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ABSTRACT™ . o

»

This research presenls an expenmemal and theoreucal study of" brtumcn/heavy ail

mobrlrzaﬁon by‘solvems gases and surfaclanls under cold condmom Our experrmemal

studies are aimed at examining several means of mobrlrlauon of highly viscous oil/bitumen

., v N o . _p. . '
employing synthetic crude, carbon dioxide and surfactant.

Athabasca oil sands .and Suncor synthetic crude were used in lincar and

rectangular(visual) laboratory models. In the linear core runs it was observed that a"llhoug_h a

- small solvent slug could " move rhe“oil locally, plugging of the formalion and the cold fromt

»

ahead made the displacement very inefficient. Experimenlal runs cmploying a high

permeabiliry channel were conducted in a rectangular model which allowed’ 'packing‘o[ a

~ bottom water zone. Runs .made with this model showed strong dependence on solvent slug

size, thickness and permeability of the water zone. Stimulation of oil sands by the: carbon
dioxide and surfaclam in combination with solvent did increase the incremental recovery of

the biiumen an'd the injected solvent. Combination of gas and surfactant were not effective ‘in

the absence of a solvent A thin. bottom water zone enhanced the mjecuvrty and mlerwell-

[

communication: Visual model runs were perf ormed to obtain an rdea of the ﬂo\v pat(em

0 [N

A simulator for solvent leachmg of oils sands was extended to include a number of
4

: addmonal effects. Srmulatron runs. were compared with the experimemal resulls and good ‘

bottom water served as a transnon layer f or the drssolved brtumen

An analyucal method usmg streamlmes was developed and tested ‘1o scale the linear

core experrmental results to conf’ med areal pattcrn floods. lt was found that in the first 1 5‘2

3

:HdPV solve“ht mjecuon the brtumen recovery is comrolled by the leachmg process conf rrmrng

the results of the numencal srmulauon c P .

k o7
N . . | .

,Q.a<‘
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NOMENCLATURE

"D, - liquid phase molecular diffusion coefficient
D, - apparent longitudinal diffusion coefficent

£
~ .
D( - apparent transverse diffusion coefficent
“Dp_ - grain particle diameter '

D, - solid phase molecular phase diffusion coefficient

F - formation resistivity factor
. g - accclaration due 1o gravity

N - Dimensionless Damkohler

D numbe‘r‘

NPC. NP - Dimensionléss Peclet number
" R_- hydrodynamic pressure A
Q- injection rate o .
- spherjcal particle rad.ius
Sty - di::nensionless time of dissolution
| u- Dafcy velocity ‘

GREEK 'SYMBOLS
« - dispersivit.yi . T
" a - adsorption coefficient .

p - density
. N . - . k -
u - viscosity

@ - contact angle
‘o - paékin‘g inhomogeneity factor .

Ce.
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1. INTRODUCTION AND, LITERATURE REVIEW

-

INTRODUCTION ‘ o | | .

'

Convenuonal oil “Tecovery methods can not be used drrectly in buumen saturated orl
sands because of the very low bitumen mobility. Thermal methods are often applied as a

means to explou such reservorrs with llmned success. In some instances, use of addruves may

help mobllmng the bitumen Addmves such as caustic, foam, polymers sutf actants solvents,

"“lr,gases,mlght mcrease mobility, reduce interfacial tension and residual oil. A hterature survey

veals that thelr use is usually associated with a thermal recovery scheme Because of the

hlg cost of these dditives and the low oil price, a careful screemng of these addluves is
lmperauve 10 ma§ any pI'OJeCl economically feasible. Prevrous work concernmg heavy"
oil/bitumen is relatively nevv and.li_mited.’l\'lost of the _work was dohe at the laboratory scale
and has not. been field'-t_ested. The .sc0pe of this review is to loolr at the theoretical and
laboratory studies perfbrrued on heavy oil/bitumen in general‘; solvents, surfactants and gases

in particular.

{

11 \SolvenlthAddi.tives" o ’ o i

1.1.1 Miscible Displacement at Unfavourable Mobility Ratios
When a miscible light hydrocarbon dtsplaces an in- place vtscous orl at an

unfavourable rnobthty ratio tm the case of guscnble dlsplacement mobxhty rauo 1s def med as

vthe ratio of the vxscosmes of the dtsplaced . the drsplacmg phase) v1scous mstabtlltres,

,‘develop These in turn, lead t0a poor dis aeement efficiency.- Rodnguez (1957) found that ‘

L at an unfavourable mobthty ratio, vrsco fmgermg is the controllmg mechamsm l'or the

rmscrble recovery proeess Slevert et al (1957) also observed that the length of the transltlonv.

'zone formed depends on- the moblhty 1atio and charactensch of the core Blackwell et a.'



w

( 1959) used several methods to’ study the factors mﬂuencmg the effrcrency of nuscrble

”

‘drsplacement under conditions of an adverse mobtlrty ratio, and. found that molecular'

oS}

diff usron is the prmcrpal mechamsm causmg the mJected fluld to mix wrth the ongmal flurds.

_place. They also found that in a horizontal reservoir, even if the porous medium is

g homogeneous channelmg and bypassmg take place and as the mobrhty ratro mcreases the

1Splaoement effi iciency and the oil recovery decrease.

Cashdollar (1959) usmg unconsolidated glass bead packs for hrs mrscrble dtsplacement -
runs at unfavourable mobility ratio, observed that the transition zone length mcreased to 15%

of the core length when the vrscosrty difference between the drsplaced and the drsplacmg

liquids was f our- f old, for the same mobrhty ratro

Ahkhan and Farouq Alr (1971) studied the effects of solvent slug size, hot water, and

injectron rates on the recovery-of heavy oil. They found that.an increase in slug size, mjectron

_rate, and viscosity‘ of the light hydrocarbon ledto higher recoveriexAlikhan and Farouq Ali

- \ .

'(1981) also did an expenmental study of moderately heavy oil recovery from a porous pack‘

by the mjectron of a light hydroearbon slug. followed by a steam slr.(g whnch was in tuml

drlven by a convenuonal waterflood. It was.found that the ltght hydrocarbon slug injected ©

prror to the’ steam slug-in a sandpack mrtrally contammg a residual oil saturauon 1mproved the

oil recovery as compared 0 a straight .steam slug run. A large proporuon of the hght_‘
hydrocarbon slug was recovered by the steam tnsttllatron effects. The light hydrocarbon slug o
had little ¢ffect on oil recovery in the case of a hrgh nuual orl saturatron *As also observed in
vAhkhan 's prevrous work recovery was found to hepend on the in- place oil vrscosrty when “
employmg a hot water slug It was also found that the. recovery ratio, the amount of oil’

‘ ',recovered drvrded by the amount of the hght hydrocarbon slug mjected was hrgher and the }

N steam reerdual oil saturauon was lower,, when a steam slug was used rather than a hot water

; slug In both cases the reoovery peaked after wlnch there was no srgmfrcant mcrease in

b Ny

‘recovery wrth-an mcrease in hydrgcarbon slug srze

Lo



£1.1.2 Solvent Stimulation
Solvents used as diluents must be capable of dtssolvmg bttumen and heavy oils wlthout
'precrprtatmg large quantities of asphaltenes. These solids, in’ suffrcrent quantrtres can'
apprecrably decrease the permeabrlrty of the rock. Vrscosrty reductron is a major mechamsm
. for the enhancement of steam sttmulatton with solvents Solvents can lower the vrscosrty of
the unheated bttumen/heavy oil by several orders of magmtude
- . Snyder (1972) mvestrgated the recovery of bitumen by naphtha and steam mjectron
using Athabasca oil sands. in. a two dtmensronal vertical model with a hrghly permeable
channel. He concluded that solvent mjecuon was techmcally f easrble recovermg as much as
(73 5% of the bttumen in-place, but uneconomic smce the bttumen concentrauon in “the
effluent was low Bitumen recovery was hrgher with lower: mjectton rates; contmuous
mjectron led to formauon pluggmg caused by asphaltene flocculauon Naphtha was found 1o
be highly effective in dpening a steam flow path in a homogeneous sand pack, but :
breakthrough occurred qurckly in-a sand wrth a hrgh perrltcabrlrty channel and the naphtha
‘was _ rmmedrately vaporrzed and produced. He did not howev/er investigate the na_phtha ‘
_+injection prior to hot or cold water injection - |
Alban (1975) studted the efficiency of mtscrble dtsplacement for the recovery of
Athabasca bttumen under condttrons of gravity segregatton in a two drmensronal verttcal;
model. Synthetic crude, "Mobil Solvent” and naphtha were used to dtsplace ‘the bitumen. -
Naphtha mjectton gave the best Tecovery, more than 93% of the bttumen m place. The.
process, however was tnefftcrent because the richest sample recovered contamed only 41%
bttumen Gravrty segregauon was an rmportant factor and the effect of injection rate on 4

recovery conf trmed Snydcr sf rndmg betng htgher at lower thectron rates

Note that both Snyder and Alban reported that the maxrmurn bttumen concentrations :

~of about 40% by volume made’ the contrnuous solvent mjecuon process rneff rcrent Oguztoreh o i

f

(1985) -on the other hand predrcted as_high as. 90% bttumen coneentrattons in.a numerteal "

srmulatron study of such a process
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Redf ord and Mcl(ay (1980) presented results of physrcal model expenments A range :

cof hydrocarbons from ethane propane butane, pentane natural gasolrne naphtha to.

synthetic crude were mjected wlth ‘steam. Gtven a set of condrtrons of pressure and

, ,temperature they concluded that the addttrves could rncrease recovery of bitumen. This hrgher :

recovery though was offset by increased loss of hydrocarbon addmves to the formation.

‘Redford (1982) in a stmrlar study, extended the . study of Redford and Mcl(ay to the

;-
comjectron of multi- component solvents with steam. The expenments were conducted ln a

Ltwo- well huff -puff model. He found an rmprovement ,m recovery for a two- component
solvent mjected wrth steam as-compared to. the Tesults of rndrvrdual solvents Naphtha reduced

‘ ’the vrscoslty of the oil phase and a light: solvent carbon dioxide or ethane provided a soluuon

gas dnve Later Briggs et al. (1982) conftrmed thrs study and atte pted to 1solate the effects

- of each component They found that carbon droxrde 1mproved recovéyy by provrdmg energy ‘

on the pressure deplettOn portron of a cychc process

Raplee et al. (1984) screened a wrde range of solvents used in conjuncuon with steam

with Alberta, Utah, California and Saskatchewan heavy oil/ bttumen resouroes Comparatrve ‘

| viscosity and solubthty tests were performed Although a majority of solvents ‘were techmcally | .

'acceptable they recommended hght naphtha for Saskatchewan and: Cahforma heavy orl

resources based upon lmear core runs

' Shu and Hartman (1985) mvesugated the effects of solvent on steam recovery of .

s heavy orl usmg a compositional thermal srmulator They found that the placement of the‘.
solvent in the reservoir rs crucral 1o the process Pe ance by d' termmmg the locauon of “ :
the transmon zone For a parttcular case, the vrscosrty of oil ‘was 4860 mPa .S at reservorr'
condrtxons (38'C) and there was a thin bottom water zone (13% of total thrckness) Steam and =
"‘ ‘solvents were rnjected near the bottom zone and produwd ‘near the top of the formatlon =

: They found that the comjecuon of solvents wrth steam at up to 10% of the steam volurne '
uld increase the reeovery Medtum molecular werght solvents 1mproved recoVery the most" B

Co whxle the heavy solvents decreased recovery SOIVCﬂt r°°°"°n°s were low. w‘th each type Of |

U
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{
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Schmrdt et al. (1985) s[udlid the dtspersron ot" a solvem slug‘ m brtumen injected mto

.a communication path. They developed a one- dtmensronal analytrcal solutron for

breakthrough time'and" outlet concentranon of solvent.

1.1.3 Viscosity of Bitumen-Solvexit Mixtures

Extremely high viscosities at reservorr condmons are typrcal of bitumen depostts m

Alberta or elsewhere The Athabasca bttun?en has a vrscosrty of 5 000 .000 mPa.s at reservoir

' condmons Peace River and Marguente Lake deposrts on the other hand have viscosities of
o several hundred thousand mPa.s. In other parts of the world,. such as in Venezuela the hlgher_

‘reservorr termiperatures (67‘C,versus 5"in Athabasca) result in relatrvely low vrscosmes.

\
The vrscosrtres of Athabasca bltumen at dtfferent tempcratures are grven 4n—Figure

1.1. At 40°C, for example, the vrscostty ‘is 20 000 mPa.s. Bttumen -synthetic crude mrxtures

show large reductions in vtscosmes Viscosities of bitumen at diff erent solvem concentrations

‘ and temperatures are shown in Figure 1.2, Greater vrscosrty reductron occurs at’ lower

concentrattons, For example, at 49°C (120°F), the viscosity reduction is five-fold at 10%
. . . . ' ) . . . .

solvent. volume whereas. from 40 to 50%, it is only three-fold.

1.2 Effect of Gases on Oil Mobilization and Recove'rv A B S

Use of gases to mcrease the recovery of Oll has been extensrvely studxed and therc

-~

have been. numerous field applrcatrons wrth varymg ‘Suceess. For thc case of /heavy

%

onl/bttumen vanous mmrsctble drsplacements and well - sttmulanon schemes ve been

proposed since the 1950 s. Regardless of how gases are utthzed in any given schem reduction

“of oil v1scosrty, crude oil expansron mcreasmg m]ectlvrty. and solutton ,A

corr't‘ribute‘. to mOhilization‘an‘d reco‘very. Anio'ng gases, carbon dioxide ‘seems’tp- have the most

extenswe data and consrderable pronuse as it wrll be apparent in the follo ‘ ng secttons

-

R .

, drive rr'lay .

[ORIEERY
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1 3 Oil prnnsioxi"‘ ' )

Solubrhly of gases in bitumen and heavy oil was found to be dcpcndenl on pressure,

temperature and crude composition. Mehrotra and Svrcek (1982, 1984, 1985) measur the

eﬂ'ects of gases en 'densily ahd viscosity of Peace River, Athab'asca. and Marguerite \Lake

.‘c;: o brmmen In therr 'findings, solubilitics of gases, measured at several temperarures and ’

- l

Cg%mressurcs mcreascd in the following order; N, < CO < CH. < CO,; < C,H.. Slmrlarly t§

effects of dlssolved gas on the live bitumen viscosity' also followed the above order, Th

S A . .
volumetric solubility of CO, increased almost linearly up to a pressure of 6 MPa. Beyond this

pressure, the rate:of increase was smaller, Solubility of carbon dioxide in Athabasca bitumen

as a function of pressure is shown in Figure 1,3, For carbon dioxide~salurated bitumen, the

¢

_solubility mcreased. with pressure and decreased with temperature The density of saturated
o)

bnumen decreased wuh increasing lemperarure but pressure had no effect on the density,

Mrller and Jones (1984) studled the solubility of CO, and the swelling of heavy oils (15-1T7

APl) expenmemally. The PVT curves showed ,a sharp break at approximately the

" condensation pressure of carbon dioxide when it went from the gas to the liquid, phase. Very

>

little CO, }venr into solution after carbon dioxide was in the liquid phase,

L

Note that Svicek and Mehrotra did not observe the sharp break that Miller and Jones

reported, pos'sibly i:;ecause they worked at relatively low ’prESSures.
- (}"‘,‘,r . ' N N P .
' | 'a ' ) , ' 4 ﬂ .

14 Viseosity Reduction ' - {7

*A large viscosity reduction occurs in bitumen and heavy orls when they are saturated
with certain ‘gases at mcreasmg pressure. The viscosities of dead and hve Athabasca brtumen

m contact with CO,, CH. and N, were pubhshed by Jacobs er al.(1980).
!
The viscosity, density and gas solubxmy’data for Athabasca bitumen saturated with

CO,, CH.. and N., were published by Svrcek and Mehrotra (1982). Their experiments were

carried out over a’ ternperature range of 25-100°C and up to' a pressure o§ 10 MPa. Figure 1.4

[
L3

S e ) .

‘bitumen Saturated with gas?
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'showg the viscosities of the CO,-saturated bitumen at different pressures, At a similar
pressure ‘and temperature, saturation with CO, yielded a maximum reduction in bitumcﬁ
vfscosily. Again, Mehrotra and S¥rcek (1982) reported the viscosity of Pcz;cc River bitumen
saturated with different g‘ascs; The solubility of disscﬁved gascs‘incrcascd in the following
order: N,< CO< CH.< CO,< C,H.. For all five gases, an increase in temperature and
pressure resulted in a reduction in the live bitumen viscosity, \
Raplee er al. (1984) screened a number of gases (H., N,. CO,. CO, C'H..., C,H.. C,H,.
Freon 22) for the in situ steam prbcesses for Alberta, Utah bi;urﬁcn and Saskatchewan, and
California heavy éils. Their oil reaction tests revealed no significant reactions between gas and
resource oils, Based on solubilities, they chose CO, and C,H, for the Alberia resources but did
not obtain any additiomal recovery in the experiments ‘limited 1o a one-dimcnsional physical
" model. Briggs et al. (1978) measured the viscositics of Cold Lake bitumen and Aberfeldy oil

at subsaturation concentrations. Viscosily decreased linearly with concentration at a givem.

temperature and pressure,

1.5 Dri‘f.fhsion of CO, into Bitumen and Hfavy 0il

Carbon dioxide mixcg with heavy oils by diffusion as well as by solution, If oil and
CO, are ip contact with an initially sh;rp interface, they will diffuse into each omc'r. The
. sharg interface will become'a diffuse mixed zone with time. This tendency for mass tfansf er
to' take place in such a way as_to éause thle concentrations to bécome uniform, in the absence
of any convection within the system, is defined as molecular diffusion. Diffusion.helps carbon
dioxide to penetrate into heavy oil 'and may reduce viscous fingcring. A need arises fo}
accurate knowledge of' “the diffusion coefficient to determine the amount of oil contacted by
gas; it enables the dptimum soaking time to be determined.

lnfonnation available on ‘the molecular diffusion coefficient of carbon dioxide into

- bitumen and oils is restricted to experiments performed at atmospheric pressure. For dense

gases and liquids, molecular theory has not advanced enough to allow diffusion coefficients "tq

[y
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be caiculaled. Davies et al. (~19§7) repor;éd the diffusion coefficients of carbon dioxide for a
nun;ber of organic liquids and hydrocarbofx ‘mixt‘ure's. For a gas oil of 26.5 mPa.s v'iscosily,
the diff uéivity was 0.728 x 10-* cm¥/s at 25" C and at atmospheric prless'ure. They suggested
that the diffusion coefficient was a function of —l_— |

McManamey and Woollen ‘(1’973) propo:gd an equation in which the the diffusion
cocf‘ficienl was' a function O-flu""”. Schmidt er al. (1‘;82) con'cludedh that carbon dioxide
diffusivity into bitumen is of the order of that c;bscrvcd in most liduid systems, They also
inldic'ated lhal; the diff usiv'ily was cdncemra(ion dependent, increasing with hjghcr
‘conccmralio.n.‘ More 'recemly_ Denoyelle and Bardon (1984) found that ﬁhc diffusion
coefficient of CO, ;néreases with pressgg_._m 15 MPag, diffusion coefficients increased -
five-fold over lhosé reponed in the literature at-atmospheric pressure. For cxamplc.‘ they
repprled a diffusion coefficient of 4.6 x 10-* cm’/s at 15 MPag and 80" C for a 570 mPal.s
viscosity oil. ) ‘

It is interesting to note that both researchers, iIn spite of exlr'eme viscosities, reported
hlgh values of diff usiog coeffi icients. It should. be pomled out, however, thal the high values
reported could ‘have been affcctcd by convection streams mduced by density changcs and .

preseure gradlents at the beginning of the experiments, and by swelling or expansmn of the oil

by solution of CO, (Rojas, 1985).

