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Abstract

Hot solvent assisted oil recovery is a low emissidaansity oil recovery method from heavy

oil resources. This method is particularly promising for fractured reservoirs vthere
application of current thermal methods may imeochallenges associated with heat loss and
early breakthrough. In this study a new model of heat and mass transfer for oil recovery from
a single matrix block of a naturally fractured reservoir using a hot miscible solvent is

developed. Due to the diffence in magnitude between thermal and mass diffusivities, heat
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diffuses beyond the solventl interface and there is no significant convective heat transfer.
This results ina reduction ofoil viscosity in the centre of the matrix block aadvertical
convective flow pattern instead of parallel to the-slvent interfaceobserved duringold
solvent injection Using this modeloptimisation graphs are developed to perfaniast
qualitativeassessment of the applicability of a hot solvent assisted gchsityage process in
naturally fractured reservaimwith various parametevgthout the need of complex simulations
and experimentsAn algorithmis presented t@stimate the recovery time or target injection
temperatureof potential hot solvent assisted recovery processassing these optimisation
graphs This can reduce computational time and provide a quick evaluatibie dit solvent

assisted gravity drainage process in natufedigturedheavy oilreservoirs.

Keywords: hot solvent fractured resrvoirs; heat conduction; solvent diffusion; convection;

gravity drainage
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1. Introduction

High permeability fracture networks and high oil viscosities often exceeding one naition
reduce the efficiency ofonventional and current thermal recovery methods fnaturally
fracturedheavy oil and bitumenreservoirsoften resulting in uneconomical recoveryhese
types ofreservoirsrepresent huge hydrocarbon resouttes areonly marginally exploited
The CanadiarGrosmont formation alons estimated t@ontain406.5 billion bbl ofheavy oll
and bitumenin placé. Consideable efforts are being made to develop methods that could
achieve economioil recoveryfrom these resource3he key to increasing recovery is a
reduction of oil viscosityvhich isusudly achieved byincreasing the oil temperatuoe by oil

dilution with a solvent

A small increase in temperature has the potential to reduasl thiscosity by several orders
of magnitudé* Different methods such as-&itu combustioty cyclic steam tmulatior?,

steam assisted gravity draina@AGD)Y*"€, and their derivativesxpanding solvent steam
assisted gravity drainage (BERAGD)*!!, StearmOver-Solvent (SOSY, Steam Alternating
Solvent? and theSolvent Aided ProcedSAP) havedemonstrategiromising solutions for

unlockingand producindneavy oilfrom clasticreservoirs

Adding a solvent achieves comparable viscosity reduction with a lower injection temperature
thanin purethermal processes. Because the heat is usually gedesatthe combustion of
fossil fuels, adding a solvent to the mixture has the added benefit of reducing the carbon
emissions and cost associated with heat gener&tmmever, it should be noted thajecting

a solventalsohasanassociated cogmainly due to purchasing the solveatjdthe viscosity

of the oil is only reduced when well mixed with the solvéhé&ny investigatios have been
performedthat demonstratehe enhancement of oil and bitumen mobility by dilution with
solvens. Zirrahi ¢ al. in 2017alsoshowedhat the presence of waiearthe reservoican have

alargeimpact on solvent solubility in bitumehereby effectinghe density and viscosity*©.
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It has also been reported that the presence of asphaltenes can have an impgabtent

solubility in bitumert’.

Recentlythermal solvent methods such asolventassisted SAGDSA-SAGD) have been
applied to real reservoirs and showed promising réétitSemianalytical models have also
been developed to model this proé&skeyvaGomez and Babadagli in 20Xiumerically
modelledheavy oil recovery from oil sands with a higgmperature solvemthich showed that

the process ihighly sensitive to temperature and presSur€heir numerical studies also
showed that a considerabhmount of oil and solvent are left in the reservoir and other
production processes should be considered to ret¢bgearesiduahydrocarbongo increag
efficiency and profit Sabet et al. analysed the stability of $team chambeuil interface
duringthe ES-SAGD process and suggested a fast screening methaldefselection ofan
efficient solventby evaluating thenset of convective mixing with bitum&n Their model
focused orthe thermodynamic properties of solvents and the stability of the interface of the
steam chambeS6imilarly, the effects of phase behaviairthe SA-SAGD performance has
been studied by Khaledi et abncluding that multicomponent hydrocarbon solvantybe

used to significantly improvefficiency’®. Marciales and Babadagli have also investigated the
selection of optimal solvent discussing the need to find a compromise between low carbon
number solvents that result in faster diffusion and high carbon nwsolvents that yield better
mixing qualities but slower mixirf, However, the concepts of therrsdlvent recovery in

fractured reservoirs has not berrtcessfullynodelledyet.

