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ABSTRACT
8 - L. o
Petroleum reservoir engineers use 7re]afive pérmeabi]ity to de-
scribe the simultaneous flow of  oil.. water and gas in tﬂe }eégn-
voir during oil récoVéry operations. “ For thétmal'ﬁgcqvery précqs—
ses in oil sand sgstéms,vthere are vefy Tew publAshed experimental
data on residual f]uid saturabtlions of relative permeabiljty
curves;  fhe'effect of temperature on'these pérameters has not -
been established. }his study was initiated to address these dEfL:-

.ciencies and is the first extensive report of bitumen-water rela-

tive permeability functions measured for temperatures up to 250°C.

An apparatus was developed for the determination of.two phase oil-
water relative permeab11ities. A packing technique was developed
for preparing laboratory cores conta{ning clean uncongolidatéd
Ottawa sand, homogenized heavy 0115 and dgionized water. Experi-
ment§ were condUcted ov;r'.a 1arge 'temﬁerature range (20°C to‘
ZSO;C) with both cleén‘ sgnds' and © reservoir ;ands for evaluating
.dgfferenﬁeg between ijdeal and.rea] system;. usiné proven and‘réli—l
able experimenta} procedureé. Thé'éxpefiﬁentaf work comprfsed the
‘ meaﬁurémenﬁ §f.bitumeh-water end ppint.relat{vg ﬁermeabilities qnd.

residual sat;rations.a; functﬁons of temperaturé, followed by the
!determjnatiqn:of .bitumen—haterﬁxénﬁ Kaydol-water re]étive berme—

ability‘thrves by the steady _and unsteady'state methods:,
. / T



—

No_significent iempefature .;ffects were found for the Athabasca
.bitUmgn-waler'system in clean or reservoir sands, nﬁr for the
._Kgydolfwatér system in clean sanas. More reactive fluid-fluid-
solid combinations may show temperatﬁre effects on relative perme-
' Sbi}ity. -End point.expefiments with clean sand gave reproducible

- results; whereas the reservoir sand results showed the variation

that can be encountered in heterogeneous systens succ as those -
~ . .

. ) N . N
containing clays. The convex shape of the oil

{
the recovery mechanism of heavy oil by hot water under adverse
:mbbility'ratio conditions.

A,pohparison of normalized relative permeability curves for heavy

oils of :Alberta  showed that wide variations existed among the

repbrted‘data.' Therefore, i.raﬁge of relative permeability curves “

may be necessary to describe the ‘various recovery mechanisms of

_heavy'oijs by hot water fromiheterogeneous unconsolidated sands.

vi’
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C ' _ '
‘1. INTRDDUETION AND PROBLEM STATEMENT

In the last twenty years, computer assisted reservoir simulation
has becomela ma jor ;tooﬂ for 'evaluating'aﬁd predicfing reservoir
performance. Descr1ptlon of the reservoir and understand1ng of oil

displacement mechan1sms due‘ to pr1mary.m secondary or tert1ary

recovery processes are among the most important features of a good

3 . - - . .
reservqﬂr'simuj'atorT Since the advent of computers, and the yse
"o ‘ . -
of enhanced otl recovery methods for-. light as well as heavy oil

depoéits. the concept of relative permeébi]ity has been revi?gd
| and is now one of’ the most 1mportant 1nput var1ables for’ numer1cal_
reservo1r,51mu1ators. Petro1eum reservoir englneers use relatlve
Dérmeability-to-des;ribe the ‘charaqteristics.of s1mul§aneou; flow
of oil, watef and gas in a formation gufiné 0il recdvery bpera-
tions. -One needs to ~know residuéﬁ'fjuid'saturations and fe]ative.
permeabilitylcurﬁ%s fo determine the ultimate recovery and the -
rate of oil pgoductiod, réspective]y{
As retiable parametérs are needed to carry oqt'a saFisfactory
history match, and must, bgf'carefuliyjmeasured in the laboratory,
thé obiective of this;stﬁzjﬁis to éxpeniment;A1y méasyre the rela-
tive pérmeability .to water and  bitumen  of unconsolidated sand.
cofes. The difficu]tiés of this .task are compounded by innumer-
~able variabies..combined with the hiﬁh temperatures and pressures
of thélsystem, and the high Qiscosity of the b}tumgn.‘

w
S A

"R



Relative pérmééﬁfliiy has generally beeﬁ.{fqresented’as a fpnctjon
of saturation. Experimenfafbmeasurgmént te;hnique§ were developed
in tﬁe 1950s and early 19663. for light oil reservoirs, with noA
_ ﬁajor breakthroughs since then,‘ and are perfor%ed either by the
steady state tgchnﬁﬁﬁe; or by the unst%;dy state or dynamic meth-
od. " The latter'haé received more. atténtion due to faster turn-
around time. However, neither methpd seemg to be superior beﬁause
of limitatfons inhérent ih each. 'Uﬁually.‘the experimenfal condi-
tions are idegljzed ana simplified by. jghe.uée of small core plugs

or reconstituted sand cores, and refined oils rather than native

reservoir terials.