"1.6 Asphaltene Précipitakion ) ‘
' One of vthe probicms' enéoumered in the | bitumen recovery is the asphalicne
precipitation which may cause pluééing. Aéphaltcne ﬁrecipitation causes reduction of ﬂow',
which gives rise to problems in wellbore equipment, flow lines and possibly reduces formation

'permeablluy ' '
Asphaheﬁe‘s arev polynucleic aromatic sheets cbﬁ;aining about 15-25 ‘rinés, with various
aliphatic and alieyetic tesidues on their perimetérs. ‘Asphal_tene— "precipitation acc'urs ‘vihcn |

asphélt-based cr’ude.oils lose t.heir'abil'ity to disberse conoiqially‘ the suspended sblid ‘pa.rticles.

a . EE " v
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" Solvents and gases are known to cause precipitation under‘ .certaln CQnditions; thus this
phenomenon should be considered in a possible a‘p‘pllcau‘on of solven'ts. :

‘Mitchell andy Spelght (1973) investigated precipitation of asphaltenes from Athabasca
brtumen at room temperature by a number of solvents Aromattcs and cycloparaffins by
prectpltatmg little were’found to be good solvents Paraff ins, especially low molecular weight
ones, were found to precrprtate asphaltenes up to 17 weight percent of the original bitumen.
Later, Raplee et al. (1984) tested precrprtatron at elevated temperatures It was indicated that |
asphaltene precrpilatlon decreased wrth increasing tempcrature For the Athabasca, Utah
bitumen and Caleornra heavy oil, Suncor naphtha did not leave any precipitation at all =
Graue and Zana (1981) studied the phase behaviour of CO;/light orl systems. They observed

a dark solid prectprtate at carbon dioxide concentrations of 44% mol. or hrgher The solid
prectprtate was estimated to be 2-5 volume% of the original reservoir oil. Diaz (1978)
observed that Suncor synthetic crude effectively reduced crude oil viscosity, and did not cause

any asphaltene precipitation.

1.7 Surfactants as Steamflood Additives - |
Currie et @l. (1980) evaluated the relative effectiveness of a number of surfactants
crimble test for promoting the breakup of the oil sand matrix. The crumble test, expressed in
terms of the cohesive strength of compressed oil sand' pell'ets.. vvas‘ shown to~.be sensitive to
surfactant type and coné\entration PH., ionic strength, presence of counterions tempe‘rature ‘
_ ‘and oil sand composition. Heterogenerty of the sand pellets af fected the results depending on -
"the source "Handy et al. (1980, 1982) evaluated the thermal statg_rlmes of several surfactants at
elevated - temperatures The results they obtamed were inconclusive. Isaacs McCarthy and
* 'Smolek (1983) examined the use of surfactants as addtuves to steam based proeesses The' ‘,
authors reported that drsplaeement experiments showed a substantral tncrease rn bitumen -

. g,
- recovery ef frciency in the presenee of surf actants for both hot water and steam injectron

PN
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Raplee et al. (1984, 1983) investigated the type of surl‘actants whtch could be used as

steam addmves in bitumen/ heavy oil recovery They performed a series of thermal Slablllty |
crumble and adsorpuon tests on- varroususu_rfactants. Their criterion was based on the
capability of the surfactant withstanding elevated temperatures in the presence of stearn_‘its
effectiveness' in the mobilization of oil or bitumen from the oll‘ sand matrix with the crumble
“test, and adaorption of ‘surfactanta by sands and clays. As a result of these experiments, the ’
most effective‘surfactanté were the alkyl aryl and alnha olefin s_ulfonates. Later hot water
.‘n\lns instead of steam‘in one-dimensional cores showed the greatest improvementnin ﬂrecovery
with the high molecular weight anionic and alkyl benzene sulfonate surfactants

Although it is agreed that the -surfactants enhance the recovery when used as
additives, a precise understandmg of thé enhancement nmechamsm.ts nol estabhshed_. In heavy
oil/ oil sandls, viscous forces are much more important "than‘capil_lary forces.” When the
viseosity of oil is reduced by steam ‘jnjection. the capillary- forces play an increasingly
".important -role. The surfactants, by reducing the imerfacial tension, can increase the

—~ —

displacement efficiency.

1.8 Presence of Bottom Water 4 ' S - \
In many heavy oil/ oil sand formattons a water sand occurs below the oil” sand mv
commumcatron with it. The water zone may be a transition, zone. part o‘f an aquifer, or a
' zone of high water saturation. The‘ thiclmess and "p‘ermeability_ of the water layer may vary
cdnsiderably. , o | , | T - o |
V "_ Several laboratory studres have been reported Pursley (1974) used a scaled madel to
‘ srmulate a0.5ha pattern wrth 43 ‘m sand, 15% of the thtckness betng water zone, and 100 Pa.s
orl Recovery was 36% with one pore vol;me of steam mjectron Steam was f ound to override . "
rthe oil and the water zone enhanced the mjecttvrty Ehrhch (1977) and Huygen and Lowry :
(1979) mvesttgated the. Tecovery of Wabasca bttumbn in a laboratory scale rnodel with bottom '

water preseqt The heated brtumen was found to- be swept mto the water zonc by the_- -
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condensate.

¢

. Use of low pressure scaled models for bottom water stearnﬂoods has been reported by
| ‘ Steg‘emeier et al ‘k1980) and 'Prats (1977)). Prats reported results for Peace River conditions
: (200 Pa.s oil) with Oll -to water zone thlckness ratios of 2.0, 4 and 10 The operauonal
.strateggg)nsrsted of. mjecung steam into the water zone pressunzmg, and then blowmg down
‘to raise the temperature of the overlymg oil zone. In each case of bottom water,-a drfl'erent .
operattng scheme was l‘ound to be opumal r |
Stegemeter et al. (1980) used low pressure vacuum models 10 simulate the Mt Posoi

. s
f leld which has a water dnve and developed a successf ul operatmg strategy

»

lslam and Farouq Ali (1985) tnvestxga_ted the effects of “bottom water in laboratory
. ‘ ‘ , ‘
models. For light and medium viscosity oils, the water zone was found to be detrimental to

MOSt Tecovery processes.

| .l ;9 Leaching Phenomenn( |
There: have been a number of studles concerning leaching in, porous medra in recent
years. Although the mmerals 'sought are- ether/than oil. and gas the underlymg Teservoir
dynamics are srmrlar The term leaching, also called solutron mrmng, efers to the leachmg of
‘ mmerals m situ’ by crrculatron of the solvent over and through the ore body (Treyball ‘
(1980)) Slmtlarly the solvent drssolves the interstitial bitumen in an orl sand matrix.
| Bommer‘ and Schechter (1979) made- use of the: streamline method for computer
' srmulanon Later, Schechter and Bomrner (1982) studted the opumtz.atron of uranium leach
‘mrmng They found that the reactlon rates of the t:ompetmg mrnerals should be taken mto_ |
' hctount The reactton rates are controlled by the Damkohler number, and there isa mrmmum
drstance between mjecnon and productron wells to utthze oxidAnt most advantageously |
Helnm and Fogler (1980) studred the drfferent rates of drssolutron for mmerals m; .‘
-porous medta 'I'hey developed a mathemaucal model descnbmg the movement of muluple :

reacuon zones and the depletron of the reacnve fluid m porous cores Wang et al. (1981) and
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Kabir er al. (1982) p;esenled-variou's‘aSpects of in situ uranium leaiching‘using the streamline -
models. . '

Oguztoreli (1984) treated solvent leaching of the oil sands. by developing‘ }; o,
~ dimensional . mathematical model using finite difference techniques. He * used “three

. T \ \‘ 2 . ‘l‘
dimensionless groups z:omrolling the leaching. The dissolution of bitumen is governed by the

Damkohler number and solvent capacity numbers.

[y

Kabir et al._‘(1985) preéenled a new scaling method for:modeling in situ l'caching of
. . . I D

Juranium. They simplifieda-2-D probiem to a bundle of 1-D problems. When dispersion is
neglected; the bundle of 1-D prbblems is further reduced to a sihgle‘ 1-D problem. The 1-D

- calculation accommodates chemical-rock interactions and the streamline model accounts for

-

.areal sweep. The agreement between the results of the scaling model and the numerical model
N i , . . 1 \_ N

was excellent.

-



2. STATEMENT OF THE PROBLEM

Currem enhanced recovery techmques for brtumen and heavy orl are 1mpeded by .

vmually rmmobrle oil in the reservoir and lack of mterwell commumcanon Recovery from oil
‘sands is also hmrted by the low mjecuvrtyassocxated with the drSplacemem of- hnghly viscous
bitumen. This research in general is armed at unprovmg f]md mobxhty ahead of a cold oxl

‘ f ront by various expenmental methods. The objectives are to mvesugate‘the followmg.

T

P :
1. The ef fecnveness of solvents in mobilizing brtumen and heavy orl in a lmear laboratory

: model.

2. The recovery ef f iciency of oil by solvent- and surfactam addmves f or |
1) continuous mjecnon of solvent at constant rale
ii) injection of slugs followed by surfactam solution at a constant rate. ‘
‘ 3. The use of subcritical carbon dioxide to increase mobility ahead of a heavy oil bank.
4, The uulrzauon of the bottom water layer f or transporung the dlsplaced fluids and

mcreasmg mjectmty m a rectangular model.

5. The comparison of numerical simulation results with experimental resujts.

6. The prediction of "the effluent’ COncentrations' at. the Apro“du,ction end u$ing the leaching

B

 theory.




3 EXPERIMENTAL APPARATUS AND PROCEDURE
The three physrcal models used .in thts work are descnbed in thts chapter along wrth ,
the respectwe packmg procedures Flurd propertres mjecuon system and data analysis are also

discussed under the appropriate headmgs

' '3.‘;'1‘Linear Sand Pack y _ | | B

The basrc structural element of the model lS a 122 cm long and‘6 25 cm in dtameter
cylmdrtcal core. The maximum workmg pressure 1s 10. 3 MPa In addmon to the core thc
‘ apparatus consrsts of

1. A Mrlroyal pump to inject water and solvent at constant rates ,

2. Two back pressure‘ regulators

3. Smgle stage separatlon system | B - .

4. A heater for hot water mjecuon

5. Carbon droxrde supply |

The separator is used to separate gas production from fluidrecovery The heater is
‘used when hot - water is required durrng the runs as well as mobthzmg the heavy oil in
saturatmg the core.

311 Packing the Core

L]

. The hnear cyhndncal cores were packed with the oil sand by crushmgr fresh sand with'
-an air -gun. Each time about 200 grams of sand were  taken ouf of the closed contamer
' ,wetghed and-placed in the core. vThen'an air gun wrth‘ a steel rod was used to crush the sand
manually Although packmg the core was ume consurmng, rt assured that the packmg was .
. wtrght and the densrty of the orl sand was. close to the- fteld values After packmg the core was - ,-'

" ‘ttghtly closed and connected to a vacuum pump lt ‘was theh saturated by rmblbttton of ‘

_ “ drsulled water



32 Rectangular Model | - |
The model is made up of a tubular alummum block whrch is capable of wrthstandmg
pressures up to 4200 kPa. The inside dtmensrons of the core are 60.5 cm length 6. 25 cm
depth, and 3.75 cm wxdth The depth was chosen to be deep en\ough so that two dtfferent‘
layers could be packed A ptcture of the model is shown in Plate 1.
The model has one mlet and one outlet at the mtddle of the inlet/outlet faces These'
‘.are used to pack glass beads and measure the absolute permeabtltty The tnjecuon and. N
productton wells ‘are located at 1 5 cm from each end of the core The wells are '0.635 cm in
dlameter and are perforated and fitted with porous metal caps at .the ends The porous caps' '
"‘are f itted in the wells m order to prevent any flow of glass beads and sand parucles There are -
' also four more wells located along the core for ef| fluent samplmg dunng the Tuns. A schematrc
_of the apparatus is grven in Figure 3. 1 |

In order to pack the otl sand and mclude a bottom water layer; the core had a lid * -
[N A

along the bottom side. For packmg purposes the core was rotated along the ends to pack the

.Oll sand first and the bottom water glass beads later.

3t2.1 'Packlng the Model |
Before the model was packed the ojl sand was prepared im an attempt to obtain
_unll‘orm compactton In order to do so, the sand was sorted 10 remove any forergn matenal
. and finely dtvxded and mashed After this lengthy process the sand was spread msrde the
) “model in’ small amounts and was ttghtly packed after each addttton SO as to obtatn a
homogeneous pack Thts packtng of the model was done manually. takrng about 8ix hours
. 'The whole proeess was. repeated for each run. " Y . | : 4
| . The glass beads (80 120 mesh) as recetved l‘ rom the suppher were used ‘for the heavy -
. ‘orl runs ’l'he wet paclung techmque was used to obtatn packs wrth consrstent propertles The
'core holder was suSpended ina vertical posmon and frlled wrth drsulled water up to a few m
in’ herght The glass beads were dropped mto the core holder thorough the open end whrle a

—
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l .
constant water head was matntamed on top of the beads. Followrng packmg the model was ‘
saturated by tmbtbmon of drsulled water into the sand which had been’ under vacuum. To
saturate the core, it was connected to a beaker contammg a known ‘volume of dtstrlled water

n

greater than the prevrously estrmated pore volume of the. pack After the glass beads th the

~ core had 1mb1bed drstrlled water, the inlet was connected to the lSCO pump and water was “ _

pumped through the’ core at a flow rate of about 150 ml/h. When the flow stabrllzed the,
pressure dtop along the length of .the core was recorded f or that pamcular ﬂow rate in order
to calculate the absolute permeabtlny of the core. Since the oil was very vrscous the pumps
were ‘not able to mject mto ‘the. core . eff. rcrently A steel cylmder“ of four ltters was filled 1o,
three quarters capacrty wrth heaVy OIl Nttrogen gas from a high pressure cylmder was .
employed to push the orl from the top of the cylmder The orl under hrgh pressure was then ‘
. able to move l’rom the bottom of the. cylmder to the core. Heatmg straps were' wrapped -
around the cylmder to warm the oil. It took a f ull day to saturate the core wrth oil to the

il

irreducible water saturation (WOR of 100).

33 Vtsual Model 'y

l“,.

. r"-
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A prcture and schemattc of the system is shown in Plate 2 and! thure 3.2. The model

consrsts of a 33 cm x 33 cm x 2.5 cm thrck Plextglass sheet, upon whtch was gBd another

.sheet of the same-srze with a 30.5 cm x 30 5 cm X 2 5cm square cut out rnsrde it, thure 3.3

' tllustrates a schemauc of the model Thrs ‘space was packed with the Athabasca oil sand,

"fmely drvrded leveled and covered wrth a O 16 cm thrck rubber sheet whrch served as the s

-~

* pressurizing' draphragm This was covered wrth another 33 cm x 33 cm x 2 5 cm Plexrglass
' ,sheet wrth a 0 32 cm frttrng The complete model was held trghtly, together by a number of | "
. bolts whrch were placed 2.5cm apart each. 'I'he bottom Plexrglass sheet hole was. connected to \
| ,an air cyhnder 1n order ‘1o pressunze ‘the rubber dtaphragm and thug msure that the 011 sand '

;‘.was ttghtly packed agatnst the t0p Plexrglass sheet to avord any channelmg Thetop plate Was. L

v’

‘ provrded wrth a port at each comer to serve as. wells In a typrcal run one patr of dtagonally;r :

vy

R
F2R
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Plate 2 Visual Model and Fluid Injection System
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opposed holes were closed while the other two were kept open to represent the injection and

- production wells, in 1/4 of a five-spot pattern,

'A constant rate pump was used to inject the fluids at any desired constant rate. The
\ R

injecti%was ‘measured by means Of a pressure gauge connected between the pump

and the model. The wells were perforated with small holes at the ends 1o assure sand-frec
bitumen p\goduction. It should be pointed out that the smaller holes used in the carly runs
caused high\‘ injection pressures. The holes used laler were 0.10 cm in diamclcr

\

The pToducuon well m the model was connected toa 0.32 cm wcll tubing, A sampk

collector and a\ timer were used for collecting the eff luent produted in each run,

3.4 Fluid Properties
The oil sasds were obtained from the Suncor corporation's open mining sile at .Fort

McMurray High grade oil sand. as obtained in a comamer was kepl closed and frozen until

v

it was used. Fach time it was packed, the bitumen and water content were determined b)"

\ . . .
solvent extraction. The bitumen content varied between 14.2% and 17.5% ‘while the water
) ' . .

content varied between 1% and 2%

The surfactant X\sed was an alkyl benzene sulfonate.. The surfactant, under the trade
-name of Stepanflo 80, was oblained from the Stepan Chemical Corporation. It had active
components of 56.3% and Was used as received.