Electromagnetic heating of bitumen to reduce viscosityatheer thermal mthod vhich has
showed promising resultsrough experimental and modelling studi@& However, based on
previous studies this manly heat up a short distance@m downhole electrical heater@his

can be useful fothe startup stage 05AGD but hasnot beerappliedcommercially.
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The discusseprocesses mampvolve challengeshen applied tdractured heavy oil reservoirs

due tothe high permeabilitycontrastoetween matrix and fractugevhich will result in a poor
energy effieency and early bredirough.Therefore studieshave been conducted to explore
solutions for heavy oil recovery fromhis type ofreservoirover the last coupleof years
Experimental studies have shown that hot solvent techniques have the potential to improve
heavy oil recoery from fractured reservoirs but gave limited insight into the mechanisms that
operaté*?®30, Pathak et ainjected hot solvents into@ylinder containingpreserveditumen
saturateccores(from the Grosmontormatior) which werein contact with the solverdn all

sides representingraatrix-fractureelemenbf a fractured reservait. The solvent was allowed

to soak into the core diluting the bitumehen the mixture wasollectedfrom beneath the

core. These experimentdemonstatedthat the hot solvent thaique @n deliver promising
resultseven for highly viscous bitumen saturated carbonate reser@amndar experiments

have been conductddjecting liquid solventsinto modified sandstone core® represent
fractured resewirs, concluding that lower injection rates result in higher recovery as the
solvent has a longer time to diffuse into the bitumen before breakthrough38c@uesity
enhanced recovery using cold liquid solvents ddlasbeen explored. Kahrobaei et al. used

CT scamer to imagesolventand oil saturations inside a matrix block during sohassisted

oil recovery and found that the type and properties of the oil and solvent influence the dominan

mechanism of oil recovety

Recentinvestigationshave shown thahydrocarbon solvent foamsan increasethe sweep
efficiency while delivering solvent to the oil saturated regions ofakervoif>*, It wasfound

that foam bubbles in swept parts of the reservoir (the fratareated resistance and diverted
solvent towards the untouched regions (the maffixg¢.studyalso showed that CGoam and
polymer enhanced foam can remarkably increase heavy oil recovery after solvent ifjgction

diverting surfactant into the matriAs foam is injected alongside the solvent the volume of
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requiredsolvent is reducedHowever, thefoam stability at typical reservoir temperatures is
poor where bubbles may collagsedormacontinuous gas phasesulting in fasbreakthrough.
Increasingthe foam quality and stability is essential to impngvthe efficiency of foam
assisted oil recovery processes @nthe focus of various experimental studi€sese ainmo
find solutions for stable foams at reservoir conditions thradgtitives suchsapolymers and

nanomateriafé®,

There are a number of pilot schemes testing oil recovery methodatunally fractured
reservoirghrough CSS, attempted stednive andfire floodingamong othersEdmunds et al.

in 2009, reviewed previoupilots of the Grosmont formation concluding that reservoir
complexity andarealheterogeneity impacted the efficiency meviousprojects especially
steam and fire floodirf. They found that vertical permeability could exceed horizontal
permeability and that gravity drainage methods couldabefficient alternativerecovery
method.This study alssuggestedhat nonthermal solvent method®uld resulin promising
recovery ofbitumen from the matrixThe Saleski Pilohas confirmed thattilising gravity
drainagemethodssimilar to SAGD in oil sandgan produc@romising results in the Grosmont
formatior”%. In this pilot, it wasalso found that thhigh permeability of factures introduces
issues wherproducingin a cyclical scheme athe reservoirpressuredeclinesduring the
soaking periochnd artificial lift may beaequiredto produce the ailThe concept of cyclito-
continuous stearassisteegravity-drainage (C26SAGD) was developed to target bitumen in
the fractures and vugs through cydieaminjection and then continuous steam injection at