Re]ative\pebmeabi]ity curves have trad{tionally been_gptainedrin
thellaboratory.on two phase systems ;nd éxiendgd to'thréerphase
. systems by mathematical correlation. 'in‘the dbsemce of ]abﬁ(atory
data, history matching techniques have been used, whe?e‘felatiye
permeability is treated as -an adjustable parameter for métthing
past reservoir pefformance using empirically developed corre]a—'.
tions that réplace expérimenta] data. For the Athabasca oil sand
$;stem, there aré no published—sexperimental data on residual fluid
saturatibns, relative permeébiﬁity curves, and the effect of tem-.
‘peraturé on.thege parameters. : | -

i . L. N\

o

*

Because of the vastly different results in the literature, the
firﬁt goal of‘fﬁi; sfudy was to use as simple a system as ppssible
to f@cus on 'fun&amenta] properties that might cause temperature

‘_effEbtg.- The‘second goal was to reproduce the temperature and

Y -
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pressure éonditiﬁns encountered in  the recovery of heavy 0ils'
from deeply ' buried ‘formations. The system'jnitial]y'selected
_Eonsisged of pure unconso]idatedl_qﬁartz sand, deionized water and
;ol;ent:extracted Athabasca bitumen. ’ .Thesé ideaiized conditions
minimizgd clay migration and higﬁ temperature corrosion, and the

use of crude oil more closely represented field conditions. Such

a system would alleviate some experimenta) difficulties and ease

, the interpretation of relative permeability determinatioﬁs. ,
The experiménta] approach consisted of 'deféhmining £he ena point
‘relative permeabilities and corresponding residﬁal saturations for
bitumen and water as a function of tempenaturg’in the range of
100°C to 250°C. The upper limit was chdseﬁ'as the maximum temper -
ature found éhead of a condensing steam front, whereas the fpwer
limit was determiﬁed from the viscosity at which bitﬁmen could be
mobilized. Next, bitumen-water rela?}ve-perméab11ity';uryes wére
determjned by baoth steddy and unsteady staie techniques7for pro-
viding comparisons. Temperature effects wére also considered in

»

view of the end point results. =~ ‘

Y
%

Temperature was the only external property modified; this in turn

afféétéd fluid and flow groperties.‘ The flow rate for all exper-

~iments was chosen to be approximately one ‘pore volume per hour

1. Heavy oils (15°-25° API) are mobile at reservoir conditions,

" whereas oil sand bitumens (8°-14° API) are not. However, these
two terms will be used interchangeably in this document when
referring to either of them in general,

- ' 7.
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(PV/hj, which transiates into 2 m/d (6.5 ft/d) for field condi-

tions, and was sﬁfficjent to 'minimize capillary end effects pre—'

sent in core-size experiments. However, viscous fingering result-

ing from the displacement of a more viscous by a less viscous

-

. .-,5 . .
fluid may not be avoided and was considered accordingly.

This study is the most exhaustive experimental work undertaken to

date for the determinatioﬁzpf tempefatbre effects on relativé per-

o

meability relatignships. Egsperiments"were peﬁformed-under=con-

.trolled cond1twons of pressuré temperature and flow rate _ Quél—'
‘D\‘\ -
ity control was achieved by the reproduc1b1]1ty of the. results in

‘duplicating several experiments; Follow1ng a thorough investiga-

tion of the bitumen-water- clean sand sxftem a few experiﬁenfs

using mineral oil 1nstead of bitumen .and others using reservoir

sand instead of clean sand were conducted to provide explanafions

and comparisons with previous studies. An ana]ysis'of;theoretfca]

models gave further evidence as to the effect of‘tempéfature’on

relative permeabilities.

[ -+

At present, the liferature on relative permeabilify-is éxhaustive '

and encompasses all aspects of ex%er1menta1 and theoret1cal deter—

minations, as well as factors which affect fit.‘ In 1lght of the.

present'giudy. the published work is reViewed}fh the’ ngxt chapter.,

L
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Z.*  "BACKGROUND AND LITERATURE-REVIEW

S

2.1° Determination of Relative Permeability

The most widely used equation for flow through porous media is due

to Henry Darcy‘(1856). a French engineer, who derived an empirical-

.relatidhship based bn experimental evidence. It shows the depen-
dence of flow velocity on boii_:7rous medium and fluid prgpertjes
.assuming homogeneous, _linear, teady . até,' incompressible and

]amjnar flow fog a sing]e_f]uid:‘ p . E

kp d& = - . :
Vsl . (2.1)
: u  dL . .
r“ . P - .
where & = + gz is called the fluid potential. ' (2.2)
P . : ‘

In petroleum reservoirs, single phase- flow rarely occhrs and the

Darcy equation cannot be used in the ‘form given above. The con-

ﬂtept of permeability established for the flow of a single'phasé

through a porous medium can still be applied to two phase flow by
modifyipg its value to take into account the presence of the sec-

6nd_bhase. In the case of the _simultapeous éteadykflow of two

'“incompressibielffuids through a .homogeneous and isotropic pbfous

medium, Darcy's equation can be extended to describe the flow of

ceach fluid:



where k. i§ the effective, pgrmaability' to flutdfi {(0il, water,

_gas) and is proportional to, the area open to flow in the presence .

