and 
0.101 MPa 

(mPa.s) 
1842 

1842 

1842 

1842 

1842 

Pressure 
(MPa) 

0.69 

Temperature 
(OC) 

57.1 

57.1 

57.1 

57.1 
57.1 

Diffusivity 
(m2/s) 

1.1724~-09 

Pressure 
(MW 

0.69 

3.45 
6.89 

13.79 

17.24 

Diffusivity 
b2 /d  

3.1151E-11 

6.9301E-11 

8.4217E-1 I 

4.1067E-10 

4.5441E-10 





Figure 6-2 - D h i v i t y  of CO2 in an 1842 mPa.s Oil as a Fundion of Pressure. 

- - 

Pressure, MPa 
Figure 6.3 - Diffusivity of CO2 in a 3607 mPa.s Oil as a Funbion of Pressure. 



molecular forces. As a resdt, the diffusivity of carbon dioxide is reduced. 
This is why low diffusion coeffiaents were obtained at 6.89 to 1034 MPa and 
294.15 K, at which carbon dioxïde was liquid. 

This fhauig of low liquid carbon dioxide diffusion helps explain the 
low oïi recoveries reported by ~ojas', who injected liquid carbon dioxide 
rather than gaseous carbon dioxide in some of his immisable carbon dioxide 
WAG displacement experiments. 

6.2 - Effect of lncreaslng Temperature 

One of the objectives of this research was to investigate the effect of in- 

aeasing temperature on the diffusivity of carbon dioxide. Figures 6.4 and 6.5 
depict the effect of temperature on the diffusivity of carbon dioxide into 1842 
and 3607 mPa.s oils at different temperatures In these figures, the log-log plot 
of the diffusion coefficient in m2/s versus temperature in K is presented. A 
straight line was obtained, indicating that the difhisivity of carbon dioxide in- 
aeases exponentially with increasing temperature. The reason for an in- 
aease in carbon dioxide diffusion with temperature inaease is that inaeasing 
temperature causes an inaease in the kinetic energy which accelerates the 
movement of the carbon dioxide molecules, cunsequently leading to an incr- 
ease in carbon dioxide diffusion. Also, at an elevated temperature, oil 

molecules are more spread out, the "holes" among the oïl molecules are big- 
ger, the intermolecular forces between the oii moiecuies are weaker, and the 
viscosity of the oil is Iess, thus aiiowing the carbon dioxide molecules to dif- 
fuse through more easily. 

6.3 - Effect of OiI Viscosity 

Five experimenh were performed using oils having different viscosi- 
ties to shidy the infiuence of oil viscosity on the diffusivity of carbon dioxide. 
They were Experiments 1,2, 15, 46, and 71. The viscosities of the oils used in 
these five experiments were 603, 1058, 1848, 3607 and 15402 mPas, respec- 
tively. The pressure and temperature at which these five experiments were 
conducted were 6.89 MPa and 330.260Kf respectively. The results are shown in 
Figure 6.6 as the logarithrn of the diffusivity versus the logarithm of the oiï 
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Wcosity. It is noted mat the diffusivity-oil viscosity relationship is exponen- 
tial and that the diffisivity deaeases with increasing oil viscosity. This is be- 
cause lower viscosity oils have weaker molecular bonds. 

6.4 - Effect of Oil Molecular Weight 

Besides oil viscosity, oil molecular weight was also found to have an 
effet on the diffusivity of carbon dioxide. Figure 6.7 (on the previous page) 
shows the logarithm of the carbon dioxide diffusivity vs. the logarithm of the 
oïl molecular weight. The diffusivity coefficients plotted in this figure are 
those of Experiments 1,2,15,46, and 71, which were discussed in Section 6.3. 
As shown, the diffusivity of carbon dioxide exponentially decreases with in- 
aeasing oil molecular weight. 

6.5 - Diffusivity of Methane 

Besides shidying the diffusivity of carbon dioxide, the diffusivity of 
methane into oil was also studied. Five experiments (Experiments 72 to 76) 
were performed using methane as the diffusing gas at 330.26 K and 0.69 to 
17.24 MPa. The results are given in Table 6.2 and plotted in Figure 6.8. Like 
carbon dioxide diffusivity, the diffusivity of methane into oii increased with 
increasing pressure. In Figure 6.8, the diffusivities of carbon dioxide into an 
oil of identical viscosity (Le., 1846 mPa.s) are also shown. Comparing the two 
straight lines in the figure reveais that more carbon dioxide than methane 
could diffuse into the oil under the s<perimental conditions. The reason is as 
foliows. According to the Stokes-Einstein equation, for diffùsing molecules 
large with respect to solvent molecules, the rate of diffusion depends in- 
versely on the radius of the diffusing m o l e d e  ( i .e . ,~;  a I / V ' / ~ ) ' ~ ~ .  ROSS 

and EIildebrandlo3. Nakanishi, Voigt and EIildebrand104 showed that with 
dissolved gas molecules the diffusivity maidy depends on the cross-sectional 
area (v2I3) of the diffusing molecules. Based on these two theories, it can be 
said that diffusivity varies inversely with the molecular volume to the third 
power (9; a I / V ~ / ~ ) .  Under experimentai conditions, the molecular vol- 

umes of methane (eg., 763.75 cm3/mol at 3.45 MPa and 57.1°C) were much 
higher than those of carbon dioxide (eg., 686.20 cm3/mol at 3.45 MPa and 





57.1°C). Therefore, the diffusivity of methane was found to be lower than 
that of carbon dioxide. 

6.6 - Correlations of the Diffusion Coefficients 

The technique of correlating the experimentai data employed in this 
work is the one first proposed by WiLke and which is widely used. 
The main idea of this teduuque is to collapse a l i  data points on one single 
straight Iine. More details on this technique can be found in Reference 105. 
From the discussions presented in Sections 6.1 to 6.4, it is obvious that the 
diffusivity of carbon dioxide in oils depends on pressure. temperature, oil 
viscosity, and oii molecular weight As a result, an empîrical equation which 
is similar to the one proposed by McManamey and ~ o l l e n . ~ ~ ,  that has a form 
as shown bdow. is adopted. 

where a, a, p, y, and E are the correiation parameters which are to be deter- 
mined. 

By iinear regression analysis, the numerical values of a, a, P, y, and e 
were respectively found to be 5.7582 x IO*, 0.3734,5.6110, -0.6606, and -4.4852. 

Thus the final form of the correiation is 

where, p =M'Pa. 

Figures 6.9 to 6.10 compare the experimental and calculated values. 
This correlation was found to predict the diffusivity of carbon dioxide in 
heavy oils with an average error of Iess than 6%. 
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II - Displacement Experlments 

The second part of this chapter presents a discussion of the displace- 
ment experiments conducted in previous and present studies. The first sec- 
tion presents correlations of the experimentd data (induded in Table 6.3 on 
page 80) reported by the former investigators at the University of Alberta1r4#s7 
with the dimensionless groups. The second section presents a discussion of 
the experïments made in this study. Most of the experiments conducted in 
this study and previous studie~'*~S*~ were completed Soi (initial oil saturation) 
instead of S,, (residual oil saturation) because the process is apt to be em- 
ployed in reservoks where primary recoveries are very low and waterflood- 
ing is inefficient. Four qeriments were performed to investigate the possi- 
bility of using a carbonated waterflood in place of an immisable carbon diox- 
ide WAG flood. Table 6.4 contains the results of these four carbonated water- 
flood experiments. Fifty experiments were made to study the gravity segrega- 
tion of the injected fluids. Seven experiments were conducted to observe the 
performance of the immiscible carbon dioxide WAG process under non- 
isothermal conditions. Two physicai modeis, one linear and one two-dimen- 
sionai, were used to conduct the experiments. The resuits reported in this 
study are çumrnarized in Tables 6.5 and 6.6. The prefues "V" and " H  in the 
nin No. refer to vertical and horizontal, respectively. A typical run took a to- 

tal of two weeks or longer, depending on the type of nui. For non-isothemal 
runs the results of which are summarized in Table 6.8, the mode1 had to be 

heated to the experirnentai temperature and pressure conditions fcr at least 5 
to 7 days or even longer to make sure the temperature in the mode1 was uni- 
fom, as shown by a constant temperature on the temperature controller. 

Figure 6.11 provides a pictorial view of the different experiments con- 
ducted in the linear and two-dimensional models. The tabulated results of 
the experiments can be found in Appendix E. Appendix F contains the pro- 
duction histories of al1 experiments conducted. 



Table 6.3 - Summary of Previous Immiscible Carbon Dioxide Displacement Expcrimcnts. 

Run M&l 

Na. Type 

4 Abs. Oil S p i  p 

(%) k Vis, ( )  (MPa) 

6Rl TD 1 CO2 Slug =>2.32 HCPV WF 43.14 24.3 1032 88.6 5.5 

7R' TD 1 COz Slug =>0,66 HCPV WP 43.70 15.4 1032 90.1 5.5 

]SR1 1 TD 1 3:1 WAG (10 C02Slugs) 1 43.22 1 11.7 1 1032 1 88.9 1 5.5 
1 1 I I I 

1 17Rl 1 TU 1 5:I WAG (IO COISlugs) 1 42.78 1 12.4 1 1032 1 87.6 1 5.5 
m 1 1 . 1 

6:1 WAG (10 CO2 Slugs) 

21aRJ TD 1.66 HCF V Watcrfioad 43-15 9.26 1032 88.1 5.5 

23Ri 4:) WAO (10 COzSlugs) 42.14 9.3 4681 9 5.5 

1224 TD 1 CO2 Slug =>2.48 HCPV WF 40.48 12.4 1 1  16 92.4 5.5 

1324 TD 4:l WAG (10 COzSlugs) 38.71 5.3 1 116 90.3 5.5 

1624 TD 4: 1 WAG (10 CO2 Slugs) 39.26 14.3 1116 90.5 5.5 

2424 TD 4:1WAG(10C02Slugs) 41.39 15.4 1233 91.1 5.5 

2524 TD 4:l WAG (IO  CO^ ~lugs)  40.81 8.2 1 0 2  89.9 5.5 

TD 1 5  TD 4: 1 WAG (IO CO2 Slugs) Scnlnc Oil 43.10 7.6 3295 86.8 2.5 

Flow Co2 Co2 Co2 Co2 

Vol, Vol, Molcs Reqwral R e i a i d  

(n\cci) Inj. Inj. (sm3/sm3) (Qlnj) 

(HCPV) (mol) 

O, 18 0.20 1,42 47,33 54.19 

Toial 

Rccavay 

(%HCPV) --1 



Table 6.3 - Summary of Previous Immiscible Carbon Dioxidc Displacements Experimcnts (Cont9d). 

Run Modo1 

No, Typc 

4) Abs, Oil Soi 

(%) k Vis. (910) 

(mPa.s) 

GTD17 'ID 4:1WAO(10C02Slugs) 41.6 13.6 1230 85.9 

GTD37 TD 4: 1 WAG (10 CO2 Slugs) 41.1 18.7 1115 91.3 

G m 7  TD 4:1WAG(10C02S1ugs) 41.6 13.6 1130 93.2 

GTDT "ID 4:i WAO (10 CO2 Slugs) 38.0 11.9 1279 91.1 

GTD87 4 1 WAO (10 CO2 S1ugs) 38.0 12.2 1046 88.9 

GTD107 TD 4: 1 WAG (10 CO2 Slugs) 39.5 12.1 1046 91.7 

Lc16~ LC 4:1WAO(10C02Slugs) 34.8 9.0 1059 79.1 

LC 17' Lc 4:l WAG (10 CO2 Slugs) 37.7 12.3 IO55 89.2 

Le307 LC 4: 1 WAO (10 CO2 Slugs) 37.6 11.4 1055 90.2 

LC317 LC 4:1WAG(10C02Slugs) 36.4 1 O 1055 79.4 

LC327 , LC 4: 1 WAG (10 C02Slugs) 37.6 14.1 1055 93.7 

LC337 LC 4: 1 WAG ( I O  CO2 Slugs) 37.4 13.1 1230 94.9 









Table 6.6 - Sumrnary of Horizontal WAG Displacement Experimcnts in a Quarter el a 5-Spot System (Cont9d). 

H2D31 1 I WAG 1 4 1 I .20 1 10 141.41 fi 13.31 I 1058 186.4 

H2D30 

-- 
Run 

Na. 

, H2D19 

, H2D20 

H2D21 

, H2D22 
H2D23 

.H2Dî4 

. H2D25 

H2D26 

, H2D27 

H2D28 

1im9 t 

Abs. 

k 

(d) 

13.6 

13.6 

12.6 

12.4 

12.4 

12.8 

12.9 

22.0 

14.1 

14.5 

16.6 

1 H2D33 1 WAG 1 4 1 20 1 10 1 38.5 1 12.5 1 1058 1 89.2 

CO* 

Injedaci 

(%HC- 

PV) 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

WAG 

, H2D32 

CO* 

injection 
l 
Velaciiy 

1 ( d d )  

3.17 

1 3.81 
1 

0.83 

1.55 
7 

1 2.54 
1 

; 3.17 
1 

3.81 

1 0.26 
l 

Q,52 

2.6 

5.20 

4.15 

i 1.29 

1 0.83 

208 L 

Proccss 

Description 

WAG 

WAG 

WAG 

, WAG 

WAO 

WAO 

WAQ 

WAG 

WAO 

WAO 

WAG 

Oil 

Vis. 

Ir01 
(mPas) 

3295 

3295 

3607 

3607 

3607 

3607 

3607 

, 1058 

1058 

1058 

1058 

WAG 

Ratio 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

Na. 

of' 

Slugs 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

Soi 

(%) 

93.1 

94.0 

92.1 

91.5 

89.0 

W.3 

90.6 

92.3 

91.1 

84.9 

90.3 

4 1 a) 
I 

WAG 

-- 
fi 

(96) 

38.5 

38.1 

44.3 

39.5 

39.7 

40.2 

41.0 

36.1 

40.0 

42.1 

39.5 

Waia 

Injection 

Velaciiy 

( d d )  

3, 17 

3.81 

10 

4 

CO2 

R c q u i d  

(sm#m3) 

20.4 

24,s 

40.6 

20 

CO2 

Rciaincd 

(sm3/sm3) 

25.5 

363 

13.3 

10 

CO2 

WAG 

Rcc. 

(%) 

24.1 

18.9 

1058 

40.6 

Post-wf 

Rec, 

(%) 

1.4 

2.2 

BD 

Rec, 

(%) 

2.8 

2.5 

90.6 

I 

Toial 

Rccovay 

(%HCPV 

OOIP) 

28.3 

23.6 

13.3 1058 91.3 



Table 6.6 - Summary of Horizontal WAG Displacement Experiments in a Querter of a 5-Spot System (Cont9d). 

Run 

No. 

Oil 

Vis. 

(Pol 

(mPa.s) 

1058 

1 058 

1058 

1058 

H2D34 

H2D35 

W2D36 

H2D37 

Ptows 

Descripiion 

Table 6.7 - Summary of Vertical Displacement Experiments in a Two-Dimensional Modd. 

CO2 

Injection 

Vclacity 

(Wd) 

1.27 

1.59- 

1.27 . 

1.27 

Coniinuous 

Coniinuous 

, Continuous 

Continuous 

CO2 

Injcdd 

(%HG 

PV) 

Waia 

Injection 

Vetocity 

(M) 
2S4 

3 1 7  

2.54 

2.54 

5 

5 

5 

5 

Run 

No. 

V2D 1 

V2D2 

4) 

(9b) 

p 

(MPa) 

V2D2 - Nitmgen was used in place of carbon dioxide. 

Abs, 

k 

(4 

7 

Soak 

Timc 

(days) 

O 

3!!l 
4.83 

10 

39,2 

38.5 

38.6 

39.4 . 

CO2 

WAG 

Rcc* 

(%) 

Roccss 

Description 

Coniinuous 

Con~inuaus 

14.1 

14.0 

10.7 

1 1.3 

Injection 

Velociiy 

(nJa) 

CO2 

Requeod 

(sm3/sm3) 

5.5 

5.5 

5.8 

5.4 

Posi-WC 

Rec. 

(%) 

I 

In&iion 

At 

botiom 

boiiom 

CO2 

Rcquiricd 
(sm3/sm3) 

RD 

Rec. 

('90) 

CO2 

Rminod 

(sm3/sm3) 

98,9 . 

99,3 

97,4 

99.0 

WAG 

Raiio 

CO2 

WAG 

Rcc. 

(%) 

1.7 

1.5 , 

1.3 

1.7 

CO2 

Injectd 

(WC- 

PV) 

5 

5 

Pmt-wf 

Rec. 

(%) 

34.6 

35.0 

32.3 

36.1 

No, 

of 

Slugs 

B 

(%) 

39.4 

-40.4 

A h .  

k 

((0 

11.3 

12.0 

Oil 

Vis, 

(PO) 

(mPa.s) 

1058 

, 1058 

Soi 

(%) 

88,7 

90.0 



Table 6.8 - Summary of Non-lsothermal Horizontal Displacement Experiments in a Scaled Model. 

-- 

Run 

No. 

112038 

H2D39 

H 2 M  

H2D41 

H2D42a 

H2D42b 

H2W3a 

H2D43b 

H 2 M a  

f 12Wb 

Waia 

Injection 

Vclociiy 

O 
2,54 

l 
2.54 

2,54 
l 

234 

2.54 
l 

2.54 - 
2.54 

l 

; 2.54 
l 

2.54 

1 2.54 

Abs. 

k 

(a) 

12.2 

4,4 

3.2 

3,9 

6 2  

6 2  

11.9 

11.9 

8.1 

8.1 

CO2 

WAG 

Roc. 

A!& 
40.0 - 
27.8 - 
30.8 - 
19.6 - 
- 

2.4 - 
- 

2.8 - 

2,9 

Oil 

Vis, 

IP'J 
(mPa,s) 

1058 

5200 

5200 

5201) 

6û3 .- 

603 

282 

282 

282 

282 

All non-isothemd displacement experiments were performed in the WAG mode, utiliring 10 slugs. 
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Figure 6.11 - Map of experiments conducted in this research. 



6.7 - Correlation of Displacement Results 

This section presents the correlations of the experimental displacement 
results reported by Rojas1, Zhu4, ~ye?, prosper7, and in this study. The di- 
mensionless groups used in the codations are those previously derived by 
~ojas'. Note that the groups derived by ~ o j a d  are a sub-set of the two sets de- 
nved in this study- 

6.7.1 - Single Slug and WAG Correlations 

Figure 6.12 presents the correlations of the overd average gas-oil ra- 
* Po tios1r4 with the dimensionless group (which is the ratio of viscous 

H P I O  

forces to gravitational forces) for single slug immiscibie carbon dioxide dis- 
placements and immisàble carbon dioxide WAG displacements in a quarter 
of a 5-spot flood pattern. Let us first consider the upper line representuig the 
overd average gas-oil ratios for single slug carbon dioxide injection experi- 
ments (Runs 6 ~ 4 0 ~ '  and lZ4) conducted using injection velocities ranging 
from 0.18 to 2.9 m/d, and a total carbon dioxide slug size of 20% HCPV. In 
these nins, carbon dioxide was continuously injected until 20% HCPV had 
been injected; then, water was injected to displace the carbon-dioxïde swollen 
oiî until the water-oil ratio reached about 20 to 1, which is the cut-off water- 
oil ratio. As is shown in the figure, the overall average gas-oü ratio linearly 

Po increases from 22 to 508 sm3/sm3 as increases from 0.0096 to 0.23, or the 

injection velodty inaeases from 0.18 to 2.9 m/d. in other words, there is an 
exponentid relationship between the overd  average gas-oil ratio and the ra- 
tio of viscous forces to gravitational forces for single slug immisable carbon 
dioxide injection. It is dearly shown by the straight iine that a higher gas in- 
jection rate results in a higher overd average gas-oü ratio. This is basicaily 
due to a higher mobiiïty ratio at a higher injection rate. It should also be 
noted that when carbon dioxide is injected at a high rate, it does not have 
enough time to dissolve as much as it can to deveiop a complete phase equi- 
librium with the oïl phase. Therefore, at a higher rate, a larger volume of 
carbon dioxiàe is produced during the flood. In contrast to this, a lower injec- 
tion rate will give carbon dioxide more time to dissolve and to develop a bet- 
ter phase equilibrium with the oil. As is indicated in the figure, at a viscous- 



Figure 6.12 - Gas-oil Ratio Correlations for Single Carbon Dioxide Slug Injection 
and WAG Injection (Data from Refs. 1 and 4). 



gravitational force ratio equal to 0.0096, the overail average gas-oil ratio is 22 
sm3/sm3, which is about one-twenty nfth of that at 0.23, for single slug im- 
misable carbon dioxide injection. 

On the bottom of the same figure, there is a dashed iine which repre- 
sents the ooerall average gas-oil ratios for experiments (Runs 16~', 231t1, 
13z4, 16Z4, 24z4 and 2524) camed out utilking the inunisable carbon dioxide 
WAG injection method. Similar to the single slug carbon dioxide injection, 
the overail average gas-oiî ratio for the carbon dioxide WAG process rises to a 
higher value at a higher viscous-to-gravitational forces ratio. The inserted 
picture shows this more dearly. Observing the wvo gas-oil ratio m e s ,  one 
sees that much less gas, even at a higher viscous to gravitational force ratio, is 
produced during the carbon dioxide WAG injection than during the single 
slug carbon dioxide injection. This means that injecting carbon dioxide in the 
WAG mode reduces the mobility of the gas phase, which consequently leads 
to an inaeased amount of carbon ciioxide going into solution in the oil. 

6.7.2 - WAG Ratio Correlations 

It has been show that injecting carbon clioxïde in the WAG fashion 
fields better mobility control on the gas phase than injecting it in the single 
slug mode1. One can ask at what WAG ratio the carbon dioxide WAG injec- 
tion will give its best performance. Referring to Figure 6.13, where the over- 
aii average gas-oil ratios of Runs 14R-18R1 conducted using the same carbon 
dioxide slug volume but different WAG ratios1 are plotted versus the prod- 
ucts of the viscous-gravitationai forces ratio and WAG ratio, the dashed con- 
cave downward curve represents the overd average gas-oil ratio c u v e  while 
the solid concave upward cuve represents the oil recovery. The WAG ratios 
employed in the experiments were varied from 1:1 to 6:l. In order to make a 
fair cornparison, the same injection velocity and oil were used in these mns. 
It is shown by the overali average gas-oil ratio curve that the volume of pro- 
duced gas deaeases as the WAG ratio inaeases until the WAG ratio reaches 
4:1, where the gas-oil ratio is minimum. Then it rises back up when the 
WAG ratio inaeases to 5:1 then to 69. The reasons may be most likely as fol- 
lows. When a WAG ratio lower than 4:l is utilized, the slug volume of water 
is not enough to reduce the mobility of the carbon dioxïde gas phase. When a 
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Figure 6.13 - WAG Ratio Correlation (Data from Ref. 1). 
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WAG ratio higher than 4:1 is used, the water sahuation in the flushed zone is 
higher while the corresponding oil saturation is lower, compared to when a 
4:1 WAG ratio is used. This seems to affect the mass transfer rate of carbon 
dioxide to oil, It is known that the mass transfer rate of carbon dioxide to oil 
in porous media depends on the oii saturation, Le., the lower the oil satura- 

tion, the lower the rate of mass hansfer of carbon dioxide to oil. Experimentai 
work done by Denoyelle and ~ardon~' verifies this. Thus, the lowex is the oil 
saturation, the lower is the interfacial area available for mass transfer between 
carbon dioxide and oil. This plays a very important role in mass transfer. It is 
because a lower/higher interfaaal area will lead to a lower/higher mass &ans- 
fer rate, As a resdt of this, when the next carbon dioxide slug is injected fol- 
lowing the preceding water slug, more carbon dionde wiU go into the water 

phase, or remain in the gas phase, than goes into the oil phase, thus resulting 
in the production of large gas volumes. 

In terms of displacement efficiency, the 4:l WAG ratio is the most effec- 
tive. As is shown by the oil recovery curve, the highest recovery was ob- 
tained with the 4:1 WAG ratio. 

Summarizing, the use of a 4:l WAG ratio in the immiscible carbon 
dioxide displacement process yields the most effective mobility control of the 

gas phase and the highest displacement efficiency. 

6.7.3 - Total Carbon Dioxide Slug Site Correlations 

Five experiments (Runs GTDI' GTD~', GTD~', TDI~,  and H2D3) were 
performed using slug sizes of 2# 10,20,30, and 61% HCPV at 2.5 MPa and 21°C. 
These runs were conducted using a 4:l WAG ratio. Aiso, the same injection 
rate and oil were utilized in these runs. The resuits of these runs were corre- 
lated with the product of the ratio of viscous-to-gravitational forces and slug 
size1st7 and are shown in Figures 6.14 and 6.15. Figure 6.14 provides a correla- 
tion of the overali average gas-oil ratios with the product of the ratio of vis- 
cous-to-gravitationai forces and slug size. As indicated, there is an exponen- 
tial relationship between the gas-oil ratio and the dimensionless group 

bp0Vco2 , and the gas-oil ratio inaeases when the slug size increases. This is 
HP, 
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because, under a given pressure and temperature condition only a certain 
volume of carbon dioxide cm dissolve in the oii and the excess remains in 
the gas phase, which will the. bypass the oil. The higher is the slug size, the 
higher are therefore the gas volume and the produchg gas-oil ratio. 

The correlation of recovery with the same dimensionless group as 
mentioned above was also made and is shown in Figure 6.15. The recovery 
ùicreases with a large slug s h  and reaches its miL>CIIIIuxn at a slug size equai 
to 20% HCPV, then flattens out when the slug size is greater than 20% HCPV. 
The same correlations were performed as well for R U ~ S G T D S ~ ,  GTD~', 
GTDS', GTD~O', H2D26 and H2D31-33 conducted at 1.0 M'Pa. Figure 6.16 pre- 
sents a correlation of the overail average gas-oil ratios with the product of the 
ratio of viscous-to-gtavitational forces and slug size for these tuns. The total 
carbon dioxide slug sizes used in these nuis were varied from 10 to 30% 
HCPV, in an inaement of 10% HCPV. The same feature observed in Figure 
6.14 can aiso be observed in Figure 6.16. As is shown in Figure 6.16, at 1.0 
MPa, inaeasuig the volume of carbon dioxide used in the immiscible carbon 
diodde WAG process inaeases the producing GOR. The explanation men- 
tioned the preceding paragraph appiies here also. 

Figure 6.17 provides the correiation of recovery with the same dimen- 
sionless group for Runs GTDS', GTD~', GTD~', GTDIO', D 2 6  and H2D31-33 
conducted at 1.0 MPa. The figure shows three different straight lines for the 
oil recoveries of runs utiiïzing total carbon dioxide slug sizes of 10, 20, and 
30% HCPV. It is indicated in Figure 6.17 that the recovery at 1.0 MPa is 
optimal when the volume of carbon dioxide utilized in the immiscible WAG 
process is 20% HCPV. 

In addition to correlating the resulb of the experiments conducted uti- 
lizing a quater of a 5-spot flood pattern, correlations were also done for those 
conducted utilizing linear core floods. Figure 6.18 presents a correlation of 
the overd average gas-oii ratios with the product of the ratio of viscous-to- 
gravitational forces and slug size for RURS LCI~', L C I ~ ~ ,  ~ ~ 3 0 - 3 3 '  and  LW^' 
conducted at 2.5 MPa, in the linear model. The total carbon dioxide used in 
these runs were 5, 20, 40, 64, and 89% HCPV. In these experiments, an oil 
with a viscosity of 1055 mPas was used; except in a few runs, oils with viscosi- 
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ties of 1230 mPa.s and 1130 mPa.s were used. Similar to what already ob- 
served, the producing GOR inaeases with increasing the total carbon dioxide 

slug size for the experiments conducteci in the iinear model. The correlation 
of recovery with the same dirnensionless group for iinear coreflood experi- 
ments perfonned at 25 MPa is shown in Figure 6.19. The curve in the figure 
reveals that there is no inaease in oil recovery when the slug size greater 
than 20% HCPV is used. This is similar to the observation made on Figure 
6.15. 

In condusion, the immiscible carbon dioxide process has its best per- 
formance when it is employed in the WAG mode, with a WAG ratio of 4 to 1 
and a total slug size equal to 20% HCPV. 



II. 1 - lsothermal Dlsplacement Experiments 
6.8 - Catbonated Waterflood 

As has already been mentioned in Chapter 3, the idea of flooding an oil 
resemoir with carbonated water is not new. The method was first tested in 

the laboratory and tried in the field in the 50's and 6Ws. In this study, several 
experiments were made by injecting carbonated water, instead of injecting 
carbon dioxide altemately with water. The experimental results for these 
runs are summarized in Table 6.4 on page 8 2  

6.8.1 - Carbonated Waterflood vs. Immiscible WAG flood 

Run CWF1 was conducted by injectïng carbonated water at 2-5 MPa and 
21°C, in a iinear model. The carbonated water was prepared by mixing brùie 
with carbon dioxide at experimental pressure and temperature conditions 
until equiübrium was reached, which could be ascertained by observing the 
constant pressure on the pressure gauge. Before the carbonated water was 
injected, the solubility of carbon dioxide in brine was measured to be 16-25 
sm3/sm3 at 25 MPa and 21°C. The pH of the carbonic aud fonned due to the 
chernical reaction taking place between carbon dioxide and brine was also 
measured using a pH meter. It was measured to be 5.1. 

The experiment was conducted by continuously injecting carbonated 
brine unal the producing water-oii ratio readied 209; then injection was 

stopped to s tart blowdowxt. Figures 6.20 depicts the production history of this 

run- 

The oil recoveries of this run at each phase of production were 51.71% 
of oil recovered in the carbonated brine flood phase and 4.82% in the 
blowdown phase, thus giving a total recovery of 56.53%. The GOR curve 
shows that during the early part of the flood no carbon dioxide gas was 

produced, which is very good in ternis of controlling the mobility of the gas 
phase. After gas breakthrough occurred at 0.72 PV, the production of gas 
dimbed and reached its maximum value at 228 sm3/srn3 at the end of the 
flood, which is at 1.73 PV as indicated in the figure. This very high producing 
GOR is undesirable in any enhanced oil recovery method where the injected 
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Figure 6.20 - Production History of Run CWF1. 



gas plays a dominant role. 

In order to compare the performance of this recovery method, the GOR 
of Ulis nui (Le., Run CWFI) was plotted on the same graph as that of Run 
~ ~ 3 1 ~  which was done using an immisable carbon dioxide WAG flood uti- 
king a 4:l WAG ratio and a total slug size of 20% HCPV at 25 MPa. Figure 
6.21 shows the cornparison. Examinïng the two GOR m e s  reveals some in- 
teresring features. At early timer the same volumes of gas were produced in 
both runs; but after gas breakthrough, much more gas was produced in Run 
CWFI than in Run ~~31'. Gas breakthrough occurred earlier in Run CWFl 
than in Run LC317, at 0.72 PV in Run CWFl and at 1.02 PV in Run ~~31'. As 
indicated in the figure, at 1.0 PV both runs seerned to have nearly the same 
GOR; but after 1.0 PV, the GOR in Run CWFl steeply and continuously rose 
while it gradually deaeased in Run ~~31'. On average, after gas break- 
through the GOR of Run CWFl was about 10 times higher than that of Run 
~~31'. It can also be seen easily that Run CWFl had a shorter flood life than 
Run ~~31'. 

Figure 6.22 depicts the oil recoveries of Runs CWFI, ~ ~ 3 1 '  and ~ ~ 3 4 ' ,  
which was conducted by injecting brine ody. It is dearly shown in the figure 
that the recovery m e  for Run CWFï nearly lies on that for Run K 3 1 7  and 
that both runs have nearly an identical recovery. The recoveries for Runs 
CWFl and ~ C 3 1 ~  were, respectiveiy, 56.53 and 57.1%. In ternis of oil recovery, 
the two runs are comparable; but, in t-s of carbon dioxide requirernent, 
which is the volume of carbon dioxide required to produce one cubic meter of 
oii at standard conditions, the two m s  are not comparable. In Run CWFI, it 
required 63.6 sm3 to pproduce one standard cubic meter of oil while it required 
oniy 10.29 sm3 to produce the same volume of oil in Run ~~31'. This indi- 
cates that in order to recover as much oil as the immiscible WAG process, the 
amount of carbon dioxide required for the carbonated brine flood shouid be 6 

times higher. The very high GOR and carbon dioxide requirement in Run 
CWFl is due to the slow mass transfer process from carbon dioxide to oil. In 
Run C m ,  carbon dioxide had to diffuse out of the non-diffusing liquid wa- 
ter phase before contacting the oil, whereas in Run ~~31' carbon dioxide was 
in direct contact with the oil. 
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Figure 6.21 - Cornparison of the GOR's of Runs CWFl and ~~31'. 



Figure 6.22 - Cornparison of Recoveries of Runs CWFi, ~ ~ 3 1 '  and ~ ~ 3 4 ' .  



Figure 6.22 also shows a comparison of Run CWFZ with Run ~~34'(a 
waterflood m). Fxamining the two recovery curves reveals that b o t -  runs 
had nearly the same flood life, but Run CWFl had a higher recovery than 
Run ~ ~ 3 4 ' ,  which had a recovery of 41.45%. Comparing the two recoveries. 
approximately 36% more oil was produced in Run CWFI than in Run ~ ~ 3 4 ' .  

Summaribng, the carbonated b ~ e  flood method is as effective as the 
immiscible WAG method when the volume of carbon dioxide used in the 
former is 6 times higher than that in the latter. 

6.8.2 - Effect of Carbon Dioxide Requiiement 

To study the effect of the carbon dioxide requirement on flooding an oil 
reservoi. with carbonated brine, Run CWF2 was performed in a scaled model, 
utüizùig a quarter of a five-spot pattem. In this run, the carbonated b ~ e  was 
prepared by rnïxing 20% HCPV of carbon dioxide with brine at a 4 to 1 ratio 
and at 1.0 MPa and 21°C. After the carbonated brine was injected. water was 

injected to bring the WOR to the Mting WOR The production history of 
this run is depicted in Figure 6.23. 

Figure 6.24 depicts a comparison of Run CWF2 with Run GTD~', 
which was conducted employing the immisable carbon dioxide WAG process 
wi th a total carbon dioxide slug size equal to 20% HCPV and a 4:1 WAG ratio. 
It is shown in Figure 6.24 that from O to 1.04 PV. the GOR of Run CWF2 is 
higher than that of Run G T D ~ '  that after 1.M PV the reverse is true, and that 
gas breakuirough in Run CWF2 occurred at 0.28 PV, which i s  eariier than that 

in Run GTD~'. Moreover, Run CWFZ had a shorter flood M e  than Run 
G T D ~ '  because the limiüng WOR was reached earlier in Run CWF2, as 

shown in the figure. 