the top of the reservoir targets bitumen in the matrix

This has led to the emergence of thers@l/ent methods where a hot solvent is injected as or
alongsidethe heating agenhstead of alternating steam and solvent injectirgpuid phase
heating agents should result in later breakthrough than gase®&s [ghi@h as steam resulting

in a more efficient sweeping and heating of the fractured resefVm@rdual actions of dilution



119 and heanhg of the oil work together to reduce the oil viscosityharifi Haddad and Gates
120 showedthat in postCHOPS reservoir whie the formation ricludes high permeability
121 wormholegheuse of hot water and G@an improve oil recovery through thermal and dilution
122 processs They showed that thermally assisted xd@jection processs provide superior
123 performance compared to watelodding or CQ injection while eliminating the gas

124  breakthrough issu&s

125 Recovery rates from fractured reservars controlled by the rate of mass transfer between
126 the matrix and the fractures. The use of a miscible injected phase may be a favoocasie p
127 when capillary forces oppose spontaneous imbibition of water or gas into the matrix. Low
128 permeability matrix blocks often result in diffusion dominated mass transfer within the matrix
129  blocks and exponentially declining recovery r&tés Gravity forces due to the difference in

130 density between the injected seht and oil should also helpcreaseonvective mass transfer

131 therebyincreasing recovery rates.

132 Modelling thermal and noethermal oil recovery from fractured reservbias been mainly

133 performedusing the dual porosity approach where the majority of the oil is stored in low
134 permeability matrix blocks and the convective mass transfer occurs in frattiHest

135 diffusion isusually quicker than theass $olven) diffusion byat least amrder of magnitude

136 This makegshemodellingof the process complex as a dual boundary layer problem is created.
137 Inthe first boundary lagr both dilution and heiaigy of the oilact to lower the viscosity of the
138 mixture. Beyond thi®oundarypnly the heatng processcts to lower the viscosity of the pure
139 oil. Analytical modelscorresponding to this dual action procdss/e been produced to

140 calculate recovery in sandstone reservbffs

141  Models for oil recovery fromfractured reservoirs consideripgire steam injectioandcold
142  solvent injectiorhave been developéa previous studi€d&*>4’. Kahrobaei et alattempted to
143 simulate the oil recovery from a core sample under solvent assisted gravity drainage process

6



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

using canmercially available simulats. However, in order tanatchtheir experimental data
unrealistically lowmass diffusion coefficienthiad to be uséd Okazawa proposed that
diffusion of solvent into heavy oil can be a centation dependent proc&ssThereafter,
Sharifi Haddad et alshowed that the use of a concentration dependant mass diffusion
coefficient for solvent assisted oil recovery from fractured reservoirs can improve the accuracy

of the model¥.

Since the concept of simultaneous heat and miffssion processes has nbeen considered

in fractured reservoirs before, in this study we extend the previous model proposed by Sharifi
Haddad et albyincorporatinghe concept of heat transfér model is presented to understand
themechanismsf heavy oil recovery from a sitegmatrix block of a fractured reservaoising

a hot solvent assisted oil recovery procesA concentration dependant mass diffusion
codficient is essential to match suntodels with experimental data and should be used in this
study.Themodel is developethroughthe coupling oheat, mass and momentum equations.

It is showed that simulation of such processescaraputationdl expeng/e. Optimisation
graphs were developed to analyse the performance of hot solvent injection in naturally
fractured reservoirs under a range of different conditions without the use of complex reservoir
simulators. An optimisation algorithm is also presented which can be used with the
optimisation graphtor the design of theot solvent assistaall recovery pocesgsfrom heavy

oil fractured reservoirs.