¢

~of the other phase(s). " The ‘total -c;pacify of flow through the
4h\_f/)/porous medium is thérgfore_reducéd (Z'ki §;k). . - ‘
3
O0ften the ratio of effeciive berméabi]ity to a specific fluid and
j:J of some bésebpermeabiljty (uéba]]y the ab;qiutg permeability) is

- .used -in resefvoir ehgiheering ca]culatioﬁs.  Such a dimensionless
ratio is-called the.teiative permeability aﬁd is considered to be
@ single-valued fﬁnction of fluid-safuration only. 'Thé concept of
relativé‘permeabiljty has3mean1ng oﬁ]y_ in the interval of satura-
tion of the wetting fluid, Su; S SUs 1-S_,. This is illustrated
in Figu?ell. In a 1atef section, relétive permeabplity is shown

-

to depend on many other factors.

-

-

.2.1.1. Measurement <
MeasurementS of relative peymeabi]ity uggve been perféimed since
the mid-30s (Wyckoff and Botset, 1936). The simultaneous fiow of
oil, gas and water throqgh é porous medium was believed to be
governed.by‘”fluid prdberties, the relative saturation of each
fluid aqdlthe characteristics of the medium itself. Most‘of the
coﬁéepts in the prerimgntal apprecach for determining re]ative“
permeébiLity were dgﬁelqpéd in the early-50s (Geffen et al., ;éﬁl;“
Osoba et al.,‘1951;‘Richardson et al., 1952). ‘Steady state and
unsteady statg or &&nﬁmic ﬁethods were used for direct determina-

tion. Both mgthods have been extenrKively used to study'two'and

-
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Figure 2.1 : Graphical Representatibn of Relative Permeability
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some ghfee-phase flow Situations; 'frither method has proven to be

-

free of limitations.

Reservoir cores, outcrop rock samples and sand packs were all used

in retlative permeability and oil displacement studies. Reservoir

rock is obviously preferred for specific field evaluations, but

many-éituations can ariée“where preijminary.tests with~reasonab1y
homogeneous sgmpl?ﬁ are advisable. “ The wettability of g:sample'
can be the most difficult _chtor to mainta{n or re-éstab]fsh”;t
its resérvdir condition_ for. ﬁore fTooaipg‘ £esis.. Ptéfefegtia1

wettability ‘of the reservoir rock to oil or water governs to a

greatkextént the oil recovery in a waterflood (Rathmgf1,et at.,

1973) and influences the_suébqis of any enhénCed recovery method. .

Anderson (1986) compiled a thdfough literature survey covering:the

effects of wettability on core analysis. An ‘accurate représenta;

' tion_of‘résérVoir wettabi1ity is imporganf for obfaining realistic

relative permeabilities and residual 'saturations from core tests.

* The majority of oil .reservoirs seem to possess an intermediate

wettability (Craig, 1971), " with the ~rock.surfaces exhibiting no
.strong‘wetting préferente for either the water 6r oil phases.

Mungan (1972) showed that at. all water saturations, the water/oil-

.relative permedbility rat{o is highpr for a'préserVed corgwith
. D N :

reservoir fluids than for.a clean qdre-with purified”fluidﬁ{-.Thé
water/oil flow .characteristics of such-reéervoir cores cleaned to

a strongly water-wet conditiﬁn could‘bé.quité misleading.



" -The steady state method requires the test specimen to be homoge-

"neous and provides flexibility in controlling saturation changes..
Calculation of re]atiﬁe permeability from 'experimenta] data is’

straight-forward and does not involve elaborate assumptions. Ihe

-Penn State method {(Morse et al.. 1947) -1is considered the best

steady state method available. A fixed ratio of fluids is allowed
to flow‘simultaneouﬁly through a singie “core made of three Seg;
ments. The front -piece " serves ‘to distribute the fluids and the

last piece to ahsorb undesirable  capillary end effects that cause

~saturation gradients in the test sample. Saturations and pressure

qrops'are measured in the middle test section. Several f1uid_ra¥

tios are injected to cover "the entire saturation ramge, each one

until saturation.and pressure equiltibria are established. The
experiments:are difficult to set up to minimize the presence of
end effects, and there are difficulties associated with obtaining.

accurate saturation profiles from non-intrusive measurements.

~

Today, the hoﬂified Penn State method is being successfully used
'1n-siﬁgle cofeg by"eliminating or ét 1eastlm}qimizing 1nlet.anﬁ
dutiet end e}feété. Pressure drop and.saturation distributions
are measUréd in ‘the central 'pottion\ with non-intrusj?e devices
when thelsysteﬁ reached a steady “state condition. With this ap-
proach, end ‘and intermediate point relative permeabilitieﬁ-and
satur@tfods cah be measured with confidence.for specific experi-
'méntai-coAdiiions.i However, it is a‘time_consumjng method if one
(&ants'té oﬁtain'é coﬁblete.set of relative permeability curves.

p .