Figure 6.25 presents the recoveries of the three runs C m ,  GTD~' and 
21a1n3. Run 21a13 was done by injecting brine ody. The figure dearly demon- 
strates that at 1.0 PV 37% of the oil was recovered by the carbon dioxide WAG 
flood, 32% by carbonated brine flood, and 30% by waterfiood. This shows that 
up to 1.0 PV, a carbonated brine flood is no better than a waterflood. It is also 

shown in the figure that, up to nearly 0.6 PV, the recovery cwve of Run 
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Figure 6.23 - Production History of Run CWF2. 
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Figure 6.24 - Cornparison of GOR's and WOR's of Runs CWFî and GTD~' 



7 

at 1.0 PV 

O a i m ~ ~ , , i i  

0.0 O 5  1 .O 1.5 2.0 

/l , , , , & , , , , , , , 

25 
Huid injecteci, Cum. PV 

Figure 6.25 - Cornparison of Recoveries of Runs CWF2, GTD~', and 2121'. 



CWF2 almost overlaps that of Run 21a1p3. Examining the three curves re- 

veais that during the duration of the flood more oil was recovered in Run 
G T D ~ '  than in Runs CWF2 and 21a1J. The total recoveries for the three 
Runs CWF2, GTD~' and 21al.~ were respectively 51.3,39.2 and 32.4%, whkh 
indicates that the WAG flood recovereù 12.1% more oil than the carbonated 
brine flood and that the oil recovered by the carbonated brine flood followed 
by a waterfiood up to 1.0 PV is aimost the same as that by a waterflood aione. 

In short, a carbonated waterflood folIowed by a waterflood is not com- 
parable to an immiscible WAG flood when the same amount of carbon diox- 
ide is used. The former is no more effective than a waterfiood. 

6.9 - Gravity Segregation 

In this section, the results of the experiments conducted to investigate 
the effect of gravity segregation on the performance of an unmiscible carbon 
dioxïde WAG process are discussed. 

A - Linear Corefloods 
6.9.1 - Vertical WAG Injection 

Two vertical runs, VLCl and VLC2, were performed by, respectiveiy, 
injecting the carbon dioxide WAG at the bottom and top of the model to 

study the effect of gravity segregation of the injected fluids. The resuih of the 
two nuis are given in Table 6.5 (page 83), along with those for the others. 
Figure 6.26 shows the produang GOR's of the two nuis, dong with that for 
the horizontal WAG injection run7 (GTD6) conducted at identical conditions 
and utiîizing identical experimental parameters. 

The figure shows that a smaiier volume of carbon dioxide was pro- 
duced when carbon dioxide was injected at the top than at the bottom of the 
model. This is because when carbon dioxide is injected ai the bottom, the 
buoyancy forces (acting in the same direction as the viscous forces) cause the 
carbon dioxide to rise to the top, resulüng in early carbon dioxide break- 
through and the production of high carbon dioxide volume. The cornparison 
of the GOR's reveals that at the same carbon dioxide injection rate (i.e. 308.0 
cc/h) more gas was produced in the horizontal WAG injection mn7 (GTD6) 
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than in Runs VLCl and VLC2 and that, in the horizontal WAG injection mn, 
carbon dioxide production started after about 0.25 PV of fluids injected, show- 

ing that at the same injection rate the viscous forces acting in the horizontal 
direction (Run GTD~') were greater than the s u m  of the buoyancy forces and 
viscous forces both acting the vertical direction (Rms VLCl and VtC2). 

To examine the gravity segregation effect on water slugs, it is necessaxy 
to refer to Figure 6.27, where the producing WOR's of the three nuis are 
shown. In contrast to what was observed with the carbon dioxide slugs, 
injecting water slugs at the top of the mode1 led to early water breakthrough 
and high WOR's, as indicated in the figure. This was basicaiiy due to a higher 
water density compared to oil. Furthermore, when carbon dioxide dissolved 
in oil, in addition to reducing the oü viscosity it reduced the oil density, 
which induced a greater oil-water density diffaence, which consequently en- 
courageci early water breakthrough. 

The immistible carbon dioxide WAG process for different mode1 posit- 
ions: top (Run VLU), bottom (Run VLCI), and horizontal (Run GTD~') has 
an effect on the oil recovery as weiI. As is shown in Figure 6.28, the highest 
oü recovery was obtained when the WAG injection was conducted at the bot- 

tom of the modei. The reason is that when carbon dioxide was injected at the 
bottom, gravity helped to induce the mass transfer rate of carbon dioxide by 
solution and diffusion into the oïi, causing a significant reduction in the vis- 
cosity and density of the oïl. When water slugs were injected foiiowing the 
injection of carbon dioxide slugs, due to iû greater derisity compared to that of 
carbon dioxide-oil mixture, water resided at the bottom and pushed the car- 
bon dioxide-oil mixture upwards. Gravity aiso helped to stabilize the water 
front, resulting in a high displacement efficiency. As a result of these two ad- 
vantages, a high recovery was adiieved in Run VLCI. 

In Run VLC2, where the immiscible carbon dioxide WAG was injected 
at the top rather than at the bottom, gravity kept the injected carbon dioxide at 
the top due to its lower density compared to that of oil, causing an adverse ef- 
fect on the mass transfer rate of carbon dioxide by solution and diffusion into 
oii. When water was injected, due to its higher density, it quickly found a 
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way to finger through and 
tion of oil at high WOR's. 

pushed the oil upwards, resulting in the produc- 

6.9.2 - Continuous Carbon Dioxide Injection 

Runs VLC3 and VLC5 were conducted to demonstrate more dearly 
segregation of the injected fiuids. Continuous injection of carbon dioxide was 
carried out until 20% HCPV of carbon dioxide was injected, which was then 
foilowed by the injection of water to displace oii. 

Figure 6.29 shows the GOR curves of the two runs. Examinhg the 
GOR cunre of Run VLC5, where carbon dioxide injection was conducted at 
the top of the model, reveals that gravity kept carbon dioxide at the top, in- 

duhg the formation of a gas cap which pushed the oil downwards. This 
can be observed by looking at the volume of oil produced after injecting 20% 
HCPV carbon dioxide. As indicated by the recovery curve of Run VLC5 in 
Figure 6.30, after 20% HCPV carbon àioxide was injected, approximately 2.0% 

of the oii was recovered, whiie none was produced when injecting the iden- 
tical volume of carbon dioxide at the bottom (Run VLC3). This volume of 
oii produced was relatively smail compared to the volume of carbon dioxide 
injected. However, it dearly demonstrates that in the immiscible carbon 
dioxide WAG process, as time goes on, carbon dioxide will segregate and rise 
to the top to form a gas zone which pushes the reservoir oil downwards. 
The GOR cutve of Run VLC3 shows a totally differextt trend. As shown in 

Figure 6.29, after the injection of 20% HCPV carbon dioxide and 0.95 total 
fluid PV, a very smaii amount of carbon dioxide was produced, showing that 
gravity segregation of the injected carbon dioxide does not occur right away. 

As more water was injected, the water pushed the carbon dioxide upward. 
Since carbon dioxide occurred as free gas, it could travel upward at a much 
higher rate than oil, resulting in the inaeased production of carbon dioxide. 
This dearly shows that water slugs injected following the carbon dioxide 
slugs in the WAG process induce the gravity rise of carbon dioxide to the top 
of the reservoir, 

The continuous water injection foilowing carbon dioxide injection in 
Run VLC5 helps to iliustrate the gravity segregation of the water slugs in the 
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WAG process. It is indicated by the WOR curve of R u  VLC5 (where water 
was injected at the top) in Figure 6.31 Uiat high volumes of water were col- 
lected during the course of the experiment, which is thought to have a detri- 
mental effect on the immiscible WAG displacement process. To darify this, 
the GOR's, WOR's, and recovery of Run VLC5 are plotted on the same graph, 
as s h o w  in Figure 6.32. It is demonstrated by this figure that at the same 
pore volume of fluids injected much more water was produced than carbon 
dioxide and oil, which shows that in the immisable WAG process the slugs 
of water push carbon dioxide and oil to the top of the reservoir, which causes 
the oii to re-sahirate the zone aiready swept by the carbon dioxide gas. The 
same phenornenon can also be observed by considering Figure 6.33, where the 
GOR's, WUKs and recovery of Run VLC3 are plotted. 

Based on the phenornena obsewed in these two r w  and those de- 
scribed in Section 6.9.1, it can be said that the immisable carbon dioxide WAG 
displacement process perfoms the best when carbon dioxide and water are in- 
jected at the bottom. 

6.9.3 - Effect of Pressure on Gravity Rise of Carbon Dioxide 

The effect of pressure on the gravity rise of carbon dioxide was ob- 
served by Conducting Run VLC6 at 2.5 MPa. The experimental parameters 
used in this m. as induded in Table 6.5 (page 83), were similar to those used 
in Run VLCl in order to make a fair cornparison. The tabulated experimental 
data of this nui are provided in Appendix E. Figure 6.34 depicts the produc- 
tion history of this run. 

Figure 6.35 details the GOR's of Runs VLCl and VLC6 at each tune Bu- 
ids were injected. As already mentioned, Run VLCl was carried out at 1.0 

MPa. An observation of the GOR curves of both nuis reveals that pressure 
has the effect of retarding the gravity rïse of the injected carbon dioxide gas. 
Cas breakthrough occurred at 0.48 PV in Run VLCl (conducted at 1.0 m a ) ,  
whereas it occurred at 0.88 PV in Run VLC6 (conducted at 2 5  MPa). This is 
basically due to higher carbon dioxide solubility in Run VLC6. Other factors 
contributing to the earlier gas breakthrough in Run VLCl can be as follows. 
When carbon dioxide dissolves in oil, it sweîis the oil and forms dispersed 



Figure 6.31 - Cornparison of the Producing WOR's of Runs VLC3 and 
VLCS. 
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Figure 6.33 - Performance of Run VLC3 (Conünuous injection at Bottom). 
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Figure 6.34 - Production History of Run VLC06. 
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bubbles of carbon dioxide gas, which travel faster than the oïl, at a veloaty 
equal to the velocity of the oil plus the rise veloaty due to the buoyancy of the 
bubbles. It is known that the size of the bubbles fomed depends on the pres- 
sure, assuming that spherical gas bubbles of a single and constant size are 

formed. The lower is the pressure, the bigger are the bubbles. The larger bub- 
bles will rise faster because the buoyancy forces grow faster than the drag 
forces. The buoyancy forces depend on the bubble volume (or V a s), while 
the drag forces depend on the bubble surface area (A a 9). That is why gas 
breakthrough occurred earlier in Run VtCl than in Run VLC6. Moreover, 
having been conducted at 1.0 m a ,  the density of carbon dioxide injected in 
Run VLCl was lower, which &O contributed to a faster rate of gas rising. 

After 1.0 PV of fluids had been injected, more gas was produced in Run 
VLC6 than in Run VLCl as is shown in Figure 6.35. This is because a higher 
volume of carbon dioxide gas at standard conditions was injected in Run 
VLC6. 

In short, the gravity rise of the carbon dioxide gas injected in the im- 
miscible WAG process is affected by the operating pressure. Gravity rise oc- 
curs faster at a lower operating pressure. Therefore, it can be speculated that 
in the miscible carbon dioxide displacement process conducted at a pressure at 

which there is only one fluid phase present, the gravity rise of carbon dioxide 
is less severe than in the immiscible one. 

6.9.4 - Effect of Gas Injection Rate 

Two m s ,  VLC7 and VLC9, were conducted in the linear model by con- 
tinuously injecting carbon dioxide gas at the top of the model until gas break- 
through ai  the bottom. The injection rates used in the two runs were 0.984 
and 0.492 m/d, respectively. The pressure and temperature at which they 
were conducted were, respectively, 1.0 MPa and 21°C. After gas breakthrough, 
the total volume of carbon dioxide uijected was recorded and water was then 
injected at the bottom, while the model was stiii in the vertical position. 

Figure 6.36 shows the GOR histories of the two runs. An interesting 
feahire of this plot becomes evident by considering the volume of carbon 
dioxide injected until gas breakthrough. In Run VLC7, utilizing a 0.894 m/d 
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Figure 6.36 - Effect of Gravity on Injection Rate. 



injection rate, gas breakthrough was noted when 0.8 PV of carbon dioxide was 

injected while it was noted when 1.0 PV of carbon dioxide was injected in 
Run VLC9 utüizing a 0.492 m/d injection rate. This indicates that at a lower 
rate, the residence time is longer, pennitting more gravity segregation to oc- 
cur. The figure also shows that the GOR of Run VLC7 is approximately &ce 
that of Run VLC9, at breakthrough. This indicates that in a downdip dis- 
placement, when carbon dioxide is injected at the top, a higher injection rate 
will result in a longer mixing zone between carbon dionde and oil. 

Also presented in Figure 6.36are the COR% of both runs when water 
was injected at the bottom. As shown, both GOR curves have nearly the 
same trend and there is little diffaence between the two even though the wa- 
ter injection rate employed in Run VLC7 was twice that used in Run VLC9. 
This shows that over the range of the water injection rate empioyed to dis- 
place the carbon dioxide-swollen oil in the immisable process the gravita- 
tional forces dominate the segregation of the gas. 

The effect of gravity on the rise of the injected water can be viewed in 
Figure 6.36. As indicated in the figure, the WOR's of Run VLC7 were higher 
than those of Run VLC9, showing that gravity had less effect at a water injec- 
tion rate of 0.984 m/d than at 0.492 m/d. In other words, had gravity the same 
effect at a water rate of 0.984 m/d as it had at 0.492 m/d, then the two WOR 
curves would overiap. Furthermore, it also showed that at 0.984 m/d the vis- 
cous forces played a more dominant role than the gravitational forces. 

The volume of oil displaced in each run is shown in Figure 6.37. At 
gas breakthrough, 5.1% of the oil was displaced by carbon dioxide in Run 
VLC7, whereas 9.5% of the oil was displaced in Run VLC9. Overail, as shown, 
more oil was displaced in Run VLC9 than in Run VLC7, because more carbon 
dioxide was injected until breakthrough in the former run. 

6.9.5 - Effect of lnverting the Core 

R n  VLClO was done a iittle differently from those aiready mentioned. 
In this experiment, carbon dioxide was injected at the top untii breakthrough, 
then the core was inverted to injected water at the bottom. It was perforrned 
at 1.0 MPa and 21°C, u W g  an injection rate of 0.492 m/d. In other words, 
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Figure 6.37 - Effect of Gravity on the Volume of Oil Displaced. 



the experimental conditions and parameters utilized in this experiment were 
identical to hose uüiized in Run VLC9, eccept that the model was inverted to 

inject water at the bottom. 

The GOR for this nui is plotted in Figure 6.38. As shown, by inverting 
the model, the GOR at the first volume of water injected was 2.75 sm3 /sm3, 
which is 2.5 times less than that of Ruri VLC9 which was done without in- 
verting the model. The reason for the Iower GOR at the e s t  volume of water 
injected is as follows. After carbon dioxide was injected until breakthrough, 
the carbon dioxide saturation at the top was higher than that at the bottom. 
When water was injected foIIowing inversion of the model, the gas (which 
was at the bottom) now at the top was produced. This indicaïes that it still 
took time for a Iarger volume of carbon dioxide at the bottom (which had 
been initially at the top) to rise to the top even though with the help of the 
dnving forces provided by the water injected at the bottom. It aiso shows that 

the solubility of carbon dioxide in oü plays a role in retarding the rise of car- 
bon dioxide by *tue of gravity segregation. This is to say that had there been 
no carbon dioxide solubility in oü, aU carbon dioxide would have risen to the 
top immediately once the model was inverted and water injected. 

B - Two-Dimensional Floods 
6.9.6 - Effect of Rate 

The immiscible carbon dioxide WAG process was proved to be success- 

ful in recovering oiis from thin, deep and moderately heavy oil reservoirs 
underlain by a bottom water layerl". A number of experiments conducted in 
a quater of a five-spot systern utilizing oils of different viscosities were made 
in this study to investigate the effect of injection rate. They were Runs H2D1 
to H2D25. AU these experiments were conducted at 25 MPa, 2I0C and utiliz- 
ing a carbon dioxide slug volume of 20% HCPV, a 4:l WAG ratio and injec- 
tion rates varying from 0.78 to 3.81 m/d. The oils used in these experiments 
had viscosities from 603 to 3607 mPa.s. This viscosity range is normaily en- 
countered in thin, deep, and moderatdy heavy oil reservoirs in Alberta and 
Saskatchewan. Table 6.6 (pages 84 to 86) contains a summary of these experi- 
ments. 
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Figure 6.38 - Effect of Inverting the Model. 



Figure 6.39 presents the resdts of the 

recovery vs. the dimensionless group A. 
-'O 

experiments expressed as the oïl 

It is shown in Table 6.6 (pages 85 

and 87) that for al l  oils tested the recovery dimbs to its maximum as the injec- 
tion rate increases to 2.54 m/d and falls off when the injection rate exceeds 

2.54 m/d, indicating that 2.54 m/d is the optimal injection rate. The reasons 
could be as foilows. When carbon dioxide is injected at a lower rate, it has a 
longer time to diffuse into the oil phase. The reverse is m e  when carbon 
dioxide is injected at a higher rate. Therefore, the higher is the volume of 
carbon dioxide that goes into solution in the oil, the greater is the oii viscosity 
reduction. The greater 03 viscosity reduction always leads to a higher oil 
recovery. In the irnrnisable carbon dioxide WAG process, carbon dioxide and 
water are generaiiy injected at the same rate. This means that when the 
injection rate of carbon dioxide is low, the injection rate of water is as weU 
low. When water is injected at a low rate, the gravity effect is large. The vis- 
cous-to-gravitationai force ratio is small. As a result, the water injected, in- 
stead of displacing os, segregates at the bottom of the mode1 or flows down- 
ward vertically to the bottom, which causes the displacing front to be nearly 
Bat or horizontal. Therefore, only portions of oil near and at the bottom of 
the modd are removed, resdting in a poor volumetric sweep and hence low 
oil recovery. On the other hand, when water is injected at a high rate, it will, 
instead of displacing the oil, bypass 'the oil, leadhg to a poor volumetric 
sweep and hence low oil recovery. This is why a lower oil recovery was ob- 
tained when an injection rate lower or higher than 2.54 m/d was employed. 

Figure 6.40 shows a similar plot for field conditions, assuming the labo- 
ratory recovery equals the fieid recovery; but the results were expressed as the 

oil recovery vs. the dimensionless group QpO A similar correlation was 
4kgdpp2  

done for m s  conducted at 1.0 MPa. Figure 6.41 contains such a correlation. 
SUnilar to the observation made on Figure 6.39, the volume of oii produced 
increases as the injection rate increases as shown in Figure 6.41. The volume 
of oil produced is maximum at the injection rate of 254 m/d. Combining this 
observation and the one made on Figure 6.39 reveals that the optimal injec- 
tion rate for the two experimental pressures: 2.5 and 1.0 MPa is 2.54 m/d. 









To investigate hirther the effect of carbon dioxide injection rate and to 

detennine the optimal carbon dioxide injection rate at low pressures, a num- 
ber of experiments were performed by injeaing carbon dioxide gas at different 
injection rates. They were Runs H2D26 to H2D29. The gas injection rates 
employed in the four runs were, respectiveiy, 0.26, 0.52, 2.6, and 5.2 m/d, 
while the water injection rate was maintained at 2.6 m/d. The volume of 
carbon dioxide injected in these m s  was 20% H m ,  and the WAG ratio was 
41. 'Rte instantaneous GOR's of the four nuis are plotted in Figure 6.42. The 
effect of gas injection rate becomes evident by observùig the GOR curves in 
the figure. Gas breakthrough occurred eariiest at the highest injection rate, 
i.e., at 5.2 m/d, and more gas was produced in Run H2D29 than in Runs 
H2D26, H2D27 and H2D28. Observing the GOR m e s  of Runs H2D26 and 
tI2D27 raises a very interesting feature about the effect of gas injection rate on 
the solubility of carbon dioxide in the oii. There was very littie or almost no 
production of gas in these two runs untii 0.9 PV of fluids were injected, indi- 
cating that the low injection rates (0.26 and 0.52 m/d) used in these two runs 
helped retard gas breakthrough and gave the carbon diowide enough time to 
dissolve as much as it could at the pressure and temperature conditions in 
the oil and thus to establish a close (but not complete) phase equilibrium with 
the oil. It should be noted that, based on experience, in order for carbon diox- 
ide to reach complete phase equiîibrium with the oil, mechanical mixing of 
carbon dioxide and oil is needed for at l e s t  3 weeks or longer; whereas, in 
Runs HZD26 and H2D27, the flood time was about 3 days. After the occur- 
rence of gaç breakthrough, the GOR's of both runs were alrnost sunilar, show- 
ing that injecting carbon dioxide at 0.26 or 0.52 m/d produced the same effect. 

Figure 6.43 compares the oil recoveries of the four rus. There is very 
little distinction in the oü recovery when carbon dioxide was injected at 0.26 
(Run H2D26), 0.52 (Run H2D27), or 2.6 m/d (Run H2D28). A lower recovery 
was noted when carbon dioxide was injected at 5.2 m/d (Run H2D29). 

To sum up, the injection rate of carbon dioxide has an important effect 
on the performance of the immisable carbon dioxide WAG process. That is, 
when it is very low, it helps to delay gas breaktluough and reach more com- 
plete phase equilibrium between carbon dioxide and oil than when it is high. 
The experimental results show little or no effect of gravity on the gas 
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Rgure 6.42 - Elfect of Rate. 



Figure 6.43 - Oil Recovery vs. Ratio of Viscous-to-Gravitational Forces for Different CO2 Injection Rates. 



injection rate, particularly at low rates, because the experiments were con- 
ducted in short time spans. It is aiso obvious from the experimental resdts 
that, based on the oil recovery, the unmisable carbon dioxide WAG process 
performs best when carbon dioxide is injected at a rate less than or equal to 

the opümd water injection rate. This is true in the laboratory. In the field, 
because the reservoir thickness and weU spacing are much larger than those 

in the model and the flood can take many years, injecting carbon dioxide at a 
rate lower than the optimal water injection rate will restait in gravity segrega- 
tion of the carbon dioxide, which wiil cause gas tonguing, consequently Caus- 

h g  an adverse effect on the performance of the process. As such, for field ap- 
plications, it is recommended that carbon dioxide be injected at a rate equd to 

the optimal water injection rate- 

6.9.10 - Effect of Time 

The effect of time on the gravity segregation of carbon dioxide was 
investigated by conductuig Runs H2D34 to 37, which were performed in a 
two-dimensional model utilizing a carbon dioxide gas slug volume of 5 8  
HCPV at 25 MPa and 21°C. Other parameters used in these runs are provided 
in Table 6.6 (page 86). These experiments were done differently from those 
already discussed. After 5% HCPV of carbon dioxide was injected, a certain 
amount of time was ailowed to let carbon dioxide "soak" into the oïl, then 
water was injected to displace the oil. The soak times for the nuis were, re- 
spectiveiy, 0, 3,433 and 10 days. Note that the same injection rate was em- 
ployed in al1 u s .  

Figure 6.44 shows the GOR's of aU four runs as a function of the vol- 
ume of fiuids injected. A dose observation of the GOR at breakthrough re- 
veds an interestirtg aspect of the effect of soak time on gravity segregation of 
the injected carbon dioxide gas: inaeasing the soak time increased the break- 
through GOR. The breakthrough GOR's for soak times of 0, 3,433, and 10 

days were respectively 0.06, 0.16, 0.27, and 0.33 sm3/sm3. A more obvious 
demonstration of the effect of soak time on gravity segregation of the injected 
carbon àioxide gas is shown by Figure 6.45, where the breakthrough GOR's are 
plotted versus soak the-  As noted, the breakthrough GOR inaeased by 3,4.5, 
and 5 fold when the soak time increased to 3,4.83, and 10 days, respectively. 
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-c Watcr Injection 4.83 Days Aftcr CO, lnjcction (Run H2D38) 
4 Water lnjcction 10 Days Aftcr CO, lnjcction (Run H2D40) . 

Fluid Injected, Cum. PV 

Figure 6.44 - Effect of Time on Gravity Rise of Carbon Dioxide Cas. 



Figure 6.45 - Wect of Çoak T i e  on Gas Breakthrough. 



The breakthrough GOR inaeases with soak t h e  because as more t h e  is ai- 
lowed more carbon dioxide gas segregates and rises to the top by virhie of the 
density ciifference between carbon dioxide and oil, thus leading to a higher 
GOR at breakthrough. Based on this observation, it is speculated that gravity 
segregation of carbon dioxide will continue until no more segregation is pas- 
sible, assuming enough time is allowed. At that tirne, because the concentra- 
tion of carbon dioxide on the top is higher than that on the bottom, carbon 
dioxide will diffuse downward. Then, the GOR at breakthrough will be con- 
stant with soak time. 

The problem of gravity segregation becomes more pronounced with 
time. Based on this laboratory observation, it can be said that for field applica- 
tions where the flood cm be as long as many years, the gravity segregation of 
the carbon dioxide gas will reduce the contact between carbon dioxide and oii, 
thus leading to a drastic reduction in the amount of carbon dioxide going into 
solution in the oil as the carbon dioxide moves farther away from the injec- 
tion weli. 

6.9.11 - Gtavity vs. Transverse Diffusion 

Two experirnents, V2Dl and V2D2, were performed to investigate the 
role of transverse diffusion, normal ta the vertical direction, on delaying the 
gravity rise of carbon dioxide. The gases used in Runs V2D1 and V2D2 were, 
respectively, carbon dioxide and Ntrogen. The reason for the choice of nitro- 
gen in the second experirnent was because it was to investigate only the grav- 
ity rise of the injected gas without any mass transfer involved. Nitrogen has 
a very low solubiüty and difhisivity in oil, compareci to other gases. 

The two experiments were done as follows. With the two-dimensional 
model in the vertical position, 5% HCPV of carbon dioxide or nitrogen was 
injected at the bottom. Then, the model was left undisturbed unbü gas was 
detected at the top. The tinte when the gas was detected was recorded. 
Finally, water was injected at the bottom to complete the experiment Table 
6.7 (page 87) summarizes the results of the two mm. 



In Run V W I ,  
nitrogen was noted 
V2Dl Uidicates that 

carbon dioxide was noted at the top after 65.4 days, while 
after 37.6 days in Run V2D2. The longer time in Run 
the transverse diffusivity of carbon dioxide in the direc- 

tion normal to the longitudinal direction helped delay the gravity rise of the 
carbon dioxîde gas travelling at a velocity equal to the sum of the diffusive 
veloaty due to diffusion and the convective velocity due to gravitational 
forces. 

11.2 - Non-lsothermal Experiments 

In addition to conducting experiments under isothermal conditions, it 
was also intended to conduct experiments under non-isothermal conditions. 
As has already been defined, non-isothermai in this shidy means fluids at the 
atmospheric temperature are injected into a reservoir at a higher tempera- 
ture. Hence, phase changes and heat transfer from the reservoir Buids to the 
injected fluids will take place. 

6.1 0 - Unscaled Experiments 
6.10.1 - Effect of Temperature 

To investigate the effect of temperature, Run HZD38 was performed at 
37OC and 2.5 MPa in the two-dimensional model. Note that ihis experiment 
was not a scaled experixnent. The 37% temperature was arbitrarily selected. 
A carbon dioxide volume of 20% HCPV divided into ten equal slugs and a 4:1 
WAG ratio were utiiized in this nui. The oil used had a viscosity of 1058 
mPa.s at 21°C and atmospheric pressure. Both carbon dioxide and water were 
injected at 2.54 m/d. In short, the experimental parameters utilized in this 
nin were identical to those used in Run H2D8 conducted at 2I0C. The only 
ciifference between the two was the experimentai temperature. The tabuiated 
experimental data for this nin c m  be found in Appendix E. 

Figure 6.46 detaiis the producing GOR'ç and production history of Run 
H2D38. The compositions by mole percent of the gas produced in this r u  
were measured to be on average 0.39 propane, 6.96 water, 1.41 methane, and 
91.24 carbon dioxide, while the produced gas in Run HîD8 was fond  to be 
mostly carbon dioxide and negligible amounts of water and methane. This 
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Figure 6.46 - Production History of Run fI2D38. 



shows that the temperature affected the composition of the gas produced in 
Run H2D38. It caused some of the injected and reservoir water to vaporize 
and made the light components of the oil more volatile. 

Figure 6.47 presents a cornparison of the GOR's of Run H2D38 with 
those of Run H2D8: As shown, gas breakthrough occurred earlier in Run 
H2D8 (21°C) than in Run H2D38 (37°C). This is due to the lower gas-oil mo- 
bility ratio encountered in the latter nui. The viscosity of the oil in Run 
H2D8 was higher than that in Run H2D38 because the latter was conducted at 
3FC whiie the former was conducteci at 2l0C At 37T and atmospheric pres- 
sure, an oil with a vismsity of 1058 mPa.s at 21°C and atmospheric pressure 
was measured to be 327 &S. Appendur G contains the experimentaiiy mea- 
sured viscosities of different oils as functions of temperature. Empincal cor- 
relations based on Walther's equation were also made and are induded. 
Even though gas breakthrough occurred earlier in Run H2D8, the GOR curve 

for Run H2D38 is higher than that for Run H2D8, as shown in the figure. 
There were two factors which caused the higher gas production in Run 
H2D38. The first was the higher temperature which reduced the solubility of 
carbon dioxide in oil. The second might be as foUows. Due to the presence of 
water vapour, propane, and methane in Run H2D38 (conducted at 37OC), 
when carbon dioxide was injected, it mixed faster with the water vapour, 
inethane, and propane than with the oil because mass transfer occurs much 
faster from gas to gas than b m  gas to liquid. Once carbon dioxide mixed 
with these gases, its solubiiity in oil decreased. However, the difhsivity of 
carbon dioxide was higher at 3TC, but this did not contribute much because 
diffusion is a very slow mass transfer process compared to solution. 

Figure 6.48 compares the oil recovery of Run H2D08 with that of Run 
H2D38. As shown, the recoveries were 54% and 45% for R u s  H2D38 and 
H2D8, respectively. This dearly indicates that temperature affects the dis- 
placement efficiency of the immiscible WAG process. 

6.10.2 - Effed of Oil Viscosity 

It was noted in the preceding section that more oil was recovered ai a 
higher temperature because the viscosity of a 1058 mPa.s oil at 21°C reduced to 
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Figure 6.47 - Cornparison of GOR's of Runs H2DS and H2D38. 
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Figure 6.48 - Cornparison of Oil Recoveries of Runs H2D8 and H2D38. 



327 mPa.s at 37T. Consequently, it was intended to conduct an experiment 
using an oil with a viscosity equai to 1058 rnPa.s at 37T. Therefore, an oil 
with a viscosity of 5200 mPa.s at 2I0C was chosen because it viscosity became 
1058 mPa.s at 37OC. Run H2D39 was conducted using this oil. The experi- 
mental parameters employed in this run were exactiy the same as those w d  
in Runs H2D8 and -38. Note that it was done at 37T. Appendix E con- 
tains the tabulateci experimental data for this run. 

The instantaneous GOR's of Run H2D39, together with those of Run 
H2D8, are shown in Figure 6.49. It is shown in the figure that gas break- 
through occurred earlier in Run H2D39 and that the GOR curve for Run 
H2D39 is higher than that for Run H2D8, even though the two runs were 
conducted using oils with the same viscosity at two different ternperatures. 
The earlier gas breakthrough and higher instantaneous GOR's occurring in 
Run mD39 were due to the lower gas Wcosity and solubility of carbon diox- 
ide in oïl at a higher temperature, which did not cause the same viscosity re- 
duction as it did in Run m 8 .  

The recoveries of the two nuis are shown in Figure 6.50. The cuve 
with a lower trend represents the recovery history of Run H2D39. It is dearly 
shown Ui the figure that the total recovery of Runs H2D39 is 4% lower than 
that of -8, which was basicaiiy, as has been recentiy mentioned, due to the 
lower carbon dioxide solubiiity at a higher temperature. 

The observation made above reveals that in order to correlate a non- 
isothermal experiment to an isotherrnal one or vice-versa, not only the oil 
viscosity must be considered but aiso the solubiiity of carbon dioxide in the 
oil. 

6.10.3 - Effect of Carbon Dioxide Solubility 

Based on the observation made in the preceding section, it was in- 
tended to conduct an experiment at 37% and at a predetermined pressure 
such that the solubiiity of carbon dioxide in oil at this pressure and tempera- 
ture condition was identical to that at 2I0C and 2 5  MPa, ignoring the effects of 
water vapour and hydrocarbon gases at the higher temperature. To deter- 
mine this experimental pressure, Chung, Jones, and Nguyenfs corre~ation~~~ 
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Figure 6.49 - Cornparison of COR'S of Runs H2D8 and H2D39. 
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Figure 6.50 - Oil Recovery Cornparison of Runs H2D8 and H2D39. 



for carbon dioxide solubility in oils was used. At 3.14 MPa and 370C the solu- 
bility of casbon dioxide was identical to that at 2.5 MPa and 21°C Hence, Run 
H 2 W  was perfonned at 3.14 MPa and 3 7 T  utilizing the sarne experùnentai 
parameters as used in Run H2D8. ïhe same oil used in Run H2D39 was used 
in this m. Appenduc E contains the tabdated results of this nul 

The instantaneous GOR's of Run H2D40 are plotted in Figure 6.51, 
dong with those of Run H2D8. Observing the GOR's of both runs raises an 
interesthg point. As indicated, gas breakthrough occurred at the same time 
in both nuis. Also shown in the figure is that the GOR c w e  for Run -40 

has a higher trend than that for Run W 8 .  This is because a higher carbon 
dioxide volume at standard conditions was utilized in Run H2D40. Another 
reason which is beiieved to cause the higher GOR's in Run H2D40 is the 
lower solubility of carbon dioxide due to the higher concentration of water 
vapour at 37T. 

Figure 6.52 compares the volume of oil displaced in the two nuis. The 
two recovery curves nearly overlay, demowtrating that almost the same oil 
recoveries were obtaïned in the WAG, pst-waterfiood, and blowdown phases 
in both nuis, and consequently the total recoveries of the two differ by less 
than 2% (45.4% for Run H2D8 vs. 43.7% for Run H2D40). This recovery dif- 
ference is smaii and can be neglected. The alrnost similar oii recoveries re- 
ported in the two runs indicate that the same Wcosity reduction was approx- 
imately adùeved in both nins. 

In short, combining the observations made in the preceding section 
and this, it c m  be conduded that in order to correlate an isothermal experi- 
ment to non-isothermai conditions, or vice-versa, the oïl viscosities and 
carbon dioxide solubilities in the two nins be equal. 

6.10.4 - Effect of Sfug Sire 

Based on the observation made in Section 6.10.1, it is hypothesized that 
because the solubity of carbon ciioxide is lower at a higher temperature, a 
smaller volume of carbon dioxide should be used instead. R u .  H2D41 was 
conducted using a total carbon dioxide slug size of 10% HCPV. In order to 
make a fair cornparison with Run H2D39, the same oil with identical physical 
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Figure 6.51 - Effect of Similar Carbon Dioxide Solubility at Two 
Different Pressure and Temperature Conditions. 