The Suncor syntheué crude used as solvent obtained from the same compan) as'it is a

product of buumen. The proéomes of the solvent are given in Table 3.1 .

’
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Table 3.1. Physical Propertles of Suncor Synthetic Crude b

, -

Density * - Specific -~ . Colour Viscosity  * Solubility
g/ml Gravity mPa.s )
. . o ‘ : in bitumen
. 0827 . 0829 . Dark Yellow 4.5 All Proportions

]
N

3.5 Density of Sand

A random sample of oil sand was placed in a graduated cylinder. It was then extracted

N\ N

e

with a solvent until it was clean and there wa no trace of bltumen"i_n the sample. The‘cleanA :
sand was dried in an oven; or left outside for a’ lonnge,‘and‘ weighed by using an électronlc
balance. ‘Nexl; a specific volume of solvent was added to the sand containe‘diin‘ the graduated
cylinder and lhe. tofal volume was regofded. Knowing the total-volume and flle-wiolume: of the
solvcm.’ the sand volume was caleulaled. c

B The denéitv ol the oil sand was then calculated by dividlng the weight of the sand by

its volume. A value of 2.65 g/ml was determined and used in this work.

3.6 Density of Bitumen .

4

A As above, a known volume of toluene was added to a sample of tar sand of known
weight. By subtracung the solfent volume from the total volume the oil sand volume was

determmed Followmg extracuon by 1oluene the dried sand sample was weighed. ’I’hen the

bltumen welght was calculaled Obtamlng the sand volume as above, the bitumen volume was .
‘the dlf ferénce of the oil sand volume and the sand nglume By dlvndmg the weight bSr volume

the. densxty of bxtumen was calculated A value of 1.037 g/ml was found and used in- this .

.-‘

N P
experimental work Ces
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3:7‘Bitumen Conten‘t
The bitumen comem of oxl sand changes somewhat wnlh ume due to exposure to alr
‘T‘herefore it was decxded to ‘detefmine the bltumen content of oil sand for each run‘_'
‘ mdmdually .
<A sample of oil sand was placed in a éomamer and-welghed By subtracung lhe wcnght‘
' of the container from the’ we:ght of the sample ‘and contamer the wenghl of oil sand. was

LI

Qelermmed. |
Extracting and drying the sarﬁple. the v/:eight of the oil sand was calculated by

subtracting the weight of the clee;n sand f rém the weight 6f the original sand.

| The bitumen coment"\vaé ‘then calcu'la‘t.ed. by dividing the weight of bitumar\x by the.

original oil'sa‘\mple_ weiéhf. The‘v?lues of bi.lumen content by weight fanged frorﬁ; 21.4.2 to’

-

17.5% by weight.

3.8 Bitumen in Place
Thg--b_itﬁfnen in placev for each run was determined Sy multiplying the bitumen content

(b‘y‘ weight) ‘by the weight of' the oil sand. pac—l;c_a into the‘m‘oc.le'l. In order 10 ,obi;in the |

volume.of bitumen in place, the weight of biuimen was divided by thé density of lhé»t;ilumt;ﬁ' .

a

previously calculated.

3.8.1 Void Space
The void space in the pack was determined by subtracting thq volume of 'ﬁure sand

- and the volume of bitumen in place from the inside volume  01" the model. .
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3 9 Density Measurements . '
| The densnty measurements were needed for the ﬂunds and. the effluem samples taken
throughout th‘e experiments. When a surfactant was present in a bxtumen-solvem mixture, the
absorbanee readinés !‘frem the spectrophotometer- Werelnot able to give any us'eful readings.
Thus the ef fluent concentrauons were determmed from the effluent densxty measurements A
V.hxgh precision, densny meter, DMA 60 by PAAR, was used in the measurements A brief
explanauon of the procedure used is given in the followmg paragraph
After a sufficiem time for‘temperature equilibration 'the period T is read for the
» sample tube filled wuh air. Then, aboul 1 ml of drsulled water is mtroduced by means of a’
‘ syrmge into the lower entrance port of the sample tube. It is ensured that the mtroductxon of |
| _water or any other liquid takes place’ slowly enough. to enable the liquid to properly wet the
walls of the sample tube. The period, T, is again read from the digital screen after the desired

temperature readmg 1s obtamed At the end of each measurement procedure the water or

'o

" effluent is drawn back into the" syrmge and the sample cell is briefly flushed with acetone or a

similar solvem The sample cell is dried with the air hose from the bullt -in air pump. Next
the penod T, of the sample is recorded by repeatmg the above prowdure With three T

values the densxty of the sample can be obtamed as f ollows

| e=e + ((T7-T).K)

where
ex" €
—- Tll'Tzz
e = density in g/ml . T o ' L

-»

- wt_lere.subser:ipts 1and2 are assigned for water ‘and air, respeetively, Density of ‘the. air, e,; is



'

obtained from the following formula

0001293
e . I rme——e————— « ®F
@t 1+ 0.00367 t 76

I3

where  © t = tempin 'C

H = pressure in cm Hg

lthe density of water at dif ferent lemperalures’is obtained‘f rom the tables provided with the‘

instrument .-

. .
3.10 Specific Gravity'of Bitumcn
The specxflc gravrty of bitumen was determmed at room: temperature followmg the‘y

procedure outlmed in the "Standard Methods for testmg Petroleum *and its producls " ASTM
| Desrgnauon 59/49 e

L)
The specrf ic gravny of the brlumen is given by the formula

Wo-W)
W, w +wps)*

SG =

‘w‘here
W= .weight. of_ pjconomeler
. vasi_ {weigh’t of pyconometer and bitumen
,-Wpi: water equivalem' ' o
Wp;w;- weight of p)renonreter,. biturnen', and wat_er; -

W= weightof water .
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The value obtained was 1.034 which agrees w reported ‘in previous-studies.

3. ll Pore Volume and Porosity B

The wetght of the sand packed in tshe model was calculated by subtractmg the wetght o

of the’ model from the model plus packed sand The werght of the brtumen was then

\

> calculated by multrply;ng the weight of the sand with the saturauon (wt%) of the oil in the ‘

. sample and the volume of bttumen was obtamed by dmdmg the hwetght of bttumen by Jits

e densrty

The wetght of the pure sand was obtamed by subtractmg the werght of the bttumen
from the werght of the packed sand; and the volume was equal to the wetght of: pure sand

divided by its densrty

The pore volume was calculated then as the sum of the volume of ‘the bttumen in

_place and the void space in the pack. The poroSrty was obtamed by drvrdmg the pore volume

by the insidé volume of .the model.

3 12 Analysis of Effluent Samples

‘The analysrs of the effluent samples was done by means of a Perkrns Elmer mfrared K

spect}aophotometer First a cahbrauon graph was prepared The Suncor syntheuc crude and

Fort McM}uay bitumen. were mrxed in drfferent volumetnc proporttons To ensure thorough

: 'mrxmg. samples were surred for about . tlurty mmutes The mtxtures were analyzed over the'

K 'wavelength range of 2. 5 mrcrons to 16 6 rmcrons A wavelength thh a dlsunct peak was

v

chosen It was ‘observed to be 6 21 mrcrons

The absorbances of the samples for drfferent bttumen proportrons are. shown m Frgure .
. -_3 4 The absorbances of the mrxtures were seﬂhned at- the range of the peak and the
B absorbance values at 1607 cm‘ were read from the spectrophotometer As seen m Frgure 3 4

SO "the pure brtumen has the lughest absorbance whrle the pure solvent has the lowest absorbance

»
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In order to analyze the produced efﬂuent a small sample was mtroduwd tnto a
special cell by means of a plastrc synnge The sample was then scanned in the 1900 to 1500
cm- range and the absorbance value at the peak -was recorded Thrs value was- then converted
into volumetrrc and ‘weight' coneentrauons ustng the calrbratton curve m Frgure 3. 4

-\

ln carbon dioxide displacement runs, the efﬂuent from the model was separated tn a

" glass separator operattng at atrnosphenc pressure The tgp of the separator was connected toa
‘d 7y test meter(DTM) 1o’ measure the amoum of gas %roduced qumds from the separator :
~ ‘were collected in graduated cylinders. | ‘
3. 13 Volume of Ctttboq_)‘Dloxide

\a \.{ '
; ‘\yf L0, injected was measured by means of a-mass flow meter and a

totalizer. A Mathesé’n’model 8250 mass flowmeter for CO, 'gas was used in conJunctton wrth a.
'bMatheson Model 8122B totaltzer With' tlus combirtation the totalrzer was able to record the o
quantrty of ‘gas that had flowed over a perrod of time. The flowrnetcr has a full scale flow
rate of 3 5 standard liters per mrnute lt can be set to any fractron of the full scale. The .
‘tOtallle,r is also-progra.mmed‘ for a desrred count rate through the switch at. the back‘ of. the'
‘ 'devrce | o |

Aln order to calculate the volume of tB'e carbon dioxide at the system pressure and core

’temperature. the Starlmg (1973) eguanon of state for CO; was used to calculate the moles of k

N



o

CO, injected and produced. This equation of state has the following general form.

P = oRT + (BRT -A,- =+ + 20 - Eo )

+ ( pr"-“‘a\‘- % )p? ,:F a(a + %) pf : : b
+ cp’ 1 . z“ (v Y
~r (1 + 707 exp(yp?).

I

A set of constants in SI units were used m the equanon For P m MPa, T in K and p' '

— in kg mol/m’ the followmg constams apply Y
- ! : N v ’& . 1
ST By = 0.024588 A, = 0.176976 'C,'= 2.45187E04

= 188.3481E04 E, = 2.61156E04 b = 0.003781
2= 000943  d=0055761 & = 061229E-04

¢ =1419.7888 ' y = 0006421 TR = 0008314 . - .
- ,‘ l | A mal and error procedure wrth an accelaranon approach was used m a program to‘
determme the molar densny of CO, usmg the above equanon Thxs equauon predrcts. ‘

‘ expenmental densrty data with an average uncenamty of 1 0% by Starlmg s own assessmem
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3. 14 Fluid lnjectiony‘system \ \ o
A constant rate nMrlroyal pump was used for lhe first three runs. The Isco. LC- 5000 ,

pump was then used for’ the re{namder of lhe runs. lt is a syrmge pump wrth a 500 ml

capacity, ﬂow1ate range of 0.1 ml/h to 400 ml/h, and 25 ) MPa rating. The pump operates '

\

in a- constam ﬂow mode and has a drgltal dlsplay of pressure in psr or MPa. The syrmge" ' ‘

A\

‘ barrel and prston are made of 304 stamless steel lt is desrgned for applrcatrons requmng
precrse pulse free delrvery of liquids. It has a ﬂova rale accuracy of 1% of range The pUmp

.has 2 maximum refrll rate of 100 ml/mrn Smce it had to be refrlled at least once for every‘.

o

Y

run, each run had mterrupuous of 5 to }Q\mrnutes The, pump barrel was connected to the

mjecuon well through ﬂcxrble steel tubmg Al the er\trance of the core, a Hexse pressure :

\ .
gauge was connected for pressure measurements.’ \
Commercral grade carbon dioxide (99 5% unty) from a high pressure cyhnder was

R -)

used it lhe expenments The volume of the gas oit of the’ §ylmder was measured as

explained in the Prevrous section. o N\ \
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4, DISCUSSION OF EXPERIMENTAL RESULTS

g

. The contents “of thrs chapter are the results and drscussron of the expenmental runs

1} - 7

performed in the physxcal models A total of 22 expertmental runs ‘were performed in the

‘three mpdels A summary table of these runs is grven m Table 4.1, Appendrx B gives the

———

respective frgures of Runs 4 through 22. Finally, the hrstory of the runs are tabulated in -

Appendrx C. For two of the runs, heavy oil was used to saturate the eore packs and for the - .

remammg nms otl ‘sand was used 1o pack the cores. The problems addressed are: howeVer‘ ,

common in both caSes

LI

Three lmear core expenments whlch were quahtattve and exploratory in nature led 1o

‘ the deslgn of later expertments in the rectangular CTOSS - sectlon core. The runs in the

,r;ectangular model are drscussed accordmg to drstmctrve aspects ‘of each and they are not
b

Lrzed

‘neeessarrly in chronologrcal order. Fmally two vrsnal model expenments are presented when ‘

drscussmg the flow patterns

4.1 Results of Lmear‘{’ack Runs A ‘ {;, L ‘ ' :\ |

»

\ ‘ t
Runs 1, 2-and ‘3 were conducted in the linear cores packed with heavy orl/brtnmen A

‘ combmauon of carbon droxrde synthetrc crude and hot water were employed m an attempt to

: mobrltze the oil under cold or low heat condmons These T s essenually consrsted of m Jectmg

5 .
" S [ 1 '

"a slug of solvent followed -by water wrth slrght vanatrons

‘ Run 1 Carbon Droxrde & Solvent Sttmulatton ‘ L

Thrs run was performed to mobrlrze the brturnen wrth small slugs of carbon droxrde' 1

4 ',

vand synthetm crude A slug of gas and 36% HCPV solvent mjectton was f ollowed by hot water‘

M""mJectton “ o " : f %

A core 122 cm in length and 6 25 cm ID was packed wrth the Athabasca orl sand The o

‘011 sand denslty in the pack was 1. 81 g/ml close to that found rn the l‘reld and the bttumen e,

i content was 15 7 percent by wetght By carbon dtoxtde thectron it. was mtended to decrease".‘_;

o
e

35 .
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the viscosity of the bitumen. Carbor}droxnde was injected into the core unul the prcssure

" reached 3 5 MPa. Al this stage, the amount of gas injected could not be measured wrthout

proper instruments. Next, synthetic crude was injected into the core until it broke through al

" the outlet. Hot water injection at 60° C followed the synthetic crude, It had to be stopped

when the injection pressure exceeded 10 MPa, which was the maximum pumping pressure, At

60% HCPV injected, the recovery was 10% of the bitumen in place. The injection rate was

~ was set 1o 95 ml/h;‘ however, it was observed to decrease uhder high presSure, The copper lid,

. which was used as a production well, was observed to contain clay particles. Thes¢ fine

particles might have blocked rhe jpore space causing injectivity problems.
_Rﬂé_ Solvent Stimulation ‘, -

- This ruh,was conductedég,o overcome the low _injecliviry encountered in Run 1 by not
employing carbon dioxide'and\“osing a smaller slug of soivem preceding hol water injection. ~
The carbon dioxide injection along with solvent was believed t0 cause the swellihg of the

bitumen and thus the ‘blocking of the flow channels‘:

A solvent slug of 10% HCPV was chosen for injection prior to hot water. As in the

", previous run, -hot w’a,ter injection resulted in a rapid increase of the injection pressure to 10

MPa, when if had 10 be curtalled After about two hours mjecuon was resumed but the high.
pressure -again led to the stopping of injection. No fluid was produced in both attempts.

Temperature of the water arriving at the injection port was 80" C but the effect of hot water
was only felt around the in jecnon well. While a consrderable heat loss occurred r:ear the inlet,
il could be concluded that the water was not able to move muich further than the mlet The
analysrs of the sand -pack afwr the run showed Lhat the solvent and water injected

concentrated around the injection well. In thrs run, the oil sand density of 1.95 g/ml in the

core was higher than that of the previous run; u“ghterv packing may have been the cause of the -
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plug‘gidg.
Run 3: Solvent Stimulation in Heavy Oil

This run involved injection of solvent and t‘hert hot wa“ter injection in a heavy oil
: packed.core. It was undertaken lto see if there was any mobility improt/emeol with the ‘ose of
less viscous oil pack. | | -

A heavy oil with a viscosity of approximatcly 50,000 ml’a.s was wel packed with glass
beads of 80-l20 mesh in a 12§ cm long core. Since the oil was 100 viscoys to _inject with a’
ptxmp it was heated in a closed cylinder and driven by nitrOgen gas in order to saturat.;e the
core Sotvent, synthetlc crude was f irst mjected untll the solvent 011 ratio became about S.
Then, hot water at 50" C was mjected until the WOR became 20 The mjectmr. jatc was scl
to 100 ml/h -but the observed rate varied with increasing pressure. The oil refc0velry“ was 17% of
‘mmal oil i{n- place . 4 » |

The three runs above show that it is difficult to moblhze the bitumen or heavy oil
with a limited amount of solvent and transport it in the absence of a suitable path.. Oil
’rrl‘obilizod by solvent could not move through n{e' cold zone, even al the maximutq pumping
pressure.
4.2 Bottom Water Runs in the Rectangttlar Model

Solvents viz. synthetxc crude, naphtha or a gas, carbon dioxide, can motulue the
heavy oil by way of viscosity reduction, solution and dlffuswn When a solvent contacts‘

bitumen of several million mPa.s viscosity, which is virtually immobile-' a miscible

displacement does pot take place 1mmedxately The oil sand mamx absorbs the solvem toa

certain crmcal concentratlon and “the bttumen swells 0 a degree Once the cntlcal . '

. concentration is reached, the bttUmen is dnssolved The solvent bnturﬁen rmxture cap then be R

displaced by a. solvent or. another dlsplacmg agent Smce thls process mvolves the soluuon of -

one of the constituents of a sohd mxxture it may be treated as a leachmg problcm



In Runs 1 through 3, it seemed that the solvent dissolved' the bitumen locally around
the injection poinl but the bitumen-solvent miitture was not able to‘moye through the solid
" zone ahead u_nder the applied pressure gradients. N | | |

Many heavy oilformations in Alberta and Saskatchewan are characterized by a water
saturated ‘sand located directly below the .oillz;one and it usually has commtmieation with it
| The water zone may be merely a high saturation zone, or a transition zone Inf the context ol‘
“this research, bottom water refers’ to a zone of. sﬂléa sand or glass beads haying a water

. saturation of 100%.