D;namrc dlsplacement methods. on the other hand are considered to
be more representat1ve of reservolrs since saturathn changes may ‘
occur too rapidly teiaIJow equ111br1um to be attained. In these -
experiments, water or gas are’ injected to displace theloil,Land
proeuctgon and pressure drop-aEe monitered contineously'derinQAtee:

'fToeding operation Heasueements are - qu1ck and simpler to mekeﬁ”'

but tﬁeir lnterpretatlon may be quest1onable under certaln crrcum-'

.stances because of porous med1um 1nhomogene1t1es, scaling requ1re— K

. -ments, and flew 1nstab111t1es. | The:~ unsteai% state methods are;
,eeuaIIy based onffhe. Buck]ey and’ Leverett (1 2) fronfa] advaece,
.-theory that assumes negllgtble gravitationallaﬁq cepi]leny.forces;'
compared to viscous fprce;.'; Capillary pressure eff§F£$\Cé“,bﬁ
‘uminjpized‘with‘the use'of' high flow rates.iﬁ disblaeemeef.experi;
ments, reSuTting n stab}lized flow (Bentsen ﬂ1978)' Most experl-r'
ments are performed Qn\QQort horizontal cores to e11m1nate or at
least m1n1mtze the contr1but1on of grav1tat1onal forces
'A_discontinujty;in the capillarx; forces cauees.the:we£tiﬁg pﬁaEe
" to be held back upon leaving the core so that ‘the wettiﬁg phaee
saturation increases qea%\the' ouglet‘ (LeQerett,_1941). Osoba et
al. (1951) feund relative ;permeabilify to be rate sensitive only
when boundary effects 'ﬁere present bet the sensitivities disap-
peared as the boundary effects ‘beeame negiigible‘with higher flowt
rates. Richardson et al. (i952) predicted thé.inf]uenee‘of pouﬁd—.
ary effects from équatioee of fluid flow and shewed that errors
‘fromithese'effects could be eliminated in laboretory measurements:

-The boundafy,effect was describee as a laboratory phenomenon and”
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was found neg]igisle in *ac}uaf resefﬂgjr}jf]ow.: Todéy in}et and
out tet boundarylend"-éffgétﬁ are minimized !by the use of front
p{eceg fo ensure proper mfxing of the phases beforé-entering the
core éﬁd-by the choice ofr%ibw rateslso.th;t viscous forces exﬁeed
~and dominéte capillary forces on a mécfoscqpiﬁ écore)_scaIQ: This
mean;‘that. jn pfacfitef'_éxperﬁmehtal -f1ow_.rates ma; béf;everal
ofdgrs of’ magnitude .higher than field rates. g
| 8

Fiow‘instabilitieé occur during the'djsp]acementfof a more viscousg

- fluid-by a léss viscous fluid. " Viscous fingering can play a sig-

ﬁificant role in thé immiscible displacement of'one fluid by ghi
other;(Engelbgrts‘and.K1inkenbErg. 1951} Peters (1979) developed
a dimensidnhéss stability numper; N, - whicﬁ aefjﬁed_stabie flow as
6ccurring.bé]6w a critical vglue. He showed experimentally thét
athe number-bf fingeré _increased Qith velocity, tﬁeréby increasiﬁg

instability. Demetre et al. (1982) studied immiscible displace-

" ment at various superficial velocities in . cylindrical cores with

different iength; and 'Hiamefers.‘ for water-wet and_oi]—wei Sys-

tems. Their results showed that! geometric similakity between .

..model and prototype is not important, provided the displacement is

s g .

- either stable (N, < 13.56) or “pseudo-stable (N > 900)‘tﬂﬂ\£93t

‘neither the linear nor  the radial scaling groups were, by them- -
selves, adequate as correlating parameters in the transition zone
, . , ,

'between stable and pseudo-stable displacement (13.56.¢ N_ < 900).

i‘

, Extending the works of Peters and Demetre,.Bentsen-(IQBB) prpposed

o a new approéph to instability theory in.porous media, suggesting

N,



-eff.iciency being much

that tue tyge—ef“disp]acement .which ”tékes_'p]ace depends on the
balance existing 'between capi]]ery{' geavﬁtational and vjeteued
forces. If the combined forces of grevity and capillerdty.are
‘greater than the viscoUs force§;‘ the displacement will ee stable.
The disp]acement'w{il ee unstabledffrthe feverSe ie.true...Behtsen

'deflned an. 1nstab1]1ty number proportional “to the. one proposed by

Peters the constant_of proport1onal1ty be1ng a. function of the

mobility ratio. This add1t1ona1 :factor.ar1sesibecause water fin—

gers are wider. than oil fingers.

o

Bentsen showed that recovety is: indebendent of the stability num-

ber for-stebje and pse doéstable:diSp]acemente}rthe displacement
. ower fn "the ' .latter. In the tranéition
region, the recovery effieienty' is dependedt ‘on the stability
number, and fingers heving‘.diffefent wavelengths mayfdominate the
d1§plateﬁenf. His_ceiculdtions'showed that;changtng frpm.a field-

size to a laboratory-size system resulted in a stable flow regime

in the laboratory compared. to a bseudoFstdb]e regdme‘jn'the field. .

‘Be conc luded tﬁat many .of the:'reiative permeabilitj curves mea-

sured in the ]aboratory are not . determ1ned under cond1t10ns repre—
sentat1ve of—the—f1e]d Islam- and Bentsen 1986) suggested that
effect1ve permeab1l1t1es were un1que functions of thuratlon only,
if the d1sp]acement was steady state or stabie and stabilized, but
not when the dlsp]acement was . unstable. due to the larger 1mpact

of local heterogene1t1es

\ﬁefge_(IQSZ) first proposed a metﬁod to calculate the ratio of two
* o S . e . o : -

LY
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LY . ‘ .
phase relative permeabilities from displacement exper iments: He

. showed that the oil frqctioh in the qut]ef stream could be deter-

mined fcom_thé slope of the production history curve and the rela-
tive pefmeability ratio calculated therefrom. The Johnson et al.