-O- Run H2DOS (25 MPa and 21°~> 

Fluid Injected, Cum. PV 

Figure 6.52 - Cornparison of Oil Recoveries of Runs H2D8 and HZD40. 



properties and the same injection rate and experimental parameters used in 
Run H2D39 were used in Run HîD4I. The tabulated experimentai resuits of 
this experïment can be seen in Appendix E. 

Figures 6.53 and 6.54 show the cornparisons of Runs H2D4I and H2D39. 
As shown in Figure 6.53, similar to what was obsemed in Section 6.7.3, a 
higher produchg GOR m e  corresponds to a higher volume of carbon diox- 
ide injected. In Figure 6.54, a cornparison of the recoveries of the two nuis 
reveals that a higher oiI recovery was obtained with a higher volume of car- 
bon dioxide injected. The total volume of oil recovered in Run H2D41 (10% 
H B V  COz) was 31.2% whüe it was 41.1% in Run -39 (20% HCPV CO& As 
explained previously, a lower recovery was obtained when a 10% HCPV of 
carbon dioxide was injected because the volume of carbon dioxide utilized 
was iwufficient to cause the maximum oil viscosity reduction. 

6.11 - Scaled Experiments 
6.1 1.1 - Experimentaf Design 

The purpose of this section is to use the scaling criteria derived in 
Chapter 4 (page 18) to design the scaied experiments according to the field data 

presented in Table 5.1 (page 52). The first parameter to be determined is the 
scaIing factor, a, which is the ratio of the length in the prototype to that in the 
model. It is usually detennined by the ma>Qmun physical size available for 
the expriment. In this study, it is desired to design the scaied - d e n t s  in 
such a way that they can be conducted in the existing scaled physical modei. 
The length of the existing modei, as mentioned in Chapter 5 (page 471, is 0.457 
m; the scaling factor, a, is therefore 

field weii spacing 20 1-17 m = 440.2. a =  - - 
mode1 weii spacing 0.457 m 

Model Thicicness: it is caldated by the group (E) as foUows: 
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Figure 6.53 - Effect of Slug Size on GOR's at Non-Isothemal Conditions. 
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Figure 6.54 - Effect of Slug Size  on Oil Recovery a t Non-Iso thermal 
Conditions- 



Thus, the desired model representing the reservoir wiil have dimen- 
sions of 0.457 m x 0.457 rn x 0.012 m. As it is very cos tly to fabricate a model 
with these dimensions, the existing scaled physical model with dimensions of 
0.457 m x0.457 mxO.022 m is used instead. The existing model is 0.010 m 
thicker that the desired model. 

Fluid Pro~erties: each dimensionless fiuid property should be the same func- 
tion of dimensioniess pressure and temperature for the model as it is for the 
field. To satisfy this requhement, it is best to use the reservoir fluids in the 
model; thus, fluid properties such as denaty, viscosity, solubility, and diffu- 
sivity are automaticaiiy scaled. This is tnie if the mode1 pressure and temper- 
ature are identicai to the reservoir pressure and temperature. 

For Approach 1, the fiuid properties are scakd because the reservoir 
fluids are used in the model; moreover, the pressure and temperature are the 
same in the model and the prototype- As for Approach 2, only two fluid 
properties are scaled: viscosity and diffusivity, because the viscosity of the 

model oü and the solubility of carbon dioxide in the model oil at the laboia- 
tory temperature and experimental pressure are chosen to be respectively the 
sarne as those in the reservoir oil at Uie reservoir temperature and pressure. 
The viscosity of the reservoîr oiI at 37OC is 160 mPa.s; therefore, the viscosity 
of the modei ail must be 160 mPa.s at 21°C. 

Mode1 Pressure: for Approach 1, there is no need to determine the model 
pressure because it is chosen to be equal to the field pressure. As for App- 
roach 2, it is necessary to determine a model pressure such that the solubiiity 
of carbon dioxide at 21°C and the model pressure equals that at field tempera- 
hue and pressure, i.e., at 37OC and 4.8 MPa, respectively. By using Chung et 

al.'s correlationlo6, the model pressure is 3.58 MPa. 

In addition , it is necessary to select the pressure drop in the model 
such that the gravitational-to-viscous forces ratio is scaled. This can be done 
as follows: 



Therefore, the model pressure &op, by Wtue of this expression, is 
reduced by a factor "a". Given the densities of oils and carbon dioxide at the 
two pressure and temperahue conditions, the irue model pressure can be 
determined as shown below. 

p c q  = 835 kg/m3 at 3.58 MPa and 21°C 
pcq = 111.0 kg/m3 at 4.8 MPa and 37OC 
pog = 950.0 kg/m3 at 3.58 MPa and 21°C 

= 943.8 kg/m3 at 4.8 MPa and 37OC 

and the fieid production pressure is 2.6 MPa. The expression for the model 
pressure c m  be written as 

If the model production pressure is chosen to be 3.58 MPa, ttien the ac- 
tuai average pressure of the modei wül be 3.59 MPa, which is not very diffa- 
ent from the pressure determined using Chung et ai's correlatiodo6 for pre- 
dicting solubility of carbon dioxide in viscous crudes. 

Permeabilitv Determination: for both approaches, the permeability is the 
same in the model and the prototype because the resemoir sand is used to 
represent the field porous medium. 

Iniection Rate: to calculate the injection rate of carbon dioxide and water, the 

VOUP 
W&J2~pgR is used. The field current injection rate, being unavaiiable, 
Pskrpd-tH 

the optimal injection rate determineci in Section 6.9.6 (page 122) is used in the 
scaied expeciments. 



6.11.2 - Discussion of The Results of The Scaled Experiments 

Two scaled experiments were perfomed according to the design dis- 

cussed in the preceding section to investigate the possible application of the 
immiscible carbon dioxide WAG recovery technique in the pre-waterflooded 
reservoir under consideration (moderately heavy oil reservoir in Saskatche- 
wan) for which reservoir description is provideci in Table 6.8 (page 147). They 
were tertiary Runs EI2D42b and H2D43b. Ru .  H2D42b was conducted using 
the design for Approach 1 and Run H2D43b was conducted using Approach 2. 
The total volume of carbon dioxide injected in both nins was 20% HCPV in a 

2:l WAG mode. The 2:1 WAG ratio was selected because a previous study on 
this reservoir showed that utilipng a 2:l WAG ratio is as effective as utiüzing 
a 4:1 WAG ratio, for the reservoir under study. The temperature and pres- 
sure conditions at which Runs m 4 2 b  and H2D43b were conducted were re- 
spectively 37OC at 4.8 MPa and 21°C at 3.58 MPa. Even though they were con- 
ducted at two different temperatures, the viscosities of the oils used in the 
two nins were similar, and the sohbilities of carbon dioxide in the oiis were 
supposed to be the same as well. Hence, a fair comparison could be made, as- 

suming there was no oü density difference. 

Figure 6.55 presents a comparison of the instantaneous GOKs of the 
two nins. It is shown in the figure that the GOR curve of Run H2D42b (37OC) 
is higher for the most part than that of Run H2D43b (2I0C). This is because a 
higher volume of water vapour was present in Run H2D42b. The water 
vapour from the analysis of the produced gas in Run H2D42b was 3.88 
mole%, while it was 0.81 mole% in Run H2D43b. This higher concentration 
of water vapour prevented carbon dioxide ftom going into the oil. That is, it 
reduced the carbon dioxide solubiiity, causing carban dioxide to remain in a 

ftee gas phase which wouid then bypass the oil. Another interesting feature 
can be spotted when comparing the iate t h e  GORfs of the two runs. The late 
üme GOR of Run H2D42b (non-isotherrnal at 37OC), as shown in the figure, is 
3 times higher than that of Run H2D43b, which indicates that in the blow- 
down stage when the pressure is depleted, the higher temperature enhances 
the release of the carbon dioxide gas dissolved in the oil. 

The comparison of the recoveries of the two runs, according to the two 
recovery curves in Figure 6.56, reveals that the same volume of oil was 
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Figure 6.55 - GOR's of Run H2D42b vs. Those of Run H2D43b. 
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Figure 6.56 - Recovery of Run H2D42b vs. That of Run H2D43b. 



recovered in the WAG stage (from O to 0.3 PV) and the post-water recoveries 
of the two runs differed by less than 0.5% HCPV. Overaii, the total recoveries 
differed by less than 1.5% HCPV. This totai recovery difference is very smaii, 
indicating that both approaches can be used to predict the performance of the 
immisable carbon àioxide process under non-isothermal conditions. 

6.1 2 - Reproducibility of the Experimental Results 

An important aspect of this study concems the reproducibility of the 
experimentd results. 

Repeatability of the experimenh was examined further by conduchg 
Runs CWF3, CWF4, VLC4, WC8 and H2D44b to check respectively the resdb 
of Runs CWFI, CWF2, VLC3, VLC7 and H2D43b. Run VLCll was performed 
to check also Run MC7. The results of these experirnents were also tabulated 
and are contained in Appendix E. 

Figures 6.57,6.59,6.61,6.63, and 6.65 present the reproducibilities of the 
GOR's of Runs CWFI, CWF2, VLC3, VLC7, and H2D43b. respectively. They 
show that the reproducibilities of the GOR's of these experirnents were fairly 
good, because the overaii errors involved were smd-in the range of 15 to 30 
%. This range of error is nomdly encountered in any expriment involving 
the flow of a gas phase, because gases do not flow at a constant rate. Conse- 
quently, it is very difficult to have a constant gas flow rate. 

Figures 6.58, 6.60,6.62 6.64 and 6.66 present the reproduubilities of the 
recoveries of Runs CWFI, CW2, VLC3, VLC7 and H2D43b8 respectively. 
Unlike those of the GOR's, the reproduabilities of the oil recoveries were 
good, the mors being in the range of 5 to IO%. 
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Figure 6.57 - GOR Repeatability of Run CWFI. 
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Figure 6.58 - Recovery Repeatability of Run CWFI. 
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Figure 6.59 - GOR Repeatability of Run CWF2. 

u 

I 8 t I I I t 1 1 I I 1 1 

0.0 
1 t t 8 l m  

05 1 .O 15 2.0 
Huid Injected, Cm. PV 

Figure 6.60 - Recovery Repeatability of Run CWF;?. 
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Figure 6.61 - GOR Repeatability of Run VLU. 
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Figure 6.62 - Recovery Repeatability of Run VLC3. 



Figure 6.63 - GOR Repeatability of Run VLC7. 
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Figure 6.64 - Recovery Repeatability of Run VLC7. 
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Figure 6.65 - GOR Repeatability of Run H2D43b. 

Figure 6.66 - Recovery Repeatability of Run H2D43b. 



7 - SUMMARY and CONCLUSIONS 

This investigation was devoted to several aspects of the immisable 
(subcriücal) carbon dioxide WAG process for the recovery of moderately vis- 
cous oils. In this study, experimentai data reported by ~ojasl,  Zhu4, DY&, 
wilson7, and in this work were correlated with the dimensionless simiiarity 
groups derived in this work. A method supported by a mathematid modei 
was developed to measure experimentally the diffusivity of a gas into a iiq- 
uid. Seventy-su< experiments were conducted to measure the diffusivities of 
carbon diosde and methane in various oils. An empirical correlation for 
predicting the diffusivity of carbon àioxide inoii was developed using the 
data obtained. Vertical and horizontal displacement experimenh were con- 
ducted in two scaled models to examine gravity segregation of the injected 
fiuids. Horizontal displacement data were correlated with the dimensionless 
group desaibing the ratio of viscous-to-gravitationai forces. In addition, a 
non-isothermai and non-equüibrium mathematicai modei induding phase 
change and interfaad mass transfer was developed. Two sets of simiiarity 
groups for the non-isothermai immiscible carbon diode WAG displacement 
process were derived. Non-isothermal displacement experiments were also 
designed and performed. 

Based upon the experimental observations, the following condusions 
can be reached. 

bon Dioxide Diffwon in& Oib . . . . 

1. Diffusivities of carbon dioxide and methane inaease with increasing 
pressure, as long as both gases are in the gas phase (2.3648E-09 at 0.69 M ' a  vs. 
6.2387E-09 at 6.89 MPa). 

2. Inaeasing temperature andlor decreasing the oil viscosity inaeases 
the diffusivity of carbon dioxide into oil(6.1387E-09 at 57.1°C vs. 7.5272E-09 at 

65.4Oc). 

3. The diffusivity of carbon cüoxide is affected by the molecular weight 
of the oil. Kt deaeases as the oii molecuiar weight increases (2.5452E-08 in a 

516.73 g/mol oii vs. 4.9337E-10 in a 737.59 g/mol oïl). 



4. Carbon dioxide, having a smaiier molecular size than methane, can 
diffuse faster in oils than methane (6.1387E-09 for carbon dioxide vs. 8.4217E- 
II for methane). 

1. Dimensionless groups were derived for a comprehensive mathemat- 
icai model of the immiscible carbon dioxide fiooding process. 

2. The groups can be used to correlate the previous and present exper- 
imentai data, 

1. Based on the resuits of the vertical displacement experïments con- 
ducted, it can be condudeci that gravity plays an important role in the immis- 
cible carbon dionde WAG displacement process. It causes the injected carbon 
dioxide to rise to the top, which results in the formation of a gas zone which 
is believed to both finger through and push the oil down towards the bottom, 
which wouid then be displaced by the injected water. Gravïty segregation of 
the injected water slugs encourages the rise of carbon dioxide to the top and 
pushes the oil upwards, whidi WU then regsaturate the zone already swept by 
carbon dioxide. This volume of oil wül never be recovered, consequently 
causing the loss of oii recovery. 

2. In horizontai floods, transverse diffusion of carbon dioxide in the 
horizontal direction normal to the horizontal longitudinal direction can help 
deiay the gravity rise of the gas. 

1. Experiments at an elevated temperature showed distinct effects on 
the mechanism of the process, mainly due to evaporation of water and mix- 
h g  of water vapour with carbon dioxide, thereby reducing its solubility in oïl. 

2. Experimental resuits show that if two oils have the same viscosity 
and gas solubility at two different temperatures, the overall performance of 
the immisable carbon dioxide WAG process will be very similar in the two 



cases, thereby indicating that the experimental results cm be extended to 

other temperatures 



8 - RECOMMENDATIONS for FUTURE RESEARCH 

The foiiowing studies are recommended to extend the scope of this re- 
search. 

1. The effect of a bottom water layer on the performance of the immis- 
cible carbon dioxide process should be exarnined. This can be done by creating 
a water layer undemeath the oil zone. This study should be camed out be- 

cause the field reservoir is unddain by a water layer and the experimentd 
results WU more accurateiy predict the true field performance of the process. 

2. The improvement in the dative permeabiiity to oil afforded by car- 
bon dioxide at immisable conditions should be studied. 

3. A study should aiso be conducted to investigate the effect of gas 
happing which occurs due to gravïty segregation. 
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APPENDIX A 

INITIAL AND BOUNDARY CONDITIONS 

A.1 - Initial and Boundary Conditions 
No fluid flow across top and bottom of reservoir 

A.2 - Injection Well 



A3 - Production Well 

Initial Conditions 



APPENDIX B 

DIFFERENTIAL EQUATIONS IN DIMENSIONLESS FORM 

B.l - Momentum Balance for CO2 in the Oil Phase in Dimensionless Form 









8.2 - Total Energy Balance for Carbon Dioxide in the Oil Phase in 
Dimensionless Form 
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8.3 - Entropy Balance for CO2 in the Oil Phase in Dimensionless Form 













DERIVATION OF THE RELAXED SCAtlNG GROUPS 

For the two approaches, the method of deriving a relaxed set of similar- 
ity groups is sirnilar. Based on the assumption made in each approach, the 
terms corresponciing to these assumptions are deleteci from the goveming 
partial diffaential equations. Each equation is then divided by one of its own 
remaining coeffiaents to yidd the dimewionless fom of the equation. The 
coefficients represent the relaxed set of similarity groups which can subse- 
quently be reduced to their simplest form. The constitutive reiationships, 
constraints, and initial and boundary conditions are treated in a simüar man- 
ner . 

C.l - Approach No. 1 

For approach no. 1, the effects of gravity and transverse and longitudi- 
nal dispersion are assumed to be neglible. For the sake of simplicity the fol- 
lowing mode1 for diffusion in porous media was adopted2? 

Mass Balance fnr CO2 in the Oil Phasg 



Dividing by C ~ 0 2 . 0 ~ ~ o ~  OR O : and coiiecting ùimensioniess groups give 
P O R ~ R  

C.2 - Approach No.2 

For approach no. 2, with the exdusion 
the governuig equation the mass balance for 
becomes 

of the pressure 
carbon dioxide 

drop term from 
in the oil phase 



2 

Dividing by Cco280RPoRk,~gRzR and coiiecth~ the dimensionless groups lead 

* 



APPENDIX D 

Tabulated Data of Diffusivity Experiments in Graphical Form 



JI, S W  

JI, SX 
Figure Dl - Mass of CO2 Injected vs. Square Root of T h e  for DiMisivity 

Experiments No. 1,2,3, and 4. 



JI,  8 
Figure D2 - Mass of CO2 Injected vs. Square Root of T h e  for Diffusivity 

Experiments No. 5,6,7, and 8. 



JI, SH 
Figure D3 - Mass of CO2 Injected vs. Square Root of Time for Diffusivity 

Experiments No. 9, 10, Il, and 12. 



Experiment No. 15 
(& = 22017 kg/m P 

JI, sx 

Expriment No. 16 
=4.OIIï kg/m 

Figure D4 - Mass of CO2 Injected vs. Square Root of T h e  for Diffusivity 
Experiments No. 13,14,15, and 16. 



Eqeriment No- 17 E l  / 

Ji, S K  

kperiment No. 20 E l  p 

JI, sx 
Figure D5 - Mass of CO2 Injected vs. Square Root of Tirne for Diffusivity 

Experiments No. 17,18,19 and 20. 



O 500 1000 

JI, S K  Ji, & 

Figure D6 - Mass of CO2 Injected vs. Square Root of Time for Diffusivity 
Experiments No. 21,22,23, and 24. 



Figure D7 - Mass of CO2 Injected vs. Square Root of T h e  for Diffusivity 
Experiments No. 25,26,27, and 28. 



Ji, & 

Experiment No. 32 '--- / Experiment No. 32 
Ge = 5.8175 kg/m 

Figure D8 - Mass of CO2 Injected vs. Square Root of Time for Diffusiviv 
Experiments No. 29,3431, and 32. 



Figure D9 - Mass of CO2 Injected vs. Square Root of Time for Diffusivity 
Experiments No. 33,34,35, and 36. 



500 1000 

Ji, & 
Figure Dl0 - Mass of CO2 Injected vs. Square Root of Time for Diffkivity 

Experiments No. 37,38,39, and 40. 



Figure Dl1 - Mass of CO2 Injected vs. Square Root of Time for Diffusivity 
Experiments No. 41,42,43, and 44. 



JI, s x  

Figure Dl2 - Mass of CO2 hjected vs. Square Root of T h e  for Diffusivity 
Experiments No. 45,46,47, and 48. 



Ji, & 
Figure Dl3 - Mass of CO2 Injected vs. Square Root of Time for Diffusivity 

Experimenfs No. 49,5451, and 52. 



Figure Dl4 - Mass of CO2 Injected vs. Square Root of Time for Diffusivity 
Experiments No. 53,54,55, and 56. 



Figure Dl5 - Mass of CO2 Injected vs. Square Root of Time for Diffusivity 
Experiments No. 57,58,59, and 60. 



Figure Dl6 - Mass of CO2 Injected vs. Square Root of Time for Diffusivity 
Experiments No. 61,62,63, and 64. 



Experiment No. 67 jf' 

JI,  & Ji, & 
Figure Dl7 - Mass of CO2 Injected vs. Square Root of Time for Diffusivity 

Experiments No. 65,66,67, and 68. 



Figure Dl8 - Mass of CO2 Injected vs. Square Root of Time for Diffusiviv 
Experiments No. 69,70,71, and 72. 



JI,  SH Ji, SK 
Figure Dl9 - Mass of CH4 Injected vs. Square Root of T h e  for Diffusivity 

Experiments No. 73,74,75, and 76. 



APPENDIX E 

Tabulated Results of Displacement Experiments 



TABLE EOt 

Porosity (%) = 
Oil Viscosity (Mas)  = 
Ave. Run Tcmp.(K) = 
CO2 Rcq. (sm3/m3) = 

Tabulated Experimental Results of Run CWFI 
(Carbonaicd Waicrfiood @ 2 3  MPa (1.532 molcs), 21°C) 

35.80 Vp (cm3) = 11 13 Sm (%) = 
1842,3 soi (%) = 92.18 Molar Dcn, (krnol/m') = 
294,15 HCPV (cm3) = 1 026 Abs, k (drucies) = 
63.40 CO2 Rct. (%inj,) = 29,76 Ave. Flow Vcl. (m/d) = 

Wacr Cum, PV GIS Watci. Oil Cum. Oil Pcriceni WOR GOR 
inj, Injectcd Prod Rod. Prod. Prod, Rcc, 

(cm3) (s.1~) (cm3) (cm3) (cm3) (%) (sm3/sm3) (sm3/sd) 

OPFIR 





TABLE E03 

Porosity (%) = 
Oil Viswsity (mF9a.s) = 
Ave, Run Tcmp.(K) = 
CO2 Rcq. (sm3/sm3) = 

k s  Press Gas 
Jnj. Prod. Inj. 

(cm3) 

Tabulated Experimental Results of Run CWF3 
(Carbonnicd Wsicrflaod @ 2.5 MPa (1.608 moles), 21°C) 

36.02 Vp (cm3) = 
1058 soi (%) = 

294.15 HCPV (cm3) = 
62.74 CO2 Rct. (%inj.) = 

waria 
Inj. 

(cm3) 

251.3 
262 .O 
262.2 
26 1-8 
26 1.4 
251 -9 
252.3 
250.1 
249.4 
252.1 
0.0 

Cum. PV 
hjcctod 

0,224 
0,458 
0,692 
0,926 
1.160 
1,385 
1.610 
1.833 
2.056 
2.281 
2.28 1 

WalCI 
Rad, 
(cm3) 

40.00 
1 S8.W 
l8S.O 
228.00 
223.00 
2 18.50 
219.00 
229.00 
233.W 
239.50 
171.00 

Il20 Sm (96) = 
%, 16 Molar Den. (lcmolJm9 = 
1077 Abs. k (darcics) = 

31.14 Avo, Flow Vcl. (mfd) = 

Oil Cum, Oil 
Rd, M. 
(cm3) (cm3) 

WOR 

(sm3/sml) 

0.00 
1,67 
2.18 
512 
5S8 
6.94 
9.95 
16,36 
2 h l8  
20-83 
3.45 

GOR 

(sm3/sm3) 

0 . 0  
0.00 
3.25 
15% 
63,40 
80.98 
1 12.82 
200.14 
257.27 
249.1 3 
192.75 



TABLE E04 

Tabulated Experimental Results of Run CWF4 
[Carbonaicd Watcrftood @ 1.0 MPa (0,143 moks), 20% HCPV of C@ Mixcd With Watcr @ 4:1 Rado, 21°C) 

Porosity (k) = 37.47 V, (cm3) = 1825 Sm ($1 =; 

Oil Visçosity (mPa.s) = 1058.0 soi (%) = 90-14 Molar Den. (kmal/m3) = 
Ave. Run Tcmp.(K) = 294.15 HCPV (cm3) = 1645 Abs. k (darcics) = 
CO2 Req. (sm3/sm3) = 4.93 CO2 Rct, (%inj.) = 23.57 Avc, How Vcl, (m/d) = 

Wat er 
M. 
(cm3) 

21 2.50 
362.50 
420.00 
123.00 
228,00 
224,ûû 
227.00 
238,oO 
230,ûû 
24 1 .O 
230.0 

Oil 
Rd. 
(cm3) 

302SO 
145.00 
78.50 
10,oO 
24.00 
20.00 
15,W 
20 ,o  
15.00 
8.50 
19SO 

Cum. Oil 
m. 
(cm3) 

30230 
447SO 
526.00 
536.0 
560.00 
580.00 
595.00 
615.00 
630.00 
638.50 
619.50 

Pcxccnr 
Rec. 
(%) 

l8,39 
27.20 
3 1.98 
32.58 
34.04 
35.26 
36.17 
37.39 
38.30 
38.81 
39,48 

WOR 

(sm3/sd) 

0.70 
2.50 
5.35 
12.30 
9.50 
1 1.20 
15.13 
11.90 
1533 
28.35 
1 1.79 

GOR 

(sm3/sm3) 

1.16 
3.48 
5.97 
7.9 
10.46 
12,4S 
14.6 
1365 
7.93 
2.24 
O, 1 O 





TABLE E05 (Cont'd) 

Porosity (%) = 
Oii Viscosiiy (mPa.s) = 
Avc. Run Temp.(K) = 
CO2 Req. (sm3/sm3) = 

Tabulated Experimental Results of Run VLCOl 
(20% HCPV CO2 @ 1 .O MPa (0.089 moles), 10 Slugs, 4: 1 WAG, 2 I0C, Boitom Injection) 

35.90 Vp (cm3) = 
1058.0 soi (%) = 
294,15 HCPV (cm3) = 

3-82 CO2 Rct. (%inj.) = 

Waicr Cum, PV Gas Wata 
inj, injcctcû P d  P d .  

(cm3) (s.iü) (cm3) 

1116 Sw (W = 
95.43 Molat Den. (kmoljm3) = 
1025 Abs. k (darcics) = 

37.17 Ave, Flow Vol, (m/d) = 

Oil Cum, Oil Percent WOR GOR 
F'rod. Prod. Roc, 
(cm3) (cm3) (%) (sm3/srnJ) (sm3/sd) 





TABLE E06 (Cont9d) 

Porosity (96) = 
Oil Viscusiry (mh.s) = 
Avc, Run Temp,(K) = 
CO2 Rcq. (sm3/sm3) = 

Tabulated Experimentsl Results of Run VLCOZ 
(20% HCPV CO2 @ 1.0 MPa (0,087 moles), 10 Slugs, 4: 1 WAG, 21°C, Injccdon a i  Top) 

35.54 Vp (cm3) = 
1058.0 Soi (90 = 
294,lS HCPV (cm3) = 

4.34 CO2 Rei. (kinj.) = 

Waicr Cum.PV Gas Waicr 
lnj. Injccicd Rrid Rad, 

(cm3) (s.1~) (cm3) 

1 105 Swo (%) = 
9068 Molar Den, (kmol/d) = 
1002 Abs, k (darcics) = 

54,OS Ave. Flow Ve). (m/d) = 

Oil Cum.Oit Pcsccni WOR GOR 
M. Prod. Rcc, 
(cm3) (cm3) (96) (sm3/sm3) (sm3/sd) 



TABLE E07 

Porosily (%) = 
Oit Viscosiiy (mPa.s) = 
Avc. Run Temp,(K) = 
CO2 Rcq. (sm3/sm3) = 

Tabulated Experimental Resulls of Run VLC03 
(20% HCPV CO2 @ 1.0 MPa (0,088 moles), 21°C. Single Slug, Injection at Bottom) 

34.74 Vp (cm3) = 
1058.0 soi (96) = 
294.1 5 HCPV (cm3) = 

5.43 CO2 Rci. (%inj.) = 

W w  Cum, PV Gas Watcr 
Inj, injoctcd Rad Rad. 

(cm3) S .  (cm3) 

Oil Cum, Oil 
l'lad. M. 
( c d )  (cm3) 

Sm (9s) = 
Molar Dcn. @mol/m3) = 
Abs. k (darcies) = 
Avc, Flow Vel, (m/d) = 

Percent WOR GOR 
Rcc, 
(%) (sm3/sm3) (sm3/smJ) 



TABLE EOS 

Tabulated Experimental Results of Run VLCO4 
(20% HCPV CO2 @ 1.0 MPa (0,088 molcs), 21°C. Single Slug, Injcçtion ai Bottom) 

Pomsiiy (%) = 35,SO Vp (cm3) = 
Oil Visçosity (mPa.s) = 1058.0 sQi (%) = 
Avc. Run Temp.(K) = 294.15 HCPV (cm3) = 
CO2 Rcq. (sm3/sm3) = 5 64 COz Rct, (%inj,) = 

Cum. PV 
inpcicd 

0.191 
0,406 
0.61 7 
0.844 
1 .O75 
1.303 
1.530 
1.760 
1,76û 

ll03,8 S w o  ('W = 
9 1.96 Molar Den. (kmol/m3) = 
IO1 5 Abs. k (durcies) = 

57,45 Avc, Flow Vd, (m/d) = 

Oil 
Rd* 
(cd) 

7.50 
208.50 
70,OO 
26.00 
21,oO 
17.00 
12.00 
10.50 
17,O 

Cum. Oil 
m. 
(cm3) 

7.50 
2 l6.O 
286.00 
312.00 
333,Oo 
350.00 
362.00 
372.50 
389SO 

Pcrcent 
Roc. 
('w 
0.74 
21.28 
28.18 
30.74 
32.81 
34.48 
3567 
36,70 
38.37 

WOR 

(s m3/sm3) 

0.00 
0.1 1 
2.30 
8.73 
1 l,l9 
14 .0  
20m 
23.29 
2.82 

GOR 

(sm3/sm3) 

0.00 
O*O 
0.00 
0,QO 
0.02 
5.97 
15,38 
23.00 
23.88 



TABLE E09 

Tabulated Exporimental Results of Run VLCOS 
(2096 HCPV CO2 @ 1.0 MPa (0,087 molcs), 21°C, Single SIug lnjcction at Top) 

Porosity (%) = 35.38 Vp (cm3) = 
Oil Viscosity (mPa,s) = 1058,O soi (%) = 
Avc, Run Temp.(K) = 294,15 HCPV (cm9 = 
CO2 Req. (sm3/sm3) = 7.20 CO2 Rct, (%inj.) = 

Cum, PV 
Injocioa 

0.191 
0,408 
0,620 
0.849 
1,078 
1.307 
1 ,535 
1.535 

Gas 
FW 

(S. f u) 

0.006 
0.000 
0 . m  
0 , m  
0,000 
0,QOO 
0,003 
0.009 

Oil Cum. Oil 
Rod* Prod. 
( c d )  (cm3) 

sw (a) = 
Molnr Den. (kmolw) = 
Abs, k (darcics) = 
Avc. Flow Vel, (m/d) = 

Pcrccnt WOR GOR 
Rcc. 
( %  (sm3/sm 3, (sm3/sm 3) 



TABLE El0  

Porosiiy (%) = 
Oit Viscosity (mPa,s) = 
Ave. Run Tcmp,(K) = 
CO2 Req. (srn3/sm3) = 

Tabulated Experimen ta1 Results of Run VLC06 
(20% HCPV CO2 @ 2.5 MPû (0,087 moles), 10 Slugs, 4: 1 WAG, 2 toc, Injection al Bottorn) 

35.32 V, (cm3) = 
1058.0 soi (96) = 
294.15 HCPV (cm3) = 
12.05 CO2 Rct. (%inj.) = 

Cum. PV 
Injccicd 

0.019 
0.096 
0.1 15 
O, 191 
0*2 10 
0.290 
0,309 
0.386 
0.405 
0.483 
0.502 
0.580 
0.599 
0,675 
0.695 
0.771 
0.790 
0.867 
0.886 

Cum. Oil 
P d ,  
(cm3) 

1 *O 
82,SO 
86.50 
168.50 
176.00 
229.00 
234.40 
263.50 
265.50 
282.50 
284.50 
303.00 
305,W 
320.50 
322.00 
34 i ,O 
342SO 
359.50 

S""a (W = 
Molar Den. (kmol/m3) = 
Abs. k (darcics) = 
Avc, Flow Vel, (ml@ = 

Pcriccnc 
Roc* 
(W 

O* 10 
8.17 
8,56 
16.68 
17.43 
22,67 
23,2 1 
26,û9 
26.29 
27.97 
28.17 
30,O 
30.20 
3 1.73 
31.88 
33.76 
33.9 1 
35.50 

WOR 

(sm3/sm3) 

0.00 
0.02 
0.00 
0.00 
0.00 
0.57 
0,oo 
1.84 
0 . 0  
3.9 1 
0.00 
3.49 
0.00 
4.19 

3.24 
0.00 
3.74 
0,ot-l 

GOR 

(sm3/sm3) 

0.00 
0.01 
0.00 
0.00 
0.00 
0.00 
0.09 
0.00 
0.00 
0,OO 
0.00 
0.00 
0,oo 
0.00 
0.00 
O, 13 
0,33 
0.18 
0.20 

8,OI 
1,204 26 

9,87 
0,984 

OPFIR 

(smAm3) 

0.048 
0.970 
O. 191 
0,976 
0.358 
0.605 
0,258 
0.346 
0,095 
O, 198 
0.095 
0,217 
0.05 
O, 185 
0,072 
0.226 
0.072 
0,202 
O. 1 19 



TABLE El0  (Cont'd) 

Porosity (46) = 
Oii Viscosiry (mPa.s) = 
Avc. Run Temp.(K) = 
CO2 Rcq. (sm3/sB3) = 

Tabulated Experimental Rcsults of Run VLCO6 
(20% HCPV CO2 @ 2.5 MPa (0.087 molcs), 10 Slugs, 4:l WAG, 2I0C, Injcction a i  Bottom) 

35,32 Vp (cm3) = 1098 Sm = 
1058.0 soi (%) = 91 ,99 Molor Dcn. @mol/m3) = 
294.15 HCPV (cm3) = 101 O Abs, k (darcics) = 

12,05 CO2 Rei. (%inje) = 75.31 Ave. Flow Vel, (m/d) = 

Watcr Cum. PV Gas Wotcr Oil Cum. Oil Pcmnt WOR GOR 
inj, Injecrcd hocl Rd, Ptd. Ptod, Rcc. 