Due to the cost of solventle purehot solvent process unlikelyto be economically viable
as arecoveryprocess It is most likely thatin real field applicationsanother fluid will be
injected to reduce theolume of solvent requireduch aghe stearroversolvent and steam
alternating solvent processhere steam and solvent are alternatively injéét€d The
optimisationalgorithm presenteith this study couldbe used tainderstand theffectiveness of

different solvents antequiredinjection temperatures in these scenarios
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2. Mathematical Model
In this studywe assuma 3D matrix blockis surrounded by three sets of fracture planes in a

fractured reservoirnitially, the low permeability matrix block is saturated with heavy oil. Due

to the high permeability of the fractures it is assumed thatvtiiequickly becomesaturatd

with the injected miscible solvent. At the interface of fracture and matrix béobtkent and

heat diffuse into the matrix blockweering the viscosity. Thiproduce a mixed region where
gravity drivenconvectivemass and heat transfer can occur. It is expected that once- oil/oil
solvent mixture drains into the fractures it flows away quick enough that the solvent
concentration in the fracture remains constant. It is further assumed that the solvent and
bitumen ardully miscible, form a binary mixture through ideal mixing and that there is no

connate water present.

The mass transfer process is a combinatiocoaiectionand diffusion and expressed in the

general form as Equation (1) assuming that the fluids askdmatrix are incompressible.
Y00— 20 o Ofé 1)

WhereC is the volumetric solvent concentratidnis time, %ois porosity ands is the flow
velocity vector In a porous media the effective diffusion coefficiéhtgiven by Equatin (2),
IS usedas it takes into accouttie porosity%e pore constrictivity , the pore tortuosity and

'O is the solvenbil molecular diffusion coefficieft.
O E— (2)

Previous modelling attempts have shown that the ndéféssion coefficient should be
represented by a concentration dependant relatidfiéhi® in Equation (2) can be replaced

by the concentration dependant expresdi{g;), as shown in Equation (3).

06 O — 05 3)
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WhereC is the solvent concentration at any point in the matrixs the solvent concentration

in the fracturesQ represents the molecular diffusion coefficient at the solvent concentration

in the fracturesThe dimensionless solvent concentrationis gven by Equation (4).

0 — (4)

The exponentis determined experimentally for the individual solveiisystem and typically
has a value between 1 and 4. Heavy oil systems typically have a higher value of erponent

compared with lighoil systems.

The fluid velocity=c an be expressed using Darcyo6s Law
as shown in Equation (5). The permeability vedterand the gravity vectop, are given by

Equations (6) and (7) in a3 system.

— o " | (5)
0
Q 6)
Q
Tt

S @

WhereP is the pore fluid pressuré, s the fluid mixture viscosity, is the fluid mixture
density andQs acceleration due to graviffhe matrix domain is assumed to be homogeneous

and isotropic which reduces the permeability vekttr the scalar valuk

Previous studies have assumed that oil and solvent mix itfellyhis has been confirmed
experimentally using aromatic solvetitsOther studies have shown that ideal mixing is not
always observed. Luo et al. concluded that volume changes are significant and as a result the

rate of mass diffusion is reduce&d However in their study the maximum volume change

f
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reported waspproxinmately2%. This may require further investigati®to understanathether
the volume change during mixingffects thediffusion coefficient or if it is mainly the
concentratiorthatinfluences the diffusion coefficiento avoid introducing another unknown
variablein this studythe assumppdn of ideal mixing is made anthe mixture density is
expressed using the volume fraction relationship as in Equation (8) wizréw are volume
fractions of solvent and oil resptively. This can be expressasing the volumetric solvent

concentrationC, in Equation (9).
” ” d) ” (b (8)
” ” 6 ” p 6 (9)

Where” and” are the oil and solvent densities. This can be expressed in a dimensionless
form by dividing by” as in Equation (11) and is given by Equation (12). As this study

assumes the injection of pure solvent theran also be replaced with 8

S (10)
" h 76 p 6 — (11)

RN (12)

The mixture viscosity can be expressed by combining the Lederer and Butler relationships to
account for both solvent concentration and temperaturecasnsin Equation13)?°, and the

exponenty is given by Equation (14).