(1959) méthod. commonly known as the -JBN method, extended Welge's

~ technique to calculate individual phase relative permeabilities.-

In addftion to the production history, the slope of .the relative

injectivity curve (inversely proportional to pressdre drop histo-

Ty) is used to decoup]e _the pérmeabildties. Calculation steps to

determine slopes analytically from best fits to experimental data

and to calculate relative permeabi]ﬁties.arehgiyen in Appendix B.

- -

Jones and Roszelle (i978) developed graphical teéhniques'to detér;
mine these slopes as an alternative Hto' the JQN method. ‘Despite
being easy to use, all. ungteady' state methods apply oﬁly under
negTjgiblé cépj]]ary pressure <c¢onditions and resufts should be

interpreted with great care. = Because of these \idealized assump-

N - \. . .
T tions, several workers (Archer and Wong, 1973; Sigmund and

H;Caffery,l1979);resorted to an optimization technique for obtain-

—

ing relatiﬁe perméability curves by matching laboFatory displace--

ment experiments using a numerical reservoir model.

Yo

”

The simplest mode) of permeability is baseq on flow through a bun-

dle of straight baral}el capillaries, wh{ch correlates capillary

pressure with pore size distributioﬁ (Purcell, 1949; Burdine et

4
t
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al., 1950). The most. widely accepted model is.ihe Kozeny-Carman
model that consﬁdérs the porous medium as ,an ensemble of flow

channels of various cﬁoss;séctions but same Jlength. ~ Myllie and

.-

Gardner (1958)‘refined the originéf‘ Kﬁzeny~tarman-quel and pfo-'
posed a novel approach_lby 'combin{ng‘ the ICap11ﬂary;mp}e]'WifH a
random‘fnterfonﬂectidn of_pores; ]eédiﬁg to a simple s@atistfca]
model where the toriuosipy is <pr{mari1y dépendént"on the‘pdﬁe

interconnection probability. | ra

Branching-type models are another extension of capillary models .
where the fluid flow path may branch and later on, rejoin {Rose

and Witherspoon, 1956; Fatf, '1956). ° A number of investigatoré

‘have extended the pioneering netwofk approach, of Fatt t0 develop

'qﬁantitative models te describe the behaviour of fluids in porous

media. The most extensive work is that 0f'Du]1jen (1975) and co-.
wofkers at the Univer§itthof Nate;iéo. Their approach consisted

of measuring the pore'siie distribution function of a Eock spéci-
men in order to cqpstruct by‘ anafogy a netwofk of qapilfary;tubqs -
reflecting the specimen's pore geometfy;ﬁ_ S

. P : : .

These models have attempted to .descrjbe fiow of a single fluid
through-pdrOUS-media.J Empiricism must be fesorted to in ordef:td
br}hg the resufﬁs of capiilary"_mode]s fn -1ihe,withjrealdty. At

present, the usefﬁl, practical mathematical formulations of two

.phase flow through porous.qgﬁia éfe Basically empirical. Nétwork

models have the 'bestﬁ,poféntial for undérstanding and quahtitai

tively describing two phasé phenomena in porous media.r

o
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- Rose (1949) showed that capiliary pfessure is a measure of funda-

mental eharacteristics of a rock and can be used to predict rela-

tive permeéb{]ities; The extensien of models using parallel cap-
illaries for two phase flow were  based on the assumption that the
fluid phases flow separately through the porous medium; with one

Tluid preferentially wetting the rock. Several authors (Gates and

Lietz, 1950; Faft and Dykstra; _1951{ Burdine, 1953; Wyllie and

Gardner, 1958) obtained expressions of relative permeabi?ity based

on fhe'PurcelJ (1949) capillary bundle approach.

—— ' .
Corey {1954) observed that the «capillary pressure function lch

could. be approximated linearly in terms of oj] saturation. °Brooks

and Corey (f964) later mbdified Corey's original capillary pres-
sure-saturation relﬁtionship into a two parameter expression Yor
relat{ve permeabi]ity. This exp}ession contains a mgasurement of
the ma@1mum pore sxze and poﬁe size dlstrlbut1on

- ;\

C k.= k, (S_.e), | (2.4)

where Se'is the effective wetting phase saturation related to the
capitlary pressure through the saturation ‘exponent ¢. The common-

Sy encountered range for e is bétweég,Z and 4 for Vvarious sands.

" The d1rect10n of change of saturation (dralnage and 1mb1b1t1on) s
an 1mportant parameter iﬁ multiphase flow through porous media.

While the previous expressions can reasonably describe drainage

situations, imbjbition °relati§e perméability‘ to the non-wetting

1%
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_phase is generally found to be Idwer than that hredicted'mathemag;"”
. : \ 3

“ically. - Naar et a],‘. (1;363-) developed a mathematical mode 1 for
‘conso]idate.d porolis media by considering that f':h—(;— a"dvancing wet -
lting phase (‘im_bibition.). gr:adual]y traps ‘sdmé'o-f ‘t‘he non-'wetti.ng
' phase, making"it immobile. Lan‘dl (.1968) ldeve.‘.oped éxp.ressio'ns for.
imbibition relative perme.abilit'ies ar'l:d pfdvided for trarpp_‘ing of
the non-wetting phase, using an embiricd1 relat{oﬁ-ﬁétgeen initial

and residual non-wetting phase saturations.