(cm3) (s.1~) (cm3) (cm3) (cm3) (%) (sm3/sm3) (sm3/sm3 

OPFIR 



TABLE El1 

Tabulated Experimental Results of Run VLC07 
(Continuous Injection of CO2 @ Top Until Gas Breakthmugh @ 1.0 MPa (0.391 molos), W C ,  Wakr Injection at Botiom) 

IJomsily (9b) = 35.38 Vp (cm3) = 
Oil Viscosiiy (mPa,s) = 1 055.3 soi 6) = 
Ave. Run Tcmp.(K) = 294.15 HCPV (cm3) = 
CO2 Rcq. (sm3/sm3) = 15.55 CO2 Rci. (%inj.) = 

Press 
inj, 
ml 

1,10 
1 .IO 
1.10 
1.10 
1.10 
1,IO 
1.10 
1.10 
1.10 
1 * 10 
1.10 
1.10 
1.10 
o. 10 

Gas 
hj, 

(cm3) 

9û2.6 
0.0 
0,o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
O*O 
0.0 
0.0 

Cum, PV 
hjocicd 

0.82 1 
1 .O50 
1.258 
1.487 
1 .7M 
1942 
2.171 
2.409 
2.638 
2.866 
3,098 
3.328 
3,556 
3.556 

1100 Sm (W = 
95.27 Molar Den. (kmol/m3) = 
1048 Abs. k (darcics) = 

74 ,O7 Ave, Flow Vcl. (m/d) = 

Oil 
Pmd. 
(cm3) 

50.0 
168.50 
128.00 
63.0 
41.0 
31 .O0 
l?SO 
21 S O  
16,80 
14.90 
15.25 
12.60 
10.90 
13 ,O0 

Corn. Oil 
l'mi, 
(cm3) 

50.00 
218,50 
346.50 
409.50 
450.50 
48 1 S O  
499.00 
520.50 
537.30 
552.20 
567.45 
580.05 
590,95 
603.95 

WOR 

(sm3/sm3) 

0.00 
0.32 
0.94 
2.97 
5.12 
7,03 
13,3 1 
11.16 
13.99 
15.84 
15.72 
l9,OS 
22.02 
3.3 1 

GOR 

(srn3/sm3) 

9.30 
6.87 
4.2Q 
OS0 
0,71 
0.37 
1.17 
0.77 
1.26 
1.15 
1,18 
2.57 
3.13 
3.38 

4.73 
0.09 166 
10.02 
0.984 

OPFIR 

(sm3/sm3) 

0.OSS 
0,668 
0,559 
0.25 1 
O, 164 
0.124 
0.070 
0,082 
0.067 
0,059 
0.060 
0.050 
0.043 



Tabulated Experimental Results of Run VLCO8 
(Continuous lnjcction of C@ @ Top Until Gas Brcakthrough @ 1.0 MPa (0.748 molcs), 21°C, Watcr Injection at Boltom) 

Porosity (96) = 35.45 V, (cm') = 
Oif Viscosi ty (mPa.s) = 1055.3 sol (%) ;= 

Ave. Run Tcmp,(K) = 294.15 HCPV (cm3) = 
COi Req. (sm3/sm3) = 15.51 COz Rci. (Sbinj.) = 

Gas Waier 
hj. Inj. 

(cm9 (cm3) 

925.5 0.0 
0.0 300.2 
0.0 223.4 
0.0 264.1 
0.0 249.6 
0.0 270.7 
0.0 252.6 
0,O 252.7 
0.0 251 -4 
0.0 250.8 
0.0 253.7 
0.0 248.6 
0.0 249.2 
0.0 0.0 

Cum. PV 
Injecicd 

0,840 
1.1 12 
1.315 
1.555 
1 .XII 
2.027 
2.256 
2.485 
2.3 13 
2.94 1 
3,171 
3.397 
3,623 
3.623 

Wata 
Rod. 
(cm3) 

0.00 
64.00 
120.00 
160.00 
207.50 
236.00 
230.00 
233.00 
235.00 
228.0 
237.25 
236.10 
243.0 
1 5.00 

1102 s w ,  (46) = 
95.55 Molar Den. (kmol/m3) = 
1053 Abs. k (darcics) = 

72S1 Ave. How Vcl. (mld) = 

Oil 
Rd, 
(cm3) 

59.00 
206.70 
89 .ûû 
70.W 
40.50 
33.50 
20.50 
20.00 
17.00 
22.80 
1 5.20 
12.50 
10.20 
4.00 

Cum. Oil 
Ptod, 
(cm3) 

59.00 
265.70 
35470 
424.70 
465.20 
498.70 
519.20 
539.20 
556.20 
579.00 
594.20 
606.70 
61 6.90 
620.90 

Rcrcent 
Rcc. 
(%) 

5.60 
25.23 
33.68 
40.33 
44.18 
47.36 
49.31 
51.21 
52.82 
54.99 
56.43 
57.62 
58.58 
58.96 

WOR 

(sm3/sm3) 

0.00 
0,s 1 
1.35 
2.29 
5.12 
7.04 
1 1.22 
1 1.65 
13.82 
10.00 
15.61 
18.89 
23.82 
3.75 

GOR 

(sm3/sm3) 

lO.14 
5.32 
5.67 
2.66 
0.62 
064 
1-29 
0.80 
0.94 
1.63 
1 .O2 
3.15 
3.7 1 
5.50 



TABLE El3 

Tabulated Experimental Results of Run VLCO9 
(Continuous Injection of C& @ Top Unril Gas Breakrhmugh @ 1 .O MPa (0.489 molcs), 2 IV, Watcr Injcction ar Boiiom) 

Porosiiy (%) = 35,38 Vp (cm3) = 
Oil Viscosity (mPa.s) = 1055.3 soi (%) = 
Ave. Run Tcmp,(K) = 294,15 HCPV (cm3) = 
CO2 Rcq. (sm3/sm3) = 15.85 COz Rci. (Zinj,) = 

Press 
Inj, 
(m) 

1.10 
r ,IO 
1.10 
1.10 
1.10 
1.10 
1 .IO 
1,10 
1 ,IO 
1 .IO 
1.10 
LI0 
1.10 
1.10 
1.10 
1,10 
o. IO 

Gas 
inj. 

(cm3) 

1 1 163 
0,o 
0.0 
0.0 
0,o 
0.0 
0.0 
O*Q 
0.0 
0.0 
0.0 
0.0 
O*O 
0.0 
0.0 
0.0 
0.0 

Cum. PV 
Uijccicd 

1,015 
1.284 
1,491 
1,716 
1,940 
2.184 
2.412 
2,639 
2,86û 
3,098 
3,327 
3,554 
3,783 
4,013 
4.241 
4.474 
4.474 

1100 sw (W = 
96-18 Molar Dcn. (kmolld) = 
1058 Abs. k (darcies) = 

79.47 Avç. Flow Vel. (m/d) = 

Oil 
Prod* 
(cm3) 

IO l .O0 
188.00 
111SO 
7 1 ,O0 
39.00 
31.00 
2400 
23.50 
23.60 
21 .7O 
18.40 
1 5.40 
14.20 
1 3,3O 
M. 10 
12.80 
10.00 

WOR 

(sm3/sm3) 

o*Oo 
0,28 
1.21 
2,48 
5.33 
3.61 
9,38 
9.66 
9.70 
lO,6S 
12.66 
15.26 
16.69 
17.97 
16.81 
18.98 
4 . 0  

GOR 

(sm3/sm3) 

5,s 1 
6,32 
OS6 
0,68 
1 .O8 
O,î 1 
os0 
O S  1 
2,s 1 
0,75 
1-45 
1.99 
2.80 
5,17 
4,25 
3,53 
10,Oo 



TABLE El4  

Tabulated Experimental Results of Run VLClO 
(Continuous Injection of C@ @ Top Until Gas Breakihmugh @ 1.0 MPa (0578 molcs). 2I0C, Modcl Jnvencd to Injeci Waicr ai Bo~om) 

Porosity (%) = 
Oil Visçosity (mPa.s) = 
Avc. Run Tcmp.(K) = 
CO2 Reg. (sm3/sm3) = 

Press Gas 
Rod. Inj. 
W) (cm3 

1 . 0  1348,6 
1.00 0.0 
1.00 0.0 
1.00 0.0 
1.00 0.0 
1.00 0.0 
1.00 0.0 
1,00 0.0 
1.00 0.0 
1.00 0.0 
1.00 0,o 
1.00 0.0 
1.00 0.0 
1.00 0.0 
1 ,00 0.0 
1.00 0.0 
0.10 0.0 

35.38 V, (cm') = 
1055.3 soi (%) = 
294.15 HCPV (cm3) = 

17.52 COz Rct. (%inj,) = 

Cum, PV 
lnjcctod 

1,226 
t 2525 
1.749 
1.977 
2.215 
2.454 
2.692 
2.922 
3.201 
3.433 
3.662 
3,890 
4,119 
4.350 
4,578 
4,806 
4,806 

Oil 
Rad* 
(cm3) 

1 l2SO 
177.50 
114.50 
75.50 
56.00 
31,O 
44,w 
29.00 
18.50 
23.50 
21.70 
1990 
17.10 
15.40 
13.80 
lO.C)O 
20.00 

Cum. Oil 
m. 
(cm3) 

1 12.50 
290,oo 
404.50 
480.00 
536.00 
567,W 
61 1,OO 
640,OO 
658.50 
682.00 
703.70 
723.60 
740,70 
756.10 
769.90 
780.80 
800.110 

sw (W = 
Mofar Den. (&mol/m3) = 
Abs, k (darcics) = 
Avo. Flow Vcl. (mld) = 

WOR 

(sm3/sm3) 

0.00 
0.35 
1.3 1 
2,32 
3.68 
7.52 
5.00 
7.83 
l2,3S 
9,87 
1 0*60 
1 1,61 
13.74 
15-45 
17.t7 
22.02 
0.20 

GOR 

(sm3/sm') 

2.64 
2,94 
2.16 
l,6l 
0.46 
0.24 
0.02 
0,34 
4.19 
0.49 
l,83 
1 .O4 
3.24 
5.07 
4.40 
3,72 
4.05 

4.9 1 
0.04 1 66 

1 1 ,O2 
0,492 

OPFIR 

(sm3/sm3) 

0,083 
0,540 
0.464 
0.302 
0,2 14 
0,l 18 
0,168 
0.1 14 
0.060 
0.m2 
0.086 
0,079 
0.068 
0.061 
0,QSS 
0,043 



TABLE El5 

Tabulated Experimentel Results of Run VLCll 
(Continuous lnjcction of CO2 @ Top Until Gas Brcakihrough @ 1 ,O MPa (0.448 molcs), 2I0C, Waier Injection ai Boitom) 

Porosi ty (96) = 35S6 vP (cm3) = 
Oil Viscosiiy (mPa.s) = 1055,3 soi  (%) = 
Avc. Run Tcmp.(K) = 294.15 HCPV (cm3) = 
COz Rcq. (sm3/sm3) = 16.90 CO2 Rct. (%inj.) = 

Press 
Jnj. 
Wh) 

1.10 
1.10 
1.10 
1.10 
1.10 
1 * 10 
1.10 
LI0 
1.10 
1.10 
1.10 
1 , IO  
1 J O  
o. 10 

Gas 
lnj. 

(cm3) 

1034.2 
0.0 
0.0 
0.0 
0,o 
0,o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Cum. PV 
Injcctcd 

0,935 
1,213 
t ,423 
1.654 
1.882 
2,112 
2.341 
2.572 
2.800 
3.027 
3,257 
3.486 
3.713 
3,713 

1 105,6 Sw (%) = 
95.88 Molar Dcn, (kmol/m3) = 
1060 Abs, k (darcics) = 

7 1.38 Avc. Flow Vcl. (m/d) = 

Cum. Oil 
Rad, 
(cm3) 

74.00 
259.0 
363.50 
42OSO 
468,50 
498SO 
525.50 
544SO 
561.30 
576.20 
59 i -20 
603,80 
6 1 5-70 
636,ïO 

WOR 

(sm3/sm3) 

0,Oo 
0.29 
1.39 
3.5 1 
4.50 
7SO 
8.63 
12.42 
13.99 
1 5,a4 
16.00 
19.05 
20,08 
0,76 



TABLE El6  

Tabulated Experimental Results of Run H2DI 
(20% HCPV COz Injeçred al  Waccr Ratc @ 2.5 MPa (0,450 molcs), 10 Slugs, 4: 1 WAG, 21°C, Horizontai Injection) 

Porosiiy (%) = 
Oil Viscosity (mPa.s) = 
Ave. Run Tcmp.(K) = 
CO2 Req. (sm3/sm3 = 

Press 
inj, 
W) 

2.70 
3.10 
2.60 
2.90 
2.6Q 
2.80 
2 JO 
2.70 
2.60 
2.70 
2.70 
2.70 
2.70 
2.60 
2.60 
2.70 
2.80 
2.60 
2.70 

Press 
m. 
(MPa) 

2.50 
2SO 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 

40.13 Vp (cm3) = 
603 soi (W = 

294.15 HCPV (cm3) = 
5.0 1 CO2 Rct, (%inj.) = 

Cum, Oil 
P d ,  
(cm3) 

8.W 
127.00 
143.00 
238.00 
246.50 
305SO 
3 10.75 
361.75 
366.25 
400.25 
407.75 
436.75 
441.25 
46425 
468.25 
489.25 
492.50 
511,W 
5 l4SO 

Sv", (%) = 
Molnr Dcn. (kmoVm3) = 
Abs. k (dardes) = 
Avc, Flow Vcl. (mfd) = 

WOR 

(sm3/sm3) 

0.00 
0.00 
O* 00 
0.26 
0.82 
1.15 
1 S2 
1.84 
1,33 
2.59 
1.60 
3.24 
3.89 
4.17 
4.75 
4.52 
4.62 
5.62 
4.7 1 

GOR 

(sm3/sm3) 

0.50 
0.20 
0.59 
0.1 1 
i -06 
0.03 
0.7 1 
0.3 1 
1.22 
0.24 
0.73 
0.69 
1 .22 
3.39 
2.13 
7.48 
4.23 
4.76 
4.7 1 

6,73 
0.04 166 

1 1.96 
0.78 

OPFIR 

(sm3/sm3) 

0.214 
0,795 
0,428 
0.64 1 
0.227 
0.396 
0.140 
0.340 
O, 120 
0.225 
0.20 1 
O. 191) 
0. 120 
0,155 
O. IO7 
0.142 
0.087 
O. 122 
0,094 



TABLE El6 (Cunt'd) 

Tabulated Experimental Results of Run H2Dl 
(20% HCPV C a  Injecicd at Watcr Rate @ 2.5 MPa (0.450 molcs), 10 Slugs, 4: 1 WAG, 21°C, Horizontai Injociion) 

Porosily (%) = 40.13 Vp (cm3) = 
Oil Viscosity (mPa.s) = 1058 soi (%) = 
Ave, Run Temp.(K) = 294,15 HCPV (cm3) = 
CO2 Req. (sm3/sm3) = 5.01 CO2 Rei. (%inj,) = 

Cum, PV 
Injcctod 

0.935 
1,062 
1.307 
1.552 
1,797 
2,043 
2,289 
2,415 
2,542 
2,542 

2005 Swo (W = 
93.27 Molar Dcn. (kmol/m3) = 
1870 Abs, k (dardes) = 

50.2 1 Avc. Flow Vel, (m/d) = 

Oil 
Rad, 
(cm3) 

19SO 
38.00 
61 ,O 
47.00 
27,m 
21 ,O0 
17.50 
8SO 
8,ûû 
14,SO 

Cum. Oil 
M, 
(cm3) 

534.00 
572.00 
633.00 
680.00 
707.00 
728.00 
745.50 
754.00 
762.0 
776.50 

WOR 

(sm3/sm3) 

5.44 
566 
6.97 
9.47 
17.15 
22.62 
27S7 
28,24 
30.38 
16.76 

GOR 

(sm3/sd) 

9,5 1 
7.13 
16,97 
3 1.76 
3&67 
19,Oo 
9,7 1 
4.35 
3*44 
16.24 



TABLE El7 

Tabulated Experimental Results OF Run H2D2 
(20% HCPV C@ Injccicd ai Watcr Rate @ 2.5 MPa (0.423 mofcs), 10 Slugs, 4:1 WAG, 21°C, Horizontal Injection) 

Porosity (96) = 
Oil Viscosity (mPa,s) = 
Avc. Run Temp.(K) = 
COz Req. (sm3/sm3) = 

39.3 1 Vp (cm') = 
603 Soi (96) = 

294.15 HCPV (cm3) = 
4.67 COz Rct. (%inj.) = 

s,, (46) = 
Molar Den, (kmol/m3) = 
Abs. k (darcics) = 
Avc. Flow Vel, (m/d) = 

Cum, PV 
injeciod 

0,018 
0*09 1 
O, 109 
O, 18 1 
0.1w 
0,272 
0.290 
0.363 
0.382 
0.455 
0.473 
0.546 
0,564 
0.636 
0.655 
0.728 
0.746 
0.820 
0.838 

Oil 
Aod. 
(cm3) 

8.00 
124,W 
16.00 
95.00 
8.50 
59.00 
5,25 
51,OO 
4SO 
34.00 
7SO 
29,O 
4.50 
23.00 
4.00 
2 1 . 0  
3.25 
18.50 
3 S O  

Cum, Oil 
m. 
(cm3) 

8,OO 
l32,ûû 
148.00 
243.00 
25 1 ,50 
3 10.50 
3 15.75 
366.75 
37 1 ,ZS 
405,25 
412.75 
44 1.75 
446.25 
469,25 
473.25 
494.25 
497.50 
5 16.00 
5 l9.SO 

WOR 

(sm3/sm3) 

0,QO 
0.00 
0.00 
0,26 
032  
t* i5  
1 S 2  
i ,84 
1.33 
2.59 
l,6O 
3.24 
3.89 
4.17 
4*75 
4.52 
4.62 
5.62 
4.7 1 

GOR 

(sm3/sm3) 

0.50 
0,15 
OS9 
0.1 1 
1 *O6 
0,03 
0.7 1 
0.3 1 
1.22 
0,24 
0.73 
0,69 
1 ,22 
3*39 
2,13 
7.48 
4.23 
4.76 
4.7 1 





TABLE El8 

Tabulated Experimental Resulls of Run H2D3 
(20% HCPV C@ In@ ted ot Waicr Rate Q 2.5 MPa (0.406 moles), 10 Slugs, 4: 1 W AG. 21 O C .  Horizontal Injection) 

Porosi ty (%) = 
Oil Viscosity (mPa,s) = 
Ave. Run Temp.(K) = 
CO2 Req. (sm3/sm3) = 

39.80 Vp (cm3) = 
603 soi (%) = 

294.15 HCPV (cm3 = 
4,38 CO2 Rct. (%inje) = 

1939 Sm (96) = 
8690 Malar ûcn, (kmoljm3) = 
1685 Abs, k (darcics) = 

42.20 Avc. Flow Vcl. (m/d) = 

Gas 
Inj, 

(cm3) 

33-7 
0,o 
33.7 
0,o 
33.7 
0.0 
33*7 
0.0 
33*7 
0.0 
33.7 
0.0 
33.7 
0.0 
33.7 
0.0 
33.7 
0.0 
33.7 

Cum. PV 
lnjccicd 

0.017 
0,087 
O, IO5 
O, 177 
O. 1 94 
0,265 
0.283 
0.352 
0,369 
0,439 
0.456 
0.526 
0.543 
0-6 1 3 
0,630 
0.713 
0.731 
0.800 
0.81 7 

Oil 
Rd. 
(cm3) 

12,SO 
120.0 
18.50 

t 03.00 
12.00 
69.00 
7.00 
37,OQ 
6.00 
32.30 
6 . 0  
27 -00 
4.30 
23.00 
4 .O 
24.80 
2.50 
2 1.50 
3.70 

Cum, Oil 
Prod, 
(cm3) 

12.50 
132.50 
151.00 
254.00 
266.00 
335.00 
342.00 
379,Oo 
385.00 
4 17.30 
423.30 
450.30 
454.60 
417.60 
48 1.60 
506.40 
508,90 
530.40 
534.1 O 

WOR 

(sm3/sml) 

Q*OO 
0.0 
0,QQ 
0.20 
0-33 
0.87 
1 S7 
2.22 
3.92 
2.44 
3.08 
3,48 
2.72 
4.09 
5.38 
4,36 
6.40 
4*74 
5.35 

GOR 

(sm3/sm3) 

0.04 
0.23 
0.08 
0.20 
0.2 1 
0.13 
OS7 
0.16 
O. 17 
4.66 
0,42 
0.76 
0.58 
0.50 
2.75 
i 5.54 
3.60 
6.58 
4.46 



TABLE El8 (Cont'd) 

Tabulated Enperimental Results of Run H2D3 
(20% HCPV CQ lnjecicll nt Water Rate @ 2.5 MPa (0.406 molcs), 10 Slugs, 4: 1 WAG, 2W, Horizonial Injection) 

Porosiiy (%) = 39,80 Vp (cm3 = 1939 
Oil Viscosity (mPa.s) = 603 soi (96) = 86.90 
Ave. Run Temp.(K) = 294.15 HCPV (cm3) = 1685 
CO2 Rcq. (sm3/sm3) = 4,38 CO2 Rci, (%inje) = 42.20 

Cum. PV 
h@icb 

0,888 
1,141 
1,549 
1.802 
2.056 
2.311 
2.44 1 
2.589 
2.584 

Oil 
Frod. 
(cm3) 

2OSO 
62SO 
55.00 
37.50 
23,W 
2 3 3  
9*00 
1i.oQ 
23SO 

Cum, Oil 
m. 
(cm3) 

554.60 
617.10 
672,lO 
709.60 
732.60 
756. l O 
765.10 
776,lO 
799.60 

sw, (96) = 
 MOI^ h n .  (k&/d) = 
Abs, k (darcies) = 
Avc. Flow Vcl. (m/d) = 

WOR 

(sd/sm3) 

4.98 
634 
7.86 
l2,Oï 
20,22 
19.72 
26.78 
24.73 
8.68 

GOR 

(srn3/sm3) 

1 Xï6 
8.37 
17,W 
25, 12 
3 1.78 
17.5 1 
14.78 
9.18 
30.09 

13.10 
0,04166 

13.23 
2.54 

OPFlR 

(sm3/sd) 

O, 150 
0.127 
0.070 
0,076 
O9W7 
0.û48 
0.036 
0,040 



TABLE El9  

Tabulaled Experimental Results of Run H2D4 
(20% HCPV CO2 Injceted ai Waicr Raie @ 2.5 MPa (0.4Oû molcs), 10 Slugs, 4: 1 WAG, 2 1°C, Horiranuil Injection) 

Press 
Rad. 

250  
2.50 
2.50 
2.50 
2.50 
2-50 
2.50 
2.50 
2.50 
2.50 
2.50 
2,50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 

Gas 
Inj, 

(cm3) 

33.9 
0.0 
33.9 
0.0 
33.9 
0.0 
33.9 
0.0 
33.9 
0.0 
33.9 
0.0 
33.9 
0.0 
33.9 
0.0 
33.9 
0.0 
33.9 

Porosity (%) = 
Oil Viswsity (mPa.s) = 
Ave. Run Temp,(K) = 
CO2 Rcq. (sm3/sm3) = 

1 1 

38.70 Vp (cm3) = 
603 Soi (96) = 

294.15 HCPV (cm3) = 
4.5 1 CO2 Rci, (%inj,) = 

Cum. PV 
In@lcïi 

0.01 8 
0 . 0  
O, 1 OB 
O. 180 
O. 198 
0.270 
0.288 
0.365 
0,383 
0,456 
0,474 
0,547 
0.565 
0.637 
0.655 
0.727 
0,745 
0.8 17 
0.835 

Oil 
Rod. 
(cm3) 

8.00 
124.0 
16.0 
95.00 
8SO 
59.0 
5.25 
5 1 .Oû 
4.50 
34.00 
7SO 
29.00 
4.50 
23.00 
4.00 
2 1 .O 
3.25 
18.50 
3.50 

Cum. Oil 
W. 
(cm3) 

%,O0 
1 3 2 , ~  
148,W 
243.00 
25 1 S O  
310.50 
3 15.75 
366.75 
37 1.25 
405.25 
4 12.75 
441.75 
446.25 
469.25 
473,25 
494.25 
497.50 
516,O 
5 19SO 

s, (W = 
Molar Dcn. (kmol/m3) = 
Abs. k (darcics) = 
Ave, Flow Vcl. (mld) = 

Pcrwn t 
Roc, 
(W 

0,47 
7.79 
8.73 
24.34 
14.84 
18.32 
18.63 
2 1,64 
21,90 
23.9 1 
24.35 
26.M 
26.33 
27.68 
27.92 
29.16 
29.35 
30.44 
30.65 

WOR 

(sm3/sm3) 

0.00 
0.00 
0.00 
0,26 
0.82 
1.15 
1 ,S2 
1.84 
1.33 
2S9 
1.60 
3 ,%? 
3.89 
4.17 
4.75 
4 S2 
4 6 2  
5.62 
4.7 1 

GOR 

(sm3/sm3) 

0.50 
O, 15 
0.59 
0.1 1 
1.06 
0.03 
0.7 1 
0.3 1 
1,22 
0,24 
0.73 
0.69 
1.22 
3.39 
2.13 
7.48 
4-23 
4.76 
4,7 1 

l0,08 
0.04164 

15.73 
3.17 

OPFIR 

(sm3(sm3) 

0,236 
0.914 
0,472 
0,700 
0.25 1 
0,435 
o. 155 
0,352 
0,133 
0,246 
0.22 \ 
0.2 t 1 
0.133 
0.170 
0.1 18 
0, 155 
0.06 
0,136 
O,  103 



TABLE El9 (Cont'd) 

Tabulated Experimental Results of Run H2D4 
(20% HCPV C& Injecüxl at WPW Ratc Q 2.5 MPa (0.408 moles), 10 Slugs, 4: 1 W AG, 2 1 OC, Horizontal Injection) 

Porosiiy (96) = 38.70 Vp (cm3) = 1885 Sm (96) = 
Oil Viscosity (mPa.s) = 603 s, (%) = 89.92 Molar Dcn. (kmol/m3) = 
Avc, Run Tcmp.(K) = 294.15 HCPV (cm3) = 1695 Abs, k (darcics) = 
COz Rcq. (sm3/sm3) = 4.5 1 COz Rci. (Zinj.) = 45.13 Ave. Flow Vcl, (m/d) = 

Oil 
Rd, 
(cm3) 

1 9 3  
38.00 
61 ,QQ 
4 7 , o  
27,W 
21 ,O0 
17.50 
8.50 
8 . 0  
14SO 

Cum. Oil 
m. 
(cm3) 

539.00 
577.00 
638.00 
685.00 
712.00 
733,oo 
750.50 
759.00 
76780 
78 1 S O  

b e n 1  
Rec. 
(96) 

31,80 
34.04 
37,64 
40.4 1 
42,Ol 
43.24 
44,28 
44.78 
45.25 
46.1 1 

WOR 

(sm3/sm3) 

5,44 
5.66 
6.97 
9.47 
17J5 
22.62 
27.57 
28.24 
30.38 
16.76 

GOR 

(srna/sd) 

9,s 1 
7,13 
16.97 
31.76 
38.67 
19.W 
9.7 1 
4,35 
3.44 
16.24 



TABLE E20 

Tabulated Experimental Results of Run H2DS 
(20% HCPV C e  Injccicd ai Waicr Raie @ 2.5 MPa (0.407 moles), 10 Slugs, 4:l WAG, 21°C, Horizontal Injection) 

Porosity (%) = 
Oil Viscosity (mPa.s) = 
Avc, Run Tcmp.(K) = 
CO2 Req. (sm3/sm3) = 

Gas 
Inj. 

(cm3) 

33.8 
0.0 
33.8 
0,o 
33.8 
0,o 
33,8 
0.0 
338 
0.0 
33,8 
0.0 
33.8 
0.0 
33.8 
0.0 
33.8 
0.0 
33.8 

42,75 Vp (cm") = 
603 soi 6) = 

294.15 HCPV (cm3) = 
4.97 CO2 Rci. (%inje) = 

wam 
Inj. 

(cm3) 

0.0 
135.2 
0.0 

135.3 
0.0 

135.3 
0.0 

127.7 
0,o 

135.4 
0.0 

135.4 
0.0 

136.4 
0.0 

139.6 
0,o 

135.8 
0.0 

Cum. PV 
Injmlcd 

0.01 6 
0.08 1 
0,097 
O, 162 
O. 1 79 
0.244 
0.260 
0.32 1 
0.337 
0.402 
0.419 
0,4W 
0.500 
OS65 
0,582 
0.649 
0.665 
0.730 
0.746 

Cum. Oil 
M. 
(cm3) 

i i ,w  
123.90 
139.90 
225,ZO 
24 1 .O0 
301,lO 
31 1.10 
353.00 
360,20 
389.60 
394,40 
423.45 
427.85 
448,55 
452.85 
475.65 
476.50 
4YS,30 
5011,40 

s, ('w = 
Molar Dcn. (kmol/m3) = 
AbsD k (darcics) = 
Ave. Flow Vcl. (m/d) = 

WOR 

(sm3/sm3) 

0.00 
0*04 
0.00 
0.38 
0.44 
0.92 
0.89 
1.77 
l,8S 
2.88 
3.06 
3 ,O6 
3.34 
4 -64 
4.23 
4.24 
21.29 
5.27 
1.34 

GOR 

(sm3Jsm3) 

0.72 
2,38 
OS6 
1 *94 
0,65 
683 
1.36 
6.5 1 
2.0 1 
9,65 
4.58 
1 l,29 
5.43 
16.12 
7.56 
21 .S6 
43s') 
23.62 
4.25 

l8,83 
0.04 166 

12.29 
3.8 1 

OPFf R 

(sm3/smi) 

0,352 
0.829 
0,473 
0.63 1 
0,467 
0.444 
0.296 
0.328 
0.213 
0.2 17 
O, 142 
0.21 5 
0,130 
O, 1 52 
0.127 
0,163 
0.025 
0.138 
0,269 



TABLE E20 (Cont'd) 

Tabulated Experimental Results of Run H2D5 
(20% HCPV C@ Injecied a1 Water Raie @ 2.5 MPa (0.407 molos), 10 Slugs, 4: 1 WAG, 21°C, Horuoncal Injection) 

Porosity (5%) = 42.75 Vp (cm3) = 2082 sw (90 = 
Oil Viscosity (mPa.s) = 603 s, (%) = 81.17 Molar k n ,  (kmo)/m3) = 
Avo. Run Tcmp.(K) = 294.15 HCPV (cm3) = 1690 Abs. k (darcics) = 
CO2 Req. (sm3/sm3) = 4.97 CO2 Rct. (%inje) = 3 3 s  Ave, Flow Vel, (m/d) = 

mss Gas 
Rad. Inj, 
( M W  (cm3) 

230 0.0 
2.50 0.0 
2.50 0.0 
2.50 0,O 
2.50 0,O 
2.50 0.0 
2.50 0.0 
2.50 0,O 
2.50 0,O 
2.50 0.0 
2.50 0.0 
0.10 0.0 

Cum, PV 
lnpctcd 

0.8 12 
0,930 
1.054 
1.178 
1.305 
t ,427 
1.549 
1,668 
1,792 
1.913 
2,033 
2,033 

Oil 
hod, 
(cm3) 

19,W 
33,m 
28SO 
2240 
18. IO 
19.40 
16.10 
IWO 
9.25 
9,40 
9 s  
25.05 

Cum. Oil 
Prod* 
(cm3) 

523,40 
556,40 
584.90 
606.90 
625.00 
644.40 
W,50 
672.90 
682.1 5 
691 3 5  
'iOl,lO 
707-20 

Percent 
Rcc. 
(96) 

30,97 
32.92 
346 1 
35.91 
36.98 
38.13 
39.08 
39,82 
40.36 
40,92 
4 1,49 
4 1.85 

WOR 

(sm3/sm3) 

4*94 
6A6 
7,90 
1 0.46 
1 IO5 
12.17 
14.52 
19.17 
26,23 
25.54 
25.19 
5.99 

GOR 

(sm3/sm3) 

27.12 
1 1.39 
1 1.96 
12.77 
12.64 
9,46 
1 1.87 
12.17 
10,93 
10,os 
8.58 
29.62 

OPFIR 

(sm3/sm3) 

0,140 
0,134 
a i  to 
0,085 
0,069 
0,076 
0,063 
0.050 
0.036 
0,037 
0,038 



TABLE E21 

Tabulated Experimental Results of Run H2D06 
(20% HCPV C& Injcçted ai Watcr Ratc @ 2.5 MPa (0.403 molm), 10 Slugs, 4: 1 WAG, 21T, Horizond Injection) 

Porosiiy (%) = 
Oil Viscosiiy (mPa.s) = 
Ave. Run Tcmp,(K) = 
CO2 Req. (sm3/sm3) = 

Press 
Inj. 
(m) 

i .30 
1 *20 
1-30 
1.20 
1 *20 
1 *20 
1.20 
1.20 
1.20 
1 *20 
1.20 
1.20 
1.10 
1*10 
1.20 
1 .IO 
1.10 
1.10 
1.10 

37.4 1 Vp (cm') = 
1058 soi (a) = 

294,15 HCPV (cm3) = 
6.32 CO2 Ret. (%inje) = 

Cum. PV 
Injccîcd 

0.01 8 
0.089 
O, IO7 
O. 1 78 
O* 1% 
0.268 
0.285 
0.357 
0.375 
0,446 
0.464 
0,535 
0.553 
0.624 
0.642 
0.713 
0.73 1 
0.803 
0.820 

Cm, Oil 
Prod. 
(cm3) 

10.00 
132.00 
144.00 
23 1 ,O 
24 5 ,O0 
306.0 
309.00 
349,00 
352,OO 
380.00 
39 1 .QO 
4 I4.OO 
4 19.0 
439.00 
442.00 
460.00 
465.00 
478.00 
482.00 

s, (W = 
Mofnr ûcn. (kmol/m3) = 
Abs, k (darcies) = 
Avc. Flow Vcl, (m/d) = 

WOR 

(sd/srn3) 

0,Oo 
0.00 
0.00 
0,23 
OS7 
0,82 
0.67 
2.25 
2.33 
3*43 
2.27 
3.74 
3.20 
4,7Q 
2.00 
6.22 
5.40 
6.62 
6,88 

GOR 

(sm3/m 

O* 10 
o. 10 
0.08 
0.00 
0.57 
2.33 
o*w 
OS5 
0.33 
0.36 
0,OO 
1 A8 
I .80 
1 .a 
0.33 
1 ,22 
1 ,O0 
4.3 1 
4.00 

ii.91 
0.04 166 

12,18 
0,78 

OPFIR 

(sm3/sm3) 

0,299 
0.912 
0,359 
0.65 1 
0,419 
0,456 
0.090 
0.299 
0.090 
0.209 
0.329 
0,172 
O. 150 
o. 150 
0.090 
O. 135 
O, 150 
O,O!V 
O, 1 20 



TABLE E21 (Cont'd) 

Tabulatcd Expcrimental Results of Run H2D06 
(20% HCPV C@ Injectai ai Watcr Rate @ 2.5 MPa (0.403 molcs), 10 Slugs, 4: 1 WAG, 2I0C, Hotizonlal Injection) 

Porosiry (96) = 
Oil Viscosity (mPa,s) = 
Ave, Run Tcmp.(K) = 
CQ Req, (sm3/sm3) = 

37.41 Vp (cm3) = 
1058 soi (%) = 

294,15 HCPV (cm3) = 
6.32 CO2 Rci. (%inje) = 

W Curn,PV Gas Waea 
inj, injccccd Ptod Rd. 