‘ "R — (13)

O — (14)

10



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

Where* is the solvent viscosity, j, is theoil viscosity at the temperature of the injected
solvent,T is the temperature of the mixtuf®, is the initial temperature of the reservoir and

is the temperature of the injected solvent in the fracture. The expbnemds are determined
experimatally to be approximately 0.6 aned3espectively. The variation of solvent viscosity
with temperatures assumed to be negligible. This can be rearranged to form Equation (15)

where’  represents oil viscosity at initial reservoir temperature.

R o— Y (15)
h
Where,
L (16)
‘ vﬁ (17)
h
Y — (18)

The dimensionless thermal viscosity reduction térmis defined as the ratio between oil

viscosity at initial and injected solvent temperature.

The pressure can be expressed in a dimensionless dorag Equation (19) where is the

characteristic length of the matrix block.

CA

(19

Therefore, thenass transport equation can be given in a dimensionless form as Equation (20)

in dimensionlessoordinateso , w andd , andyg is the unit normal vector in thedirection

~

— o# # 0QO - 0 h g (20)

11
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L Q — (21)
0 — (22)
(@) - — (23)
0w - (24)
(0] - (25)
a - (26)

Wherethe Péclet number) Qrepresents the ratio of gravity assistemhvectivetransferto
diffusive mass transfer, and is the kinematic oil viscosityThe initial and boundary

conditions are as beloandd j represents the solvent concentration at any point in the matrix
0 puUMEd 1 (27)

o T

nm 65 pho T (28)

The pressure field can by calculated by applying the-dieergent flow field condition,

Equation (29).

o= T (29)

This can be expressed in a dimensionless form as Equation (30).

0 - U " img T (30)

12
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Theinitial pressure in the fracture and matrix is assuméelydrostatic. It isurtherassumed

that the solvent concentration in the fracture is constant and therefore the pressure in the
fracture is also constant. Therefore, the fracture pressure at any depth, h, beneath the top of the
matrix block is given by Equation (31). Assuming tha pressurat thetop of the matrix,

0 T, this can be expressed in a dimensionless form as Equation (32) by dividing@By

andQ is the dimensionless depth in the fracture

0 0 "0 (31)

o " Q (32)

Theheat transfer equation can be formed by c
principle of conservation of heat as in Equation (33).

— 0:"Y ndln4  nO=x6" Y (33)

Where6’ and6” | are the bulk and liquid mixre volumetric heat capacities respectively,
Tis the temperature, is the effective thermal conductivity. It is assumed that any point inside
the matrix is in a state of isothermal equilibrium between the solid and liquid. The volumetric
heat capacity of a volume of the matrix domain can be determined from the volughtedei
approach in Equation (342 In addition to this the volumetric heat capacity for the oil

solvent mixture is given by Equation (35).
— —0 00° p 060° (34)

8 86° p 86 (35)

Where6® 6° andd” are the volumetric heat capacities of rock, oil and solvent respectively
which is the product of the specific heat capacity and density of each pure substance, Equation

(36). These can be expressad dimensionless foriny dividing byod°.

13
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6° 06" (36)

0y - (37

6" - (39

The effective thermal conductivity can be calculated assumingad sennection, Equation

(39) and expressed in amdensionless fon as Equation (4Goy dividing by_ .

— P Yo_ %ob'= %0 P o) — (39

—h — P %o %00— %0 P o} (40

Thereforethe dimensionless heat transfquation is given by Equation (%1

z

— 6°y"Y 0 @Ol zn4 0D —01  np Jm— (41)

h

Where,

b Q Z (42

LeistheLewis number which represents the dimensionless ratio of thermal diffusivity to mass

diffusivity.

The systenof coupled partial differential eations (Equations 20, 30, and)4dre solved
numerically using a Finite Volume Methd@the discretised equations and algorithm used are
detailedin the appendix The pressure field) , within the matrix domaircan besolved at

each time step witknown solvent concentration and temperature $jgdd and”Y. Then a
velocity field at each time step can be calculated, which can be used to solve for solvent
concentratio® , and temperaturey  implicitly at the rext time step. Each system of equations

has the form= e -H-whereA is a sparse n by Imeptadiagonainatrix and n is the number of

14
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cells in the model. A program developed usifg++ programing platform was used to solve

these equations using the conjuggtadient method to solve the system of equations

3. Results and discussion

The model developed can be used to study the mass transfer mechanisms during isothermal
solvent injection, where oil dilution alone reduces viscosity, or during hot solventionjec
where both oil dilution and heat reduce viscosity. A sensitivity study of the variables shows
how the system responds to different rock and fluid properties. The response of the system can
then be studied using a hot injected solvent and anothetigignsitudy shows the response

of the system to different thermal properties.