'Fatt.(1956) was the first. to ‘shqgﬂtﬁa;‘netwpfk‘models;ﬁép bé‘used
to qualitatively describe ‘the ~ ‘undersaturated éermeabiJity behav--
'%our ofrporﬁus_media by single-size tube_nétworks‘éﬁd'BjJnetwérks
with tube radii distribﬁtigq..‘Ehrchh and“Crane_(l969)'ﬁaihema§i¥
cally modelled a consolidated po:ous medidm by netwﬁrkﬁ of jrrggu-‘
lar]y'interconnected pbrencﬁannels.‘ The} proposed a mechaqfsm for
immistible displacement wjtbin 2 pﬁfe éHanné} in whfch‘fhe irrequ- .
lar}ty and .pore .channel fnterco&hection"ére of:pﬁramount‘impor-'
tance in ‘exp]aining the —drafnage—imbibition hjSteresis effecf;

fhéreby calcu]atiné refative pérméabi]ities fdr botH drainage and
imbibition. Curréﬁtly, percolation theory is receigiﬁg.qdnsider-
able attention (Carson et a]ﬁ}f\lSBl;‘ Heiba et al.,.1982; Chatzis
and Dullien, 1932) ‘and  this recént aﬁp]i;atibn for détermining
relative permeabiltty curves looks promising.  Predictions of
relative permeability'tﬁat iréziﬁ'&Jo§e_quqlitative_agreement with

typical data from two pﬁése f;ystemg ‘'were obtained abd the theory
was also extended to three ﬁhase relative perméabflities (Heiba ef

al., 1984).

4
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A1l the relative permeability models ".described thus far Qére de-
rived‘SOIely from mathematical considerations aﬁd most were festéd A
'ggainst experimental‘data- .while two phase re]ative'perﬁeaﬁili-
.t}es aré nét easy - to obtafn experimentally, three phase relative’
permeabilities are even more difficujt to determine (Saraf et al..
1982). Seﬁeral-ﬁfobabi]ity models were ‘proposed to predict the
fe]ative_pqrmeability of‘thg/intermediaté‘wetting phasq (di}j in.a

" three phase system from two'phase data using empirical definitions

(Stone, 1970‘and 1973; Dietrich and Bondor, 1976).
S e
Many models-or equatjons werer;propoéed “to ca]cu]gte three phase .
re#at;ve permeabilities: they e{ther rely on tﬁeiysé of two phase
expe;ﬁhentai data to'_synthesize three phase relative permeabili-

" ties (Stone, 1973; Dietrich and Bondor, 1976), or directly calcu-
1at; three phase‘relqtive permeabiliiies using variables suth.és
irredqcibie watef saturaéion or capillary pressure-pore-size dis-
‘tribution curves. Usﬁal]y. in the'absé:ce of e;perimentalrdata,:
estimation of relative permeability jﬁ made fromiong of the fol-
lowing models: Brooks and torey (1964) for drainage; Naar et ai.
-(1963) for imbibition; Land (1968) for both drainage and imbibi-
tion. These twb and -three' pﬁase relative permeabilitieé would
“then be used in reservoir engineering calculatiogs. ST

2.2 - Factors Affecting Relative Permeability

Relative permeability curves depend on the manner in which an

experiment is performed. The flow is known as drainage when the
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saturation of the wetting phase # decreasing and imbibition when '

the saturation is increasinﬁ. The effect of ;aturation-histo%}fin

[y

two phase flow has_long been recognized (Geffén.et al., 19517, as
it affect;’the disp?ibution'of‘ifruid- phases and caqgés:é hystef-
esis effect. Tﬁé 'magnifgde 7;} this Hyst%{ésislpetwéen dfainagé
/and imbibition re];tive'permpabilities;is a function of the.degéee

of consolidation of the porous medium (Naar et al., 1962 and 1963)

-

and the porelgeometr& (Morgan and Gordon, 1970).

¢
Trapping of thg_non-wettinérfluid iﬁ'fhé‘pores dufiné'imbibition.
which is not found during ’&fainage.' also contributes to the hys-
\\\\\ teresis in relative permeabfiity. Using pbre cast; anq.glags
| | micromodels, Wardlaw and Cassan (1979) showed this trapbing‘mechéﬂ
nism to.be'dependent upon.’ thé fluid properfies and the character-
istics of thé pore system, mainiy pore-po-throaf size ratio, and-
type and degregbof Aon—randoh. heterogeneity. The wgtging phasel
re]ativelpenmeability is only marginmally affected by thé satura-

tion history.'whereas the .non-wetting phage relative permeability
l .

is markedly affected (€Craig, 1971)

- _
to be directly

-

The relatiﬁe perméability hysteresis also seems
related to the hysifresis of cépi]lary pres;ure dur}ng imbi?ition
and drainége cycles. The contéct angle hyﬁteresis bpserved during
advancing and receding flqws-provides a partial explanation of the
gdpiliary prfgsure-saturation curve_hysteresisf' Qose (1972) noted
that static capi]]ary pressure meaSureq in the laboratory is dif-

-

f;reﬁt from capillary pressure under dynémic conditions because of

~_—" S i
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the influence of hydrodynamic forces. " The rate of fluid flow has

: Lo C =
-no effect 'on relative permeability as long as it does not create a

-

sgturatjon gradient - caused by inertial effects- at Highér flow:

-rates ahg by capillary end effects at lower rates (ﬁeffen ef'a]x.