(cm3) (S,~W) (cm3) 

Oil Cum. Oil 
Rod. Prod. 
(cm3) (cm3) 

sw, (96) = 
Molar Den, (kmol/m3) = 
Abs. k (darcics) = 
Ave. Fiow Vcl, (m/d) = 

Rmnt WOR GOR 
Ra. 
(%) (sm3/sm3) (srn3lsd) 



TABLE E22 

Tabulaled Experimental Results of Run H2D7 
(20% HCPV C G  Injccted ai Watcr Rote @ 2.5 MPa (0.445 moles), 10 Slugs, 4:l WAG, 21%, Horiiionial Injection) 

Porosity (96) = 
Oil Viscosity (mPa.s) = 
Ave. Run Temp.(K) = 
CO2 Rcq. (sm3/sm3) = 

Press 
inj. 

(MW 

2.60 
2.90 
2.80 
2.70 
2.70 
2 J O  
2.70 
2.70 
2.70 
2.70 
2.70 
2.70 
2*60 
2.60 
2.70 
2.60 
2*60 
2.60 
2.60 

Gas 
Inj. 

(cm3) 

36.9 
0.0 
36,9 
0,o 
36,9 
0,o 
36,9 
0.0 
37.0 
0.0 
37.0 
0.0 
37,O 
0.0 
37.0 
0.0 
37.2 
0.0 
37.0 

41,a Vp (cm3) = 
1058 Soi (%) = 

294,IS HCPV (cm3) = 
5.57 CO2 Rct. (%inj.) = 

Cum. PV 
injcctcd 

0.0 18 
0,092 
O.Il0 
O, 184 
0.202 
0.275 
0.294 
0,367 
0,386 
0.459 
0,477 
OS5 1 
0.569 
0.643 
0.66 1 
0,734 
0.753 
0.827 
0.845 

Oil 
Rd. 
(cm3) 

0.0 1 
129.00 
20.00 
l2'7.W 
14.00 
80.00 
11,Oo 
34,Oo 
5.00 
23.00 
5.00 
17.0 
10.00 
19,W 
2.00 
2 5 . 0  
2 ,O0 
8.00 
2 -00 

Cum, Oil 
W. 
(cm3) 

0.01 
129,Ol 
149.0 1 
276.0 1 
290.0 1 
370.0 1 
381,OI 
415.01 
420.0 1 
43.0  1 
448.01 
465.01 
475.0 1 
494.0 1 
496.0 1 
521 .O 1 
523,O 1 
53i,Ql 
533,Q l 

s, (96) = 
Molar Dcn. (kmol/m3) = 
Abs, k (drucics) = 
Avc, Flow Vcl, (mfd) = 

WOR 

(sm3/sm3) 

0,OQ 
o*OQ 
0,OQ 
0*06 
t *34 
0.58 
1 ,64 
2,76 
3,40 
4.9 i 
4.20 
5.68 
2.38 
5.58 
8.00 
4% 
7SO 
14.94 
4 . 0  

GOR 

(sm31sm3) 

0,Oo 
0,33 
0.05 
2.19 
0.w 
0-39 
0,OQ 
1.41 
0.60 
4,65 
5.00 
9.24 
680 
7.89 
9SQ 
2% 
5.50 
1 1 ,ZS 
12,SO 



TABLE E22 (Cont'd) 

Tabulated Experimental Results of Run H2D7 
(20% HCPV CC& Injected ai Waicr Rate @ 2 3  M'Pa (0.445 moles), IO Slugs, 4: 1 WAG, 21°C, Horizontai Injection) 

Porosicy (5%) = 
Oil Viscosiiy (mPa,s) = 
Avc, Run Temp.(K) = 
CO2 Req. (sm3/m3) = 

4160 Vp (cm3) = 
1058 soi (%) = 

294.15 HCPV (cm3) = 
557 COz Rcl, (%inj,) = 

Oil Cum, Oil 
Rod, m. 
(cm3) (cm3) 

sw ('w = 
Molar Den. (kmol/m" = 
Abs, k (darcies) = 
Avc. Flow Vcl. (m/d) = 

Pcmnt WOU GOR 
Rcc. 
(%) (sm3/sm3) (srn)/sm)) 

1 1 6 6  
0.04 166 

13.9 
1.55 

OPFIR 

(sm3/sm3) 

0,074 
0.060 
0.096 
O, 102 
0,084 
0.048 





TABLE E23 (Contvd) 

Tabulated Experimental Results of Run B2DH 
(20% HCPV Ca Injccied at Wacr Ra@ @ 2.5 MPa (0.432 moles), 10 Slugs, 4: 1 WAG, 21°C, Horizontal Injection) 

Porosiiy (96) = 40.48 Vp (cm3) = 1975 SW (%) = 
Oil Viscosity (mPa.s) = 1 058 soi (%) = 90.73 Molar Den. (kmol/m3) = 
Ave, Rua Temp.(K) = 294,15 HCPV (cm3) = 1792 Abs. k (darcics) = 
CO2 Reg. (sm3/sm3) = 4.6 1 CO2 Rct. (%inj.) = 65.28 Ave. Fiow Vel. (m/d) = 

Gas 
lnj. 

(cm3) 

0.0 
0.0 
0,o 
0.0 
0.0 
0.0 
0,o 
0.0 
0.0 
0.0 
0.0 

Cum, PV 
hjcclcd 

0.847 
0.976 
1.115 
1.239 
1.366 
1.493 
1.620 
1.744 
1.875 
2,008 
2,008 

Oil 
Prd. 
(cm3) 

i6.W 
28.00 
20.00 
18.00 
13.00 
12.00 
12.0 
13.00 
13.0 
16.00 

108.50 

Cum. Oil 
M. 
(cm3) 

554.50 
582.50 
602.50 
620.50 
633SO 
645.50 
657.50 
670.50 
683.50 
699.50 
808.00 

WOR 

(sm3/sm3) 

5.72 
8,W 
12.65 
12.94 
18.38 
19.92 
19.79 
l8,62 
18.77 
15.38 
2.20 

GOR 

(sm3/smf) 

2294 
20.38 
19.03 
1 1 A2 
8.69 
4.00 
2.50 
1 ,46 
l,23 
0.50 
1 O,W 

OPFIR 

(sm)lsd) 

o. 120 
0.1 IO 
0,073 
0.074 
0.052 
0.048 
0,048 
0,053 
0.050 
0.06 1 







TABLE E2S 

Tabulated Experimental Results of Run H2D10 
(20% UCPV C@ Injcctd ai Watcr Ratc @ 2.5 MPa (0.407 molcs), 10 Slugs, 4: 1 W AG, 2 1 O C ,  Horizontal Injection) 

Porosiiy (%) = 
Oil Viscosity (mPa.s) = 
Ave, Run Tcmp.(K) = 
CO2 Req. (sm3/sm3) = 

Press 
inj. 

CMW 

2.70 
3.00 
2,80 
2.70 
2.70 
2.70 
2 .?O 
2.70 
2 .îO 
2.70 
2.70 
2,70 
2*60 
2.60 
2.70 
2.60 
2.60 
2.60 
2.60 

38.05 Vp (cm9 = 
1058 Soi (%) = 

294,15 HCPV (cm3) = 
5.10 CO2 Rci, (%inj,) = 

waia 
inj. 

(cm3) 

0.0 
133.6 
0.0 

145.7 
0.0 

133.9 
0.0 

138.9 
0,o 

1 33.6 
0.0 

1 34 .O 
0.0 

133-8 
0.0 

133.6 
0.0 
153.5 
O. O 

Cum. PV 
Irijcctcd 

0.0 16 
0,087 
0.104 
0.181 
O, 197 
0.269 
0.285 
0.359 
0.375 
0.446 
0.463 
0,534 
0.550 
0,622 
0.638 
0.709 
0.725 
0,807 
0.823 

Gas 
Rud 
(s*itr) 

0.008 
0.003 
0,ooi 
O. 154 
0.032 
0.269 
0.069 
0.338 
0.056 
0,442 
0.088 
0,559 
0,094 
0,434 
o. 104 
0,636 
0,118 
0.750 
O. 129 

Oil 
Prod, 
(cm3) 

7 S O  
1 12.00 
25.25 
99.00 
1 l .SO 
33SO 
8.00 
39.50 
6.25 
32.50 
6.00 
26,ûû 
5.00 
22.00 
4.50 
16.0 
3.50 
18.00 
5.50 

Cum. Oil 
Prod. 
(cm3) 

7.50 
1 19SO 
144.75 
243.75 
255.25 
288.75 
2%.75 
336.25 
342SO 
375.0  
38 i .O0 
407.00 
4 12.00 
43400 
438.50 
454.50 
458.00 
476.00 

s, (46) = 
Molar Dcn, (kmol/m3) = 
Abs, k (diircics) = 
Ava, Flow Vcl, (m/d) = 

WOR 

(sm3/sm3) 

0.00 
0.04 
0.00 
025 
OS2 
2,s 1 
1,69 
2.20 
1.60 
265 
2.50 
3.46 
2.60 
4.36 
3.1 1 
6.44 
514 
656 
3.00 

GOR 

(sd/sm3) 

1 .O0 
0.03 
0,03 
1.55 
2.78 
8.01 
8,56 
8.56 
8.92 
13S8 
14.67 
21 ,48 
18.80 
28.82 
23,lI 
39.75 
33.57 
41.67 
23.45 

10.93 
0,04 1 66 

12.29 
3.8 1 

OPFIR 

(srn3/sm3) 

0.248 
0,838 
0,833 
0,680 
0,380 
0.250 
0,264 
0,284 
0,2Q6 
0,243 
O, 198 
O. 194 
O, 165 
O, 164 
O, 149 
0.120 
0.1 16 
0.1 17 
O, 182 



TABLE E25 (Cont'd) 

Tabulated Experirnentsl Results of Run H2DlO 
(20% HCPV CQ Injectcd at Waar Raie @ 2.5 MPa (0.407 moles), 10 Slugs. 4: 1 WAG, 2 1 OC, Horizontai Injection) 

Porosity (%) = 38.05 Vp (cm3) = 
Oil Viscosity (mPa,s) = 1058 sd (%) = 
Avc. Run Tcmp.(K) = 294.15 HCPV (cm3) = 
COz Rcq. (sm3/sm3) = 5.10 COz Rct, (%inj.) = 

Press 
Inj. 

2.60 
2.60 
2.60 
2*60 
2.60 
2.60 
2.60 
260 
2.60 
0.10 

Press Gas 
Rd. Inj. 
( M W  (cm3) 

2.50 0.0 
2.50 0.0 
2SO 0.0 
2.50 0,O 
2.50 0.0 
250 0.0 
2,50 0.0 
2.50 0.0 
2.50 0.0 
0.10 0.0 

wata 
Inj. 

(cm3) 

155.6 
257.2 
248.3 
242.7 
268.5 
254.1 
292,2 
242.4 
25 1.2 
0.0 

Cum, PV 
Injccted 

0.906 
1,043 
1.176 
1.305 
1.448 
1 S84 
1.740 
1.869 
2,003 
2.003 

1875 sw (‘W = 
89.07 Molar Den. (kmol/m3) = 
1670 Abs. k (darcics) = 

2967 Ave. Flow Vel. (m/d) = 

Cum, Oit 
m. 
(cm3) 

499.50 
532.50 
547SO 
56730 
589SO 
60550 
633.50 
623.50 
63 1 S O  
68 1 .O 

WOR 

(sm3/sm3) 

6.56 
6.79 
15.47 
11.50 
lO,9 1 
15.3t 
32.50 
24.20 
3 1.63 
2*02 

GOR 

(smJ/sm') 

42,M 
35,2 1 
14.80 
1,95 
OS0 
0,69 
0,38 
0.20 
0.00 
1.93 



TABLE E26 

Tabulated Experimental Results of Run H2Dll 
(20% HCPV Ca Injcctcd a Walcr Rate @ 2.5 MPa (0.460 moles), 10 Slugs. 4: 1 WAG, 21°C. Horizonliil Injection) 

Porosity (%) = 
Oii Viscosity (mPa.s) = 
Ave, Run Temp,(K) = 
CO2 Rcq. (sm3/sm3) = 

Press 
Inj, 

(MPa) 

2.60 
4 *O 
2.80 
2,w 
2.80 
2.70 
2.64 
2.70 
2.80 
2,80 
2.80 
2.60 
2,70 
2.70 
2,60 
2.60 
2.70 
2.60 
2 .m 

Press 
m. 
(MPa) 

2.50 
2.50 
2.40 
2.50 
2.50 
2960 
2.40 
2.50 
2.50 
2.50 
2,70 
2.50 
2,SO 
2.50 
2.40 
2.50 
2.50 
2.50 
2.50 

Gas 
lnj. 

(cm3) 

38.2 
0.0 
38.2 
0-0 
38.2 
0.0 
38.2 
0.0 
38.2 
0.0 
38.2 
0.0 
38.2 
0.0 
38,2 
0.0 
38.2 
0.0 
38.2 

41.25 Vp (cm3) = 
1842 soi (%) = 

294.1 5 HCPV (cm3) = 
7.66 CO2 Rci. (%inj.) = 

Cum. PV 
Injoctcd 

0,019 
0.093 
0.1 12 
0. 186 
0.205 
0.279 
0.298 
0,372 
0.39 1 
0.466 
0.484 
0.559 
0,578 
0.652 
0.67 1 
0.745 
0.764 
0.838 
0.857 

Gas 
Rod 
(S. 111) 

0,004 
0.039 
0.006 
0.03 1 
-0.001 
0.019 
0.00 1 
0,439 
0.004 
0,032 
0.004 
0.056 
0,058 
0,222 
0,014 
0.173 
0,027 
0,337 
0,038 

Oil 
Rd, 
(cm3) 

8.50 
95 .O0 
18.W 
5 5 . 0  
10.50 
5 1 SO 
8.50 
28.50 
5.75 
24-00 
4 *O0 
24.00 
4.00 
21,oo 
3,Oo 
15.00 
3 .O0 
9.00 
2.00 

Cum. Oil 
Prod, 
(cm3) 

8.50 
103.50 
121 ,50 
l76.50 
187.0 
238.50 
247.00 
275.50 
28 l,25 
305.25 
309.25 
333.25 
337.25 
358.25 
36 1 -25 
376.25 
379.25 
388.25 
390.25 

s, (%) = 
Molar Dcn. (kmol/m3) = 
Abs, k ( h i e s )  = 
Ave. Ffow Vel. (mfd) = 

WOR 

(sm3/sm3 

0.00 
0.00 
0.00 
0.69 
0.86 
1.40 
1 *94 
2,95 
1.96 
4,15 
3.13 
4.2 1 
4,oo 
4.67 
5.00 
7.07 
5.83 
1 133 
8.50 

GOR 

(sd/srn3) 

0.4 1 
0.4 1 
033 
0.56 
-0,05 
0.37 
0.12 
15.40 
0.70 
1.31 
0-88 
2.33 
14.50 
10.57 
4.50 
11*53 
9.00 
37.44 
18.75 



TABLE E26 (Cont'd) 

Tabulated Experimental Results of Run H2Dl l 
(20% HCPV CQ Injectd at Watcr Rate @ 2.5 MPa (0,460 moles), I O  Slugs, 4:1 WAG, 2I0C, Horizontal lnjcction) 

Porosity (%) = 4 1,25 Vp (cm3) = 
Oil Viscosity (mPa.s) = 603 soi (96) = 
Ave. Run Temp,(K) = 294.15 HCPV (cm3) = 
CO2 Rcq. (m3/sm3) = 7.66 CO2 Rct. (%inj,) = 

Press 
Inj. 

(Mm 

2.60 
2.60 
2.60 
2 .a 
2.60 
2.60 
0.10 

Gas 
lnj, 

(cm3) 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Cum. PV 
Inpclca 

0.93 1 
1.059 
1,183 
1.306 
1,428 
1.558 
1,558 

2050 Sm (W = 
93,17 Molar Dcn, (krnol/m') = 
1910 Abs, k (drvcics) = 

55,86 Ave, Flow Vel, (m/d) = 

Oil Cum, Oil Pcrccnt WOR GOR 
Rod. P d ,  Rec. 
(cm3 (cm3) (8%) (sm3/sm3) (sm3/srn)) 

6.83 
0,04 166 

12.65 
0.78 

OPFIR 

(srn3fsmf) 

0,111 
0,094 
0,077 
0,059 
0.050 
0.026 



Tabulakd Experimental Results OF Run H2DI2 
(20% HCPV CO, Injccied ai Waia Raie @ 2 J MW (0.462 molcs), 10 Slugs, 4: 1 WAG, 21°C. Horizontal Injeciion) 

Porosity (96) = 
Oil Viscosity (mPa,s) = 
Avc, Run Tcmp.(K) = 
CO2 Rcq. (sm3/sm3) = 

Press 
Rod, 
(MPa) 

2.50 
230 
2.40 
2.50 
2.50 
2.60 
2.40 
2.50 
2.50 
2.50 
2.70 
2SO 
2.50 
2.50 
2.40 
2.50 
2.50 
2.50 
2.50 

43,70 Vp (cm3) = 
1842 soi (%) = 

294.15 HCPV (cm3) = 
6,75 CO2 kt. (%inj,) = 

waa 
Inj. 

(cm3) 

0-0 
1 54 .O 
0.0 

153.6 
0.0 

1538 
0.0 

153.2 
0.0 

153.5 
0.0 

154 .O 
0,O 

153.9 
0.0 

153.7 
0,o 

1 53.6 
0.0 

Oil 
m. 
(cm3) 

9.50 
105,QO 
23.00 
72,O 
10SO 
5450 
8.50 
28.50 
5.75 
25.00 
5.10 
24,W 
4.25 
21 .O0 
3.00 
19.00 
3.50 
10.00 
3.00 

Cum, Oil  
Prorl. 
(cm3) 

9.50 
1 14.50 
137.50 
2WSO 
220.00 
274.50 
283.00 
31 1,50 
3 17.25 
342.25 
347.35 
37 1.35 
33560 
396.60 
39960 
4 1 8.60 
422, I O  
44 1. I O  

Sv, (W = 
Molar Den, (kmol/m3) = 
Abs. k (darcies) = 
Avc. Flow Vel. (mfd) = 

Percent 
Rec. 
(W 

0,49 
5,96 
7,16 
10.9 1 
1 1 A6 
14,30 
14.74 
16.22 
16.52 
17-83 
18.09 
19.34 
19.56 
20.66 
20.8 1 
2 1,110 
2 1.98 
22.97 

WOR 

(s m3/sm3) 

0,OQ 
0*00 
0.00 
0.53 
0.86 
1.32 
1 ,94 
2,95 
1.96 
3.98 
2.45 
4.2 1 
3.76 
4.67 
5.00 
5.58 
5.00 
5.37 
5.67 

GOR 

(sm3/sm 3, 

0.26 
0.28 
0*04 
0. 19 
-0.05 
0.29 
0,12 
15.40 
0,70 
1.22 
0.47 
2,33 
13S9 
10.57 
4.50 
8.89 
7*57 
1 7.2 1 
12,17 

8.57 
0,04 166 

14.10 
1 ,55 

OPFIR 

(sm3/sm3) 

0,247 
0.682 
0.599 
0,469 
0,273 
0,354 
0.22 t 
0,186 
O* 1 50 
O, 163 
O, 133 
O, 156 
0,111 
0,136 
0.078 
O. 124 
0*09 l 
0.124 
0,078 



TABLE E27 (CunVd) 

Tabulated Experimental Results of Run H2Dl2 
(20% HCPV C@ Injectai at Wattet Rate @ 2.5 MPa (0,462 molcs), 10 Slugs, 4: 1 WAG, 2I0C, Horizontal Injection) 

Porosiiy (%) = 
Oil Viscosity (mPa.s) = 
Ave. Ruri Tcmp.(K) = 
CO2 Rcq. (sm3/sm3) = 

43 ,70 Vp (cm3) = 
f 842 s, (%) = 

294.15 HCPV (cm3) = 
6.75 COz Rei, (%inj.) = 

Watcr Cum. PV Gas watcr 
Inj, injtxicd Prod Rd. 

(cm3) (sJu) (cm3) 

Oit Cum. Oil 
Ad. m. 
(cm)) (cm3) 

s,, (W = 
Molru Den. (kmo1/m3) = 
Abs. k (darcies) = 
Avc, Flow Vcl, (m/d) = 

Rmni WOR GOR 
R a v  
(%) (sm31sm3) (sm3/sm3) 



TABLE E28 

Tabulated Expcrimental Resulb of Run H2D13 
(20% UCPV CG Injecied at Waicr Rate @ 2.5 MPa (0.419 moles), 10 Slugs, 4:1 WAG, 2 W ,  Horizonid Injection) 

Porosiiy (%) = 
Oit Viscosily (mPa.s) = 
Ave. Run Tcmp.(K) = 
CO2 Rcq. (sm3/sm3) = 

Press 
lnj. 
W) 

2.60 
2.75 
2.64 
2.64 
2.64 
2.68 
2.54 
2.55 
2,72 
2.92 
2,70 
2.60 
2.65 
2 -69 
2.61 
2.60 
2.75 
2.62 
2.60 

Gas 
Inj. 

(cm3) 

34.8 
0.0 
34.8 
0.0 
34.8 
0,o 
34.8 
0.0 
34.8 
0.0 
34.8 
0.0 
34.8 
0.0 
34.8 
0,o 
34.8 
0.0 
34.8 

41.10 Vp (cm3) = 
1842 Soi (%) = 

294.1 5 HCPV (cm3) = 
16.20 COz Roi. (%inj,) = 

Cum, PV 
InjEtCd 

0.018 
0.088 
O. 105 
O. 1 76 
O. 194 
0,265 
0,283 
0,353 
0.371 
O*# 1 
0.459 
0,529 
0.547 
0.617 
0.635 
0,705 
0,723 
0.793 
0.81 1 

Oil 
R d *  
(cm3) 

13.50 
120*00 
23 .O 
82.00 
10,SO 
54.50 
8.50 
28SO 
5*75 
25,W 
5.10 
24 ,O0 
4.25 
21 .O 
3,oo 
l9,O 
3.50 
19,(K) 
3.00 

Cum. Oil 
M. 
(cm3) 

13.50 
133.50 
l56.50 
238SO 
249.00 
303.50 
312.00 
34OSO 
346.25 
37 l,25 
376.35 
4 m 3 5  
404,60 
425.60 
328.60 
447,m 
451.10 
47O.10 
473.10 

s, (%) = 
Molar Dcn, (kmoI/ing = 
Abs, k (darcies) = 
Ave, Flow Vcl, (m/d) = 

WOR 

(smCmf) 

0,OO 
0,Oo 
0.00 
0.46 
0.86 
1.32 
1.94 
2.95 
1.96 
3.98 
2.45 
4.2 1 
3.76 
4.67 
5 . 0  
5.58 
5,QO 
5,37 
5.67 

GOR 

(sm3/sm3) 

-0.1 1 
0,12 
0.04 
0,05 
-0.05 
0.29 
0.12 
15.40 
0.70 
1,22 
0.47 
2,33 
13.59 
10.57 
4.50 
8.89 
7.57 
17.21 
12.17 

12,17 
0,04 1 66 

13.54 
2.54 

OPFlR 

(sm 3/sm 

0,388 
0863 
066 1 
0,585 
0,302 
0,384 
0,244 
0,205 
O, 16s 
O* 180 
0,147 
O, 172 
O. 122 
0.151 
0.086 
O. 136 
0,iOl 
0.136 
0.086 







TABLE E29 (Cont'd) 

Tabulated Experimental Results of Run H2D14 
(20% HCPV C R  Injected at Watcr Rate @ 2.5 MPa (0.418 moles), 10 Slugs, 4: 1 WAO, 21°C, Horizonuû Injcc~ion) 

Porosity (%) = 39.50 V p  ( c d )  = 
Oil Viscosity (mPa,s) = 1842 s, (95) = 
Ave, Run Temp.(K) = 294.15 HCPV (cm3) = 
CO2 Rcq. (srn3/sm3) = 16.50 CO2 Rcr, (%inj.) = 

Press 
Snj, 
(MW 

2.60 
260 
2.60 
2.60 
2.60 
2.60 
0.10 

Oil Cum. Oil 
m. m. 
(cm3) (cm3) 

s, (W = 
Molar Den. (kmol/m3) = 
Abs, k (darcics) = 
Ave, How Vel, (m/d) = 

Pcrccni WOR GOR 
Rcc. 
(Sa) (sm3/sm3) (sm3/sm3) 



TABLE E30 

Tabulated Experimental Resut ts of Run H2DlS 
(20% HCPV C& Injecicd at Wawr Rate @ 2.5 MPa (0.421 moles), 10 Slugs, 4:1 WAG. 21aC, Horizontal Injection) 

Porosity (96) = 
Oil Viscosity (mPa,s) = 
Ave, Run Tcmp,(K) = 
COz Req. (sm3/sm3) = 

39.75 Vp (cm3) = 
1842 sol (9s) = 

294.15 HCPV (cm3) = 
17.83 CO2 Rct, (%inje) = 

Cum. PV 
Injccicn 

0.018 
0,090 
O, 1 O8 
O, 1 80 
O, 19% 
0.270 
0,288 
0.36û 
0.378 
0.450 
0.468 
0.542 
0,560 
0.632 
0.650 
0,725 
0,743 
0,814 
0,833 

GQs 
Prod 
(s* lu) 

0,m 
0.018 
0,006 
0,009 
0.003 
4.010 
0,004 
-0.005 
0,003 
0,023 
0.009 
0.025 
0.006 
0.33 1 
0.02 1 
O. 1 O8 
0.04 t 
0,347 
0,093 

Cum. Oil 
m. 
(cm3) 

11,Oo 
1 18,OO 
13 1 S O  
202SO 
208,Oo 
252.00 
256.50 
292.50 
299.00 
325.00 
329,75 
350,75 
355.25 
374.25 
377.75 
395.75 
400.25 
4 16.25 
4 19,75 

Swo (%) = 
Molar Dcn, (kmoIim3) = 
Abs, k (&mies) = 
Avc. Flow Vel, (m/d) = 

Rcwnt 
Roc. 
(W 

0.63 
675 
7.52 
1 1 S8 
i 1.w 
14.42 
14.67 
16,73 
17.1 1 
18.59 
18.86 
20.07 
20.32 
21.41 
21,61 
22.64 
22.90 
23.8 1 
24 .O 1 

WOR 

(sd/sm 3) 

0.00 
0*11 
0.00 
0,93 
2*09 
1.75 
3,89 
2,78 
4*3% 
3.35 
3.26 
5.29 
4.44 
4.74 
5.7 1 
6.17 
4S6 
6.25 
6.57 

GOR 

(sm3/sm3) 

0.00 
0.16 
O,4 1 
0*06 
OS5 
4,23 
0,89 
-0, 14 
0,46 
0.88 
l,84 
1,19 
1.22 
17.39 
5.86 
6,OO 
9.1 1 
21.69 
26.43 

9.7 1 
0,W 166 

13,14 
3,8 1 

OPFIR 

(sm3/sm3) 

0,315 
0,765 
0,386 
0,512 
0,157 
O,3 1 5 
O, 129 
0,259 
O, 186 
0,186 
0,136 
O. 147 
0,129 
O. 136 
O* IO 
O, 1% 
O. 120 
0.115 
0.100 



TABLE E30 (Cont9d) 

Tabulated Experimental Results of Run H2D15 
(20% HCPV CG Injccied ai  Waicr Rate @ 2.5 MPa (0.421 moles), 10 Slugs, 4:1 WAG, 2I0C, Horizontal Injection) 

Porosity (%) = 
Oii Viscasity (mPa,s) = 
Ave, Run Tcmp.(K) = 
C@ Req. (sm3/sm3) = 

39.75 Vp (cm3) = 
1842 sd (%) = 

294.15 HCPV (cm3) = 
17.83 CO2 Rct, (9binj.) = 

Wax Cum.PV Gas Waict 
Inj. injoctcd Prad Pm!. 

(cm') (sel@ (cm3) 

Oil Cum, Oil 
Rad. M. 
(cm3) (cm3) 

sw (96) = 
Molar Den, (kmolJm3) = 
Abs. k (dorcics) = 
Ave. Flow Vcl, (mfci) = 

Penccnt WOR GOR 
Rcc, 
(%) (sm3jsm3) (sin3/snP) 



TABLE E31 

Tabulated Experimental Results of Run HZDl6 
(20% HCPV CC& lnjccted a i  Watcr Rate @ 2.5 MW (0.421 moles). 10 Slugs, 4: 1 WAO, 21°C, Horizonmi Injection) 

Porosity (%) = 
Oil Viscosiiy (mPa.s) = 
Avc. Run Temp.(K) = 
CO2 Reg. (sm3/sm3) = 

Prcss 
lnj. 
CMPd) 

3.30 
4.00 
3.00 
2.90 
2.80 
3 .O0 
2.64 
2.70 
2.80 
2.80 
2.80 
2.60 
2.90 
2.70 
2.60 
2.80 
2.60 
2.80 
2.80 

Gas 
lnj. 

(cm3) 

35.0 
0,o 
35.0 
0.0 
35.0 
0.0 
35.0 
0.0 
35.0 
o*o 
35.0 
0.0 
35.0 
0-0 
35,O 
0.0 
35.0 
0.0 
35.0 

39.91 Vp (cm3) = 
3295.0 &A Cs) = 
294,15 HCPV (cm3) = 
2536 CO2 Rci. (SQinj.) = 

watcr 
Inj. 

(cm3) 

0.0 
140.3 
0.0 

141.0 
0,o 

144.5 
0.0 

Mt .O 
0.0 

140.1 
0.0 

140.4 
0.0 

140.2 
0.0 

140,l 
0.0 

142.1 
0.0 

Cum. PV 
Injectai 

OB18 
0,090 
O, 108 
0.181 
O. 199 
0.273 
0.291 
0,364 
0.382 
0,454 
0,472 
0.544 
0,562 
0.634 
0,652 
0,724 
0.742 
0.81 5 
0.833 

Oii 
Piod. 
(cm3) 

0,OQ 
82.00 
16.00 
59.00 
9.00 
34.00 
10.00 
29.W 
9,Oo 
31.00 
6.00 
23.00 
4.00 
15.50 
3.00 
13.50 
3 *O0 
1Q.W 
1,20 

Cum. Oil 
Prod. 
(cm3) 

0.00 
82.00 
98,W 
157.00 
166.00 
200,QO 
210.00 
239,ûû 
248.00 
279.00 
285.00 
308.00 
3 12,OO 
327.50 
330.50 
344.00 
347.00 
357,o 
358.20 

sw (46) = 
Molar Dcn. (kmoi/m3) = 
Abs, k (dacies) = 
Ave. Flow Vel. (m/d) = 

WOR 

(sm3fsm3) 

0.00 
0,OO 
0.00 
0.99 
2.28 
1.62 
2.15 
3.59 
2.56 
2.39 
4.92 
3+70 
5.00 
6.39 
6.67 
7.4 1 
8.33 
10.80 
1 l,6ï 

GOR 

(sm3/sm3) 

0.00 
0.40 
0.38 
0.22 
0.22 
0.09 
0.l5 
0.55 
2.44 
14.23 
26.42 
23.13 
37.25 
25.32 
19.0 
24. 19 
15.33 
28.70 
29 .O 



TABLE E31 (Cont'd) 

Tabulated Experirncntal Results of Run H2D16 
(20% HCPV CQ Injecicd rit Water Raic @ 2.5 MPa (0.42 1 moles), 10 Slugs, 4: 1 W AG, 2 I0C, Horizontal Injection) 

Porosity (%) = 39.91 Vp (cm3) = 1944 Sm (%) = 
Oil Viswsity (mPa,s) = 3295.0 s, (46) = 90.02 Malnr Den. (kmol/m3) = 
Avc. Run Temp.(K) = 294.15 HCPV (cm3) = 1750 Abs, k (dmics) = 
COz Req. (sm3/sm3) = 25.86 CO2 Rct. (%inj,) = 60.67 Avc. Fiow Vcl, (m/d) = 

(sm '/s m ') 



TABLE E32 

Tabulaied Experimenta t Resul ts of Run H2D17 
(20% HCPV C q  Injecicd ai Waier Roic @ 2.5 MPa (0.436 molos), 10 Slugs, 4: 1 WAG, 2 I0C. Horizontal Injection) 

Porosity (%) = 
Oil Viscasity (mPa.s) = 
Ave. Run Tcmp.(K) = 
CO2 Req. (sm3/sm9 = 

Press 
Inj, 
OMPa) 

3.30 
4 *O0 
3.00 
2.90 
2.80 
3 .O0 
2.64 
2.70 
2.80 
2.80 
2.80 
2.60 
290 
2.70 
2.60 
2.80 
2.60 
2.80 
2.80 

Gas 
Inj, 

(cm3) 

36.2 
0,o 
36,2 
0.0 
36.2 
0,o 
36,2 
0.0 
36.2 
0.0 
36.2 
0.0 
36.2 
0.0 
36.2 
0.0 
36.2 
0.0 
36.2 

42.4 1 Vp (cm3) = 
3295.0 soi (46) = 
294.15 HCPV (cm3) = 
22.96 CO2 Rct. (%inj.) = 

Cum. PV 
Injecicd 

0.018 
0.088 
O. 105 
0,176 
O, 194 
0.264 
0.282 
0.352 
O, 370 
0.440 
0,458 
0.528 
0.546 
0.61 7 
0.634 
0.705 
0,722 
0.793 
0.810 

Gas 
Rod 
(s*Iv) 

0.ooo 
0.0 18 
0.007 
-0,007 
0,001 
0,003 
0.00 1 
0.016 
0.022 
0,44 1 
0.158 
OA 12 
0,133 
0,385 
0,057 
0.333 
0,056 
0.293 
O.) 16 

Oil 
Rd. 
(cm3) 

2*00 
97.00 
15.00 
78SO 
10.00 
34 .0  
10.70 
2 9 . 0  
9.20 
31.00 
7.00 
23,Oû 
4.60 
17.50 
3.50 
14.50 
3.00 
13.00 
3.20 

Cum, Oil 
M. 
(cm3) 

2.00 
99 .O0 
114,ûû 
i92SO 
202.50 
236.50 
247,20 
27620 
285.40 
3 16.40 
323,40 
346.40 
35 1 ,O 
368SO 
372.W 
386.50 
389.50 
402.50 

s,, (%) = 
Molar Dcn. (kmol/mq = 
Abs, k (dmics) = 
Ave. Flow Vcl. (m/d) = 

Percent 
Rec. 
(%) 

0.1 1 
5.46 
6.29 
10-62 
1 l,l8 
i 3,OS 
13.64 
15.24 
15,75 
17.46 
17.85 
19.12 
19.37 
20.34 
20.53 
21.33 
21 S O  
22.2 1 

WOR 

(sm3/s in') 

0.00 
Q*OQ 
0.00 
0.75 
2,05 
l,62 
2.0 1 
3.59 
2.50 
2.39 
4.2 1 
3 J O  
4.35 
5.66 
5.7 1 
6,YO 
8.33 
8.3 1 
4.38 

GOR 

(sm3/sm3) 

0.00 
0-19 
0,47 
-0.08 
0.10 
0,09 
09Q7 
0.55 
2,37 
14.23 
22.50 
17.91 
29.00 
2 1 -97 
16.14 
22,93 
18.67 
22.50 
3619 



TABLE E32 (Cunt9d) 

Tabulated Experimental Results of Run H2D17 
(20% HCPV C a  Injccted at Watcr Rate @ 2.5 MPa (0.436 molcs), 10 Slugs, 4: 1 WAG, 2I0C, Horizontal Injection) 

Porosiiy (%) = 42.41 Vp (cm3) = 2065 SWC (%) = 
Oit Viscosiiy (mPa.s) = 3295 .O soi (9'9 = 87.75 Molar Dcn. (kmof/m3) = 
Ave. Run Temp,(K) = 294.15 HCPV (cm3) = 1812 Abs, k (dmics) = 
CO2 Rq. (sm3/sm3) = 22.% CO2 Rcr. (%inj.) = 64 99 Avc, Flow Vel. (m/d) = 

Press Rcss Gas Waia Cum. PV Ga Waicr Oil Cum, Oil Percent WOR GOR 
Inj, Rod. Inj. Inj. Injcclod Prod Prod. Rod. Prod. R a .  