[N
f

In any oil recovery process, the presence of ‘bottom water is likely to have an
. o . . o ' . . .
inhibiting effect on oil recovery. The injected fluid will tend to channel into the low resistance

water sand. The magmtude of such channeling will depend on the orl viscosity, relative water
zone thiclmess. injection rate oil saturation in the water zone, if any, and vertical
permeability. Although a bottom water zone is undesirable, it may serve the purpose of
providing initial injectivity in very vrscous oil f ormations. .
Kasraie and Farouq Ali (1984) ;evrewed the field case histories of thermal recovery
methods in the presence of bottom water. The authors concluded that a water leg thicker than
_ - about one-fifth the oil zone tluckness could make the cyclic steam stimulauon unéconomical.
One commercially suceessful field pro;ect they Clted is Murphy s Lindbergh cyclic steam
stimulation project The Oll viscosity is 50 000 mPa 5. As many as eight cycles have been
conducted, with 0il -steam rauos averaging 0.25, close to the predicted value of 0. 3 The
predictions took into account steam in the bottom water The formation thickness is 15 20 m,

\
with varying amounts of bottorn water; on the order oi' 3 m.

™

Bhrlich (1977) lnvestigated the recovery of as kPa s bitumen With bottom watef

present lt was found that the heated bitumen was SWept into the -water ‘zone by the

"condensate. He notes, once the water zone is preheated it eannot be plugged off and must be L

. saturated With oil by gravrty flow before steam will advanee into the orl zone and the resultmg p



a

oil-steam ratio’is low. . T,

' Consrderrng the results of the aforementloned runs and the leachmg process it was
decrded to desrgn the expenments ina rectangular core (details of the model are grven in the
previous chapter) The model was made to allow packing of a bottom water zone underlying
the oil zone. The hrgthp"ermeable water zone of variable thrckness was intended lo serve as a .

' __transporting medium for bitumen. In the following \sections, the runs conducted in the -

rectangular cross section model will be discussed' with or without a bottom water pre'sent.‘ ,

4.3 Effect of Hot Water on. Bitumen Mobilization’
Hot water was USed in Run 4 tor observe if’ low level heat would mobtltze the brtumen
effectrvely Heatmg pads were wrapped around the steel tubmg along the sectton from the

pump to the mjectron well. A thermocouple placed at the mjectron pomt was used 10 record.

the injection temperature There were also three other thermocouples placed at equal dlstances. g

-

: msrde the core and at the productxon well The temperatures were recorded every two minutes
: durmg the run lt was observed that durmg the’ earher phase of the run, the heating effect of
hot water was not felt even in the middle of the/core Heaung pads were then wrapped around .

the core: near the mjectton point in the- later stages of the'run thus heaung the model

throughout The reason for heating the model was that the temperatures near- the producuon

‘ well drd not change by hot water mjectron o l : < oa
) ' .o .

© . As 1t is shown by the hrstory of the run (Appendrx C) brtumen mobthzatron was of
‘small extent and the recovery was about 2% of the brtumen in- place Although thrs run had a
: tltrck water zoqe it could nevertheless be sard that low level heat 1s not suf ﬁcrent to mobtltze‘

. the brtumen or is not enough in a margrnal Teservoir of thrs type Because of the dlff iculties.

_in temperature control and ‘the neglrgrble effect of low level heat the runs followrng Run 4

did not mvolve any heat and were performed at room temperature (24 C)



44 Effect of Bottom Water Zone Thickness on Bitumen Mobilizanon |
Runs 4, 5 and 13 were conducted to observe the effects of the relauve thtckness of

'
.',_y

bottom water zone on bitumen recovery Table 4.2 compares the three runs Although hot

42

. water and more solvent were injected in Run 4, recoveries were about the same as for Run 5. 0

‘Run 13, on the ‘other hand, had a thinner water zone (bitumen-to-water zone ratio of 7). .
After about '20% HCPV of synthetic crude injection" the injection pressure ’reached the
maximum pumpmg pressure of 4.2 MPa watchmg to water did nof" decrease the mjectton

pressure and the run had to be halted. Hence it may be seen,. gtven the ltrmtatrons of the

laboratory expertments. that an orl»to-water zone ratio of 5.25 seems to be the best among -

~ the three. As a result, the following bottom water Tuns were done with a ratio of about 5. In'
the next chapter results of the s1mulatton study mvolvmg relative thrckness effects wxll be
discussed. | | |
~ The bottom water zones in these ruhs had about the same permeabtlmes It was‘
: reasonable to compare only the relative thtcknesses However 1t is more appropnate that -
capacrty rat;os be eonsxdered when companng the bottom layers The capacrty is the product
of permeabthty and thtckness Smce the same type of bottom layer was used m most of the ',
| ‘runs only the relatrve thtcknesses were consxdered On the other hand Run 17 had a different -

bottom layer The capactty rattos wrll be compared in dtscussron of tlns run

" Table 4.2. _Effect of Bottom Water Zone Th_ickness .

RunNo. . - Solvent Sl * —>"" " Bitumen Recovery
R (%HCPV) o N (%BIP)
s e s o g
St o T Haltedduetohighmj.-

- pressure -
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4.4.1 Solvent Stimulation ‘
Runs 6 7 and 8 were conducted wrth small slugs'of solvent to observo thc brtumcn
mobrlrzatron with and wrthout bottomn water Run 6 had nQ bottom water zone whlle Runs 7
and 8 had. Although the runs are not strtctly comparable Table 4.3 gives the slug sizes and,
‘ .recovery f tgures for these runs | |
Run 6 was a waterflood wrth.a solvent slug mjected in the middle. The rectangular
ﬂ‘ Cross- secuon model was packed wrth orl sand with no bottom-water zone present. The run was
\started with 1 HCPV of water m]ectron to see- rf\ there was bttumen produced at all No
brtumen was observed and a solvent slug of 10% was rnjected followed by water agam At the
end of 3 HCPV of rmecuon the brtumen recovery was only 1. 8% o( the bttumen in- place
The mixture of bttumen and solvent was in small droplets. Runs 7 and 8 had recovertes of ._
14.8%'and 7.6% but also‘,involved surfactanlt ~irr additlon to solvent. They vvlll‘ be discussed m
the Solvent - Surfactant Floodmg chapter |

Table 4.3. S&vent Strmulatron Runs

Y .

A

"Run-No. o -'Hb— _ -Solvent Slug ‘ Surfactant -~ - ' Bitumen
: . Tw i+ (% HCPV) (%) - Recovery '

- o o o0 (%IBIP)

" 6. No Bottom Water 10% - 1.8

1. 5.25 e 20% : 5 © 7.6

8. 1 14.8

s’ . %L

: 4 4.2 Solvent Floods ' '
Solvent strmulauon runs as menuoned above had very lrmrted recovery of orl thus,

it was drffxcult to compare one run wrth another Solvent flood runs m contrast xnvolve'. '

KN

‘ contrnuous mjectron of solvent and

S

« e

result in hrgher recoverres For more meamngf ul
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comparisoris. and to determine the limiting cases, .solvent flooding runs 9 and 10 were carried

Runs 9 and 10 had nearly identical packmgs and uid propemes Oil sand to brtumen“ ‘

‘zone thlckncss ratio was 5. 25 in both runs. Drstrlled ater was dtsplaced through the

. N
rectangular model unul it ‘broke through at the producmg well only in Run“9

Companson of these wo, runs is given, m Flgure 4 1 Solvent breakthrough m Run 9is

‘ earher but the' effluent brtnmen concentratton‘oes not peak as hrgh as. that for Run 10 One o .

explanatton could be that the water mjectron in Run 9 had opened up more flow channels

'

: pnor to solvent m Jecuon Thus the solvent in Run 9 folfowed the flow channels of water and

>

| broke through earlier than in Run 9 ln Run 10 the drssolutron process has more time to

drssolve the brtumen hence the drssoluuon prooess is more competmve wrth convectrve

-~

: transport than Run 9. (lower ‘peak) in the ‘earlrer stage of the‘run. The drfferences in ,the

concentrations decrease with more solvent injection and the final Tecoveries turn out to be
Q.
o closer for each run Af ter. the brtumen concentrauons peak in each .curve, there.is a drasuc

decrease in brtumen concentrauon mdtcaung drssoluuon of bxtumen Smce much of the
‘solvent rs absorbed by the brtumen untrl about 0.8 HCPV of mjecuon the solvent -
~ concentration is low m the effluent dunng that' ume Raprd drssoluuon begms when the‘

‘ -brtumen no longer absorbs solvent and drssolves tnto the hqurd phase h

Brtumen concentratron declmes raprdly after the {nitial flow channels are created (at(

. around 15 HCPV mjecnon) Dunng the dechne penod the brtumen concentrauon m the '

J O jeffluent fluctuates as seen in Frgure 4 1 One possrble explanatron could srmply be due to

"';samplmg 'I'he pump used in. these runs had a capacrty of 500 rnl In each run it had to be A

L »v_;._refrlled at least thce thus causrng the expenment to be stopped for frve mmutes ln the frrst. .v X

Erefrll of the pump. whrch comcrded wrth the raprd dechne penod of the concentratron o .
_,fluctuauon xn the effluent conoentrauons were observed When the dechne beeame gradual o
'1,~th° peaks occurred just after the run Was stopped and restartecI The number of the peaks m“- '
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. the gradual declme penod equals the number of refills. Such xntervals mrght have mcreased -
v"‘ the solvent)dlf f USlOll tnto the bitumen in the absenee of flow therefore the fluctuatrons were
possibly a, result of these mterrupuons The fmal bttumen recovenes are 82 3% and 85. 3% for
‘ Runs 9 and 10 respecnvely (Appendtx C) The solvent recovery ftgures are"also close to each“ |
other ‘ '\"‘

The vlsual post run 1nspectron of the core showed that the regton close to the‘
mjectton well was almost free of bttumen Thrs ‘was 1nd1cated by the hght colour of the
solvent in both the water and the bltumen zones. The ongmally trght orl sand matnx also- <
became soft and loose It was also nQticed that the top of the orl sand matnx retamed some of )
 the dark colour. A‘longs‘ the ‘core from{&e tnjectron to the productlon end,’ the brtumen content ‘ “

of the ma'trix was seen to increase;-'theiinjecti()n end being swept the most by the solvent. The}, |
entire wafer 'zone‘ was. coloured m the same way as the oil zone 'althou.gh the latter was
: relatlvely darker Thrs observatwn supports the idea that the brtumen apparently flowedl
through the water one: The softer sand matnx also mdrcates changes in porosrty and thus - )
permeabrhty The concentrauon proftles dunng the nin wnll be drscussed tn detarl in the‘
numencal sxmulatron chapter | | S
| ln the prevnous contmuous solvent mjectton schemes reported m the literature review,
the bttumen concentratrons m the effluenT ere lower than the ones obtamed in Runs 9 and | ,
10 Farouq Ah and Snyder (1973) and and Abad (1976) reported that in therr\~
two drmensronal Vertrcal tar sand pack runs the hrghest bttumen concentrattons were around e |
40% by volume makmg the proeesses meffrcrent They also mentroned the predommance of . .
. wall effect from a; number of v1sual studres m vertrcal glass tubes packed wrth |
-" --HAthabasea oxl sand In a companson of the packmgs 1t was also found that the packmg o,

densrty was hrgher in. Runs 9 and 10 The dtf ferences m the bttumen concentratlons could then E

i 4 -~..

be due to packmg. The resxdual bttumen saturatrons near the mjecuon port showed relatwely TR o

) unswept regrons m Snyder s expenments L EEOR
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Q4. 4 3 Solvent-Surfactant Floodrng - i >
Surfactants have been used to alter the surf ace tensron or wettabtlrty of orl/water/sand
mterfaces Thelr use as waterflood addrtrves and f oams wrth steam dnves has been establtshed

‘ » in freld applrcatrons In the case of heavy orl/brtumen the selection of surfactants for pos;rble o

i v

use wrth steam on oil sand formattons was studred by varrous researchers Zlegler and Handy

(1979) and Handy et aI (1982) exammed the thermal stabrllty and adsorptton of surfactants

‘ Isaacs et al (1982) conducted laboratory scale experrments 10 examme the use of surfactants
. as addmves to steam -based processes Hot water and steam mjectron wrth surfactants showed
‘substantral mcrease in brt,umen recovery from orl sands Raplee et al. (1985) in therr

‘ evaluatron of varrous addmves found that the surfactants showed greatest rmprovement m oil |

recovery Among surfactants alkyl benzene sulfonate under the trade name Stepanflo 40
' demonstrated a srgnrf icant rmprovement of recovery in Alberta orl sands

Although it is agrwd that surfactants as additives . promote addmonal recovery m
heavy orl/brtumen,,a precrse understandlng of the enhancement mechamsm is not establtshed

'Vrscous forces play a far more rmportant role . than caprllary forces in heavy orl/orl sand

\

! formatrons When the vrscosrty of orl is reduc:ed by steam, the caprllary f orces begm to play
"an unportant role The rncreased recoverres in- the presence of surf actants are theref ore related

to the decrease in the mterfacral tension. S
\ ' " ' »
Runs 7 8 and 11 ‘were conducted to study the effect of surfactant when the vtscosrty

o

of the bttﬂmen in the formauon was reduced by a prevrously mJected solvent slug These runs B

all mvolVed mjectron of a solvent slug wrth surfactant soluuon at’ vanous stages In Run 7
L "solvent w,as mjected m the mrddle of the run whereas 1t preceded the surfactant mJectron m

y v (ﬂ,, L ‘

Rtms"ﬁ and 11 An alkyl benzene sulfonate Stepanflo 80 was usedf\the expenments It is a

‘ more effectrve version of Stepanﬂo 40 (crted above) as suggested by the vendors A sgmmary
f of these Tuns is grven in Table 4. 4 . o SN o ‘

.
e .
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 Table 4.4. Solvent-Surfactant-Flood Runs -

Runno. 2. 7~ Solvent Slug “"‘"Surf‘actant % “ l?itumen Recovery
. - (BHCPV) 0y . (%IBIP)
7. | 0 s, 14.7
8,  w 1. 1.6
1. S 104 1. 68.2

" In_Run' 7 a surfactant soluuon of 5% vol was mjected for 2 HCPV lt was mtended‘»

" that such a htgh conoentratton ‘of surfactant would mobrltz.e some of the bttumen Bitumnen
recovcred in thts stage was not produwd oontmuously but rather in thc f orm of small blobs m

the effluent Brtumen was bcheved to. be a dxseonunuous phase wrtﬁm the porous_ medrum

~ HCPV. Surfactant retennon as observed frorn,the colour of ‘the solution’ produced and.rts'

- analysxs was estunated to be small

Bemuse of the. low brtumcn recovery in the fust stage of the’ run 1t was decrded 10
l
stmulate the orl sand pack thh a 20% HCPV solvént slug at the injecuon end Surfactant

.solition mjecuon was mumed at a rate of 300 ml/h: The total rwovenes at the end of 34 ‘
| HCPV of total mjectton were. 14, 7% of the tnmal bttumen in plaee and 54 4% of the solvent
" in Jected In the analysrs of the ef ﬂuent and the renmnmg orl sand m the pack the surfactant i |

- was found to be present in each phase. Although the relauve amounts of surfactant in the .

|

‘ ‘_‘flutds and m the formauon could not be detenmned aecurately, tt 1s beheved that only a small“'_

RO i

e amount of retenuon by the paclt oecurs pnot 10 the rmuauon of bxtumen producu n and‘""

‘ ‘f»gradually tncreases as more brtumen is dtsplawd Most of the bttumen was reoover in the -

1 esame slug of. solvent SR

O

- more than what was recovered wtthout surfactant wi

Run 8 was Performed in- a sumlar fashron A solvent slug of. 10% was inJected frrst o

-"l‘ollowed by 1% surfactant soluuon About 3% of bttumen in- plaee was recovered at 2 5 |

[T ST
.
\

. "The produced - flutd was mostly water and the bttumen recovery at tlus pomt was only 3. 6%"" ’

K . second phasc only after a 20% solvent slug The addmonal bttumen recovcry of 11 1% was - o




in _Kun /, a surtactant soluuon ot 5% vol was injected tor 2 H(,PV lt was mtended
at such a htgh conoentratton ‘of surfactant would moblltz.e some of the bttumen Bitumnen
ovcred in thts stage was not produwd oontxnuously but rather in the f orm of small blobs 1n
: efﬂuent Bntumen was beheved to.be a dxseonttnuous phase thhm the porous medrum

e produced - flutd was mostly water and the bttumen recovery at tlus pomt was only 3 6%

“PV. Surfactant retenuon, as observed from,the colour of ‘the solution’ produced and.xts

. )
' . LN

alysis, wasesumatedtobesmall " S ' IR Y
Bemuse of the. low bttumen recovery in the fust stage of the’ run 1t was decxded 10

l
rnulate the 011 sand pack thh a 20% HCPV solvént slug at the injecuon end Surfactant

‘ f

ution mjectton was resumed at a rate of 300 ml/h: The total rwovenes at the end of 3. 4
‘PV of total mjectton were. 14, 7% of the tmttal bttumen in plaee and 54 4% of the solvent
ected In the analysrs of the ef ﬂuent and the renmnmg orl sand m the pack the surfactant

s found t‘o' be present in each phase. Although the relauve amounts of surfactant m the

|
1ds and m the formauon could not be detenmned aecurately, n 1s beheved that only a small

RO i

ount. of retenuon hy the pack oecurs pnot t0. the tmuatton of bxtumen producu n and

dually mcreases as more tntumen is drsplawd Most of the bttumen was reeover in the

ond phase only after a 20% solvent slug The addmonal bttumen recovery of 11 1% was - T

v '

re than what was recovered wtthout surfactant wi ithe same slug of. solvent .