1951; Sandberg et al.. 1958: Labastie et al., 19807).

-

With the ‘increased emphasis on the development of thermal recovery

processes, hysteresis becomes important in the case of .injection-

production’ cycles in altering the direction of saturation changes

of the fluids. Coats et al. (1977) proposed a pressure dépéhdent'

water rglatfvé bermeabiiity model, since imbibition is marked by a ;

pressure riserand'drainage by a pressure drop. ‘Dietrich (1981)

-indicateq that the effects of hysteresis and variafions in effet—

tive stress have to be evaluated during faboratdry studies of.

et

relative permeability if those are .to be wused in cyclic steam

stimulation predictions. He indicated  that extreme differenceSF

_existgd’between the relative pérmeabi]ity‘ curves * estimated ﬁy ,"

—

~matching field ﬁ?story and those determined_experiméntal]y..

L i

The'ré]atiyé_permeabi]ity pfbpértiés,of a'porOQEHa;dium_dependuon
saturafion and sathrétion higtgry, “pore ﬁize "and éeomeiry. and
coptact angle aé djﬁcussed earliér., These paraméters controli}ﬁe
c&pi]féry pressure characteristics for a given fiuidF+iquid—rock
system_and-the microscopic diStribution of the fluid§ iﬁ the pore

space. By”meanﬁ of the,contaét angle, which iﬁ one measure of the



K B | 20

wetting behaviour of a rock surface, a direct'dépendence_of rela-

tive pérmeaﬁi?ity on wettabilityx;jh be.gstablishe&a

—_— . i \
Owens and Archer (1971) studied, the effect« of contact angle on
.relative_pé meabi]ity. ‘They found that imbibition relative perme-
ability to‘both.oi]‘anﬂ water depends on the contact angle: oil

'reTatTvg permeability is 'highest\'anqhéater relativedpermeability

s lowest for water-wet"conditionSﬂ . - This seems.tp suggeét that

" the wétting_properties_of a .fdgk ‘Can be inférred from relative
permeability measurements.: ;9_ his ‘moﬁograph.htraig (1971) qives
rules of:thumb on the shape éﬂ r@iaiﬁygrperméaﬁility cu;?gs depen-
ding on Qeftabil%fy 'for strgﬁqﬁy”ﬁgfkn;wet and st;oﬁgly oil-wet
porous media{‘ Usuaajy. _rockgl<;f¢ :f;und to have an intermediate
wettability (Salathie],‘1973),”yifh :ﬁﬁ z$trong préferénce‘fﬁ? é{ul
“ther wate} or-oil. Craig suggests that inférmediate wettability

rocks have some of the relative-perméability characteriﬁtips of

both water-wet and oil-wet formatijﬁ%f

-

'The'measurement of relative permeability is significantly affected
by the test enviu@ﬁmeni,;ﬂhich consists not only of the tempera- -
ture and pressure, but also of the fluids uéed_énd:the coré condi-

~

tions. MWettability is an 'important'_variable and also depends on

‘A§;he experimental procedure and conditions. in'a ition, the in-

terplay of viscous and capillary forces during the dispNace ent of
oil by water must be considered in terms of the fluid properties,
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name]y v1sc051ty (abso1ute and/or ratio of non-wetting‘to wetting

phase) and 1nterfac1al ten51on These parameters are recognized

as part of Rczwjzz;;hg ‘criteria for:displacement proceSses and‘are'
discussed bel arate1y:and in combination with other factors

affecting,fe1at1ve pefmeabi1ity.

The extension of Darcy's equatioh to‘ multiehaSe flow was ques-
tioned_(Yuster,.1951} Odeh, 1959; Rose 1972) since a slip condi-
tion at the t]uid-flUid interface would mean a non-zero velocitj_
at that boundary, implying a dependence of- relatlve permea;al1ty
on viscosity ratio Odeh (1959) observed that re]atlve pefmeab\l—
ity to the non- wett1ng pha;é increased with VlSCOS]ty/F;tIO, belng
greater than unity tgivhigher ratios. He also noted that for an
absolute permeability value greater than .Dne'darcy. the effect ofl

2
the v15c051ty ratio’ ‘became negligible. Lefebvre du Prey (1673)

" showed that ‘the v1scos1ty ratic had con51derab]e 1nf]uence on both

relative permeab1]1t1es and res1dua1 saturat1ons by observ1ng thaU
an increase in the v1scos1ty of one of the liquids decreased the

relative permeability to the .other liquid.

Relative permeability was found to be independent of flowing fluid

visco;ities (Sahdberg et:a1., '1958; Donaldson et ‘al., 1966) when
similar.wettin c nditihns existed. Ehf]ich and Crahe (1969)
concluded from their theoretical model that reTative permeability
was independent of 'viseesity ratio everywhere except near then

irreducible wetting phase saturation which itself decreased Qith

-an increase;}\the non-wetting to wetting phase wiscosity ratio.