(MW ( M W  (cm3) (cm3) (s.11~) (cm)) ( cd )  (cm3) ((9) (sm3/sm3) (sni3/sm3) 



TABLE E33 

Tabulated Experimentat Results of Run H2Dll) 
(20% HCPV CQ Injecicd ai Watcr Raie @ 2.5 MPG (0,411 moles), 10 Slugs, 4:1 WAG, 21°C, Horizontal Injection) 

Porosi ty (96) = 
Oil Viscasiiy (mPa.s) = 
Avc, Run Temp,(K) = 
CO2 Reg. (sm3/sm3) = 

Ress 
m. 
(MPa) 

2.50 
2.50 
2.40 
2.50 
2SO 
2.60 
2.40 
2.50 
2.50 
2.50 
2.70 
2.50 
2SO 
2.50 
2.40 
2.50 
2.50 
2SO 
2.50 

Gas 
Inj. 

(cm') 

34.1 
O*O 
34.1 
0,o 
34.1 
O*O 
34.1 
0.0 
34.1 
0,o 
34.1 
0.0 
34,1 
0.0 
34,l 
0.0 
34,l 
0.0 
34.1 

39,11 Vp (cm3) = 
3295.0 s, (%) = 
294.1 5 HCPV (cm? = 

17.27 CO2 Ret. (Zinj.) = 

Cum. PV 
rirjocwd 

0.018 
Q*wo 
O, 107 
O. 179 
O, 197 
0,269 
0.287 
0.358 
0.376 
0,448 
0.466 
0.537 
0,555 
0.627 
0,644 
0.7 16 
0.734 
0,1306 
0.824 

Oi! 
Rad. 
(cm3) 

6.25 
120.00 
24.00 
88,iO 
10,oo 
65 .O 
10.70 
29.00 
9,20 
31 ,O 
7.00 
23.00 
4.60 
24.50 
4 .O0 
19.50 
5 ,O0 
1 3 . 0  
3.20 

Cum. Oil 
Prod* 
(cm3) 

6 2 5  
126.25 
l5O,2S 
238.35 
248.35 
3 13,35 
324.05 
353.05 
362,25 
393.25 
40.25 
423.25 
427.85 
452.35 
456.35 
475.85 
400.85 
493.85 
497.05 

s*, (%) = 
Molar Dcn, (kmo))m3) = 
Abs, k (darcics) = 
Ave. Flow Vcl. (mld) = 

Pcmnt 
Roc, 
(90 

0.37 
7.40 
8.8 1 
13.98 
l4S7 
18.38 
19.01 
20.7 1 
21.25 
23.06 
23.48 
24.82 
25,W 
26.53 
26.77 
27.91 
28.20 
28.96 
29,15 

WOR 

(sm3/sm3) 

0,Oo 
0.00 
0,w 
O 6 6  
2.05 
0.85 
2.0 1 
3.59 
2.50 
2.39 
4.2 1 
3.70 
4.35 
4904 
5.00 
5.13 
5.00 
8.31 
4.38 

GOR 

(sm3/sm3) 

0.00 
0,OQ 
0.00 
0.00 
0.10 
0.00 
0,07 
OS5 
2.37 
l4,23 
2230 
1 7,43 
32,26 
15,41 
7.25 
17.15 
28,80 
22,42 
29.94 

1 0.50 
0,04 1 66 

12.94 
2S4 

OPFIR 

(sm3/sm3) 

O, 1 83 
0,879 
0,704 
0.64 5 
0,293 
0,474 
O,1) 14 
0.2 1 3 
0,270 
0,228 
0,205 
O. 169 
0,135 
O. 180 
0,117 
O, 143 
O. 147 
0.095 
0.094 



TABLE E33 (Cont7d) 

Tabulated Experimental Results of Run HZDL8 
(20% HCPV C@ Injecied ai Water Rate @ 2.5 MPa (0.41 1 moles). 10 Slugs, 4: 1 WAG, 21°C, Hwizonial Injection) 

Porosity (96) = 
Oil Viscosity (mPa.s) = 
Ave, Run Tcmp.(K) = 
CO2 Req. (sm3/sm3) = 

39.1 1 Vp (cm" = 
3295.0 s, (%) =; 

294,15 HCPV (cm3) = 
17.27 CO2 Ret. (%inj.) = 

1905 Sm 1%) = 
89.50 Moh Den. (krnolJm3) = 
1705 Abs, k (dardes) = 

56.44 Ave, Flow Vel, (m/d) = 

Oil Cum. Oil Pcriçent WOR GOR 
Prd. M. Rec, 
(cm3) (cm3) (%) (sm3/sm3) (sm3/sm3) 



TABLE E34 

Ta bulated Experimcntal Results of Run H2D19 
(20% HCPV C& lnjectcd ai Waicr Rate Q 2.5 MPa (0.405 molcs). 10 Slugs, 4: 1 WAG, 21°C. Horizontal Injection) 

Porosii y (%) = 
Oil Viscosity (mPa.s) = 
Avc. Run Temp.(K) = 
CO2 Req. (sm3/sm3) = 

Gas 
inj. 

(cm3) 

35.0 
0.0 
35,O 
0.0 
35.0 
0.0 
35.0 
0.0 
35,O 
0.0 
35,O 
0.0 
35.0 
0.0 
35,O 
0.0 
35.0 
0.0 
35.0 

38SO Vp (cm3) = 
3295,O Soi (W = 
294.15 HCPV (cm3) = 
20.44 CO2 Rct, (%inje) = 

Cum. PV 
Injoctcd 

0.01 9 
0,093 
0.1 12 
O, 187 
0,205 
0,282 
0,301 
0.376 
0.395 
0,469 
0,488 
0.562 
0.58 1 
0,656 
0.674 
0.749 
0.767 
0.843 
0.86 1 

1880 Sm (W = 
93 ,O9 Molm Den. (kmol/m3) = 
1750 Abs. k (dardes) = 

25-45 Ave, Flow Vcl, (m/d) = 

Oil 
Prod, 
(cm3) 

6.25 
102.00 
20,Oo 
68.50 
10.0 
34,w 
10.70 
29,W 
9.20 
3 1 ,O0 
7,OQ 
23.00 
4.60 
17.50 
3.50 
14.50 
3.00 
i 3 . 0  
3.20 

Cum. Oil 
Ptod, 
(cm3) 

6.25 
108.25 
128.25 
196.75 
206.75 
240.75 
25 1.45 
280,45 
289.65 
320,65 
32765 
350.65 
355.25 
372.75 
376.25 
390.75 
393.75 
406.35 
409.95 

WOR 

(srn3Jsm3) 

0.00 
0,oo 
0 . 0  
0,85 
2,05 
1.62 
2.01 
3.59 
2*SO 
2,39 
4,s 1 
3.70 
4.35 
5.66 
5,7 1 
6.90 
8.33 
8.3 1 
4.38 

GOR 

(sm3/sm3) 

0,Oo 
0.13 
OJO 
0,OS 
0.10 
0.09 
0,07 
0-55 
2,37 
14,23 
22.50 
23,l3 
32,26 
4 1,74 
48.43 
46.86 
57,w 
58.35 
36,19 



TABLE E34 (Cont'd) 

Tabulated Experimental Results of Run H2D19 
(20% HCPV CO2 Injccicd at Waicr Raie @ 2.5 MPa (0,405 moles), 10 Slugs, 4: 1 WAG, 2 1 OC, Harizontai Injcciion) 

Porosity (%) = 
Oil Viscosity (mPa.s) = 
Ave. Run Tcmp.(K) = 
CO2 Req. (sm3}sm3) = 

38.50 Vp (cm3) = 
3295.0 soi (46) = 
294.15 HCPV (cm3) = 
20.44 CO2 Rci. (%inj.) = 

w Cum, PV (jas wm 
lnj. Injectai Prod Rod, 

(cm3) ( s h )  (cm3) 

1880 Sm = 
93 ,O9 Molar Den. (kmol/m3) = 
1750 Abs. k (darcics) = 

25.45 Ave. Fiow Vel. (m/d) = 

Oil Cum, Oil Pcriccnt WOR GOR 
Rd, Prml, Ra. 
(cm3 (cm3) (%) (sm3/sm3) (sm3/sd) 

6.9 1 
0,W 166 

13.58 
3.17 

OPFIR 

(sd/sm3) 

0,082 
0,056 
0.04 1 



TABLE E35 

Tabulated Experimental Results of Run H2DZO 
(20% HCPV CC& Injecteâ ai  Waier Rate @ 2.5 MPG (0.420 molcs), 10 Slugs, 4:l WAG, 2I0C, Horizonial Injeciion) 

Porosity (%) = 
Oil Viscosiiy (mPa,s) = 
Avc, Run Temp.(K) = 
CO2 Req. (sm3/sm3) = 

Press 
inj. 
ml 
3.30 
4 .O0 
3 .OQ 
2.90 
2.80 
2.90 
2.64 
2.70 
3.50 
2.90 
2.80 
2.60 
2.60 
2.60 
2 . a  
2.80 
2.60 
2.65 
2.80 

38,lO Vp (cm3) = 
3295.0 sol (%) = 
294.15 HCPV (cm3) = 
2450 CO2 Rct. (%inj,) = 

wala 
inj, 

(cm3) 

0.0 
139.6 
0.0 

139.7 
0.0 
161.5 
0,o 

1443 
0.0 

142.1 
0.0 
149.6 
0.0 

139.8 
0,o 

140.0 
0.0 

140.9 
0.0 

Cum. PV 
rn~t.cd 

0,019 
0.093 
0,111 
O, l86 
0,204 
0.290 
0.309 
0,385 
0.404 
0.480 
0.498 
0,578 
OS% 
0.67 1 
0,689 
0.764 
0.782 
0.857 
0.876 

Cum, Oit 
Ptod, 
(cm') 

7.00 
103.50 
123,ûû 
164.00 
169.W 
193,OO 
199.50 
220,SO 
226.50 
249.00 
253.00 
269.0 
273.00 
288.00 
29 1.50 
305.50 
30.50 
317.50 
320.20 

s w ,  (W = 
Molar b n ,  (kmol/m3) = 
Abs, k (darcics) = 
Avc. Flow Vcl. (m/d) = 

WOR 

(sm3/srn3) 

a00 
0.00 
0,oo 
1.66 
4,OO 
4.08 
3*54 
3*9S 
3.17 
4.36 
4*75 
6.3 1 
3.0 
7.53 
7.29 
6 7 5  
6.88 
i 3.38 
5.56 

GOR 

(sm3/sm3) 

0.00 
0.65 
O. 15 
2J3 
0,30 
3.63 
0.08 
OS7 
1,17 
8.24 
1580 
19,13 
16,QO 
40.40 
37.43 
60,7 1 
50.88 
98.00 
48.44 





TABLE E36 

Tabulated Experimental Resulls of Run HZD21 
(20% HCPV C a  Injccted at Waicr Raie @ 2.5 MPa (0.479 molcs), 10 Slugs, 4:l WAG, 2I0C, Horizontal lnjwion) 

Porosity (9b) = 
Oil Viscasily (mPa,s) = 
Avc, Run Tcmp,(K) = 
CO2 Rcq. (srn3/sm3) = 

44.34 Vp (cm') = 
3606.6 sd (%) = 
294.15 HCPV (cm3) = 
30.90 CO2 Rct, (%inje) = 

s w *  (96) = 
Molar Den. (kmol/m3) = 
Abs, k (darcics) = 
Avc, Flow Vcl, (m/d) = 

Cum. PV 
riijccicd 

0,018 
0.092 
0,111 
0,184 
0,203 
0.276 
0.295 
0.369 
0.387 
0,461 
0,480 
0.554 
0.572 
0,646 
0.665 
0,739 
0,757 
O.83 t 
0,849 

Cum. Oil 
Prod* 
(cm3) 

0,oo 
85.00 
99.50 
i80,SO 
191.50 
208.25 
2 13.75 
227.75 
23 1.25 
252.25 
257,50 
276SO 
277.75 
29 l,75 
298.0 
31 1.25 
3 14.25 
324.75 
330.75 

WOR 

(sm3/sm3) 

0.00 
0.00 
0,Oo 
1 *O6 
f,82 
2,76 
2.55 
5.7 1 
4.43 
4.40 
4,38 
4,SS 
19.20 
6.50 
5.20 
7.25 
5, 17 
9.67 
5.83 

GOR 

(sm3/sm3) 

0.00 
1.66 
0.93 
0,62 
0.27 
0.36 
0,4 5 
IO.% 
3.14 
9-86 
8.52 
32,76 
5 1.80 
16.32 
26.28 
2 1,79 
19SO 
42,95 
22.50 



TABLE E36 (Cont9d) 

Tabulated Experimental Results of Run H2D21 
(20% HCPV CO2 Injccied ai  Watcr Rate @ 2.5 MPa (0.479 moles), 10 SIugs, 4: 1 WAG, 2 1°C, Horizontal Injccrion) 

Porosity (%) = 44.34 Vp (cm') = 21 6Q %O (%) = 
Oil Viscosiiy (mPa.s) = 3606,6 soi (96) = 92.13 Mohr Ihn,  (krnol/m3) = 
Avc, Run Temp,(K) = 294.1 5 HCPV (cm3) = 1990 Abs, k (darcics) = 
CO2 Rcq. (sm3/sm3) = 30.90 COz Rct. (%inj.) = 66.92 Ave, Flow Vol, (m/d) = 

Rcss Ress Gas Waicr Cum, PV Gas W~KT Oil Cum, Oil Pcriccnt WOR GOR 
Inj. M d .  lnj. Inj, Injocrcd Praa Prod. Prod, W. Rcc. 

(MPa) ( 'Pa)  (cm3) (cm3) (s.lu) (cm3) (cm3) (cm") (%) (sm3/sm3) (sm3/sm3) 



TABLE E37 

Tabulated Experimental Results of Run H2D22 
(20% HCPV CQ lnjcctcd at Watcr Rnic @ 2.5 MPa (0.424 molcs), 10 Slugs, 4:l WAG, 21°C, Horizontai Injection) 

Porosity (%) = 
Oil Viscosity (mPa.s) = 
Avc. Run Tcmp.(K) = 
CO2 Req. (sm3/sm3) = 

39.48 Vp (cm3) = 
3606.6 Soi (96) = 
294.15 HCPV (cm3) = 

9.38 CO2 Rct, (%inj,) = 

Cum, PV 
InjeCCcd 

0.01 8 
0.092 
0.1 10 
O. 183 
0.202 
0.275 
0.293 
0.366 
0.385 
0,458 
0,476 
0.549 
0,567 
0,640 
0.659 
0.732 
0,750 
0.823 
0.842 

Cum, Oil 
W. 
(cm3 

0,OQ 
90.00 
lO7.50 
178.50 
189SO 
206.25 
21 1.75 
235,75 
239.25 
263,75 
270.00 
293.00 
295,25 
3 10.25 
3 17.01) 
33 1.25 
334.75 
347.25 
354.25 

%O (%) = 
Molm Den. (kmol/m3) = 
Ahs, k (darcies) = 
Avc, Flow Vcl, (rn/d) = 

WOR 

(sm3/sm3) 

0,oo 
0,oo 
0.00 
1.2 1 
1-82 
2.76 
2.55 
3.33 
4*43 
3.78 
3.68 
3.78 
1 Q.67 
6.07 
4,8 1 
674 
4*43 
8.12 
5 ,O0 

GOR 

(sm3/sm3) 

0,oo 
1.51 
060 
0.85 
0.27 
0.36 
0.4 5 
5.98 
3,14 
8.3 1 
7.00 
26,89 
28,33 
15. i 7 
24-26 
43.77 
16.57 
52.76 
19.14 



TABLE E37 (Cont'd) 

Tabulated Experimental Resulls of Run H2D22 
(20% HCPV C@ Injectai ai  Water Raie 8 2.5 MPa (0.424 molcs), 10 Slugs, 4: 1 WAG, 2 1 O C ,  Horizonial Injwtion) 

Porosity (%) = 39.48 Vp (cm3) = 1923 sw (96) = 
Oil Viscosity (mPa.s) = 3606.6 S, (%) = 91 S 2  Molar Den. (kmol/m3) = 
Ave. Run Temp.(K) = 294.15 HCPV (cm3) = 1 760 Abs. k (darcics) = 
CO2 Reg. (sm3/sm3) = 9.38 CO2 Rcl. (%inj.) = 62.92 Ave. Flow Vcl, (mfd) = 

Press Press Gas Water Cum. PV Gas Watcr Oil Cum. Oi1 Pctccni WOR GOR 
inj, Rod. lnj. Inj. Injccccd Froà Prad. Rd. Prod, Rcc, 
( M W  (MPa) (cm3) (cm3) (s.1~) (cm3 (cm3) (cm3) (%) (sm3/sm3) (sm3/sm') 

OPFIR 



TABLE E38 

Tabulatcd Experimental Results of Run H2D23 
(20% HCPV CQ Injcctcd al Watr Rab @ 2.5 MPa (0.415 moles), 10 Slugs, 4: 1 WAG, 21°C, Horizontal Injection) 

Press 
Inj. 
(MW 

2 -60 
4.00 
3.00 
2.90 
2.80 
3 .O0 
2.64 
2.70 
2,80 
2,80 
2.80 
2.60 
2.90 
2,70 
2*60 
2.80 
2.60 
2.80 
2.80 

Ga9 
Inj. 

(cm3) 

34.4 
0,o 
34.4 
0.0 
34.4 
0.0 
34.4 
0.0 
34.4 
0.0 
34.4 
0.0 
34.4 
0.0 
34 *4 
0.0 
34.4 
0.0 
34.4 

Porosity (%) = 
Oil Viscosity (mPa,s) = 
Ave, Run Tcrnp,(K) = 
CO2 Rcq. (sm3/smq = 

l 

39.72 Vp ( c d )  = 
36066 soi (Sb) = 
294,15 HCPV (cm3) = 

6.90 CO2 Rct, (%inje) = 

Cum, PV 
inioçtcd 

0.018 
0,089 
O. 1 O7 
0,211 
0.229 
0.267 
0,285 
0.356 
0,374 
0.446 
0.463 
0,535 
0.553 
0,624 
0.642 
0,713 
0.73 1 
0.802 
0.820 

Oil 
Rod* 
(cm3) 

0.00 
9o 
17.50 

106,Oo 
1 1.00 
l6,75 
5,SO 
24 ,O0 
3.50 
24.50 
625 
23,W 
2,25 
15.00 
6.75 
14.25 
3.50 
20.50 
7.00 

Cum. Oil 
Prod, 
(cm3) 

0.00 
90.00 
107SO 
2 1 3SO 
224.50 
24 1.25 
246.75 
270.75 
ZM,25 
298,75 
305,O 
328.00 
330-25 
345.25 
352,oO 
366.25 
369.75 
390.25 
397.25 

s, (46) = 
Molw Dcn. (kmo)/d) = 
Abs, k (darcics) = 
Avc, Flow Vel, (mld) = 

GOR 

(sm3/sm3) 

0.00 
1.5 1 
0.60 
0.24 
0.27 
0,36 
0.45 
598 
3,14 
8,s 1 
7.00 
26.89 
28.33 
15,17 
24.26 
43*77 
16.57 
3 1.78 
19.14 



TABLE E38 (Cont'd) 

Tabulated Experimentat Resulb of Run H2D23 
(20% HCPV Ch Injecicd at Watcr Rate @ 2.5 MPa (0,415 molcs), 10 Slugr, 4: 1 WAG. 21°C, Horizontai Injociion) 

Porosity (96) = 39.72 Vp (cm3) = 1935 swo (46) = 
Oil Viscosity (mPa,s) = 3606.6 soi  (46) = 88,99 Molar Dcn. (kmol/inq = 
Avc, Run Tcmp,(K) = 294,15 HCPV (cm3) = 1722 Abs, k (Uarcics) = 
CO2 Req. (sm3/sm3) = 6.90 CO2 Rci, (%inj.) = 39.89 Ave. Flow Vcl, (rnfd) = 

Cum. Oil 
m. 
(cm3) 

409.75 
426.75 
445.75 
462,75 
473*75 
485.25 
5 l9SQ 

WOR 

(sm3/sm3) 

7,84 
14,M 
12.42 
13.88 
22.82 
20.96 
2.18 

GOR 

(sm3/sm3) 

56,12 
2676 
20.6 1 
30.53 
2527 
19.22 
8.53 

11.01 
0,W 1 66 
12.4 1 
2.54 

OPFIR 

(sm3/srn3) 

0.087 
0,064 
0,076 
O,M7 
0.04 1 
0,046 



TABLE E39 

Tobulated Experimental Results of Run H2D24 
(20% HCPV C a  Injcctcd ai Watcr Raie @ 2.5 MPa (0.426 molcs), 10 Slugs. 4: 1 WAG, 2I0C. Horizontal Injeciion) 

Porosity (%) = 
Oit Viscosiiy (mPa,s) = 
Ave. Run Temp.(K) = 
CO2 Req. (sm3/sm3) = 

Press 
m. 

2.50 
2SO 
2.40 
2.50 
2.50 
2.60 
2,40 
2.50 
2SO 
2.50 
2.70 
2.50 
2.50 
2.50 
2.40 
2.50 
2.50 
2.50 
2.50 

Gas 
lnj, 

(cm3) 

35.4 
0.0 
35.4 
0.0 
35.4 
0.0 
35.4 
0.0 
35,4 
0.0 
35.4 
0.0 
35.4 
0.0 
35.4 
0.0 
35.4 
0.0 
35.4 

40.18 Vp (cm3) = 
3606,6 soi (46) = 
294.15 HCPV (cm3) = 

8,32 CO2 Rct. (%inj,) = 

wmr 
Inj. 

(cm3) 

0.0 
141S 
0.0 

141.7 
0.0 

14 1.6 
0.0 

141.7 
0.0 

141.9 
0.0 

141.4 
0.0 

141.8 
0.0 

14 1.5 
0.0 

14 1.7 
0.0 

Cum, PV 
Injucwd 

0.0 18 
0,090 
0.108 
0.181 
O. 199 
0.271 
0.289 
0.362 
0.380 
0.452 
0.470 
0.543 
OS6 1 
0.633 
O,65 1 
0.724 
0.742 
0.8 14 
0.832 

Oil 
Rd. 
(cm3) 

0.00 
105.0 
13.0  
66,W 
5.00 
39.00 
4.50 
23.00 
6SO 
26,W 
4.75 
2 1 ,O0 
4.50 
1 4 . 0  
3.50 
1 8 . 0  
7.00 
7.00 
3.00 

Cum. Oil 
M. 
(cm3) 

0.00 
lOS,oa 
118.00 
184.00 
189.00 
228.00 
232SO 
255.50 
262,W 
288.W 
292.75 
3 13.75 
3 18.25 
332.25 
335.75 
353.75 
360.75 
367.75 
370.75 

s, (96) = 
Molm Den, (kmol/m3) = 
Abs. k (dmics) = 
Avc. Flow Vcl, (m/d) = 

WOR 

(sd/sm3) 

0,OQ 
0,1 1 
0,Oo 
i .O0 
2.40 
1 *97 
3,89 
4,35 
4,38 
3.35 
3,26 
5.29 
4.44 
6.4 3 
5*7 1 
6.1 7 
2.93 
14.29 
7.67 

GOR 

(sd/sm 3) 

o*oo 
0,19 
0.42 
0,14 
0.60 
-0.13 
0.89 
0.35 
0,46 
0.88 
1.84 
1.19 
1.22 
23.96 
5.86 
6.00 
5.50 
50.86 
3 1 ,O0 



TABLE E39 (Cont9d) 

Tabulated Experimental Results of Run 1.121324 
(20% HCPV CO2 Injectcâ at Watcr Rate $2.5 MPa (0,426 moles), 10 Slugs, 4: 1 WAG, 21QC, Horizon@ Injection) 

Porosiry (%) = 
Oil Viscosity (mPa.s) = 
Avc. Run Tcrnp,(K) = 
CO2 Rcq. (sm3/sm3) = 

40.18 Vp (cm3) = 
3606,6 soi (96) = 
294.1 5 HCPV (cm3) = 

8.32 COz Rci. (%inje) = 

W w  Cum. PV G;is W W  
inj. injccrcd Ptod P d  

(cm3) (s.1~) (cm3) 

1957 Sw (‘W = 
90,34 Molnr Dcn. (kmol/m3) = 
1768 Abs, k (darcics) = 

59.50 Avc. Flow Vcl, (mld) = 

Oil Cum. OU Rmnt WOR GOR 
Rod. Prad, Rcc, 
(cm3) (cm3) (%) (sm3/sm3) (sm3/sm3) 



TABLE E40 

Tabulated Experimental Results of Run H2D25 
(20% HCPV C@ Injecicd al Watcr RGIC @ 2.5 MPn (0,426 moles), 10 Slugs, 4: 1 WAG, 2 1°C, Horizontai Injection) 

Porosity (%) = 
Oil Visçosity (mh.s) = 
Avc. Run Temp.(K) = 
CO2 Reg. (sm3/sm3) = 

Press 
inj, 
Wb) 

2.60 
4 .O0 
3 .O0 
2.90 
2.80 
3.00 
2.64 
2.70 
2.80 
2.80 
2.80 
2.60 
2.90 
2.70 
2.60 
2.80 
2.60 
2.80 
2.80 

Ga 
inj. 
(cm3) 

36.2 
0,o 
36.2 
0.0 
36.2 
0.0 
36,2 
0.0 
36.2 
0,o 
36.2 
0,o 
36.2 
0.0 
36.2 
0.0 
36.2 
0.0 
36,2 

41 .O0 Vp (cm3) = 
3606.6 soi (%) = 
294,15 HCPV (cm3) = 

9.42 CO2 Rct. (9binj.) = 

water 

inj, 
(cm3) 

0.0 
144.8 
0.0 

144.8 
0.0 

144.8 
090 

144.9 
0,o 

144,9 
0.0 

149.2 
0.0 

149,2 
0.0 

150.2 
0.0 

148,l 
0.0 

Cum. PV 
JnjQçlcd 

0,OI 8 
0,091 
O. 109 
O,t81 
O.tW 
0.272 
0,290 
0.363 
0.381 
0.453 
O N  1 
0,546 
0.564 
0.639 
0,657 
0.732 
0,750 
0,825 
0.843 

Oil 
Rd. 
(cm3) 

0.m 
90.0 
17.50 
35,w 
i 1.00 
16.75 
5,SO 
24.0 
3SO 
24SO 
6.25 
23.00 
2.25 
15.00 
6.75 
14.W 
3.50 
1 0.50 
7-00 

Cum. Oil 
W. 
(cm3) 

0,w 
90.00 
lO7.50 
142SO 
153,50 
170.25 
175.75 
199,75 
203.25 
227.75 
234,W 
257.0 
259.25 
274.25 
28 1 ,O0 
295.00 
298SO 
309.00 
3 16.00 

s, (%) = 
Molar Den, (kmol/m3) = 
Abs. k (dûrcics) = 
Ave, Flow Vcl, (m/d) = 

WOR 

(srnalsrn 3, 

0.00 
0.00 
0.00 
3.14 
l,82 
7.64 
2S5 
5,OQ 
4*43 
4.93 
3.68 
5S2 
1 Oh7 
9.00 
4.8 1 
9.63 
4*43 
13.10 
5.00 

GOR 

(srn3/srn3) 

0,oo 
1,SI 
0.60 
2.08 
0,27 
-453 
0.45 
4.3 1 
3.14 
7,IS 
7.00 
25,l5 
28.33 
12.23 
24.26 
41.80 
16.57 
59.56 
W,l4 



TABLE E40 (Cont'd) 

Tabulated Expcrimental Results of Run H2D25 
(20% HCPV CQ lnjected ai Waier Rate @ 2 5  MPa (0,426 moles), 10 Slugs, 4: 1 WAG, 21°C, Horizontai alnjection) 

Porosiiy (%) = 
Oil Viscosiiy (mPa.s) = 
Avc. Run Tcmp,(K) = 
CO2 Rcq. (sm3/sm3) = 

41 .O0 Vp (cmJ) = 
3606.6 s,i (%) = 

5 HCPV ( c d )  = 
9.42 CO2 Rct. (%inj.) = 

Waia Cum. PV Gas Wam 
I n  Injccird Prod Rod. 

(crn3) (s9h)  (cm') 

1997 S w c  (W = 
90.64 Molar Dcn. (kmol/rn3) = 
1810 Abs, k (dmics) = 

51.31 Avc, Flow Vel. (ml@ = 

Oil Cum. Oil Percent WOR GOR 
Rd. Prod. Rcc, 
(cm3 (cm3 (%) (sm3/sm3) (sm3/sm3) 



TABLE E41 

Tabulated Experimental Results of Run H2D26 
(2096 HCPV CC+ Injeciad ai 1/10 of Waier h i c  @ 1.0 MPa (0.087 molcs), IO Slugs, 4:l WAG, 21°C, Horizonlal Injection) 

Pormity (96) = 
Oil Viscosity (mPa.s) = 
Avc. Run Tcmp.(K) = 
CO2 Req. (sm3/sm3) = 

Gm 
inj. 
(cm3) 

32,4 
0.0 
32.4 
0.0 
32.4 
0.0 
32.4 
0.0 
32.4 
0.0 
32.4 
0,o 
32.4 
0.0 
32.4 
0,o 
32.4 
0.0 
32.4 

36.05 Vp (cm3) = 
1058 Sd (%) = 

294.1 5 HCPV (cm3) = 
4.70 CO2 Rct, (%inj,) = 

Cum. PV 
lnjcctcd 

0,018 
0,092 
0,111 
O. 185 
0.203 
0.277 
0.295 
0.3% 
0.4 15 
0,496 
0.514 
0.589 
0,607 
0.68 1 
0.699 
0,775 
0,794 
0.868 
0.886 

Cum. Oil 
W. 
(cm3) 

7.50 
l2S,6O 
135.20 
232,20 
239.20 
292.20 
297.1 O 
349.1 O 
357.1 O 
387.1 O 
390.20 
4 l6,2O 
42 1 ,7O 
438.70 
443.20 
459.70 
465.70 
479,70 
483.70 

sw (46) = 
Molar Dcn. (kmo!/m3) = 
Abs, k (dmies) = 
Avc, Flow Vcl, (rnfd) = 

WOR 

(sm3/sd) 

0*00 
0.00 
0.00 
0.27 
OS7 
i ,28 
1 ,O4 
2,23 
1.63 
3,17 
0.8 1 
333 
1.45 
6.00 
1.78 
6.6 1 
1.67 
7.29 
2.25 

GOR 

(sm3/sm 

0,OQ 
0.00 
0,oo 
0.00 
0.00 
0,oo 
0,OQ 
0,Oo 
0.00 
0,QQ 
0.00 
0.00 
0.w 
0.00 
0.00 
0,QO 
0.00 
0.OO 
0.0 





TARLE E42 

Tabulated Experimental Resiilts of Run H2D27 
(20% WCPV C@ Injecied at 1/5 of Watcr Rate @ 1 ,O MPa (0.087 molcs), 10 Slugs, 4: 1 WAG, 21°C. Horizontai Injection) 

Porosity (96) = 
Oil Viscosiiy (mPa.s) = 
Ave. Run Tcmp,(K) = 
CO2 Rq. (sm3/stn3) = 

Press 
Inj. 

(MW 

1.10 
1 J O  
1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
1.lO 
1.10 
1.10 
1.10 
1.10 
1.10 

Gas 
Inj, 

(cm3) 

37.6 
0.0 
35.6 
0.0 
36.3 
0.0 
53*4 
0.0 
35.6 
0.0 
78.6 
0.0 
36.4 
0.0 
36.4 
0.0 
35.8 
0.0 
35.6 

40.03 Vp (cm3) = 
1058 soi (%) = 

294.15 HCPV (cm3) = 
4.88 CO2 Rct. (%inje) = 

Wam 
inj. 