O

Run 8 was performed in. a sumlar fashton. A solvent slug of. 10% was inJected ftrst

lowed by 1% surfactant soluuon. About 3% of bttumen in- plaee was recovered ag 2 5

-

§

Iy

ARtough/ie esperiment above.points out the necessity of viscosity reduction, sich'a .
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be superior to solvent leaching or surfactant flooding alonc. Note that the bitumen
concentrations in Run 11 are measured from the bitumen-solvent-surfactant mixture, The oil

’ -
cut in the produced,fluid otherwise is lower because of the large water cut produced.,

§ Fffect of Carbon Dioxide on Bitumen Mobilization

As mentioned in the literalufe review, gasés can reduce the viscosity of heavy oil and
bitumen due to solution. Of gases, carbon dioxide gccms to have mofc extensive data and
promise as an cnﬁanced heavy 6il recovery agent. Carbon dioxide is viewed as a viable
alternative lb thermal ‘recm‘/ery where the formation conditions do not warrém heat injccﬁon.
Carbon dioxide can be injected into a reservoir in the liquid or the gas phase. Rojas (1985)
cited f ihdings that in the case of heavy oils jt is better to inject the qarbbn dioxide in the gas
'pha§c: rather than in the liquid phase. ¢arbon dioxide eithér has been used in a non-thermal
recovery scheme or as an additive in ‘stcamﬂoods.. Redford (1981) Iand Briggs et al. (1981)
studied a combination of additives, in which car‘boh dioxide and naphtha werc both used as
additi\'es' with steam in iaboratory core experiments. They ;eponed higher r;:covery of bitumen
with both of the additives c;ver each .additi‘ve alone. - "
In this work carbon dioxide was injected in slugs to assist the dlsplacmg agent whnch
followed the gas, Carbon dxoxlde was injected prior to displacement by so]vemhor water.
There‘was no production while the gas was. injected. Carbon dioxide was injccted at the

" production well.
‘A preliminary run, in which the core packed with oil sand and a bottom water zone

N

was pressunzed by water injection, was carried out to check the system Carbon dioxide was

-

1njected at about 4 MPa to check for poss:ble leaks. Upon inspection, the core was corroded
' due to the formation of H,CO, This was especially apparent in the bottom water zp‘ne It was
for this reason thal the gas was initially injected into the systcm at low pxgsmrcs in the

a

f ollowmg runs. .
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Runs 12, 17, 18, and 22 involved carbon dioxide injection. Th: gas Qas injected into

the core starting at- atmospheric pfessure in the beginning or in the middle of the run. The

“volume of gas injected was calculated f fom the final pressure and ﬂéwmet.er reading usiﬁg
-Starling's equation. A summary of these runs is given in Table 4.5, |

Table 4.5. Carbon Dioxide Stimulation Runs

- " ,
Run No. -}‘J— Slug Size Surfactant CO, (% Bitumen
" (%BHCPV) (%) ' HCPV) Recovery

: . (%IBIP)

. . 7

12. i 6. 0. 1. s, " Nil
17. 5.25 317. - 50. 25.1
18. 5.25 1.0. .- 45. .51.1

22" 5.25 0.0 - 1. 32. Nil

* Heavy oil run

i

In Run 12, the rectangular cross-section'core was packgd with oil sand and a water
zone. The bitumen-to-water zone thickness ratio was 6.0. A slug of 5% HCPV carbon dioxide
(at 5.8 MPa & 25 C) was injected, Eolloﬁving the gas, the 1% surfaélant solution injection
was started. No bitumen was produoéd until after 2.6 HCPV qf inj‘ection. ai which time the
run was terminated. Upon'iﬁspection of Lhé core, the bottom water zone was observed to be
free of bitumen. It was ‘conciuded from this %un that the gas and surfactant failed to mobilize
and transport the bitumen.‘ :

In Run 17, carbon dfoxide injection followed 2 HCPV of solvent irijectiqn in an oil
'sand paék 'with-.a different bottom water layer. It was observed that gas injection increased the —
effluent bitumen concentration. Becauée‘ of the different bottom layer, this fun will be
discussed in the next section.. | ' M

Run 18 was designed to observe the combined mobilization.effect of solvent and .

carbon dioxide. The run involved injection of 1 HCPV of solvent followed by carbon dioxide

! to-
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and ‘water injection. The core was packed 'with oil sand and a bottom water zone, The
. N \ .

bitomen-to-waler zone thickness ratio was 5,25,

The Tun was started with injection of syntheric crude. At the end of 1 HCPYV solvent
‘injection, bitumen recovery of 24.8% was obtained (Sce Appendrx C) Following the ‘solvcm_
carbon dioxide was injected until llre oressure reached l‘ MPa. Subsequemlv water displaced
the mobilized bitumen resullin'g in a recover); of 51.1% (Fi\gurc'4.3).‘Th'c sharp  drop in
bitumen concentration which occurred in the solvent floods was not observed m the effluent
token after the gaé injectiont Instead there was an increase in the effluent bitumen
concemralion. While some of this increase could be explained by the interval during which gas
injection took place (as discussed in the solvent flood section), a high bitumen content in rhc
‘ ef fh‘renl‘w‘as maintained until the end of the run. Bitumen concentration was measured by rhe ‘
content in the bitumen-solvent mixlure of produced ﬂuide. Although this concentration
increased, the water-to-ef ﬂuerrt ratio became larger as more water was injected (See Figure
4.3). ' . (‘Q |

.The total bitumen ano solvent recoveries are 50.1 and 5.1.4% reep‘ectively. The bilurxrcn
in place was replaced by 48.6% HCPV solvent. Thus if the solvent injected versus- bitumen
produced is compared, a volumetric incremental recovery of 1.5% HCPV is obtained. If the |
solvent injection had contmued instead of gas, brtumen and solvent recoveries would havc
.been 82.3 and 68. 5&; respectively (from Run 9). ln Run 9, whxle more than 68% of solvent *

K

was recovered, a substantial amount of it was left in place (1.18 HCPV). In contrast, there
was 49% HCP~V of solvent left in the core in Run 18 as the bitumen recovery was 32.2% less
To make a better comparison, a recovery ratio” is det‘med as the bitumen produced
over solvent left in the pack. Accordmgly. the hrgher the ratio, lhe more efficient is the
scheme. ThlS ratio would be 1.02 for Run 18 versus 0.70 for Run 9. lf the cost of the gas and

water injection were not taken into accoum or assumed less Lhan ‘that of solvem injection, a

combined solvent and carbon dioxide.injection scheme seems to be more ef f icient.compared o

M
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‘ a contlnuous solvent one. Yet Run ll, ;vhich involves solvent andl surfaciant injection ls ,
supenor to both Run 9 and 18. A" companson of these runs is deprcted in Figure 4.4. The
figure shows the bttumen recovered against the solvem lef t in the pack in a normalized form. o
| for each run. -

‘In the above runs ‘in this section the gas . was effective when used with solvenl. The oil

.sand pack was used in these runs. Run 22; however was performed 10 study the effect of

carbon ledee and surf actant in a less viscous heavy oil pack. A S% carbon ledee slug\ was

’

‘ followed by 1% surfactant mjectnon "The tectangular cross- section core was packed with heavy'
oil of 15605 mPa.s. The oil-to-water zone thickness ratio was 5.25 This run.was pe‘rf ormed in-
the same fashron as Run 12 to see if there was an 1mprovemenl in mobrllzauon when usmg

less viscous oil, As in Run 12, no onl was ever produced after gas and surfactant sumulauon
l")

The run was terminated when a large amount of sand production occurred. !

4‘.“6 Efl‘ect of lWat‘er Zone Permeability on Bitumen Mobilization : o e

ln most of the runs the bottom water zone consxsted of glass beads of 140-230 mesh

LR

'ln order 10 see the effect of the water 20ne permeabthty glass beads of mesh 20 30 were used
o

as the bottom water zone in Run 17. Thrs run consrsted of contfhuous mjectron of- solvent and

/ : . T .
a carbon dlomde slug of 50%. ‘ _ D‘ e : PR -
. . 5 ) a o e . ' ’ . |

The bltumen -to-water zon¢ ratio m this Tun was chosen to be 5. 25 ins order to have a. . o

,"\- N »,

drrect companson wrth the other solvent flood Tuns. The permeabtl"lty of the water zone \vas
T Nt "' "-.o

calculated to be about 360 darqes by the Kozeny equatxon Table 4 6 gtvcs the comparauve

- ;-

| recovery and capaclty rano for Runs 9 and 17 Although cfhe thrckness rauos are the sarhe the . o

‘- . i - "‘

‘ capacrty rattos are greatlyr drfferent The capacity ratto for thlS run rs a better 1nd|cator of the

bitumen recovery ST e s T e — f

s




'RUN 18, SOLVENT+CO2 FLOOD -

RUN 11, SOLVENT-SURFACTANT FLOQD

. RUN 9, SOLVENT FLOOD
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e ‘Table 4.6, " Effect of Water Zone Permeability v o
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e | “b“. Ca T "‘ e .

= " Run No U TL . Capacityo ?'.‘SOIJv'é‘nt”Sluug“ IR ‘Bitimen
e e el L Ratio - (% HCPY).. .. "Recovery (%,

SN e e S8t sy o 3'(.1* o e
R S PR L SRR X ARSTUANEA N | | SRR 251
.\ ‘ ', r .\f(.‘ ‘ \‘. ™ n .' - -“. | . — “ .. J;\.l ) \" , .
e ,".. BN The run was starled thh symheuc J:rude mjecuon al a rale of 300 ml/h The ef ﬂuem
. AT . ¢ \,‘ i . ,
DA Qtu’men concentrauon m the ﬁrst sample was only 16% by volume fn comrast ‘the bxtumen
: ‘; u:«“ ‘co'ncémmuon was 69% m;Run 9 where the bottbm watc;r zone had a. permeabnluy of 6 darcles
b production hlstory of the run _1s gnven in’ anure 45 The concemratnon qfell to 6% by lhc
" T nme l HCPV of solvent was mjected I ‘cgnunucd to drop gtadually and u was decxded m

R stop the solven‘t mjecuon at 2 08‘HCPV At tms pomt ‘the bxlqmen recovery was 10 7% of ‘he
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brtumen In such a process the gas 1mproves recovery on the dram poruon of the cycle by

Dt
Y o h
A R ) {z

vrscosrty and dnve ef fects and the naphtha 1mproves recovery on the mjectlon poruon ol‘ the

o 1
',. e

. cycle by 1mproved recovery m rhe water swept zones ' - ' :'g R T

ln a srmrlar process where the solvem is used as an dxsplacmg agent mstead of steam ,f.‘f _'(

Y
\

the gas rmproves recovery by provrdmg vrscosuy and drive el‘ fects and the symheuc crude

l \ {. R ' 4

1mproves recovery by transportmg the brtumen Carbon droxrde whnch has drssolved m the

o ; unswept poruons of the core in the gas mjecuon poruon of the run breaks out of soluuon

L and provrdes dnve energy The solvent lowers the vlscosity of t.he brtumen and enables lhe .

' dnve energy of the carbon droxrde to be used more ef f ecuvely

- | The second phase of thrs run was performed tq teSl the aforemenhoned egect of

A

carbon droxxde wrth solvem drsplacmg the bxtumen A slug of 50% HCPV carbon droxrde was

2 mJected after whrch the solvent mjecuon was resumed ’l’he. bltumen concentranon Jumped t" \

' ,‘q(. k':_‘ﬂ_ t
N concentrauon in thrs stage of the rin was: more gradual than the f rrstf phase when only solvem

H‘.'
éf&
e

HCPV of .solvent drssolved and carrred the brtumen rt Was able=1




O]
t

- and 81% respectxvely Bef ore ‘the gas. xnjecuon “the run had a bttumen recovery of 11 7% and L

solvent recovery of 50 7% On the: other hand Run 9 had bttumen and solvent recovenes of - "\ -

61 7 and 24 9% at- same mjectton pomt The bttumen recovery of Run 9 was about 5 Umes as'

N e

much as’ that of Run 17. of Run 9 was 6 darcxes A companson of these two runs 1s glven in
Figure 4.6. As can be seen f rom the flgure Very htgh permeabthty channels are detnmental to

the mobrltzatlon and recovery of bttumen

47 Surfactant Crumble Test ', o R

f,‘

In the hterature review sectton it was menttoned that the surfactants mlght promote ‘

the breakup of the Oll sand matnx It was observed in Run 12 that the surfaétant Stepanﬂo

B r

' 80, was not able to mohtltze the bttume alone or m combinanon with carbon dtoxtde VY i

Because of the gresencé of a bottom water zone the effects of the water zone andtzf} actant

were lnot 1solated from each other Hence Run 19 was carned out thhout a water zone

» e -

. Pnor to thts run a beaker contamtng a known wetght of 011 sand was ftlled wtth
r‘» /' !

Stepahflo 80 soluuon of 1% by volume at, 25' C. The beaker was closed and kept at thts
e

‘.taken out of.the beaker was dned and extracted for the bttumen content No'sig‘nificant

eh conten\ of the sand was found The beaker Was then heated up to 60 C'. , .
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" inten

proct;rj was repeated erght ttmes and. each ume the soluuon was free of bttumen It was

‘ _ ," IR ‘ o B 62 '
e B ' ‘
\bhough

surfactant solutron flowmg through the porous medmm may help open flow paths under

pressure gradlents Run 19 was performed to see if the surfactant soluuon pnor to solvent ‘
\ ! ' . .

© . in jection would help mjectmty and promote a breakup of ﬁre oxl sand matnx

v

The rectangular cross- secnon model was packed with 011 sand and drawn - vacuum

on. The l% sugfactant solution was mJected at the producuon end of the model whrch was

fully packed wrth orl sand The mjectton contmued unttl the pressure at, the outlet end reached

A

1 9 MPa The core was left closed at both euds unul the pressure dropped by 0 4 MPa The

o producuon well at this time was opened and the surfactant solutlon was allowed to flow out ]

a

The soluuon was vrstbly free of bitumen and about the same colour as it was m]ected Thrs’

« e

that the surfactant soluuon injected and ﬂowed out would open more flow paths .

T ’ .
[

Followmg above procedure, solvent mjectlon was mmated at a rate of 300 ml/h “l"he

P

| brtumen concentrauon in the first effluent sample was 41% (Fxgure 4 .D. It decreased wiih

more tn]ectton of .solvent and the bltumen recovery was 50% after about 2 HCPV o. solvent i

P

mjectron The concentratton and hence ‘the recovery of bltumen wese lower than ‘those of .

. \comparable runs where a. substanUal amount rof solvent was used (Runs 9 10 11) In, o

addluon those runs had bottom water layers The srgmfrcance of this run was that conunuous
A l ) ‘A

~ solvent tnjecuon was achreved mto a full sand pack wrthout a bottom water layer The fun

e :_ -was contmued wrth mJectton of carbon dioxide from the producuon well -At a pressure of 830

l

,-v_kPa a. 40% pore volume gas saturatton was present in the core. After an mterval of two e
s hours the surfactant mJecuon was started and at the end of ‘one pore volume an incremental‘_ '
recovery of 6% was obtamed The total brtumen and solvent recovenes were 56 7 and 65 4%’.

: respectively The process was however mefﬁctent smee 70% HCPV of solvent was left m o

t

-m‘plaee Carbon dioxtde retentton was 68 1% Consldermg the mcremental recovery and use of ' _f“" . -

b _"the surfactant soluuon thrs part of the run was arsomeffrcren It was eaused pqssrbly by the o

the expenment above pornts out the necessrty of vrscosxty reducuon such a
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L
: - \
- flow paths wmchrwere near the walls of the model. The sqlvent tended to f. low into these

paths and did not contact some of the bitumen awa)< from the walls. Continuous solvent

0 r o

injection was possible in this run whereas Run 13, f or instance, had to be stopped when there

was a bottom water zone present,

»

4.8 Visual Model Experiments

- ¥ ‘ / . ' . > '
The visual model experiments were performed in an atiempt to observe the flow

\

pattcrns It was not posstble to inject the solvent at hlgh pressures in this model ( maximum

' / o
workmg prcssure is 400 kPag) lAs a result it was not possnble to m)ect enough 'solvent into

- ’

. "the system. Another problem associated wnth ‘the model was that the solvent tended to channel

into the top of #the model. The bottom of the model was pr'esgu%ized by the rubber sheet

\

connected to an dir source. For this reasor@olvent channelling did'not present a problem at .
. . L ]
L Y Y vy . .

the bottom of thf model.

%

. L]
Run 14 was performed to observe the effect of a small slug of solvent on bitumen .

T ‘ mobilization in a 'five spot. mod& A total of 20% HCPV of solvent was jnjected in the

begmnmg andrmddle of the run. " / T

3 () ~—

The vrsual model was packed trghtly wrth oil sand and saturated wrth distilled waler.
A slug of 10% HCPV of syntheut crude was mJected at a rate of 3.45 m/d It was followed

by, water- mjectron at the same rate. When the water broke through at the productron end‘

w1thout mobrltzmg any brtumen 1t was decrded to inject another 10% slug of solvent whnch'

was matum followed by water again The ‘hm was stopped when the effluent cut.was less than‘

s ]

5% of the fluids produced (1 46 HCPV) (thure 4, 8‘) The total bxtumen recovery was 4. 1%.of
' '.'tbe bxtumen in place The htghest brthmen concentratton was 36% of the effluent Compared
-tq the bottom water runs tn »the rectangular model wrth the same slug srze the vrsual model
_run ina flve spot pattern gave somewhat better recovery (2% vs 4. 1%) But the presence of

..‘"t

" the bottom water should be consxdered in the rectangular model Tuns. Santples were taken at

u
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| differlem locations in the model and analyzed at the conclusion of the Tun. The residual
salurallons are ehown in Figure 4.9, Note that most <§r tbe bitumerl,tha‘t was_produced came
l'rom the area near the injeclion well. Very little bilomenv near the production end and the
corners was mobillzed. Tbls result is in accordance with those of the rectangular nlodel runs.
Upon 'vlsoal inspection of the sand pack, it was observed. Lhal, the bottom part of the pack
was w'lrtually unswept while the upper part was swept the most. This could perhaps be
explained by the ;lghter packing in the bottom, and the small channels between the lid and the
top of the sand BEE - B o

In an attempt to solvent flood ‘in a five-spot panem, Run 15 was performedl. This
time solvent was mjected continuously in a similar packmg 10 Run 14. The flow rate was 3.45
m/d It was. possible to inject solvent up to 55% HCPV, when the’ pump had to be stopped
because the pressure reached. 400 kPa at that.point. Lowering the flow rato and then switching
to water mjectnon did not prevent the pressure from going up. As a Tesult, the run was
termmateq At the conclusion, the bnumen recovery was 23.8% and 22 6% of solvent mjected

"~

was recovered.