3.1. Isothermal solvent injection

The injected solvent will always be more mobile than the native oil. However, due to the matrix
permeability the solvent may have high or low mobilitya system with high solvémobility

but low oil mobilitydue to high viscositya drainage profile ashown inFigurel is observed
whered Q p 1t pmRM T, & ¢. The drainage profiles show that initially the
solvent diffuses into the matrblock. Once there is a solveoit mixture with intermediate
viscosity and densitygravity initiates theconvectiveflow in the matrix block toward the
fractures. This figure also shows RaleiGaylor instabilities underneath the oil saturated
region wlich occur whera more dense fluii situatedabove a less dense flaid. Thesewill

help to increase the rate of recoverk. convectivedominated system will result in high
recovery rates which is more likely to be economically feasible. Therefore, it is important to

understand the behaviour of the system under different conditions.
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Figure1i Solvent concenttaon profilethrough the centre of the modekrtical plane)

when oil mobility is low but solvent mobility is high ata) 18t m,g)0 18t I, )
0 mrmndd)d mrdorv Q p v PTIIR'MT TH&E C.

As shown in Figurel, the RaleighTaylor instabilities starttasmall wavelength perturbations

(arb) which coalesce and grow into larger wavelength features (c). At this point, glee fin
beneath the centre of the oil saturated region remains fixed but as the oil drains the fingers on
the edge of the oil saturated region move inwards. This has the effect of reducing the
wavelength of these perturbationsd)c These instabilities are lgnseen when the solvent is
highly mobile and the oil is not which is representative of high permeability and high oll

viscositywith low solvent viscosity.

To determine the number of cells and time step size to be used in the rest of this study a
sensitvity analysis was performed to ensure numerical errors are minimised. The isothermal
model was tested because the drainage pattern is the most complex and should therefore require
a finer grid and time step size than the thermal médglire2a shows that decreasing the time
stepfromp p 1T top p 1 has negligible effect on the recovery curvgyure 2b shows

that increasing the number of cells fromx50x50 to 7575x75 hasavery smalleffect on the

recovery curve. The program was run on a single 2.20 GHz core of the Maxwell HPC and the
75x75x75 cell model tookl36 hours to run with a time step size@f p 1. To increase
computational efficiency a model with 80x50 cells and time step size@f p 1 may be

used to reduce the runtini@ under24 hours withousignificantlyimpacting the ecuracy of

the model.
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Figure 271 Sensitivity analysis showing the response of the isothermal model with a) different
time step sizes using a*B0x50 cell model. b) different numbers of cells in the model using
atime step size @f p 1.

High Péclet numbengpresent high permeability, high oil density and low oil viscosity. As the
Pécletnumber increases the system becomes rooneectiveand theréore recoverytime
decreaseduring initial stagestecovery is diffusion dominatednd thePéclethnumber only

has an effecon oil recoveryat later timesA low Péclet number represents a system where
permeability is very low antthe oilis highly immabile, and therefore mass transfer is diffusion
dominatedA high viscosity ratidc  represents a low solvent viscositya high oil viscosity

As the solvent viscosity decreases thesolvent mixture becomes more mobile and therefore
mass transfer bemes moreonvectivewhich reducesil recovery timeThe convectiveflow

is entirely driven by gravity and therefore large differences in the density between the oil and
the solvenincreases theonvectivebehaviour of the system and increaseil recovery rate

If the solvent mobility is low then the density ratio will have little to no effect on the behaviour
of the system and there is no difference in density the mass transfer is entirely diffusive as

there is no potential to drivaonvectiveflow.