(cm3) 

0.0 
142.1 
0.0 

142.4 
0.0 

157,9 
0.0 

142.2 
0.0 

142.5 
0.0 

142.2 
0.0 

146,2 
O*O 

143.8 
0.0 

142S 
0.0 

Cum. PV 
Jnjoctcû 

0,019 
0.092 
0.1 10 
O. 183 
0.202 
0.283 
0.310 
0.383 
0.402 
0,475 
0.515 
0.588 
0,607 
0.681 
0,700 
0,774 
0.792 
0,865 
0,1184 

1950 Swo (W = 
91.1 1 Molar Dcn. (kmol/m3) = 

1776.7 Abs. k (darcics) = 
96,87 Ave. Flow Vcl. (m/d) = 

Cum, Oil 
Prod, 
(cm3) 

17.20 
138.20 
3 53.70 
249.20 
258.70 
334.70 
342.70 
393.90 
396.70 
437.70 
440.20 
480,20 
484.30 
498.30 
50) .JO 
5 15.30 
5 19.90 
532.9 O 
537.40 

WOR 

(sm3/sm3) 

0.00 
0.00 
0.00 
0.36 
0.00 
0,95 
0.00 
1 S6 
0.00 
2.27 
0.00 
2.68 
0.00 
9.36 
o*O0 
11.29 
0.00 
9.3 1 
0.00 

GOR 

(sm3/sm3) 

0.00 
0.00 
0 . 0  
0.00 
O*OQ 
0.00 
0900 
0.00 
0.00 
0 . 0  
8.00 
0.00 
0 . 0  
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 



TABLE E42 (Cunt9d) 

Tabulated Experimental Results of Run H2D27 
(20% HCPV (2% Injectcd at 1{5 of Watcr Rate @ 1.0 Wa (0.087 molcs), 10 Slugs, 4: 1 WAG, 21T, Horizonml Injcclion) 

Porosiiy (%) = 40.03 Vp (cm3) = 
Oil Viscosity (mPa,s) = 1058 soi (%) = 
Avc. Run Tcmp.(K) = 294.15 HCPV (cm3) = 
CO2 Rcq. (sm3/sm3) = 4.88 CO2 Rct. (%inj.) = 

Press 
lnj. 
( M W  

1.10 
1.10 
1.10 
1 J O  
1,lO 
1.10 
1.10 
1.10 
1.10 
1,lO 
1.10 
1 .IO 
0.10 

Press Gas 
Rod, lnj. 
W) (cm3) 

1,Oo 0.0 
1.00 0.0 
1.00 0.0 
1.00 0.0 
1.00 0.0 
1.00 O*O 
1,oo 0.0 
1.00 0,o 
1 . 0  0.0 
1.00 0.0 
Loo 0.0 
1.00 0.0 
0.10 0.0 

W Cum. PV 
Inj, injcctod 

(cm3) 

Gas 
Rod 
(s.1I.l) 

0.005 
0,007 
0,Oi 7 
0,ois 
0.01 1 
0.01 O 
0.01 2 
Q9W9 
0,003 
0.003 
0.00 1 
0,003 
0.012 

wam 
Rad. 
(cm3) 

112.50 
225,OO 
240,Oû 
235.00 
239.00 
239.00 
234.00 
238.W 
267.00 
237.00 
23 7.00 
98.50 
1 10,Oo 

Oil 
Rd. 
(cm3) 

1 5.50 
27SO 
28,Oo 
18,ûû 
15,oo 
14SO 
16.50 
14SO 
20.00 
15.00 
15.00 
6.50 
14.50 

Cum. Oil 
m. 
(cm3) 

552.90 
580.40 
608.40 
626.40 
64 1.40 
655.90 
672.40 
6W90 
706,90 
72 1 .go 
736.90 
743.40 
757.90 

s, 146) = 
Molw Den. (krnol/m3) = 
Abs, k (darcics) = 
Avc. Flow Vcl. (m/d) = 

WOR 

(sm3/sm3) 

7.26 
8.18 
8S7 
13.06 
15.93 
16.48 
14.18 
16,4 1 
13.35 
1 5.80 
1580 
15,15 
7.59 

GOR 

(sm3/smJ) 

0.00 
0.24 
0.59 
i 9 0 0  

0,7Q 
0*66 
0,73 
0.62 
0.15 
0.20 
0,07 
0.46 
0.79 

8,89 
0,09 166 

14.13 
2.6 

OPFIR 

(sm3/sm3) 

O. 106 
O, IO8 
O. 104 
0.072 
0,059 
0.058 
0,066 
0,058 
0,07 1 
0.060 
0.060 
0.062 



TABLE E43 

Tabulated Ewperimental Results of Run H2D28 
(20% HCPV CQ Injected a1 Walcr Ratc @ 1.0 MPa (0,087 moles), IO Slugs, 4:1 WAG, 2I0C, Horizoninl Injcçiion) 

Porosity (%) = 
Oil Viscosity (mPa,s) = 
Avc. Run Tcmp.(K) = 
CO2 Req. (sm3/sm3) = 

Gm 
inj. 

(cm3) 

43.7 
0.0 
33,6 
0.0 
33.6 
0.0 
33.6 
0.0 
33.6 
0.0 
33.6 
0.0 
33.6 
0.0 
33.6 
0.0 
33.6 
0.0 
33.6 

42.10 Vp (cm9 = 
1058 Sd (%) = 

294.15 HCPV (cm3) = 
405 CO2 Rct. (Qinj.) = 

Cum. PV 
lnjccton 

0.02 1 
0.089 
o. 105 
O, 173 
0,189 
0.257 
0,274 
0.342 
0.358 
0.426 
0.442 
0.510 
0,527 
0.595 
0.61 1 
0,679 
0,695 
0,763 
0.780 

Oil 
Prod. 
(cm3) 

1 *O0 
138.0 
19.00 

1 18.50 
11,w 
~ , S O  
7.10 
60.50 
5.50 
45 ,o  
3.00 
40.00 
4.50 
33.50 
2,QO 
19.0 
2.50 
20.(U, 
2 ,O0 

Cum, Oil 
M. 
(cm3) 

1 *O0 
139.00 
1 M l O  
276.50 
288.40 
352.90 
360.00 
420.50 
426.00 
47 1 ,ûO 
474,Oo 
5 l4,Oo 
5 l8SO 
552.00 
554.0 
573.00 
575.SO 
595.50 
597.50 

sw,  (%) = 
Molar Den, (IrmoVm3) = 
Abs, k (darcics) = 
Avc, Flow Vcl, (m/d) = 

WOR 

(sm3/Sm3) 

0.00 
0.00 
0,w 
0.07 
0.59 
0.85 
1.13 
1.12 
2.36 
1.78 
3.83 
2.20 
3.1 1 
2.96 
5.50 
5 3 3  
4.80 
5.60 
9.00 

15,W 
0.04166 

14.52 
2.6 

OPFIR 

(sm3/sm3) 

0,023 
1,001 
0,565 
0.85 1 
0,354 
0.463 
0*2 1 1 
0.434 
O, 164 
0.323 
0,089 
0,287 
O, 134 
0,240 
0.060 
O. t 36 
0,074 
O. 144 
Q,(K)O 



TABLE E43 (Cont'd) 

Tabulated Experirnental Results of Run H2D28 
(20% HCPV CC& Injectai ai Woter Raie @ 1.0 MF% (0.087 moles), 10 Slugs. 4: 1 WAG, 21°C. Horimnlpl Injection) 

Porosi ty (%) = 
Oil Viscosity (mPa.s) = 
Avc. Run Temp.(K) = 
CO2 Req. (sm3/sm3) = 

42,lO Vp (cm3) = 
1 058 Sd (Sb) = 

294.1 5 HCPV (cm3) = 
4.05 CO2 Rct. (%inje) = 

Cum. PV 
hljcctcd 

0,848 
O,9 16 
1.029 
1 ,141 
1,245 
1,362 
1.485 
1,591 
1,822 
2.062 
2.286 
2.364 
2,364 

2050 Sw (96) = 
84 .94 Molar Den. (kmol/m3) = 

1741.3 Abs. k (darcics) = 
54.10 Avc, Flow Vel. (m/d) = 

Oil 
Rd. 
(cm3) 

24.00 
14.50 
33.00 
26,00 
17,OO 
19.00 
13,O 
15.50 
35.00 
30.00 
22.00 
5,OQ 
42.00 

Cum. Oil 
M. 
(cm3) 

62 1 S O  
636.0 
669.0 
695.00 
7 12.00 
73 1 .O 
744,oo 
759.50 
794.50 
824.50 
û46.50 
85 1 S O  
893.50 

WOR 

(sm3/sm3) 

4,17 
8.41 
609 
7.8 1 
11.71 
1 1.63 
l8,62 
14.06 
12.69 
15.57 
20.05 
3 1.80 
1,14 

GOR 

(sm3/sm3) 

2.67 
6 2 8  
5,24 
6.88 
10.18 
8.32 
l l .O8 
6.52 
3.46 
3.93 
4.73 
3,20 
3.8 1 



TABLE E44 

Tabulated Experimcntal Resul ts of Run H2D29 
(20% HCPV COz lnjccted ai 2 of Watcr Ratc @ 1.0 MPa (0,087 moles), I O  Slugs, 4: 1 WAG, 21°C, Horizontal Injccdon) 

Pomsiiy (%) = 
Oil Viscosity (mPa.s) = 
Ave, Run Temp.(K) = 
CO2 Rcq. (sm3/sm3) = 

Gas 
Inj. 

(cm3) 

34.8 
0.0 
34.8 
0.0 
34.8 
0.0 
34.8 
0.0 
34.8 
0.0 
34.8 
0.0 
34.8 
0.0 
34.8 
0.0 
34.8 
0.0 
34.8 

39.54 vp (cm3) = 
1058 Soi (%) = 

294.15 HCPV (cm3) = 
4.52 CO2 Rci. (%inj.) = 

Cum. PV 
hjcclcd 

0.018 
0,090 
O, 108 
0,181 
O, 199 
0.27 1 
0,289 
0.361 
0,380 
0.452 
0.470 
0.543 
0,561 
0.636 
0,654 
0,731 
0,749 
0.82 1 
0,839 

1926 Sm (W = 
90.34 Molar Den. (kmol/m3) = 

f 740 Abs, k (dwcics) = 
90.67 Avc, Flow Vel. (m/d) = 

Oil 
Rod, 
(cm3) 

8.10 
I26.W 
9.m 

1 13.00 
9.50 
75.00 
1 1.50 
50.50 
6.00 
48SO 
7.00 
34,m 
4.50 
30.00 
6.00 
23 .O 
7.00 
22.00 
5.50 

Cum. Oil 
Prod. 
(cm3) 

8.10 
134.10 
143. I O  
256,10 
265.60 
340.61) 
352.1 O 
402,Cio 
408.60 
457.10 
464.1 O 
498.1 O 
502.a 
532.60 
538.60 
561.60 
568.60 
590.60 
$96.1 0 

WOR 

(sm3/sm3 

0.00 
0.00 
0.00 
0.19 
0.00 
0.75 
0.00 
1.27 
0900 
1.73 
0.00 
2.97 
0.00 
3. i 7 
0.00 
4.43 
0.00 
4.36 
0.00 

GOR 

(sm3/sm3) 

0.00 
0.04 
0,w 
0.00 
0.00 
0*00 
0.00 
0.00 
0.00 
0,Oo 
0.00 
0.00 
0.00 
0.00 
0.00 
0.0 
0 .0  
0.0 
0.00 

9.66 
0.04 166 

l6,6 1 
2.6 

OPFIR 

(sm3/sm3) 

0,233 
0,905 
0,259 
0.81 1 
0.273 
0.539 
0.330 
0,363 
O, 172 
0,348 
0.20 1 
0,242 
O. 129 
0,208 
O, 172 
O, 156 
0,20 1 
O. 158 
O,  158 



i % i % a ~  ais- 



TABLE E45 

Tabulated Experimental Results of Run H2D30 
(20% HCPV CO2 Injecta! at 5 of' Wacer Ratc @ 1 .O MPa (0.087 molcs), 10 Slugs, 4: 1 W AG, 2 1°C, Horizontal fnjcc tion) 

Porosity (%) = 
Oil Viscosity (mhs) = 
Avc, Run Tcmp,(K) = 
CO2 Rcq. (sm3/sm3) = 

Gas 
Inj. 

(cm3) 

36.0 
0.0 
36,O 
0.0 
36.0 
0.0 
36.0 
0,o 
360 
0.0 
36,O 
0,o 
36.0 
0.0 
36.0 
0.0 
36.0 
0.0 
36.0 

40.60 Vp (cm3) = 
1058 Soi ('W = 

294,15 HCPV (cm3) = 
4.46 CO2 Rci, (9binj.) = 

Cum. PV 
hjcc@d 

0.01 8 
0.091 
O, 109 
O, 182 
0.200 
0.273 
0.29 1 
0,365 
0.383 
0,456 
0,474 
0.547 
0.565 
0,638 
0,656 
0.729 
0,748 
0.816 
0.834 

1977 Sw (%Po) = 
90.95 Molar Dcn. (kmoI/m3) = 
1798 Abs. k (drrrcics) = 
81.88 Avc. Flow Vcl, (m/d) = 

Cum, Oil 
m. 
( c d )  

5 9 0 0  
l4O,ûû 
151,Oo 
273.00 
287.50 
380SO 
388.50 
44 1 .SO 
448.00 
493.00 
497.40 
535,40 
537.90 
567.90 
572.50 
m3,oo 
606.00 
63 1 S O  
B35.00 

Pcmnt 
Rcc. 
(W 

0.28 
7.79 
8.40 
15,18 
1599 
21.16 
21,61 
24.56 
24.92 
27.42 
27,66 
29,78 
29.92 
31S9 
31.84 
33.54 
33.70 
35,12 
35.32 

WOR 

(sm3/sm3) 

0.w 
0,OO 
0.00 
O, 1 O 
0.17 
0.49 
0,38 
1 JO 
1 -62 
2,w 
2.4 1 
2.05 
3.20 
3,67 
2.83 
3.57 
5.33 
3.29 
436 



TABLE E45 (Cont'd) 

Tabulnted Expcrimcntal Results of Run H2D30 
(20% HCPV CO2 Injectai at 5 of WaRr Rate Q 1.0 MPa (0.087 moles), 10 Slugs, 4:1 WAG. 21°C, Horizontal Injection) 

Porosity (96) = 40.60 Vp (cm3) = 
Oii Viscosiiy (mPa.s) = 1 058 soi (%) = 
Ave. Run Tcmp.(K) = 294.15 HCPV (cm3) = 
CO2 Rcq. (sm3/Sm3) = 4 A6 CO2 Rci. (%inj.) = 

Plies Gas 
Prod. Inj. 
W a )  (cm3) 

1.00 0.0 
1.00 0.0 
1.00 0.0 
1,oo 0.0 
1.00 0,o 
1.00 0.0 
1.00 0.0 
0.10 0,o 

waicr 
lnj. 

(cm3) 

277.1 
254.3 
256.6 
498.4 
494.9 
494 *3 
252,i 
0.0 

Cum. PV 
hpcicd 

0,974 
1. IO3 
1,233 
1,485 
1,735 
1.985 
2.1 13 
2.1 13 

Cum. Oil 
M. 
(cm3) 

665.00 
690.W 
7 t 3.50 
756.00 
788.50 
813.50 
823.50 
839.00 

Sm (W = 
Molar Dcn. (kmol/m3) = 
Abs, k (darcics) = 
Ave, Flow Vcl. (m/d) = 

Pcncni WOR GOR 
Rcc. 
(%) (sm%m3) (sm3/sd) 



TABLE E46 

Tabulsted Exporimcntal Resulls of Run H2D31 
(20% HCPV CO2 injectai ai Watcr Raie (- 1 .O MPa (0.087 moles), 1 0 Slugs, 4: 1 WAG, 2 1 OC, Horizontal Injwtion) 

Porosity (%) = 
Oil Viscosiiy (mPa.s) = 
Ave, Run Tcmp.(K) = 
CO2 Rcp (sm3/sm3) = 

Gas 
lnj, 

(cm3) 

31,9 
0,o 
31.9 
0.0 
32.7 
0.0 
3 1.9 
0.0 
31,9 
0.0 
3 1.9 
0.0 
3 1.9 
0,o 
31.9 
0.0 
31.9 
0.0 
31,9 

4 1,37 Vp (cm3) = 
1058 soi (W = 

294.15 HCPV (cm3) = 
4.49 CO2 Rct, (%inj.) = 

Cum, PV 
lnjcctcd 

0,017 
0.094 
0,tll 
0.I88 
0,206 
0.282 
0,299 
0,376 
0.393 
0.470 
0,487 
OS@ 
0.58 1 
0,658 
0.675 
0,756 
0.773 
0.849 
0,867 

Oil 
Rod, 
(cm3) 

23.95 
1 îS,W 
25.50 
105.00 
13.90 
58,95 
7.35 
33,Oo 
6,10 
50.50 
5.00 
34.50 
8.W 
30.45 
0.85 
l8,OO 
690 
15.tX) 
3.50 

Cum, Oil 
m. 
(cm3) 

23,9S 
148.95 
174.45 
279,45 
293,35 
352,30 
359.65 
392.65 
398,75 
449.25 
454.25 
488,75 
496.75 
527,20 
528.05 
546.05 
552.95 
567.95 
57 1 ,45 

s, (%) = 
Molar Den. (kmol/m3) = 
Abs. k (darcics) = 
Avc. Flow Vel. (mld) = 

WOR 

(srn3Jsm3) 

0.00 
0,OO 
0.00 
0,16 
0.81 
0.97 
2.82 
2.65 
3*34 
1.65 
3.20 
2,16 
3,25 
3.60 
1635 
5.25 
4.78 
6.7 3 
7.7 1 

GOR 

(sm3/sm3) 

0,Oo 
0 ,w 
0.00 
0.00 
0,M) 
0.00 
0.00 
0,Oo 
0*00 
090 
0.00 
0.00 
0.13 
0.46 
3*53 
1.17 
2.32 
4.60 
5.43 

13.58 
0,M 1 66 

13.25 
1.29 

OPFIR 

(sm3/srn3) 

O,75 1 
0.880 
0.799 
0,740 
0,425 
O A  16 
0.230 
0,233 
O. 19 1 
0,356 
0.157 
0.24 3 
0.25 1 
0.2 14 
0.027 
0,121 
0.216 
O, loti 
0,110 





TABLE C47 

Ta bulated Experimental Resul ts of Run 112D32 
(20% HCPV C@ Injecicd ai  Watcr Rate @ 1.0 MPa (0.087 moles), 10 Slugs, 4: 1 WAG, 2loC, Horizontal Injection) 

Porosity (%) = 
Oil Viscosity (mPa,s) = 
Ave, Run Temp.(K) = 
CO2 Rcq. (sm3/m3) = 

40.60 V, (cm9 = 
1058 soi (%) = 

294.15 HCPV (cm3) = 
4,8 1 CO2 Rci. (%inje) = 

Cum, PV 
lnjccted 

0,018 
0.091 
0.1 10 
O. 183 
0,201 
0.274 
0,292 
0.365 
0.384 
0.457 
0.475 
0,548 
0.566 
0.639 
0,658 
0.73 1 
0.749 
0.822 
0.840 

1977 Swc (%) = 
91 33 Molar Dcn. (kmol/m3) = 

i 805.6 Abs. k (dotcies) = 
65,72 Avo. Naw Vcl. (m/d) = 

Oil 
Rd. 
(cm3) 

0.20 
I3O.W 
20,o 
107.90 
12SO 
6690 
5.85 
44.10 
5.60 
3625 
10.50 
29,40 
6.85 
21 .O 
12.30 
t 7.90 
5.55 
1 6.80 
4.50 

Cum. Oil Percent 
Pr&. Rcc. 
(cm3) (%) 

WOR 

(sm3/s m3) 

0,QQ 
Q*OQ 
o*QO 
0.28 
0.56 
1 .O0 
1 ,O3 
2.04 
2.08 
264 
0.92 
3.60 
2.92 
4.65 
1.86 
5.36 
4.34 
6.52 
4.56 

GOR 

(sm3/srn3) 

0.00 
0*22 
0.00 
0.1 1 
O*OQ 
0.24 
o*QQ 
0,11 
0.00 
0.06 
0.00 
0.20 
0,oo 
3.05 
0.57 
1 S6 
0.54 
0.QO 
0,OO 



TABLE E47 (Cont'd) 

Tabulated Experimental Hesults of Run H2D32 
(20% UCPV CO2 Injcctcâ at Water Rate @ 1.0 MPa (0.087 molcs), 10 Slugs, 4: 1 WAG, 21°C. Horizontal Injection) 

Porosity (9b) = 40.60 V, (cm3) = 
Oil Viscosiiy (mPa.s) = 1058 soi (a) = 
Avc. Run Tcmp.(K) = 294.1 5 HCPV (cm3) = 
CO2 Reg. (sm3/sm3) = 4.81 CO2 Rct. (9binj.) = 

Press 
lnj, 

(MPa) 

1 .IO 
1. IO 
1,10 
1.10 
1 .io 
1 *IO 
1.10 
1*10 
1.10 
1. IO 
0.10 

Press Gas 
Rd. lnj, 

(cm') 

1.00 0,o 
i,oO 0.0 
1.00 0,o 
1.00 0.0 
1.00 0.0 
1.00 0.0 
1.00 0.0 
t .O0 0.0 
1 .O0 0.0 
1*00 0.0 
0.10 0.0 

Watcr Cum. PV 
Inj, Injccrcd 

(cm3) 

Oil 
Ad*  
(cm3) 

14.80 
l8,75 
l8,8O 
25.70 
27,40 
23.80 
25. IO 
10.70 
17.00 
14SO 
31.10 

Cum. Oil 
Prod* 
(cm3) 

568.90 
587,65 
606.45 
632.15 
659,55 
683.35 
708.45 
719.15 
736.15 
750,65 
78 1,75 

sw (%) = 
Molnr Den, (kmol/m3) = 
Abs. k (darcics) = 
Avc. Flow Vcl. (m/d) = 

WOR 

(sm3/sm3) 

7,38 
7-74 
8.5 1 
9.58 
10.48 
1 1.77 
1 3.63 
16,@ 
1 7.6 1 
19.34 
2.73 

GOR 

(sm3/sm3) 

5.14 
0.00 
0.00 
0.00 
1.93 
6.72 
9.00 
5.14 
5-94 
7.59 
10.77 





TABLE C48 (Cunt9d) 

Tabulatcd Experimental Results of Run H2033 
(20% HCPV C@ 1njcctcd at Wokr Rate @ 1 .O MPa (O. 144 rnolcs), 10 Slugs, 4: 1 WAG, 21°C, Horizontal Injection} 

Porosity (%) = 
Oil Viscosiiy (mPa.s) = 
Avc, Run Tcrnp.(K) = 
CO2 Rcq, (sm3/sm') = 

38.50 V, (cm9 = 
1058 soi (%) = 

294.15 HCPV (cm3) = 
6,32 CO2 Rct. (%inj,) = 

Watcr Cum, PV Gas walcr 
fnj. Injcctcd Prod Prod. 

(cm3) (s.hr) (cm3) 

Oil Cum, Oil 
Prod* Prod, 
(cm3) (cm3) 

(W = 
Molar Den, (kmol/m3) = 
Abs. k (dmics) = 
Ave, Flow Vcl, (m/d) = 

Perceni WOR GOR 
Rcc. 
( %  (sm l) (sm3/sm 

10.80 
0.04 166 

12.46 
2.076 

OPFIR 

(sm3/sm3) 

O. 105 
O,O8 1 
0,057 
0,025 



TABLE E49 

Tabulated Experimental Results of Run H2D34 
(5% HCPV C@ lnjectcd at Waw Raie $ 2 5  MPa (0.104 moles), 21T, Single Slug. immediatc Watcr Injection, HorimnM Injection) 

Pomsity (%) = 
Oil Viscosiiy (mPa.s) = 
Ave. Run Temp.(K) = 
CO2 Rcq. (sm3/sm3) = 

Gas 
hj, 

(cm3) 

86.5 
O*O 
0,o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

39.21 V, (cm3) = 
1058.0 soi (%) = 
294.15 HCPV (cm3) = 

5,54 CO2 Rci. (%inj,) = 

wat# 
Inj. 

(cm3) 

0.0 
269,9 
256.7 
275.8 
274.0 
24 1 .O 
252.6 
239.8 
248.6 
245.1 
272.0 
0.0 

Cum. PV 
Injxtoa 

0.045 
0,187 
0.32 1 
0.465 
0.609 
0,735 
0.867 
0,993 
1.123 
1.25 1 
1 *394 
1.394 

Oil Cum, Oil 
Rod. m. 
(cm7 (cm3) 

s w o  (%) = 
Molar ûcn. (kmol/m3) = 
Abs, k (darcics) = 
Avc. Fiow Vcl, (rnfd) = 

Pcrccnt WOR GOR 
Rcc, 
(%) (sm3/sm3) (sm3/sm3) 

9.42 
0.04166 

14.12 
2.54 

OPFJR 

(sm3/smJ) 

0.34 1 
0.900 
0.50 1 
0,252 
0.115 
0.079 
O. 107 
O, 125 
0.078 
0.03 1 
0.085 





Ta bula ted Experimenta l Resul ts of Run H2D36 
(5% HCPV C a  Injeclcd ai Wata Ra@ (a 2.5 MW (0.1 W moles), 21°C, Single Slug, Affcr 4.83 Days Watcr Injaied, Hodmnial Injection) 

Pomsity (96) = 38S5 Vp (cm3) = 
Oil Viscosity (mPa.s) = 1058,O soi (%) = 
Avc. Run Tcmp,(K) = 294.15 HCPV (cm3) = 
CO2 Reg. (sm3/sm3) = 575 CO2 Rei. (%inj.) = 

Press 
Inj, 
Wb) 

2.60 
3.10 
2.80 
2*60 
2.62 
2.60 
2.70 
2.60 
2.60 
2.60 
2.50 
2.40 
0.10 

Press Gas 
Rd. Inj, 
(MPa) (cm3) 

2.50 86,1 
2.50 0.0 
2.50 0.0 
2.40 0.0 
2.50 0,O 
2,50 0.0 
2.60 0.0 
2.50 0-0 
2.50 0.0 
2.50 0.0 
2.30 0.0 
2.30 0.0 
0.10 0.0 

Cum. PV 
Injlxlcd 

0.046 
0,183 
0.3 1 1 
0.444 
0,574 
0,707 
0,839 
0.97 1 
1,101 
1.237 
1,368 
1,501 
1.501 

Oil Cum, Oil 
Prod. M. 
( c d )  (cm) 

s, (W = 
Molar Dcn. (kmol/m" = 
Abs, k (drircics) = 
AVC, Flow Vcl, (mld) = 

GOR 

(smafsm3) 

0.00 
0.27 
0,16 
0,23 
0.40 
0.64 
0,s 1 
0.76 
0,76 
1 9 0 4  
0.59 
0.37 
i S8 





TABLE ES3 

Porosity (%) = 
Oii Viscosiiy (mPrt,s) = 
Avc. Run Tcmp.(K) = 
COz Rcq. (sm3/sm3) = 

Gas 
lnj, 

(cm3) 

85.0 
090 
0.0 
0,o 
0.0 
0.0 
0.0 
0.0 
O*O 
0.0 
a 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
O*O 

Tabulaîed Experimental Results of Run V2D1 
(5% HCPV CO2 Injcctcd @ Bottom@ 2.5 MPa (0,102 moles), 21T, WGW lnjcciion at Boltom 

39.40 Vp (61113) = 
1058.0 Soi (96) = 
294.15 HCPV (cm3) = 

2.42 CO2 Rct, (%inj,) = 

Cum. PV 
In@ tcd 

0,044 
O. 189 
0.320 
0.452 
0.580 
0.7 18 
0.836 
0 . w  
1,085 
1.205 
1.329 
1.585 
1,699 
1.835 
1.953 
2,078 
2.206 
2.206 

Gas 
Rod 
(s,Iu) 

0,226 
0.050 
0.01 5 
0,022 
0.020 
0,023 
0,020 
0,034 
0.01 4 
0,024 
0.02 1 
0.019 
0.0 1 8 
0,023 
0,014 
0.01 1 
0.01 3 
0.320 

1917 Sm (W = 
88.68 Molar Dcn. (kmol/mf) = 

i 700 Abs. k (darcics) = 
55.02 Avc, Flow Vcl, (m/d) = 

Cum. Oil 
Prorl, 
(cm3) 

24.50 
l2SSO 
19130 
33 1 S O  
409.50 
454,oo 
493,oo 
523.50 
553.00 
594.00 
622.0 
645.50 
669,50 
696.50 
716.50 
736.50 
752.00 
81 1.00 

WOR 

(sm3/sm3) 

080 
1-39 
0.m 
0.92 
2.05 
4.70 
5,26 
7.15 
7,42 
5, IO 
8.2 1 
9*57 
9.33 
8.70 
i i .sa 
1 1,SO 
14.97 
1 .OS 

GOR 

(sm3/sm3) 

9.20 
OS0 
0.22 
O. 16 
0.26 
O S  1 
0.5 1 
1*10 
0,46 
0.59 
0,75 
O,8 1 
O, 75 
0.85 
0.70 
OS5 
0.8 1 
5.42 



TABLE E54 

Porosiiy (%) = 
Oii Viscosily (mPa.s) = 
Avc. Run Tcmp.(K) = 
CO2 Rcq. (sm3/sm3) = 

Tabulated Experimental Results of Run V2D2 
(5% HCPV N2 lnjectcd @ Bottom @ 2.5 MPa (0.075 molcs), 10 Slugs, 21°C, Watcr Injcciion at Boitom) 

Gas 
Inj, 

(cm3) 

88,s 
0.0 
0.0 
0-0 
O. O 
0.0 
0.0 
0.0 
o*o 
0.0 
0.0 
0.0 
0-0 
0.0 
0.0 
0.0 
0,o 

40,38 V, (cm3) = 
1058.0 soi (%) = 
294.15 HCPV (cm3) = 

3.42 CO2 Rci. (%inj.) = 

Cum, PV 
Injccica 

0,#5 
O. 175 
0,302 
0.424 
0.552 
0.688 
0.807 
0,940 
1.060 
1,183 
i ,309 
1,557 
1.685 
1,826 
1.944 
1,944 
2.128 

W W  
Rad. 
(cm3) 

0*00 
1 SO*QO 
186.00 
191 .O0 
203SO 
2 12.50 
)85,70 
222,o 
2 13.80 
215.00 
237.00 
429.W 
230.00 
245.00 
223.50 
62.00 
4 . 0  

Oil 
m* 
(cm3) 

23,34 
98,Ol 
65.3 1 
50.40 
48,95 
57,9i 
48,% 
45.29 
24.15 
29.66 
1 l,84 
6082 
23.14 
33.27 
8,60 
12.00 
24 .O 

Cum. Oil 
Prod, 
(cm3) 

23.34 
121,35 
186.66 
237.06 
286.0 1 
343,92 
392.88 
438.17 
462.32 
491.98 
503.82 
564.64 
587.78 
62 1 ,O5 
629.65 
(iQ 1.65 
72 1 .O0 

s, ('w = 
Molar Den, (kmol/m3) = 
Abc, k (darcics) = 
Avc, Flow Vcl. (m/d) = 

WOR 

(s m3/sm3) 

0 . 0  
1 S3 
0.00 
3*79 
4,16 
3,67 
3 .79 
4.90 
8,85 
725  
20.02 
7.05 
9.94 
7.36 
25.99 
5, l? 
O. 17 

GOR 

(sm3/sm 

16.35 
7,aQ 
S,29 
3.17 
1.1 1 
1.17 
1,12 
0.99 
i .O0 
1 *O4 
1 ,?O 
1.28 
0.12 
l ,40 
1 .S6 
2.25 
1 -96 

10.07 
0.04 l42O4 

i 1-99 
2.6 

OPFIR 

(sm 3/sm 3 

0,264 
0,382 
0,262 
0,2 1 O 
O. 195 
0.216 
0.21 O 
0,173 
O, 102 
O, 123 
0.W8 
0.125 
0,092 
0.120 
0,037 



TABLE ES5 

Tabulated Experimental Results of' Run H2D38 
(20% HCPV C 6  Injectcû ai Waicr Rate @ 2,s MPa (0,372molcs), 10 Slugs, 4: 1 WAG, 37T, Horizonial Injection) 

Porosity (470) = 
Oil Viscosity (mPa.s) = 
Avc. Run Tcmp,(K) = 
CO2 Rcq. (sm3/sm3) = 

J'rcss 
Inj . 

(MW 

2.90 
2.60 
3 .O 
2.60 
3.10 
2.60 
2.60 
3.60 
3.40 
2.60 
2.60 
2.70 
2.50 
2.60 
2.75 
3.10 
2.50 
2.10 
2.70 

38.92 V, (cm3) = 
1058.0 s, (%) = 
294.15 HCPV (cm3) = 

9.68 COz Rct. (%inj.) = 

Oil Cum. Oil 
Rd. Prad, 
(cm9 (cm9 

sw, (%) = 
Molar Dcn. (kmol/m3) = 
A bs. k (darcics) = 
Avc. Flow Vel. (m/d) = 

Pcrccnt 
Rcc. 
('w 
1 .O3 
7.63 
9.09 
15.10 
15.83 
19.76 
20.22 
23SO 
24.26 
28 ,O7 
28.63 
30.83 
3 1 ,Z8 
33.60 
33.63 
35.83 
36.43 
38.36 
38.48 

WOR 

(sms/sm3) 

0.00 
0.00 
0.00 
0.12 
0,20 
0.55 
1 .O3 
1 ,O2 
1.45 
1.19 
1.74 
1.35 
1.80 
1.87 
0 .0  
2.19 
2.43 
2.65 
3.50 

GOR 

(sm3/sm3) 

0.00 
0.00 
0,oo 
0.00 
0.00 
0.00 
0 . 0  
0.00 
0.00 
0.00 
0.00 
2.8 1 
2.27 
4.4 1 
4,Oo 
10.81 
13S8 
21 $15 
t #,50 



TABLE ES5 (Contvd) 

Tabulated Experimental Results of Run HLD$I;<X 
(20% HCPV C@ lnjcctcû ai Waier Ra& @ 2.5 MPa (0.372moles). 10 Slugs, 4: 1 WAG, 37OC, Horizon~l Injection) 

Porosity (96) = 
Oil Viscosily (mPa.s) = 
Ave. Rua Tcmp.(K) = 
CO2 Reg. (sm3/sm3) = 

Gas 
Inj, 

(cm3) 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0,o 
0.0 
0,o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Cum. PV 
bpctcd 

0.876 
1,016 
1.144 
1,198 
1,249 
1.305 
1.360 
1.422 
1.473 
1,615 
1.743 
1.874 
1.930 
1,978 
2,032 
2.082 
2,082 

V, (cm9 = 
s, (W = 
HCPV (cm3) = 
CO2 Rci, (%inj,) = 

113% Sm (96) = 
88.61 Molar Dcn. (kmol/m3) = 
1680 Abs, k (darcics) = 

44.24 Avc. FJow Vel, (m/d) = 

Oil 
hm!, 
(cm3) 

26.00 
29.50 
24.00 
7.60 
7SO 
8.50 
8.50 
7.40 
9.00 
21.00 
23.75 
22.50 
5.25 
5.20 
5.80 
6 . 0  
58.Oü 

Cum. Oil 
m. 
(cm3) 

672.50 
702.00 
726.00 
733.60 
741,lO 
749.60 
758.10 
765.50 
774.50 
795.50 
819.25 
841.75 
847.00 
852.20 
858.00 
8 6 4 . 0  
922 .0  

WOR 

(sm3/sm3) 

3 -69 
7.76 
9.33 
12.42 
12.33 
1 i .24 
11.06 
13S8 
10.33 
1 1.62 
9.68 
10.22 
18.10 
18*04 
16.50 
1567 
2.93 

GOR 

(sm3/sm 

19.35 
23.00 
24.38 
22,24 
20,67 
16.82 
15.35 
15,15 
10.78 
9,w 
5,78 
4.78 
7.57 
6.73 
4.9 1 
3.33 
4.57 

1 1 -39 
0,001 IO67 

12,24 
2.54 

OPFIR 

(sm3/sm3) 

O, 193 
0.11 1 
O,W9 
0,075 
0.077 
0,080 
0,082 
0,062 
0,094 
0,078 
0,098 
0.09 1 
0,050 
0,057 
0,057 
0,064 







TABLE ES7 

Tabulated E~perimental Results of Run 112D40 
(20% HCPV C Q  Injecied nt Watcr Rate @ 3.14 MPa (0.354 molcs), 10 Slugs, 4: 1 WAG, 37OC, Hori7antal Injection) 

Porosity (%) = 
Oil Viscosicy (mPa.s) = 
Avc, Run Tcmp,(K) = 
CO2 Rcq. (sm3/sm3) = 

Prms 
lnj. 