D -

ln both runs, it was observed that channellmg of solvent took place in the top portlon

of the pack .The boltom pomon ‘of the pack was relauvely unswept even though 'the mJecuon

® )

points were close to the bottom of the rnodpl One of the reasons could have been the damage

to the bntumen formation durmg the packmg The wells were f orced mto ‘the pack after the lnd
was closed. It was observed that the damage was most extenswe between the lid a.nd the top of
~oil sand pack. Combmed wnh gramty segregauon the solvexit- mjected tended to go towards

- the top. flowmg in the small chaxmels between the lid and t.he top ol' the sand.

*
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5. NUMERICAL SIMULATION
| One of the objectives of this research “is to compare the results of solvent floods’
. obtained exper‘imema.lly‘vrith those simulated numetically with a model for the simulation of
solvent leaching of oil sands. Once the simulatioh of an ‘a‘ctu\al‘.run was-'achieved, it was
possible to elaborate on the dtfferent model’parameters and éaih fhvrt'_he‘r insight into the * .’
. process mechanism‘ | |
Numencal sxmulauon of solvent leaching of onl sands was reported by Oguztoreh’
'(1984) A two -dimensional mathemattt:al model for the in situ xsothermal solvent leaching of )
.bttumen from oil sands was developed The model was sltghtly modified in this work to
+ account* for the bottom water 1ayer. For the basic model ‘the papers by dguztoreh and Farouq :
Ali (1984, 1986) may be referred to. In the following sections the mathemaueal development
of the miodel will be discussed briefly and the relevant parameters will be defined.’
l Porous Region |
The ltqutd phase lS a solvent bttunten solution in which the constituents propagate by
both convection “and dtffusxon The semi -sohd phase is composed of - discrete sphencal
| partxcles confined to the pores of the mamx rock. Only diff usxon occurs in thts phase The '
.instantaneous porosny-. ¢ as defined by Oguztoreh (1984) ‘is the 'volume Sractton in which -
) . -

%
convectxon currents extst m the hqutd phase The constant maénx porostty. ¢ lS the volume

. fraction occupted by ‘the combmed solid ltqutd mixture w1th the saturatton S as the hqmd~~

fractton~ ) -' Lo | ‘ ‘ - | X a T\
S s : %“_ oo S R \ .
‘r . The average pamcle radtus r is related to the hqmd saturatton usmg a pamcle L
l nunhber denstty, N, mth the assumptton of a umform local stz.e dxstnbutxon /l



'5.2 Radial Dissolution -~ "0 , e

Concentrauon gradlents are estabhshed at the solute soluuon comact ol‘ each pamcle

as a resull of the dlscontmumes in dlffusxve propemes The& gradlems crcale dlffusmn _
currents at the molecular level carrymg bnumen ﬁom the: solule pafucles mto the streammg “ N

-~

interstitial soluuon As the buumen desorbs f rom !he solule the Spherical paruclcs shrmk m

. . “ o

.solid volume. The radlal advancé of the comact is- the velomy of dlssoluuon rp in the ‘;"

0-

model. - . . . SRR

A umform solvent concentratmn fs assumed throughout the hqmd phase;;wnh an mmal L

® L S
. .

non- zero saturauon All sohd parucles are imually bxtumen and vond of solvem A cnucal S

- .l""

concentrauon C determmes ‘the, sohdny of sohd hqmd mterface The solvem conbemranon

wnhm the sohd is less than or equal to thls crmcal and the concemratlon at any external pomt L
in the hqund xs greatcr N Clen N :

\ . ) e . B { i 1‘0-'

A seml SOlld molecular dlfl‘usmn coemcem, D, determmes the dlffusion rate of . 7

,. - N . o

sélvent within -the solid intenor lefusmn 1s govemed by Flck s\Law Each sphere has an . e

v [ . . : . ' . e . N

v




v 1 . “ ' Y \~
e - ! . R 7(, \
~ t\ v; s .
initial radius, r.(x.y). and j subject to radial dissolution with a moving bpundary
et P aety ac 7
R s 3 [ 2 " s = ) {5 '
" Zar\" ar at ’ 0<1‘~,<r(t) .
: r : v
y-\ e " o e ‘ “,.- :
A S (0) = P .
O BT gs(rp.s 0) =-C* o .
UNIRADE n:.l’: . Yo C (‘T t=0) =0 .
e The radxal solvent concentrauon/‘ wnhm the sohd mtenor Cs, is deler'm‘inedr
: ‘J“ . " \ o / LY TR
¥ analyucally usmg the method of ;,aplace uansforms The solvem maszs wn.hm the sohd sphere'
B . ’ ° .
e lS obtamed by spaually mtegrahng the radial concentrauon .
S . The ﬁdsggpuon coefﬁcxem a, govems the rate; of solvent adSorpuon across ‘the
e P
transmo)n zane of the conmcl Conservauon of solvem mass equates the solvent uansferred .
. . AANERO : K 1B ) ) “\ .
3 vaL e
‘ f rom "the lxqmd to the accumulauon wn.hnm the solxd spheres This yxelds the the radxal
dlssaluuon mtegro dxfferenual equauon for the sphere radxus rp as a funcuon of the' /

N - macroscopm hquxd phase solvent concentrauon c. | o ; S -
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For qroderatc‘ﬂow ratcs Perkms and .lohnston (1963) l‘ound thal mc apparcm
. longnudmal and transvcrsc dll‘ f usnon coef Ti xcrents vancd wlth thc fi lrst powcr of thc velocnty
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The constant lxqurd phase molecular dtl‘fusmn coefflcrem Do, it s adjusted by the~ W

" uformanon resgtrvrty factor F to account for the tortuosrty ol‘ th% capnllary network The

3 . A . L

. f average pamclti Shameter d is the gram sxze and ‘o is a measure of packm? mhomogenetty
| . | Conservatton‘ of solvent mass relatés the net accumulation thhm the combmcd.
& solute solutron system 1o the convecuve and dtffuswe tranSport fluxea in the macroscopﬁ:-
. 0 ‘ scale Solvent accumulauon m’the solute to lhe mterphasc solvenl transfer thrgugh
. adsorptlon to ngc thc conveeuve drf f usnon srnth adsorpuon equgtxon ' ‘ k .
R . %—- f-;— 5= (p + ogh)] +‘§; [?_‘31 ?,;‘_”(p + ogh)] . ~
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Assummg suffmem cap:llarlty and lammar ﬂow rates the velocrty is related to. the potential
k4

gradnem by Darcyslaw o
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Assummg small changes in densny, the force potenual per unit volume $, is the total‘
3\ V8

of hydrodynamxc pressure P and the hydrostaue gravxty head pgh

et e




and 8 is the accelerauon due to gravrty lt is assumed that sohd phase drssoluuon wrll create a-*

4

mstantneous porosrty mcrease resulung in- caplllary enlargement for the packed bed ’l'he
eomponent permeabrlmes are related analyucally 1o the pordsity by the Kozeny Carman

h equauon

e s -
.'i_"io‘ﬁo;(i'd‘),' ' . - .

The permeabrhues K, j0» are measured at the reference porosrty ¢o The fluid vrscosny u. i

the flurd resrstance to flow due ‘to internal cohesrve forccs The vrscosrty rs assumed 0 be.

, mdependent of flurd mema for the ﬂow rates in the lammar regxme and dependcnl Gnly on o

molecular rrlteracuon For the solvent brrumen System the vrscosrty is related to the quurdny _

‘ determmed by the solvent concentratron Qomponent vrscosmes and densmes usmg Cragoe s

\

- Method The method defines a quurdrty. L, based on the vrscosuy measured in. mPa S »

3 . LI M

R 10020 .* | , o
0 "Lw)=- ' - BRI o
, B o Anp-4n(5x10*) - ¢ L .

. ‘ FE o ) ' ‘,‘

.

The flurd hqurdrty ls calculated by the mass fracuonal werghted averaga of componem ,_‘

- i

‘hqmdmes . - o r e T o

.

S . R . S T Y

L(u)— M}a(u) 5. (1 M)L’Gz » e T

v ' s K T e
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C duc lo mmng Dlssolmlon of solid bltumen gcncrates fluid as a resull of nonreversnble phasc “

‘o‘\ ' , L3

changes Conservauon of fluld mass dctcrmmes the rate of mass accumulation to lhal
“generated ‘by dlssoluuon and .the flul,d fluxes within rhe porous medium. o !

[
.y :
2

R

| “' . ) aC ' ‘ I. . ' .
—— — - — 4D = -ucC) T wy
3x (Dxx ax xy ay ¢ C) f (Dyx 3x vy ay,;jgy )-\“' : S
' . | . Y "‘ v | | . e
4n 3y :aC 2y x 1, A “_, ‘ ‘ '
= (0 = 5T M) Ge v anprfaccen]” |
‘5.5 Leaching' ey ; e o L . e -

"The mechanisms that govern dissolulion kineu'cs are 'solvent adsor"ption and ‘solvent ‘

‘\ -

bsOrpuon. Adsorpuon xs the surface phenomenon responsrble for the dnvmg foroe behmd

dissoluuo)n Absorpuon is mtemal sohd phase solvent accumulauon in Lhe sohd mtenor and o

.
v

' may. produoe an mmal swelhng ‘I'he leachmg prooess lS fxrst dommated oy dnssoluu'on

b

‘ .

. followed by a mxscrble dnve

rné system vo:d of solvent soiirces and pressure gradrems can be modelled by the o

. o~
. .

radlal dlssoluuon equauon coupled wrtlr the adsorpnorr equanon ’l'he equanons

b.,; A

‘ dunensnonl’ess form wxll grve nse to the Damkohler number Ng. whxch is the‘ charactensuc
v ‘ \"»' \ ! o l

rauo of the solvent adsorptxon rate from the hquxd phase ) (o] the dxffusron rate m the sohd

interior..




W el Mo
[SRYI t C = 4———— C° K :
' T 1-§,
K N :5‘;7‘ X ) ) o ‘l
_ above whrch pore space s not avarlable o accommodate solrd expansron A C e
[ ' ! a ‘ ,,\""
Adsorptmn rs the dnvmg mechamsm for the dlssoluuon process. As . solvem
@ adsorbed intd’ the solid, local concentratrons about the contact afe forced above t,he crmcal
1 o

R 2 Vo ' .
' 0 «That.‘m above the crmcal undergoes an 1rreversrble phase change resultmg m the

. & ' ' ' » L
drssolutron of solrd materral As drssolutron proceeds the quutd concentrauon drops mdrcartmg “
, U

o "'brtumen desorpuon When the solrd phase. rs completely drssolved an’ equrllbnum

‘ concentiatlon is regched Adsorpuon decreases raptdly as the quurd concentratron approaches

: - )
the critical, leavmg absorptron to' elevate mtemal concentratron levels to the crrucal
‘f Drssolutrop and miscible drsplacement are the two phenomena that are cqncurrently

n

. o inv‘olved.m the solvem leachmg process.rConsmcted flow wrthﬂl the brtumen saturated sands
: .allows raprd solvent absorptron mto the solid. Absorptron is followed by a drssoluuon driven

rrreVersrble phase change The upstream constncuons are gradually reheved ‘as the quurd pore :
space mcreases ‘A drssoluuon wave trarls the sluggrsh drsplacement creatmg a hlgh porosny

zone wrth mcreased mobrhty Upstream drssolutton is drrven by adsorptron whrle absorpuon
i al ° ’ ._‘

increases downstream solrd phase concentratron levels Tt . v . RO

TN

J

l

e R Sohd brtumen downstream responds to the fresh upstream solvent wrth raprd

o~ . -

drssolutlon A burst of drssolved brtumen appears m the efﬂuent and drssoluuon ceases wrth_

. VL ’: . ) ‘\'v

solutron Injectron pressures peak hrgh 1mt1ally as a cbqsequence ol‘ low m;ecu«hty

As drssolutron proceeds p‘rﬁes‘s?res drops exponentrally rarsing the mjectrvrtres by several orders E '-" ‘

of magmtude ‘L e tune scalmg of \drssolution wrth drsplacement is crucral for resoluuon of




-‘adsorpuon coel‘f 1oents were chosen to grve the best hxstory match vnth the expe;rmental :

| mathematlcal model the s1mulatron assumed an mittal solvent saturah%n Invasxon umwf the ‘

,,,,,

5.6 Simulation . BRI

'.mjecho xesulted m bttumen

0 9,
| o | o
relates the dissolution time, t,. to pore vojumes of injected solvent, PV.
Y

»

" The laboratory scale rectangular model m wmch the solvent ﬂood runs with bottom.

.

water were performed was chosen as a basrs for srmplatron Among thej solvent flood runs,,

\

. Run 9, gave the best match with srmulauon Geometnc equalrty in hoth the physrcal model

\
and the srmulauon was mamtamed Flutd and formatron prdperttes used 1n the stmulauon'

LA

: were the same as those in the expenmental run. ’I‘he permeabxlmes were taken drfferent in x
: .and z duectton for the oil sand formation. It was belreved tliat ‘the. packing_ in the verucaln

dtrectlo\h was ughter thus resultxng in lower permeabrlrty in z drrectton The . value of 0.5 darcy

-

’ was estrmated based on the permeabrlrty ol” the lateral dlrectlon D1mensnonless numbers and

> t

. results Stmulanon data is grven in Table 51 The resrstmtv factor Fr,' and' the

"

mhomogenetty l"actor o, were the averagc values taken from Perlilns and Johnston (1963)

ln order to avord the\ mfrmte préssures requtred to. move the sohd bitumen in the

L l;pore space bY SOlvent was small compared 0 the total mJecuon penod The expenmental run L

. fjlmjectx n. At this pomt the solvent was assumed to Becupy the pOre spaoe. and any addmonal""g e

" on. the other hand started with zero solvent saturatron At f’lrst water was dtsplaced l;y the:‘- AR

”'vj.‘,”lsolvent m the bottom layer Effluent breakthrough occuned after 0 33 HCPV of solventv_‘ s

' 'oducflon The lmtral amount of solvent m the brtumen zone -
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TABLE 5.1 . Leaching Sigulation, Data .7

Model Dimensions . ‘ * Parameters o ST

' ' o . .

v
wo,
'

S L =60 cm N B D. = 10 cmys o
, W= 375 o TF =4 T
w 675 em X SN o = 35 S C
-'ﬁb e L : e , " ! . 3 ! L ' o ‘ “
Bitumen' Zone ! ‘ ’ L= 02em o T @
ko, =1_;8 darcy’ S - | ¢ = 10.10

X e - ‘ - g : ' v ‘ . e "

ko = 05 darcy ,,~ S, =020 e D o

>
N -
I

525cm L o . a; 27 X'. 10 cm/s ' "@,“.
' . L . PO ¥

'i'_'f‘:', Water Zone - o T o D = 10-f cm/s

. | S » ' o . TS s W ! .
Gt k=6 darey’) o o - ' r(particle diameter) = 0:1 cm . - ..

© k= 6 day 0 U Np=a2m00 .

82210 om o S e o 3
' . ' " B ' o ' * -~ *
fan j")md Properttes ‘ R - L o
L q. = 00833 ml/s . ‘ L e ’ L ‘
; . hn e e A o 't
- 3 ' (ol 'sand) =. 1.03 g/ml - e, e
Q (.solvem)‘ = 0. 84S g/ml o ‘,“.' PR oL oo
. . . , . - ' '. .u. - ; . & ‘ " ‘ »",v «.h e - N
B A I I R ot I
uy (buumcn) 80000 m-Pa § oo e e el CoeT
R e . o . ‘, N R et e [N A S R ' . s
Lo al "5 C ST e L e
'; ' [ . . ,‘ "
: ) . *
‘ g [
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displaced water volumetrically. The total‘i‘n jection was 120 ml and the water produced was 30
ml. The difference of 90 ml solvent was bresumcd to occupy the bitumen zone. The saturation

‘was then obtained by dividing the solvent in place by the loté{ bitumen and solycm in place,

T The simulation starting point thus corresponded to.the effluent breakthrough in the

experimental run (0.33 HCPV). The r‘esulls. of both runs are shown in Figure 5.1, The -
bitumen concentration increases rapidly until i1 .pciks al 69%. The values are all volumetric
percentages, Bitumen conccnlralR)r(AQ)' ‘weight is higher duc lc‘>' the smaller dcnSily of the
solvent, | | B

At about 1 HCPV inj‘eclion_ dissolution is completed and a rapid drop in
concentratign is observed, The concentration declines gradually as more solvent is injected and
produced in the effluent. There are a few local maximgims in the experimental data. These are
thought b be caused by the intervals during which the run had to be stopped in order 1o refill -
the pump, During these intervals, whicth were about five minutes cach, diffusion had At.&'me 1o |
contact bitumen in the absence of displacement. The rclaiivcly bitumen rich efﬂuc'm was
observed in the very next effluent samples. The small peaks which occur after about 1.5
HCPYV injection in the simulationvéurvc’ were cause<‘1 by numerical dispersion,

The results of b;)th simulation and experimental runs seem to match each other well,
It should be remembered that the experimental data were taken at a small number of poi;us. T
Hence they represent the average vélues between two subsequent data points. The overall
trend ié very similar in both, and the glcr recoveries tend to match bette;.