The concentration dependant diffusion exponents dependenbn the specific solvertil
system and determined experimentallgrger values o decreas¢he thickness of the mixed

17



372 zone between the oil and solvent saturated regions whevectveflow occurs. By narrowing

373 this region where oil viscosity is reduced, at any time less volume of fluid is free to flow
374 thereby reducingil recovery rates.

375 3.1.1 Validation of isothermal model

376 The isothermal model can be validated agamstilable dta for laboratory experiments

377 performed using high permeability core samples agtdrwith oil and submergedamiscible

378 solvent Data from two sets of experiments have been used with specific oil and solvent
379 properties shown in Table’1 Oil saturatim inside the cor@lug was measured using a CT

380 scanner throughout the experiment. The original study attempted to replicate the experiment
381 using MoReS (Shell lmouse reservoir simulator) but failed to replicate the experiment using
382 realistic masgliffusion coefficients calculated using the WHKdang equatiofi, Equation

383  (43). Where the association facteris assumed to be 1 for unassociated matefalss the

384 molecular mass of the solveii¥js the temperature in Kelvin, is the oil vigosity andw is

385 the molar volume of the solvent.

386 © _ (43

387 This gave the model parameters aJablel. The term! + is assumed to be 1 as the pore
388 geometry is unknowrA onedimensionamodel developed b8harifi Haddad et al. was able
389 to capture the behavior of one of the experiments with the core samplshthwed a one
390 dimensional drainageatterr{®. A mass diffusion exponent of 2 was confirmed to give a good
391 match between their model and experimental datee only variation is the use of the

392 concentration dependant mass diffusion coefficient.

393 In this studythe cylindrical corglugs used in the expenens® wererepresented in the model
394 by a cuboidal block of dimensionless height and width @indl 0.63 respectively, with a

395 characteristic length df = 6x10?m. This conservethe surface area to volume ratio of the
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396 core plug. For both experiments thimck was represented by a>x4@x50 cell model.The
397 number of cells was reducedthe geometry of the domain was chand&idce thesize of the

398 cells was noincreasedhereshould nobe anyimpactonthe accuracy of this model.

399 Tableli Model parameters for experiment 1 & 2 using the mass diffusion coefficient
400 calculated using Equation 2§,

" : 0 0'Q
[-] [-] (m?/s) [-]
1 Pentane Declain 1.43 0.07 5.9x10° 1673

Exp. Ol Solvent

2 Hexadecane Declain 1.17 1.05 3.3x101° 2700

401 The results shown iRigure 3 show that this model has a close match with the experimental
402 results. The main source of error is likely to result from using a cuboiddd inildbe model

403 whereas the core plugwe cylindrical. In addition, the boundary condition of the model
404 assumed solvent concentration in the fractures is constant whEmet exactly the same

405 condtion in the experimentas a fixed volume of solvent wasside the container where the

406 core was submerged. However, the volume of solvent was very large compared to the oil

407 volume inside the core, which makes our assumption reasonable.

a) Experiment 1 b) Experiment 2
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408

409  Figure 3 - Comparison of experimental and simulation recovery profilgthis study for
410 experiment 1 and 2.
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411  Solvent concentration profiles of a slice through the centre of the core plug are shown at various
412 times during the experiment measured from CT scans and compared with a slice through the
413 centre of the model irfrigure 4 and Figure 5 for experiment 1 and 2 respectiveljhe

414  concentration profiles show a similar behaviour between the model and the experiment in both
415 cases. As shown irigure3 the simulated recovery &little behind the recorded recovery for

416 experiment 2 at later timespnfirmed inFigure5, and is most likely a result of the cubic core

417  plug reprasentation.

t=54 min
s N TRRRRART N s AR X iR
S )RR BT I
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B o e PR
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. QMM o
& -ty >
Cisdh s 2 ISTEN

Simulation

1 1 L
0 01 02 03 04 0.5 0.6 07 08 0.9 1
Solvent Concentration, cD 18]

418

419 Figure41 Comparison of solvent concentration profile through the centre of the core plug
420 from the experimef and the mode(this study¥or experiment 1.