(MPa) 

3.34 
4.80 
3.64 
3 .QO 
3,lO 
3.38 
3.38 
3.32 
3.54 
3 .Z4 
3 20 
3.58 
3.38 
3.28 
3.18 
3.24 
3.30 
3.18 
3.16 

37.57 Vp (cm3) = 
5200.0 soi (%) = 
294.15 HCPV (cm3) = 

15.91 CO2 Rci, (%inj.) = 

wam 
lnj. 

(cm3) 

0.0 
129.0 
0.0 

127.3 
o*o 

127.5 
0.0 

127,3 
0.0 

127.2 
0.0 

125.2 
0.0 

l27,3 
0.0 

l23,6 
0.0 

128.9 
0.0 

Cum, PV 
Injtxtcd 

0,017 
0,088 
O, 1 05 
0,175 
O, 192 
0.262 
0.279 
0,349 
0.366 
0,436 
0.453 
0.522 
0.539 
0.608 
0.626 
0.693 
0.71 1 
O.78 1 
0,799 

1830 S w  (W = 
86.89 Molar Den, (kmol/m3) = 
1590 A bs. k (darcies) = 

52.01 Avc, Flow Vcb (m/d) = 

Oil 
R d .  
(cm3) 

5,25 
95,00 
18,75 
79,oo 
9.00 
64.00 
9.50 
54.00 
6,W 
4 1 . 0  
5.00 
17.W 
5.25 
18.00 
3.00 
17.00 
3.75 
15,I)O 
8.50 

Cum. Oil 
Prod* 
(cm3) 

5,25 
100,25 
119,Oo 
l98,Oû 
207 ,O0 
27 1 .O0 
2 8 0  
33450 
340SO 
38 1 S O  
386.50 
403.50 
408.75 
426.75 
429.75 
446.75 
450.50 
465.50 
474.00 

WOR 

(sm'/sm3) 

0,oo 
0,QS 
0 . 0  
0,38 
0.76 
l,96 
1,79 
2,09 
2.17 
2.72 
2.56 
3,OQ 
2.29 
3.48 
2.33 
4,14 
3-47 
6.40 
1.12 

GOR 

(sm3/sm3) 

0,33 
0.62 
0.46 
0.27 
0,35 
0.62 
OS8 
0.77 
1.83 
283 
4.12 
5.69 
5A8 
8.20 
11.33 
1 1.42 
i l,W 
19.80 
5.65 



Tabulated Experimental Results of Run H2D40 
(209b HCPV CO2 Injcçied at Walcr Rate @ 3,14 MPa (0,354 molcs), 10 Slugs, 4: 1 WAO, 37"C, Horizon~il Jnjcction) 

Porosity (%) = 37.57 V, (cm3) = 
Oil Viscosiiy (mPa.s) = 5200.0 soi (*) = 
Ave, Run Tcmp.(K) = 294,15 HCPV (cm3) = 
COz Reg. (sm3/sm3) = 15.91 CO2 Rci, (%inj.) = 

PESS Gas 
Rd. Inj, 
( M W  (cm3) 

3.10 0,O 
3.17 0.0 
3.14 0,O 
3.20 0.0 
3.35 0,o 
3.14 0.0 
3.14 0,O 
3,20 0.0 
3.14 0,O 
3.14 0,O 
3,14 0.0 
3.14 0.0 
0.10 0.0 

Waicr Cum, PV Gas 
Inj, Injcctcd Rml 

(cm3) (S. lu) 

1830 Sw (96) = 
86,89 Molw ûcn. (kmol/m3) = 
1590 Abs, k (darcics) = 

52.01 Avc. Row Vcl, (m/d) = 

Cum. Oil 
M. 
(cm3) 

489.00 
5 13.00 
532.00 
548,oO 
561 ,O0 
576,ûû 
589.00 
602,oo 
614.W 
626,OO 
637.00 
647,oO 
695.00 

WOR 

(srnf/sm3) 

597 
8,38 
1 1.89 
l4,25 
19,OQ 
15.40 
18,15 
18.00 
19,33 
20.0 
2 2 , o  
24.30 
3.85 

GOR 

(sm3/sd) 

19,77 
22.63 
38,39 
31.53 
25.19 
23.17 
l8,38 
14S4 
1 1.92 
10.25 
7.73 
6.30 
10.65 



TABLE ES8 

Tabulaled Experimentûl Rcsulls of Run H2D41 
(10% HCPV C@ Injcctcd at Walcr Raie @ 2.5 MPa (0.177 molcs), 10 Slugs, 4: 1 WAG, 37OC, Horizontal Injection) 

Pomsiiy (%) = 
Oil Viscosity (mPa,s) = 
Ave, Run Temp,(K) = 
CO2 Rcq. (sm31sm3) = 

PEss 
Rad. 
(MPzi) 

2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2,50 
2SO 
2.50 
2.50 
2.50 
2.40 
2.48 
2.50 

37.55 v, ( c d )  = 
5200.0 S, (W = 

HCPV (cm3) = 
8.83 CO2 Ret, (%inj.) = 

Cum. PV 
Uijcctcd 

0,009 
0,044 
0.052 
0.099 
O. IO8 
O. 142 
0.151 
O, 186 
O. 194 
0,229 
0.238 
0.274 
0,283 
0.3 18 
0,326 
0.366 
0.375 
0.4 10 
0.418 

Cum, Oil 
Prod, 
(cm3) 

9,oo 
52.35 
63.75 
131.85 
14 1,4S 
l76.9S 
184.45 
202,95 
207.4 5 
227.95 
234.30 
250.80 
255.05 
267 ,O5 
271.55 
286.05 
288.80 
299.05 
302,35 

sw (96) = 
Molar Den. (kmol/m3) = 
Abs. k (darcics) = 
Ave, Flow Vcl, (m/d) = 

WOR 

(sm3/sm3) 

0.00 
0.00 
0.00 
0.07 
0.00 
0.82 
1.20 
1.35 

, 1.56 
1.44 
1.32 
2.30 
2.00 
333 
2,Oo 
3,2 1 
4.36 
4.34 
2.03 

GOR 

(sm3/sma) 

O*] 1 
1.22 
0,39 
0,26 
0.30 
O, 15 
0.20 
0.14 
0.1 1 
0,lS 
0.04 
0.06 
OS3  
0.33 
0.56 
0.76 
3.73 
2.66 
3.03 



TABLE E58 (Cont'd) 

Tabulated Experimental Results of Run H2D41 
(10% HCPV CC+ Injeclcd ai Waier Rote @ 2.5 MPa (0.177 molos), IO Slugs, 4: 1 WAG, 37OC, Horizontal Injection) 

Porosity (96) = 
Oil Viscosity (mPa.s) = 
Avc. Run Tcmp,(K) = 
CO2 Rcq. (sm3/sm3) = 

Gas 
inj, 
(cm3) 

0.0 
0.0 
0,o 
0.0 
0,o 
0,o 
a0 
0.0 
0.0 
0.0 
0.0 
0,o 

37-55 V, (cm3) = 
520Q.O Sd (%) = 
294.15 HCPV (cm3) = 

8.83 CO2 Rct, (%inj.) = 

Cum, PV 
injccioa 

0.453 
0.590 
0.727 
0,860 
0,995 
1,130 
1,263 
1,400 
1.533 
1.668 
1.803 
1.803 

1829 Sw (W = 
86.93 Molar Den. (kmol/m" = 
1590 Abs, k (darcies) = 

59.15 Ave, Flow Vcl. (m/d) = 

Cum, Oil 
M* 
(cm') 

3 
349*35 
37 1.35 
386.35 
401 ,O5 
417,30 
434.00 
446SO 
458.50 
468.50 
478.50 
495.50 

WOR 

(sm$/srn3) 

4.10 
5% 
1 0.23 
15.67 
1 5,7 1 
14,03 
13,71 
18.96 
19.08 
23.60 
24,20 
5.88 

GOR 

(sm3/ sm3) 

4.30 
15.05 
18.02 
13,97 
7.7 1 
503 
4*33 
2,20 
2,17 
1.95 
1.90 
15.09 



m m  or* r; 
VT 
@a 



E 
TABLE c60 

Tabulated Experimental Results of Run H2D42b 
(20% HCPV CO2 Injecied at Watcr Raio @ 4.8 MPa (0.370 molcs), 10 Slugs, 2: 1 WAG, 3'i°C, Horizonîal Injection) 

Parosiiy (%) = 
Oil Viscosiiy (mPa,s) = 
Ave. Run Tcmp.(K) = 
CO2 Rcq. (sm31sm3) = 

Press 
Rad* 
rn) 
4.82 
432 
4,80 
4.80 
4.50 
4-50 
4.56 
4.56 
4.82 
4.80 
4.56 
4.62 
4.80 
4-82 
4 ,82 
4 ,82 
4.82 
4.82 
4.82 

37.28 V, (cm3) = 
603.0 s, (W = 

294.15 HCPV (cm3) = 
96.39 CO2 Rci. (%inj,) = 

Cum. PV 
Injcctcd 

0.008 
0,020 
0.033 
0,049 
0.057 
0.074 
0.082 
0.099 
0,107 
O. 123 
O. 132 
O. 148 
0.156 
O. 173 
0,181 
0.199 
0.207 
0.223 
0.23 1 

Oil 
Rd* 
(cm3) 

0.50 
0.50 
OS0 
1,75 
os0 
1 .O 
0.00 
2.00 
0.00 
2.00 
1 ,O0 
i .O0 
0 . 0  
1 SQ 
o*oo 
1 ,O0 
0.00 
1.75 
1.25 

Cum, Oil 
Prod, 
(cm3) 

0.50 
1 *O0 
1 S O  
3,2S 
3*75 
4.75 
4*75 
6.75 
6.75 
8.75 
9.75 
10.75 
10.75 
12,25 
12.25 
13.25 
13.25 
1 5 . 0  
16.25 

s, (96) = 
Molar Dcn, (kmol/m3) = 
Abs, k (drucics) = 
Avc, Flow Vcl. (m/d) = 

WOR 

(sm3/sm3) 

37.00 
1 6,00 
1z.Qo 
16,86 
40,O 
14.00 
o*m 
12.50 
0.00 
14.W 
15.00 
20.00 
0.00 
l8,33 
0.00 
28.50 
0 .0  
14,86 
8.80 

GOR 

(sm3/sm3) 

0.00 
0,Oo 
0.00 
0,w 
0.00 
0.00 
0,OO 
7.25 
0.00 
35,Oo 
10,oo 
1 1 *50 
0.00 
64,W 
0,OQ 
w*oo 
O ,O0 
32.57 
4.60 

59.55 
2,528-03 

6.16 
2.54 

OPFIR 

(sd/sm3) 

0,034 
0,017 
0,034 
0.059 
0.034 
0,032 
0.000 
0,067 
0,000 
0.066 
0,068 
0,034 
O* 0 0  
0,050 
0,OI)O 
O,O3 1 
0,000 
0,059 
0,085 



TABLE E60 (Cont'd) 

Tabulated Experimcntal Results of Run HZD42b 
(20% HCPV C G  Injocted ai Watcr Rate @ 4.8 MPa (0.370 molos), 10 Slu~s,  2:1 WAG, 37"C, Horizontal Injection) 

Porosity (Sb) = 37.28 V,, ( c d )  = 
Oil Viscosiiy (mPa.s) = 603.0 soi (%) = 
Avc. Run Temp,(K) = 294.15 HCPV (cm3) = 
COz Req. (sm3/sm3) = 96,39 CO2 Rct. (%inj,) = 

Cum, PV 
hjmd 

0.250 
0.393 
OS3 1 
0.672 
0.8 10 
0,950 
1,089 
1,089 

Wata 
Rad. 
(cm3) 

29.00 
238.0 
234.00 
247,ûû 
237.00 
238.00 
235.00 
206.00 

1816 Sm (‘W = 
40,45 Molsu Den, (kmol/m3) = 
734s A bs, k (durcies) = 
33,27 Avc, Flow Vcl. (m/d) = 

WOR 

(srng/sd) 

29.00 
26.44 
19.50 
20.58 
18.23 
2330 
23.50 
22.89 

GOR 

(srn3/sm3) 

62SO 
60.67 
34.08 
5 1,92 
48.23 
5675 
43.95 

255.00 

59s5 
2S2E-O3 

6,16 
2.54 

OPFlR 

(sm =/sm 3) 

0.030 
0,035 
0.048 
0.047 
0,052 
0.039 
0.040 



TABLE E61 

Tabulated Experimental Results of Run HZD43a 
(20% HCPV COz Injecicd at Watcr Ratc @ 3.58 MPa (0.279 molcs). 10 Slugs, 21 WAG, 21°C. Horilanial Injection) 

Porosiiy (%) = 36.95 V, (cm3) = 1800 s,, (SI = 17,22 
Oil Viscosity (mPa.s) = 282.0 soi (%) = 82.78 Molar Dcn, (kmol/rn3) = 1.9ûE-03 
Ave, Run Tcmp.(K) = 294.1 5 HCPV (cm3) = 14W Abs, k (dctcies) = 11,91 
CO2 Req, (sm%m3) = O CO2 Rci. (%inj,) = O Avc, Now Vcl. (m/d) = 2.54 

Press 
lnj, 
( M W  

3.70 
3.70 
3.70 
3.70 
3.70 
3.70 
3 ,ïO 
3 .?O 
3.70 
3.70 
3,70 

Cum. PV 
Jnjcctcd 

0,270 
OS4 1 
0,8 13 
1,083 
1.354 
1,625 
1.896 
2.166 
2.438 
2.709 
2.981 

Oil Cum, Oil 
Rod* m. 
(cd)  (cm9 

WOR 

(sm3/sm3) 

0.00 
2.59 
0.00 
12,M 
8.M 
9.25 
1 l,62 
16.08 
16.85 
23.02 
22.7 1 

GOR 

(sm3/sm 

0.00 
0.00 
0.0 
0.00 
0.00 
0.00 
0,QQ 
0.00 
0.00 
0.00 
Ov00 





TABLE E62 (Cunt'd) 

Tabulated Experimental Results of Run HZD43b 
(20% HCPV C@ lnjected at Wam Rate @ 3.58 MPa (0.279 moles). 10 Slugs, 2: 1 WAG. 2I0C. Horizontal Injection) 

Porosity (96) = 36.95 V, (cm9 = 
Oil Viscosily (mPa.s) = 282.0 soi (96) = 
Avc. Run Tcrnp.(K) = 294.15 HCPV (cm3) = 
CO2 Rq. (sm3/sm3) = 61.54 CO2 Rci, (9binj.) = 

RCSS Press 
inj, W. 
rn) W a )  

3.58 3.54 
3.53 3.48 
3,62 3.56 
3.70 3.68 
3.70 367 
3.64 3.62 
3.62 3.58 
0.10 0.10 

watct 
Inj. 

(cm3) 

3 1.9 
265.1 
248.7 
250,9 
260.7 
248.3 
250-3 
0 .O 

Cum. PV 
Jnjccicd 

0.25 1 
0.398 
0.536 
0.676 
0.820 
0.958 
1,097 
t ,097 

Oil Cum. Oil 
Rd. Prod. 

(cm3) (cm9 

s w *  (%) = 
Molar ûcn. (kmol/m3) = 
Abs. k (dlucics) = 
Ave, Flow Vel. (rn/d) = 

Pcrccni WOR GOR 
Rcc. 
(%) ( s 3 s 3 )  (sm3/sm3) 



Porosity (2) = 
Oil Viscosiiy (mPa,s) = 
Ave, Run Tcmp,O(;) = 
CO2 Req. (sm3/sm3) = 

TABLE E63 

Tabulated Experimental Rcsults of Run H2D44a 
Watcrilood ai 3.58 MPa and 21T  

37.28 Vp (cm3) = 
282.0 soi ('fb) = 

294.15 HCPV (cm3) = 
0.00 CO2 Rct, (%inj,) = 

Cum. PV 
!*ml 

0.5 17 
0.786 
1,054 
1.325 
1.595 
1,867 
2.137 
2.407 
2,677 
2.949 
3.218 

1816 Swa (96) = 
80.95 Mdar Dcn. (kmolJm~) = 
1470 Abs. k (bcics) = 
0.00 Ave. Flow Vel, (m/d) = 

Cum, Oil 
m. 
(cm3) 

28 1 ,O0 
42 1 ,50 
474,50 
524.50 
559.50 
594.50 
622.50 
647.50 
668,50 
688.50 
7 1 0.W 

WOR 

(srn'/sm)) 

0.00 
2,40 
8.25 
9.00 
13.14 
13.34 
16-68 
l8,60 
22.24 
24.35 
22.2 1 

GOR 

(sm3/sm3) 

0*00 
0,QO 
0.00 
0.00 
0.00 
0,Oo 
0.00 
0.00 
O,QO 
0.00 
0.00 







APPENDIX F 

Production Histories of All Experiments Conducted 



NOTE: Average Run Conditions: Carbonated Waterfîood, 2.5 Mea. 21°c 
Mode1 Parameters: Average Injection Rate = 308 cc/hr, &., = 1053.0 mPa.s, 
0 =36.0%, k =  11.3 darcies, S,=96.2 96, S, =3.8 % 
Mode1 Type: Linear 
[ 1.608 moles of CO21 

Figure FI - Production History of Run CWF3. 



+ GOR 

--- 
Ruid Injected, Cum. PV 

NOTE: Average Run Conditions: Carbonared Waterflood, 1.0 MPa, 21°c 
Model Parameters: Average Injection Rate = 308 cc/hr, po = 1058.0 mPa.s, 
O =  37.5 %. k= 10.9darcies. S,=90-1 1, S,=9.9 % 
Model Type: Linear 
[20% HCPV of CO2 (0.143 moles) Mixed with Water at 4: 1 Ratio] 

Figure F2 - Production History of Run CWF4. 



NOTE: Average Run Conditions: Vertical WAG Flood at Bottom, 1.0 ma, 21°c 
Mode1 Parameters: Average Injection Rate = 308 cc& & = 1053.0 mPa.s, 
0 = 35.9 %, k = 11.33 darcies, S, = 95.4 56, S, = 4.6 % 
Mode1 Type: Linear 
f0.20 HCPV CO2 @ 1.0 MPa (0.089 moles) 4: 1 WAG, 10 Slugs] 

Figure F3 - Production History of Run VLC1. 



I"""1 
+ GOR 

NOTE: Average Run Conditions: Vertical WAG Fiood at Top, 1.0 MPa, 21°c 
Model Parameters: Average Injection Rate = 308 cc/hr, po = 1058.0 rnPês, 
e = 35.5 96, k = 11.12 darcies, S, = 90.7 %, S,=9.3 % 
Model Type: Linear 
10.20 HCPV CO2 @ 1 .O MPa (0.087 moles) 4: 1 WAG, 10 Slugs] 

Figure F4 - Production History of Run VLC2. 



NOTE: Average Run Conditions: Continuous Injection at Bottom, 1.0 MPa, 21 OC 

Model Parameters: Average Injection Rate = 308 c c b ,  & = 1058.0 mPa.s, 
B = 34.74%, k = 9.18 darcies, S, = 94.35%. S, = 5.65% 
Model Type: Linear 
[0.20 HCPV CO2 @ 1.0 MPa (0.088 moles) J 

Figure F5 - Production History of Run VLC3. 



1-1 
-0- GOR 

40 - - 1.0 

I 

.. 
C 

C 
Y . - 
CI m - x - 0.6 
Y 

C O 
C, 

œ -3 E 
œ 

rn œ Y 1- 

-0.4 = y 
D 

w 

C z 
2 .. s - 02 - LI 

œ 0 

Fluid hjected, Cum. PV 

NOTE: Average Run Conditions: Continuous hjection at Bottom. 1.0 MPa, 2 1 ' ~  
Model Parameters: Average Injection Rate = 308 cc/hr, & = 1058 .O mPa-s, 
9 = 35.508, k = 10.23 darcies, S, = 91.96%, S, = 8.04% 
Model Type: Linear 
[0.20 HCPV CO2 @ 1.0 MPa (0.088 moles) J 

Figure F6 - Production History of Run VLC4. 



1-1 
+ GOR 

NOTE: Average Run Conditions: Continuous Injection at Top, 1.0 MPa, 21°c 
Model Parameters: Average Injection Rate = 308 cc/hr. c(, = 1058.0 mPa.s, 
g = 35.3896, k = 11.34 darcies, S, = 91.8296, S, = 8.18% 
Model Type: Linear 
10.20 HCPV C@ @ 1.0 MPa (0.088 moles)] 

Figure F7 - Production History of Run VLCS. 



Legends 

-O- WOR 

Fluid hjected, Cum. PV 

NOTE: Average Run Conditions: Cox1tinuous CO2 Injection at Top, 1.0 MPa, 21°c 
Model Parameters: Average Injection Rate = 308 cc/hr, CI, = 1055 mPa.s, 
0 = 35.38%. k = 10.02 darcies, S, = 95.27%. S, = 4.73% 
Model Type: Linear 
10.904 HCPV CO2 @ 1.0 MPa (0.39 1 moles), Water Injected @ Bottom] 

Figure F8 - Production History of Run VLC7. 
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.- 

Fluid Injected, aim. PV 

NOTE: Average Run Conditions: Conhuous CO2 Injection at Top, 1 .O MPa, 2 I'C 
Mode1 Parameters: Average Injection Rate = 308 c c b ,  bo = 1055 mPa.s, 
@ = 35.4546, k = 9.44 dascies, S, = 95.5596, S, = 4.45% 
Mode1 Type: Linear 
11.703 HCPV CO2 @ 1.0 MPa (0.748 moles), Water Injected @ Bottom] 

Figure F9 - Production History of Run VLC8. 
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NOTE: Average Run Conditions: Conànuous CO2 Injection at Top, 1.0 MPa, 21°c 
Model Parameters: Average Injection Rate = 154 c c k ,  po = 1053.0 mPa.s, 
B = 35.381, k = 10.58 darcies, S, = 96.18%, S, = 3.82% 
Model Type: Linear 
[l .O 15 HCPV CO2 @ 1 .O MPa (0.484 moles), Water Injected @ Bottom] 

Figure FI0 - Roduction History of Run VLC9. 



1-1 * GOR 

NOTE: Average Run Conditions: Continuous CO2 Injection at Top, 1 .O MPa, 21°c 
Model Parameters: Average Injection Rate = 154 c c k ,  = 10550 mPa.s, 
B = 35.38%. k = 11.02 darcies, S, = 5.098, S, = 4.91% 
Model Type: Linear 
[ 1 .Ml HCPV CO2 @ 1 .O MPa (0.578 moles), Water Injecteci @ Bonom] 

Figure FI 1 - Roduction History of Run VLCIO. 



4 GOR 

Fiuid Injected. Cm. PV 

NOTE: Average Run Conditions: Conthuous CO2 Injection at Top, 1.0 MPa, 21°c 
Model Parametus: Average Injection Rate = 308 cc/h., li, = 1053.0 mPas, 
0 = 35.56%. k = 10.75 darcies, S, = 95.888, S, = 4.12% 
Mode1 Type: Linear 
C0.935 HCPV CO2 @ 1.0 MPa (0.448 moles), Water Injected @ Bottom] 

Figure F12 - Production History of Run VLCl1. 
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Fiuid hjected, Cum. PV 
NOTE: Quarter of A 5-Spot 

Mode1 Parameters: Average Injection Rate 42-42 c c b ,  & = 603 mPa.s, 
0 = 40.1 %, k = 12.0 darcies, Soi = 93.3 %. S, = 6.7 % 

f0.20 HCPV CO2 @ 2.5 MPa & 21°C (0.450 mol), 4:l WAG, 10 Slugs] 
Figure F 13 - Roduction History of Run HZD 1. 



4 GOR 

NOTE: Q u m  of A 5-Spot 
Mode1 Parameters: Average Injection Rate = 1.55 m/d CI, = 603.0 &as, 
@ = 39.7 96, k = 14.5 darcies, Soi -90.7 %, S, = 9.3 % 

[0.20 HCPV CO2 @ 2.5 MPa & 2 1 ' ~  (0.423 mol), 4: 1 WAG, 10 Slugs] 
Figure F14 - Production History of Run H2D2. 
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Fiuid Injected, Cum. PV 
NOTE: Quarter of A 5-Spot 

Mode1 Parameters: Average Injection Rate = 2.54 m/d, po = 603.0 mPa.s, 
0 = 39.8%, k = 13.2 darcies, Soi = 86.9 %, S, = 13.1% 

[O20 HCPV CO2 @ 2.5 MPa & 2 1 ' ~  (0.406 mol), 4: 1 WAG, 10 Sl ugs] 
Figure F15 - Roduction History of Run H2D3. 
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Mode1 Parameters: Average Fiow Ve1ocir.y = 3.17 mld, b0 = 603.0 mPa.s, 
0 = 38.7 %, k =  15.7 M e s ,  Soi ~ 8 9 . 9  95, S, = 10.1 % 

[O20 HCPV CO2 @ 2.5 MPa & 2 1 O C  (0.408 moles), 4: 1 WAG, 10 Slugs] 
Figure F16 - Production History of Run H2D4. 



l0.20 HCPV CO2 @ 2.5 MPa & 21°C (0.407 mol), 4:l WAG, 10 Slugs] 
Figure F17 - Production History of Run H2D5. 
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Fluid Injected, Cm. PV 
NOTE: Quaner of A 5-Spot 

Mode1 Parameters: Average hjection Rate = 451.23 c c b ,  U, = 603 mPa.s, 
gi=42.8%,k=12.3dar~ies,S,~=81.2%,S,= 18.8% 



NOTE: Quaner of A 5-Spot 
Mode1 Parameters: Average Injection Velocity = 0.78 Nd,  p, = 1058 mPas, 
C=37.4%,k=12.18d=des,Soi=88.1 1, Sm= 11.9 96 

[O20 HCPV CO2 @ 2.5 MPa & 21°c (0.403 mol), 4:l WAG, 10 Slugs] 
Figure FI8 - Production History of Run H2D6. 
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muid Injected, Cum. PV 
NOTE: Quarter of A 5-Spot 

Mode1 Parameters: Average Injection Velocity = 1.55 m/d, = 1058 M a s ,  
@ =  41.6 %, k = 13.9 darcies, Soi = 88.3 %, S, = 11.7 % 

[0.20 HCPV CO2 @ 2.5 MPa & 21°c (0.445 mol), 4: 1 WAG, 10 Slugs] 
Figure F19 - Production History of Run H2D7. 
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B = 38.5 56, k = 14.5 diucies, Soi = 89.9 %, S, = 10.1 4% 

10.20 HCPV CO2 @ 2.5 MPa & 21°c (0.407 mol), 4:I WAG, 10 Slugs] 
Figure F21- Production History of Run HZD9. 
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NOTE: Quarter of A 5-Spot 
Mode1 Parameters: Average Injection Rate = 0.78 N d ,  p, = 1842 mPa.s, 
B = 41.3 %, k = 12.7 darcies, Soi = 93.2 %, S, = 6.8 % 

10.20 HCPV CO2 @ 2.5 MPa & 2 1 ' ~  (0.460 moles), 4: 1 WAG, 10 Slugs] 
Figure F23 - Roduction History of Run H2D 1 1. 



NOTE: Quarter of A 5-Spot 
Mode1 Parameters: Average Injection Rate = 1.55 m/d, & = 1842 mPa.s, 
~ = 4 3 . 7  8, k =  14.1 darcies, SOi=91.4 46, S,=8.6 % 

r0.20 HCPV CO2 @ 2.5 MPa & 21°c (0.462 mol), 4: 1 WAG. 10 Slugs] 
Figure F24 - Roduction History of Run H2D12. 

Legends 
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nuid Injected, Cm. PV 
NOTE: Quanef of A 5-Spot 

Mode1 Parameters: Average Injection Rate = 2.54 mld, c(, = 1842 mPês, 
B = 41.1 96, k = 12.5 darcies, Soi = 87.8%. S, = 12.2 96 

[O20 HCPV CO2 @ 2.5 MPa & 21°c (0.419 mol), 4:1 WAG, 10 Slugs] 
Figure F25 - Production History of Run MD13. 
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[0.20 HCPV CO2 @ 2 5  MPa & 2 1°C (0.41 8 mol), 4: 1 WAG, 10 Slugs] 
Figure F26 - Production History of Run H2D14. 
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NOTE: Quaner of A 5-Spot 
Mode1 Parameters: Average Flow Velocity = 3.81 m/d, & = 1842 mPa.s, 
B = 39.8 %, k 13.1 darcies, Soi = 90.3 8, S, =9.7 % 

10.20 HCPV CO2 @ 2.5 MPa & 2 1 OC (0.42 1 mol), 4: 1 WAG, 1 0 Slugs] 
Figure F27 - Production History of Run H2D15. 



Legends 

+ WOR 

NOTE: Q u m  of A 5-Spot 
Mode1 Parameters: Average Flow Velocity = 0.78 cc& r, = 3295 mPa.s, 
g = 39.9 %, k =  12.7darcies. S, =90.0 1, Sm= 10.0 % 

[O20 HCPV CO2 @ 2.5 MPa & 21°c (0.421 mol), 4: 1 WAG, 10 Slugs] 
Figure F28 - Production History of Run H2D 16. 



NOTE: Q u m  of A 5-Spot 
Mode1 Parameters: Average Row VeIocity = 1.55 m/d, CI, = 3295 mPa-s, 
g = 42.4 8, k = 14.0 darcies, Soi = 87.8 %, S, = 12.3 % 

[0.20 HCPV CO2 @ 2.5 MPa & 21°C (0.436 mol), 4:1 WAG, 10 Slugs] 
Figure F29 - Production History of Run IIZD17. 
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NOTE: Quarter of A 5-Spot 
Mode1 Parameters: Average Flow Velocity = 3.17 m/d, ~ i ,  = 3295 mPa.s, 
0 = 38.5 %, k = 13.6 darcies, Soi = 93.1 95, S, = 6.9 8 

10.20 HCPV CO2 @ 2.5 MPa & 2 1 ' ~  (0.405 mol), 4:l WAG, 10 Slugs] 
Figure F3 1 - Production History of Run H2D 19. 



NOTE: Quarter of A 5-Spot 
Mode1 Parameten: Average Injection Rate = 3.8 1 m/d, po = 3295 mPa.s, 
e =  38.1 %, k =  13.6d&e~, SOi=94-0 1, S,=6.0 % 

l0.20 HCPV COz @ 2.5 MPa & 21°C (0.420 mol), 4: 1 WAG, 10 Slugs] 
Figure F32 - Roduction History of Run H2D20. 
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10.20 HCPV CO2 @ 2.5 MPa & 2 1 ' ~  (0.479 mol), 4: 1 WAG, 10 Slugs] 
Figure F33 - Production History of Run tI2D21. 



Legends 
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NOTE: Q u m  of A 5-Spot 
Mode1 Parameters: Average Injection Rate = 1.55 c c k ,  ~6 = 3607 mPa.s, 
B = 39.5 96, k = 12.4 d&s9 Soi = 91.5 46, Sw = 8-5 Z 

[0.20 HCPV CO2 @ 2.5 MPa & 21°c (0.424 mol), 4: 1 WAG, 10 Slugs] 
Figure F34 - Production History of Run H2D22. 
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Model Parameters: Average Fiow Velocity = 3.17 Nd,  ~r, = 3607 mPa.s. 
g = 40.2 96, k = 12.8 darcies, Soi =90.3 %, S, = 9.7 1 

r0.20 HCPV CO2 @ 2.5 MPa & 21°c (0.426 mol), 4:l WAG. 10 Slugs] 
Figure F36 - Roduction History of Run H2D24. 
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NOTE: Quaner of A 5-Spot 
Mode1 Parameters: Average Flow Velocity = 3.8 1 m/d, p, = 3607 mPas, 
g = 41.0 8, k = 12.9 darcies, Soi = 90.6 8, S, = 9.4 % 

[0.20 HBV CO2 @ 2.5 MPa & 21°c (0.436 mol), 4: 1 WAG, 10 Slugs] 
Figure F37 - Production History of Run H2D25. 
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NOTE: Quaner of A 5-Spot 

Mode1 Parameters: Average Injection Rate = 308 c c h ,  ~ i ,  = 1058 mPa.s, 
0 = 36.1 %, k=22.0darcies, Soi =92.3 8, S,=7.7 % 
CO2 Injected at 1/10 of Water Rate 
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Figure F38 - Production Kistory of Run H2D26. 
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Figure F39 - Roduction Estory of Run H2D27. 
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Figure F40 - Production History of Run H2D28. 
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Mode1 Parameters: Average Fiow Velocity = 0.83 1 m/d, po = 1058 mPa.s, 
B = 39.5 96, k = 16.6 darcies, Soi -91.0 96, S, = 9.0 % 
CO2 Injected at 5 times of Water Rate 
[0.20 HCPV CO2 @ 1.0 MPa & 21°c (0.087 moles), 4: 1 WAG, 10 Slugs] 

Figure F42 - Roduction History of Run H2D30. 
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Figure F43 - Production History of Run HZD3 1. 
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Figure F44 - Production History of Run H2D32. 
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Figure F45 - Production History of Run tI2D33. 
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Figure F46 - Production History of Run H2D34. 
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Figure F47 - Production History of Run H2D35. 
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Figure F48 - Production History of Run H2D36. 
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Figure F49 - Production History of Run E12D37. 



- 
40 - 

> 
LL 
U 

W 8 i i [ i i W  1 1 
0.0 

I i i i i [ i i 8 ~ l i i  

05 1.0 1.5 2.0 
K 

25 
Ruid hjected, Cum. PV 

NOTE: Quarter of A 5-Spot 
Mode1 Parameters: Average injection Rate 308.0 cc/hr, po = 1058. rnPa.s, 
0 = 37.7 95, k = 4.4 darcies. Soi = 87.1 %, S, = 12.9 % 

[0.20 HCPV CO2 @ 2.5 MPa & 37'~ (0.354 mol), 4:1 WAG, 10 Slugs] 
Figure F50 - Roduction History of Run EI2D39. 
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Figure F51- Production History of Run H2D40. 
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Figure F53a - Production History of Run tI2D42a. 
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Figure F53 b - Production History of Run H2D42b. 
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Figure F54a - Production History of Run H2D43a. 
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Figure F55a - Production History of Run H2D44a. 
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APPENDIX G 

Vistosity-Temperature Relationship for Different Oils. 



Figure G1- Viscosity-Temperature Relationship for Battrum South Oil No.1. 



Figure G2 - Viscosity-Temperature Relationship for Bat- South Oil No.2. 
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Figure G4 - Viscosity-Temperature Relationship for Della-Bell Oil. 
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Figure G5 - Viscosi ty-Tempera ture Rela tionship for Epping Oii. 
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Figure G6 - Viscosity-Temperahue Relationship for Senlac Oil. 



Figure G7 - Viscosity-Temperature Relationship for South Aberfeldy 
Oil No.1. 



Figure G8 - Viscosity-Temperature Relationship for South Aberfeldy 
Oil No.2. 