Although the fluids are incqmpressible, there i§ mass transfer taking place between-the
solid and ﬂpid phase. In the beginﬁing of tr’e rup the volumcltr'ic production rate was less than

the ihjection rate. This is observed both iff the experimental run and the simulation. At this

stage, the solvent is absorbed by the solid Ditumen phase. On the other ﬁand., the mass flow

rates were the same. In the later stages of the run umetric production rate approaches

+ - -

the injection rate due to the completion of the leaching process. In general a great vélurpe/
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of a relauvcly hggue[ solvent is nceded to displace the denser bitumen. This must be lakcn '

into account in a” field scale application’, A malenal balance cheCk was made for the

experiment and found to be very acceptable. The simq‘laxion checked the matgrial balance at
. ‘ »y‘ . ' -
the end of each iteration. The maximum overshoot 'in the concentration profiles was 9%

il " n | )
during miscible displacement, ] I

5.7 Effect of Bottom Water on Leaching . ‘ g .

As was discussed in the previous chapter ‘concerning thé bottom watér runs, the
relative thickness of the water zone played an imporlan‘l rdle kin the process, In 6rd_er to
e}valuale the »exlrleme cases, (wo more simulatidn }uns were qué(to isolate the effect of
bottom. water zone thickness. This way physical exécrimenls restricted to a smaller range of
‘paramaters would be exlénded from the ones at hand. The,simulation runs ‘Wcre performed

! \
Tor three dif ferem water zone lhicknesses."Figurés 5.2 through 5.4 give the concentration

profiles for each run. A summary of these runs is énven in Table 5.2.

TABLE 5.2. Effect of Bottom Water Thlckness
R ., | . .

|

Thickness . Bitumen . Solvent

Ratio ’ Recovery, % . Recovery, %
z -

333 ' . m ‘ S8

5.25 80 . - 655

12.0 ‘ 83 , ' 64

The highest recovery as seen from ‘the above table and the respective fighrcS ‘was
obtained from the run'with the thinnest wate_f zone(ratio=12). On the other hand, the .run

with a ratio of 3.33, 23 % of the total thickness, gave the lowest recoveries of solvent and
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bttumen The run wrth the ratio of 5.25 was the simulation of the actual run, which was

dtscussed earlter

~.

The movement of the solvent through the core is tmportant in the evaluatton of the
\

recovery performance It is apparent that the relative thtckness and. permeabtltty of* the water -

O

zone play dectsrve roles If the water zone is thrck and very permeable the solvent will

channel into the more permeable water zone. and wrll be produced relattvel,v f ree of bitumen.

rd

The points of ‘in jéctton and productlon are also of importance. In the expcrtrnents the solvent

was injected in the mtddle of the oil sand zone and the productton was f }om the lower portion
I

of the. bitumen zone close 10 the water zone. It was intended that in suq an arrangement the.
effluent would be transported through the bottom zone. In order to monitor this, the solvent

concentrations throughout the flood and along the core were plotted in Figures 5.5 through

5.10 f or the three 'dif ferent thickness ratios. \

Prom thure 5. 5 for the run'with a ratio of 3. 33, it can be seen that solvent channels

'mto the water zore qurckly Consequently the sotvent whrch follows goes mto the producmg '

well wrthout contacttng much of the bttumen At the end there is still 4 htgh bttumen‘
" concentration zone towards the productron end. On the other hand the solvent in the run

with'a thtckness ratio of 5.25, channels into the productron end tater than the prevrous one. It

/ B )
V

is carrred through the bottom water zone, where the permeabtltty is

is evident that the ef flue

un, much of the bttumen in the core is swept and produced

f!‘

htgher Towards the end ol‘

R In the case of a very thm water zone, ratio of 12 the solvent channels through the 10p of the

- bltumen layer. 'Phe-—thtckness of the water layer is not enough to dlvert the solvent and the

' brtumen recovery is the htghest due to the unswept water zone
“An dpttcally produced gray scales of the concentrauon proftles in Figure 5.8 for each ‘

run at dif ferent mjecuon umes clearly shows how the solvent travelled m the core Note that'

R /

the solvent was not much affected by the bottom zone in. the run wrth ratio of a 12 Instead it

b ~4‘
/

vpreferenually moved to the top of the core. Thrs could be merely a reSult of numertcal

v@.‘ﬁ.ﬂh A T : - S
a0 . o ‘.,\\.;"),( o N
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e~ Lo

tendency but it nevertheless shows the impartance of a hig‘h‘ pefmeability channel in carrying a

highly viscous effluent. Incidentally, a similar observation was made in the experimental Run

13. The. thickness raﬁo was 7 for that run. Upon iiqsg-;un inspection, it was found th;t the

top of the »bitume'n“ layer Qas sdft and contacted by the ébgi;em, As.in ij 13 the ir‘ije'ction‘.
p;esétxres required. were higher than the préviou;‘runs. It ié thus diffigult iop;:f\orin such a’
run in a labora;ory core. Th‘i\s‘ may also be true in a field scale ap;ﬁlic‘élioﬁ in/ :halllow' oil sand

i

‘formations. o ‘\\ ) oo - }l‘ .

\ 3
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6. LEACHING MODEL

6.1 z{nalytlcal Formulation

0

One of the objectives of this research was to correlate the results of the rectangular
modcl experiments with ‘those: grcdicted by other {n situ recovery techniques used in leaching
of various minerals. Leaching originally referred to the percolation of the liquid thr?ugh a bed

of the solid, and is now used to describe the operation generally by whalgver means il may be

accomplished,

Current interest in leaching from the reservoir engineering view is in the area of in sftu

\

recovery of uranium ore, which is adopted to solvent leaching of bitumen in this investigation,

” r

Uranium ore found at shallow depths is not rich enough to warrant surface operations, yet it
may be economic 1o recover by an in sttu (echniéue. l.l is usually in oxidized form and its
recovery rpquires chemical reactions.

Use of streamlines in predicting recovery pe{f‘ormances was first used by Muskat
(1937), Higgins ér;d Leighton (1962, 1964) for secondary recovery and Wang er-af (1979) for’
tertiary oil recovery, For sqlution mining, Bommer apd Schechter (1979) and Kabir(1982)
used the streamlines, Two important assumptions are generally made in streamline models:
time indcpeﬁdem well conditions so that the streamlines are fixed with tixﬁe. and no cross '

'

flow occurs among streamlines. A pictorial representation of a streamline is shown in Figure

~6dA. I | .

| In this study an attempt was made to combine‘ lllle‘ matérial balance and streamline
equations and derive a scaling critgrion for solvent léaching of oil sand. With scaling criterion
on hand, the results of rectanguiar core experimentslwer'e used to predict the cr_mcentrationé, :

_for various flood patterns. The equations to predict the well effluent concentrations are

derived in Appendix. A. The effluent bitumen histofy of the well is .computcd‘from the
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-.". volumes. For such a system,
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summation , 4
, N,
. P 1 6.1)
c(e) =< L [0 e : (6.
. DD N Dy 3 DR ,

. \ » ‘

Ths effluent solvent concentrations are given by a similar equation:

N X el
-]

Py _°1 \ o
C - uC e,e .
: sD(tD) Ns le.{ sD( j th)}f.v | ‘ ‘ (6.2)

‘These equations indicate that concentrations are required as function of both time and
posiliori. The concentrations can be _calfulated by a num;rical scheme if the relevant data are
available or they can be the results of laboiatory éxperiments. The data are obtained by
campling along the length of a laboratory core at various times. However this can be difficult
in a model packed with oil sand in the absence of a.high pcnncability channel. If the proper *
sampling is achieved, the rcs;xlis can then be scaled to field ‘conditions. '
| The above equations can be interpreted in another fasihion.. The bundle of streamlines
assédatcd with a producer can be taken as nén-communicating layers. The layers havé equal

) e : .o .
thickness and cross-sectional areas but different lengths. Thus they have unequal pore

L}

8= j=L.N : ' . (6.3)
. 4( , ) . '
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)
This representation is shown in Figure 6.1B. The staek’of Jayérs can also be represented as a

single layer of length -L,‘ with observation peints at distances from .the injector 6 L ¢ Such a

J
: 1
presentation is shown in Figure 6.1C, The mathematical expression of tTis relationship is:

N
r

-~ oy = (C(éji,, 0 1, (64) .

N

‘ Equation (6.4) means that the concentration at.a streamlme can - be obtained from a
correspondmg observauon pomt at the longest streamline. '?hexelerprclation of 8 is lhal 0 is
vthe ratio of the arrival time of the jth streamline to the longes( streamline. Equations (6.1)
end (6.4) are ideniical while equations (6.1) and (6.2) are expressed in dimcnsioniess time

and distance .

The dimensionless distances in equations (6.1) and (6.2) are related by the eqhalidn:

“

P _ : -
p = ﬂjLD,j ‘ (6.5) i
where
NV \
B = S Pd .
J v?F
pp

The ﬁj values can be calculated by a computer program f or desired Ns' values. The I;J ‘valuee
in this study are taken from Kabir(1984). These valfied for five spot énd"ﬂ'rife d'yivc patterns
"are given in Table 6.1. A | .
Usiné equa_tiqe (6.3), it is pessible to predict the streamline and well efﬂuen_t
concentrations from the hlstory of a smgle streamlme Before - applymg this method, the
validity of the procedure was checked In a catefully designed expenmental fun in the

rectangular model the predlctxon of well concentranons was tested by takmg samples along

the model at correspondmg arrival umes. The samplmg distances were determmcd by the

parameter 6 J The reference streamline having the largest volume or the largest Nm‘ was

Ty -
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‘ Tabiq 6.1 ﬁ‘ Values for ﬁihe Drive and Five Spot Patterns

Q.

h]

Line Drive” Five Spot
' | ] ' ; Bj ) o ﬁ) ‘
1 0.61659 1, —0:73104
2 0.62489 . o 0.7400
3 0.63946 3 0.75%04
4 0.65680 4 0.78904
5 ) 0.67857 5 0.83296
6 0.70498 6 0.89496
7 0.73680 7 0.98304 -
8 0.65680 - . 1.14400
9 0.81966 9 ©1.33000
10 . 0.87300 10 1.82600
11 0.93639
2 - 1.01136 X
13 1.01593 A
14 1.21209
15 ~ 1.34978
16 1.45845
o - 1.63912
18 - 1.75120 _
19 1.81424 y
20 ' 1.89876
]
. lnjector:injector distance= 'producer-producer distance
s
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represented by the entire core, Note that 9 does not depend on the blt men and is. between 0
and l Its values can be calculated from the ratio of the 8 values
The rectangular model was equtpped wrth addttlonal observatron wells The relative

drstances of the wells from the inlet were calculated from the ratio of the B s, The largest B o
¢ ’

value for the line drive pattern is 1. 89876 and the smallest value lS 0 61659 (Table 6 1) Their -

o oy

ratio, 0.3247, gtves the relative distance of the first observation well from the injector. All of
i ! . N . .

remaining observation points can then be determined in the same manner by the ratio of cach

r,\

ﬂ value ro the maxrmum B In a short laboratory core however, the 1mplementatton of all
the pomts s not possrble For this Teason only three observatton wells were dnlled along the
%

core(later, sr@wells) These points were j= 1, 11, ‘and 16 from the line drive pattern By

choosmg the scattered points along the core, it was hoped to obtam a better average of all the

- ! -

pomts.

- 6. 2 Expenmental Runs

A total of three runs were conducted to test t? model. In the first of these runs. (Run

L

20) the rectangular model was packed with oil sand w1thout any bottom water. After drawmg
2 vacuum on the pack the model was saturated with the solvent (Synthetic Crude) Just.
before the run was started. The solvent, which was mjected at a rate of 300 mi/h, failed to
f reach the production end even at the maxrmum workmg pressure of the core. Af ter only 18% ‘
‘ {é"e HCPV of solvep( in jected it was decided to take samples It was possrble to take samples f rom"_
| all tﬂree observatron wells. Followmg samplmg of the wells the m)ectton was restarted a(\iOO B
ml/h but ll had to be stopped because of the h h injecuon pressure(3800 kPa) Thrs

procedure was repeated twice wrthout producmg any llld at’ the productton well

q

/) ‘ In a last attempt the mtrogen gas from a hrgh pressure cylinder was forced to: the ' '

4{ third observauon well. All the other the wells were closed except the productron one. Still no
.+ fluid was produced at the open end. The run was then converted to an r_nject and produce test '

.



to sce whether such a procedure could be employed to recover the mobilized bitumen around
aE "
'the injection pomt This way the efﬂuent was produced from the observauon well, and the

run was termmated Upon mSpecuon of the core, it was, observed that the solvent had failed

to reach the observation well. In a second attempt, Run 21 was performed in a little different

__ manner.
ln order to be able into inject solvent continuously, water was injected to Yhe core to

establish communication between the wells. This was similar to Run 19 where the surfactant

[

"

solutlon was mjected at the producmg end and a solvent ﬂood was subsequently achieved

wrthout the presence of a water zone. The water mjection was stopped ‘when it broke through

»

at the- productron end ‘Subsequently, solvent injéction was started. Efﬂuent samples were .

t

taken from the observation and producmg points at predetermmed mtervals*\iuc‘l:1 time, about‘

3-4 ml of sample were taken from each observation well. The amount of bit en>obtamed.

f;pm the observation points was not accounted for in recovery calculations In T {ble 6.2, an

‘ example of calculatrons is given for’ two different - dimensionless Gme values The

concentrations from the streamline and the observation pomts are wrthm 10%‘ of  each other
.- i‘ or these two times. 'l'he conce-ntrations compare well up to “l.‘é HCPV(Dirnensionless time =

l.25) injeetion. Then they‘deviate as much as 25%. ‘A comparison of the iconcentrations is |

given in Figure 6. 2 The deviation could be explamed by the fact that the leachmg 5part of the

E dtsplacement is by and large completed by 1.5 HCPV solvent injection. The drssolved bitumen

'
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is then carried by miscible displacement. N

Table 6.2 Example Calculation for Leaching in Line Drive

'
‘

P o1e 4 o P _ ‘
t,f=018 P =090
§ tD’j" : C tD’j : \i i C
1 02919 021751 1441, 00781
11 . 0.1939 ‘ 0.1894 - 0.9611 oL 0.2648
16 . 0.1241 S 0.5886 - 0.6170 ‘ . 0.2760
‘ | . + o T o+
Equation 6.1 03318 E ‘ o 0.2063 -
Experimental 0.3538 - . - 02150

Encouraged by the comparison, it was fhen attemoted to predict ‘the well effluent
concentrations in f ive spot and line drive pattems Using the equation 6‘1 and the data“f rom
the experiment and’ the Table 6 1, the concentrauons in a solvent- flood were predlcted thure
6.3 shows the prof ile for five spot solvent ﬂoodmg Slmtlarly Figure 6. 4 1s Yor the line drlve

In both fi 1gures. the well concentrauons are lower than the smgle streamline bitumen ones.

6.3'Limitations of the Model

The data pomts were taken f Tom only 3 observatlon wells Although more data pomts
are desnrable thls rmght not be pracncal as well as unproper e volume of ef fluent samples
B ) taken certamly mﬂuences the concentratlon measured at the producmg end and thxs in tarn,
‘f affects the relrablhty of the predrcuons S f ) | o o - ‘,

: The scalmg techmque assumes that the bxtumen is umformly drstnbuted mmally ‘

Although the laboratory tests can be conducted wrth fauly umform oxl sand packs the -
bxtumen saturauons may. vary consxderably in- freld condmons The dlspersxon gradxents :

normal to the streamhnes are assumed neghglble in- the denvauon of the matenal balance'

equauons T ' L S P P T
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The recovery \of bltumen from oil sands is not entirely govemed by the leachlngv

process As was dlscussed in the numencal slmulation chapter, the recovery ls domlhated by

. A

miscible di cement’ at the contlusmn of the dissolutlon of the semt~sohd bttumen According

to boﬂn simulation results and results of this chapter the leachlng part of the displacement is
A

N

"completed by 15 HCPV solvent lnjectlou The Peclet number govermng ‘the mlscible .

dlsplacement ls ignored tor the sake of the scalmg in the material balance equations derived in

Appendtx A, In the leachmg dominated part of the process the omlssron of the Peq\let number |

.'.does not seem to affect the predlctuons srgnlllcantly It should be noted that . onlv the llquld

phase dlffusron coefflments are ignored. The sohd phase diffusion coefftcient D, is lncluded

" in the d\menstonless Damkohler number

This procedure does not take the porosity changes into account. But it is still valid

since the porosity changes are the same in each streamline with uniform distribution. Theﬂ

,viscosity ‘of the solvent used was 4 56 mPa.s vvhile there was water in the formation. The

densmes of solvent and water were 0. 845 g/ml and 100 g/ml, respectively. Although it is

"

o assumfd that they are equal the dtfferences in the vtscositles and densmes are not great
G

NS

. :
l ' ) )
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Lk L . 7. CONCLUSIONS

Thrs chaplcr prcsent’s the main conclusions drawn from this experimental and

Y llcal study on mol?Jizauon of buumen/heavy oil, The conclusions are outlined in the

"

’ appri;)ggmalcly same order a8 the list of* objecuvcs in Chaptcr 2. They may be valid for rhe

sand Emd"syﬁlcm and lnjccuon strategies used herein,

[
4 «

l Small solvent slugs can moblhze bilumcn/hcavy oil but fail to transport it to the producers,
" in the absence of a high permcabrhry ‘channel,
2. Cominhous solvent in jectibfr‘ willr the presence of a bottom water zone resulted in bitumen

Ki ()

recovcncs as hrgh as 80% of ‘bitumen in place. The waler zone served as a transporting
medrum far mb mobilized bntumen The relatrve thickness-of the water zone was the

crucnal factor m brtumen moblhzauon Thrck Z0nes were demmemal to mobilization,
' c“-
However, very thm zones required high mjectron pressures, A bitumen-to-water thickness

K

ratio of 5 gave the oplimum results in the experimems.éonducted.