20



421

422
423

424
425

426

427

428

429

430

431

432

433

434

435

t=0 min t=26 min t=52 min t=107 mint=197 min

Experimental SUSSSESEEESE SES——

m»m‘J DR

A 3 ‘) ) \

. »v . ) * o X " { “

vt o e N s kS "yg

? EREE k P ) (& Lt

‘v\

- ll”uu

Solvenl Concentralion. CD [-]

Figure57 Comparison of solvent concentration profile through the centre of the core plug
from the experimefl, and the modefthis study¥or experiment 2.

3.2. Hot solvent injection

In this study, simultaneous heat and mass transfer dthimgil recovery proesses from
fractured reservoirs wamodelled Therefore,in the rest of this studye focus on the
mechanisms difiot solvent assisteall recovery and optimisation of such procesadsactured
reservoirausingthe solutions of our modellhe reduction boil viscosity with temperature is
captured inthe model by increasing the dimensionless thermal viscosity reduction ‘term,

This value can be found for any system when the oil properties and injection temperature are
known.Modelling of a hot solvent assisted oil recovery process requires further information
regarding the thermal properties of the system. The dimensionless values used are summarised
in Table2 which are calculated from the valuesTiable3 and porosity%. T1@&. The thermal

properties of the system aualikely to changegreatlywith different solid and fluid samples.

Table2 i Dimensionless thermal properties of fluid and rock

Dimensionless Rock Oil Solvent
Property
Cbol[] 1.15 1.0 "
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[ 16.67 1.0 1.0
436
437 Table371 Thermal properties of rock and fluids
Rock specific heat capacity 850 JKkg?
Oil specific heat capacity 2000JKkg?
Solvent specific heat capacity 2000JKkg?
2.5WmiK1
0.15WmiK1
0.15WmiK1
" 1000 kgn'
” 2700 kgn'3
438 Figure6 shows that using hot solvent with a high valué otan greatly reduce recovery time.

439  With very high injection temperatures, the rate of recovery remains roughly constant compared

440 to the cold solvent case where the rate of recovery declines over timeg shows the cold

441  solvent case

!
I
]
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06 ! =1
e | —,LLT:10
§051F
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0040 —
&_, él ...... ,(iT—‘IOOO
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0.2: pD:O.G Le =10 1
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fp = 1000
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442 tp [

443  Figure 61 Recovery curves fatifferent values of representing different temperatures of
444  injected solvent.
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445  Figure 7 shows the drainage pattern when a hot solvent is usedemndsdtrates that hot
446  solventassisted oitecoverycreates a different drainage profile than cold solesststed oll

447  recoveryas shown ig-igurel, having all other parameters the same. The temperature of the
448 oll is increased much beyond the solveittinterface reducing the viscosity. This means that
449 the oil can move together as agdsbody towards the bottom fracture. This is showignire

450 8which clearlydemonstratethat for cold oil flow velocity in oil saturated regionsisgligable

451 and all flow occurs parallel to the solvenit interfacein the mixed zoneln contrast, there is

452  a high flow velocity far away from the solveail interface in the centre of the matrix block
453 using a hot solvent. Also it can be seen thatHerttotsolvent case, the flow igrtical instead

454  of parallel to the otkolvent interfaceThis showshat heatransfer is a diffusiomlominded

455 process and it can enhance the mixing at the interface of oil and solvent, which eventually helps

456  to havecorvectiveflow in the matrix block.
a b C
458 Figure 7 1 Solvent concentration profilehrough the centre of the modglertical plane)

459  showing the typical drainage pattern using a hot solventtvitd p 1t pTMITT T&,
460 ¢ ¢,° PTMRITQ pid Tata)do ™ MMO TEIMTP&C)0 T\ T.C
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462  Figure 8 7 Quiver plots showing the flow velocity through the centre of the matrix block
463 (vertical plane)during recovery using a) cold solventth v Q p T pTITTIT T,
464 & cato T8t p& b) hot solvent with PMRATQ pid Tatd TP U

465 Figure9 compares the oil recovery time adichinage profile of thenatrix block for cold and
466 hot solvent assisted oil recovery processes. It can barsEagure9 the drainag@rofiles are
467 different for these processes, and heat diffusion can greatly influence the physics of the

468 transport inside the matrix block

469
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