3. Carbon dnoxrde and surfactant are less effective than solvem in mobrlrzmg 9itumen/heavy

M A h
oil, wgelher alone or in combmauon with each other. Carbon droxrw used with
‘ et
synthetic crud;, fuuher improves recovery. The gas provides drive ener‘g,y‘f helping the

displacirig agent. . , - . »

4. Surfactant, in combination with solvent, improves the bitumen and sdlvent recovery. It is.

& “ .
pdrticulary effective after the viscosity of bitumen is reduced by the solvent.

3

)

S A modified numerical srrnula.tor dcsrgned to simulate the water zone adequately predrcted

N i,

the concemrauon and recovery profiles for solvent leachmg of bitumen. From the

»

resrdlial saturatxons analyzed and the numerical su&ulanon it can be concluded that the

At

5;"4‘»
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dissolved bitumen s carrjed through the bottom water zone from the start, As the
- leaching process continues, the permeability of the swept zone increases due to bitumen
! . ! '

dissolution,

6. An analytical lrealmc;u of the 1caching problem w'as developed using a strcamline model to
determine the well effluent céncemralions for the various flood paticrns llxsing lh‘c
rectangular model rgsults. The concentrations predicted by the nﬁoéiel and those obtained
from cxpcrimen'tal ﬁms were in good agreement, until the dissolution process: was largcly
completed, The streamline model, which only c'onsidcrgd the leaching process, was not
éffective when dispersion started to dominate, The numerical ;imﬁlation which 00k bot.h
leaching and miscible displacement into account showed that the the m.iscible displacement

started to influence the process at around 1.5 HCPV solvent injection, which was

confirmed by the deviation of the streainline model predicted concentrations,



. ,
" ' 8. RECOMMENDATION

The experiments in this work wérc performed at roorﬁ temperature, Although the high
bitumen/heavy oil recoverieé can be achieved employing solvent, surfactants and.gascs; lhe_
amount of solvent required is substantial. A large amount of solvent is left in the\formation.
Some of the future experiments should be repeated at elevated lcmperattifes in an attempt to
decrease the amount of solvent and its loss. The influence of the surfactants could also be
mo're pronounced at elevaled temperatures. innaddition, the gas injection was-performed at
low pressures to pr‘évent‘the corrosion of the model, If coating of the model is accompl‘ishcd,

[

carbon dioxide injécu"on could be performed at higher pressures,

Besides ¢he general suggéslion with r;,specl to usé of heat, some future runs should be
conducted to observe the effects of heterogeneity of the bottom water zone. Such experiments
are of academic interest since they hélp in understapding the process. Specifically, the
;ituation‘s where the high permeability zone is not present around the injection well or
production well and the ef fccis of injecting and producing from the same well in order Jdo
ncrease the permeability and porosity around the injection well in thg absence of a bbttqm
vater zone. . o .

_ Since the thermal mcthods are mostly em}ployed in heavy oil [ ormations, use of steam

vith solvent and surfactant should be considered to assess the economic feasibility of the

rocess in the presence of a bottom water zone.
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Derivation of Scaling Equations

| In order ’to derive the equations used in Chapter 6, a mathematical dcscripl‘iq\n‘ of a
slrcamiirfé mpdc'l_goupleq with a-matcﬁal balance is needcd The f ollbwing sec(ioqs provide z;
combined derivation of the scaling edual“io‘ns.'" - | .

»

.

Streamline Model - =
The following assumptions are made in the streamline model.
(a) Single phase flow

(b) Incompressible flow

(c) Viscosities and densities of formation and injected fluids are equal and constant.

(d) Tixﬁe independent boundary and well conditidns...
(e) Hom’ogencbu_s porosiiy:and.. permeability but permeabflity can be anisotropic.
The travel timé T of a fluid particle along a stri:amiine is: B
M ' | g0
T = z A tk ' . , .. : ‘ ‘ v
k‘l : ' )

¥

" . where ALk is the travel time over a 'finite increment . o -

i

\ AL e A
A tk - ——— . [ i o ' o ' oo
- v'v(x‘k,yk')/'f e . o
.. ‘ . "’. C . b . .- ! - . R
-and M is the total increments required for the strearline to traverse from injector o
s . . . 'r‘ . E : ‘ @ " .ot o o

: pioduogr. T

' Thus, the léng_th of ‘.thg‘sumlfnélis



14,

L= MAZ ‘ I (3)

.
'

Since the boundary conditiong are time independent. the streamlines are {ixed in time and

space.

o

Since mobilities aje constant, the volumetric flow tate associated with each streamline

is constant and given as: , o N

»

(4)

) 2|
-

w

where Qp is the producuon well fiow rate and N is the number of streamlmes associated wnh

each produoer Since strcamlmes are traced backward, thc producuon Iate, mstcad of e
in jecuon rate, is used in compuung the stream]me ﬂow rate.

The pore volume associated with each strcamhne is \

—

Al

A PR U . , . L (9

\

The travel time T varies from streamline to streamline. Thus, a temporarily omitted subscript,

" shouid appearon T ‘anld Vp.'



" Material Balance

The malenal balance cquauon in Carles:an coordinates for mcompressnble single

phase 2 D flow is (Lake, Pope Carey, and Seperhnoon (1981)):

l
- .ac'_‘aca_‘ag*a_””&‘
T Vx'3x vy 3—y+ Ix (Kn ‘3)(') * ax (ny ay‘)
» . .
) ac | 2 aC ac | 8
) ¢\ . | ;
+5§(yx3x)+—(.yy97) ‘3t+R'

where C is the concentration (mass per unit pore) R is a source term and K . K K
Kyy are components of the dlspersnon tensor. If dxspersnon gradxents normal to the streamlme

-=-gre assumed neghgible '(the above equauon can be transf ormed to cumlmear (potennal ¢ and

;A
stream function ¥) coordinates (Kabir, 1982; Wang ef af .. 1981) -~
("_‘f ?_‘2) K o’ 2_ (‘ik_l A (3_9-) + R
s Jye T N Jye TR ye
) a a a AR ‘ . .
S S - ‘ RO
. where Ea is ’lhe absolute penneability given as (Muskat, 193

[ . L
[ ‘

aod X l.'the longitudinal dispersion coef icient, is (Perkins and Johnston (1963)) is g'iven‘ by:
ey Lo

Inthe above equation, D_ is the moleculaf diffusion coefficient, F_ the formation resistance - - -

. : ‘ ' sdeat oo



L dlmensmnless dxstanoc l and ume LD def med as:
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f ac‘tor. and o lhcﬂlongi;udinal dispersivity, Toc (v.9) coordinates are orthogonal only if the _

flow field is isotropic. Thc mcthod nevcrmcloss ia “‘valid ;f this rcquircrhcm is not met, |
Neglcclmg the, strcamlme normal conccntrauon gradient in lhlS dcvelopmcm means

lhat (T)tb is small. The magmlude of a velocnty vector is v. lls componcnls are v, and v‘yh

Equauon 7is a malenal balance cquanon along a slreamhne('l' or j—constam) and- lS s1m|lar

' to al-D malenal balance cquanon lt can be solved for each’ strcamlme in a bundle to obtam .

the producer s effluent history ,(Kablr 1982; Wang et al., 1981). For‘ the scalmg procedurc,

Equauon ('I) is f unher smphf 1ed in. the (‘ollowmg wayt | |

'Iihe mterslmal vclocny v(4) and cro§s sccuonal area A(L) along a streamhne arc

ngen by Equauons (10) and (ll) \

Yo =GR s L an
| ' | e

and ’
At = (¢v2£)‘)v" R - '_ | (1?)"

Using dquatio‘os (10) and (11), Equation (7) can be simplified to:

T L
€1 - et R‘ IR ¢ )

Lo ac 1 '
V) w t awy 5 [M(“kz 5
. where the subscnpts ll’ ¢ were dropped ahﬁ}l mdncated lhc constam vanablc valucs in
Equauon (7) Note that Equauon (12) is lhe concentrauon balance equauon fora’l- D

N ‘
vanable cross secuon system '

The above menuoned equanon can be wmten in dxmcnsnonless form usmg

< .
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A "
£, a

[o ACE)dE ‘ |
lD T - fractional volume measured along a streamline

f g ACE)dE :

9. i

t. = __]Lﬁc___ = _‘E ' A -
D L v \ S -

o [gace)e  p ~ o |

= cumulative flow in fractlonal streamline pore ~olumes
-}
In terms of the above dimensionless variables, and neglecting molecular diff usion.‘Do_

equation (12) becomes - -

acC K 1 3C y .93C _ Rg JERT g
B SE_ aL (N &y ) azD ) YT T S a3
P ! R P -
where Noe(‘(o)‘ the Peclet numbet, can be defined as: ' oo C.
- . . ' ' “ v . . ) .
Y o — P A : S 4
\ - 'NPe(QD) @011\(20) ' o ‘»‘Iff , , a )

If A(l ) does not vary wnh posmon as in.a lmear systcm N (1) becomes the conswnt

e ‘Peclet number ——— Equauon (14) shows that N vanes along the length of a strcamlme and

.f rom streamlmc tlb streamhne since V wxll be diffi erent for cach Hence equauon (13) should"

carry a subscnpt J (for thc Jth streamlme) wmch is agam ommed for clamy,q ‘”‘ |
Equauon (13) can bé used fuhe dxsplaoement of bltumen by solvent leechmg or

s ‘surfacxam solunon Here thc case of solvem leachmg,ylll be conmdered The conoentrauon



&

balance ,equélibn'for solveni in the mobile phésev(Eq. 13) ‘is:' | e

. The stationary phasc material balance equation is

’ 'Sl‘ibstimtihg‘Equatibn‘ (16‘)"in Equations 15 1;6,“,,17;z‘md introducing l_hé following -

. H " . \ e N

|

" ng

Yo ‘ R TR ac_
s + ] ) ( 1 ' S“)
: Npo () 3% ac

*ER“ e

"

.The rate at which solvent dissolves the bitumen is given by R, The reaction rates
be(ween, the bitumen andothe solvcm can be exprched as a function of the solvent

concentration and the acccssnble buumen content, I the reacuon rates are kmelxcally

\

’comrolled Kablr et al, 1982b) gave “the rate of rcacuon in a gcneral 'form for mmcral
\

' lcachmg in terms of order of lhe reaction. While f or most other lcachmg problems. mvolve

some kind of chemrcal reacuon it is lhe dlssolunon of the bitumen from the oil sand in this ‘

study. The rate of dissolution of bxtumgn from the oil sand is given by:
' DéCWDO(1*¢>“ L ' -
R= 2 e e
TP : co ‘

(16)

A ("*5

[

. where P, oil sand dcnsny Py buumen densuy.y pamcle dlamelcr C, solvem

¢

‘ c0nccmrauon and W is the leachablc bitumen conccmrauon where - W is the wenght perccmagc

of bnumcn It is assumcd thal the solvem can Jeach all of the bnumen leavmg the sand

parncles bltumen f ree

. The material balance eqyﬁlion for the bitumen in the mobile phase is
: . - © phas

T 1 3C ac - p : "
et (e~ 5 ) TSt R Q)
L L Npe‘(sz) L 3ty a S )

0( aw, —BR . L Do ‘ ] .
.'—¢ at: q Cn ‘ : 2

o
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i

IR I 1

O

[ (a"‘l‘ . N ’ N
dim/gns_ionlcss variables ‘
P
C
W
s
C - Wo = oo n
D W "
sD Csl L
- o | S © Q9
¢ 3 g 5_1 $)
C .
» ont = 3 C - W
g CD Ci where 4 190

(i stands\for jnitial concentrations)

Therefore, Equation (15) for solvent becomes . g
' aC “3c ( .
*Sﬂ*f—PJT—ﬁﬂ)“~**%a N o)
2p b ‘NP‘e,(‘ o) **p TR

' The concentration balance equation for the bitumen in the liquid phase,
L4 . .

-

¢ "ZED“\'ai (N lz ;?‘)'ZCD"NDCDWD' | GO
*p p Npelfp) %p 7 34 a sb b £

for the bitumen in the solid phase, . g g@g '
N ‘I\
. BWD ' ‘ (22)
' S NDa sD D i -

,i “
! .
s (. .

2k
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where NDa' the dimensionless Damkohler number,

P

DV \

N = ____‘5 " ~
Da - - « ,
K‘O qQ J/
and .
Wipoll-¢)
V, &
i Wh '

The Damkohler number is the ratio of dissolution to the rate of convective transport,
The f;{ramclcr V, is the solvent requirement for a unit volume of bitumen,
Leaching ! ' 7

When dispersion is neglected, the Peclect number term is droppcd and Equations (20)

and (21) reduce to

3¢, 3¢ : @)
_ S0, S LN ve W

] ] ND DD .

'p “p als

aC aC

D D ‘
TN dt NDaCsDwD (29)
gy D |

The solid bhase material balance equation is unchanged. The solvent dissolution requirement
factor is the same for all the streamlines since the bitumen is assumed o be distributed
unifb;mly. The injected solvent concentration docs not ‘v.ary from injector to in jcctor.\Sihce it
isaf ur'u:.lion of Vp, the Damkohlc; number changes from streamline to streamline. ‘Hencc.

: c-f fluent histories of each streamlineare not identical. A solution to each equation will be

needed to obtain the well effluent histories. However, this will not bg necessary by introducing

the follgwing procedure.
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Let us take a bundle of streamlines associated with a producer and define a parameter
8) for the jlh streamline

N
0 - Da, J -1 ... NS ' ‘ (25)

] NDa,l

where N = max{ Ng_,....Np. ]. Equation (22) using the Damkohler number definition

Da, 4

and equation can be writlen as |

6 = 'thL‘ | (26)
The subscript £ refers to a reference streamline having the largest pore volume or largest NDa‘
The ratio, €, does not depend on thc'p‘ropcrties of the bitumen and is always less than or
equal to one. | |
Using Eq‘ualion (25). the 'matcrial-”balancc Equations (23); (24), and (22) are

modified as, for bitumen,

-

3CD QCD
+ = N V.C W ' 27
DD (
3(6:0) S(ORD) . Pa,l ‘1 [
\
for solvent, . ,
\
aC aC
sD sD
. - C W . o
3(0c) © 3(6L)) pa,e'1%0"D (28)
L J
and for thsolid phase bitumen,
_332__ = - N C w . oL
(6 ) " Da'sD'D ‘ ' : ' (29)

4

[

’

The significance of these equations is such thai if the solulioné for Equations (27) through

~
"
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V

(29) can be qbla'ined for the reference strcamlinc(ejz 1), the solution for the other

1
streamlines can QC found from: h
\
. \\ }
e gpttprep))y = 105508 1500 )by L 0)
TR N RN
p\ip’ D’} ) DY 3D’ 3DFR
‘ \
The well ef{luent conésmrations‘ are then computed by summation;
‘\ ‘
\ N
ALy (ep0.0 6] |
C(t)ﬂ- € (0,0 t p : (3
D D .
DM'D \\Ns'j=‘l ij‘ £ E
A similar relationship can be written for the solvent.
The dimensionless tixr\ics of .the well and é streamline can be found in the following
\ . '
fashion. The pore volume associated with a producer V}; is
) .
\
NS‘ ‘
voa g L (32)
Poya P :

\
L
\ ! . -

where Vp,j is the pore volumes hssocia\wd with the jth 'stre;amline,. cvalﬁalcd 6y Equation (5).
The subscript j refers to a streamline “\f‘-{xich was omitted earlier for simplicilye If the number
of stregmlihes approaches infinity, the s\tr??linc patlern Vg approachcs the pattern volume
for confined streamline patterns.(Kabir (1985). From Equalidn (4) the strcamliﬁc production

rate is obtained. The dimensionless production time for a producer ({’) is then:_ __

(¢4

- ey




»
'

The ratio of dimensionless time of the jth streamline to that of-the pattern is:

or

where

123

(34)

09

B values can be calculated for various symmetric patterns using a computer program. The

higher the value of Ns the the more accurate the representation of the pattern volume will be.
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APPENDIX C

PRODUCTIOQN HI#OR[ES OF ALL RUNS

IN TABbLATF‘g) FORM
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Table C. 1 Summany'of Run 1.

137

Weight of oil sand. (g)
Bitumen Content(weight%)
Bitumen Demsity (g/ml)
‘Bitumen Volume (ml1)
:Poroéity (%) |
Slug Size ‘- |

Hot Water }njectéd 

Bitumen Recovery

6552
15.7
1.03

. 998.7

33.89

36% HCPy‘

60% HCPV
10% OBIP

N



'Table‘C.Z Summary of Run 2

@)

138

Weight of Sand Pack (g)

Bitumen Content by weight (%)

Oil'Sand‘DenSi}y (g/m1)

. Bitgmen'Densfty (g/ml)
biﬂmenVohme(mLT
Porosity (%)

Solvent Injected(% HCPY )
Watef'iﬁjebted at 80°t (m1)

Bitumen Recovery (%)

76%9

15.2 -

1.95
01.03
_1041'7\
. 31.3

10

30

Nil




Table c.3 Sumhqry of Run 3

139

‘Vis¢o§ity of 0il at 25°C
Density of 0il (g/m1),
.Permeabi{itywj(mmz) |
ﬁdrosjtyy (%)

Initial Water Saturétiqn (%)
So1yentllhjécfed" |

Hot Water 1njécfed"
Solveﬁt.Recovered'lml)
‘Solvent Inj-Recovered Ratib

- 0i 1 Recovény(%)

50827 mPa.’s

ity

" 0.8517 .

22.8

‘i0.38

b m—

9%9
0.46 HCPV

0.60 HCPV

410
0.713
17% 101P
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