Danis. and Jacqu{n (1983) showed that 6il relative permeabﬁljjjeg////
‘at reéﬁdua] water .satqration hay__depend _oﬁ qu viscosity'Underr
verious coﬁd{tions and" that the influence ef yiscosity-on ejl
eeletiVe permeability seemed to be gregter as fee ppfeus med ium
became moré.comp]ex. “This could explain the differenees reported

by varidus researchers regarding the - effect of viscosity on rela-

" “tive permeabiTity.

" An impertanf ﬁropefty whichvﬁkves ‘rise to capillary pressure in a
"peroes medium is the'ineagfacial tension of the fluids used. An
_increase in qil -reeevery resulted .from lowering the interfacial
l tension (Wagner and Leach, 1966; Batycky and McCaffery, 1978)
- accompanied by a decrease in thevhysteresis of the oil/water rela-
tive perheability properties which eventually disappeared at the
]owest'interfaciel tension (0.02 mN/m). By reducing the interfa-
cial tension even fhrfher. ‘the curveture§ of.the relative perme-
ability-saturation curyee decreased to approach. straight lines

with an increase in-the end point residual saturations to both oil

and water (Bar&on and Longeron, 1980; Amaefule and'Handy,'1982).

A dimensionless group represenfing'the ratio of;viscous to eapil—
lary forces called tﬂe capillary number, N . is used in the liter-
ature to express the dependence of uffjmate.recovery on viécon
and cabillary forces: The formufation: for the capillary number

varies from author to éufhor}'but for an.ordinary water flood its .

typicaljvalue is of the order of 10-5 (Foster, 1973). Moore and

‘o



© Abrams (1975) showed that the viscosity ratio exerted an influence

Slobod (1956), using_ﬁ;‘ = l}plocoseu sﬁéwed fhat,breakthrough re-
covery was a unique function of the cabil}ary Ehmber in water—wet
porous media.l Lefebvre du. Prey "(1973).pfefer[¢drto separafe—the
influence Df the contact anéle. Gk. due ia'the"différencé in wet-
tability of the fluids and by using N} = vﬁ/d;‘was able to in-

\

crease its value by varying each of the parameters. He showed a

‘corresponding increase in relative permeabilities. in’'doing so.

v -

on the residual saturation left by a water flood and expanded the
dimehSioh]ess scaling group describing - the ratio of viscous to
. . e - ' ; - T .

1gﬁerfac1a1 forces - to N_ = (vu fo__ )-(u /p,) | by including -

viscosity effects. o

Melrose aﬁd' Brandner (1974) féefined a'm{croﬁcobic dfsp]acemenf
efficiency, E_, which\they coﬁre]aied with thé capillary number..
They'?btained'a gfititg] vé}ué for::Nc which, when Q;;eeded. per- .
mitted the m};foscopiﬁ- displacement efficiency to increase to
unity. Below this cfitital -point} howeve}. E . was indepéndent of
the EApillérQ nuhﬁe;;¢as.ob;ervéd eér]ief‘(iefebvré du Prey, 1973;
Foster, 1973). Based on the premise that 'the critical.v;ﬂ'ue.pf'N\c

is reached when viscous forcesi begin  to cbmpgte with capi]lary

forces, they caleulated this critical value to be approxihate]y

-3 R . ) ' - .
100 . From an experimental point ‘of view, the easiest way to
significantly increase the capillary number is to lower the inter-
facial tension. . Hence, the effect of éapillary number on relative

permeability would follow the- same trend as that previouslgﬂre-

-

ported for interfacial tension.

T



) ) ) 5 | . . . : 24

Fulcher et-a].-(1985) studied the effect of capii]ary nu@bgrfand'
its constituents on-two lbha;e relative perméabilities. Based on
experimeqtai-and\computétional ‘observatdons; they cbncludedithat
non-wetting koil) relatiﬁe permeabilities were functions of the
interfacial teﬁsion‘dnd vigcosity individually, rather than -the
capi]]éfy number. On.the pther.hand, wetting phase‘(bfiné)afeha—_
tive pgrmeabi]ities behave? as fﬁnctions of the capf]larynnumber
" but were. better Imode]led ‘using individual, variables. Further
observationsnregafding thé effect| of the indivfdual constituents
of the capi]]é}ylnumﬁef .(intérfacial tension, Qistoﬁity,‘and ve-

Tocity) did not sighificant]y'diffé; from previous.reports.
v

Laboratory méasﬁrement§ of relative permeability éré dse&'fo'rep—
resent and scale field conditions. With the 1nchea§igg deveLop-
ment of thermal recovery processes, the effects of pressure and
temperature on relatfve permeability must be included jn any stud&-,
simulating in situ conditions along with the other parametérs
discussed above. Due to the paucity of the‘data av;ilab]e, the,
dependeﬁce of rb]at}ve permeability on tﬁe hfessure gradient is
unclear (Fatt. 1953):. External pressure may howéﬁer have an ef-
fect on the rela@ive permeability as overburdeﬁ:pregsure was - found
to change thé porosity. aﬁé gbsoluté permeabi]ify.of rock samples

(Gobran et al., 1981).
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'Temperatufe eﬁfectsw on the .other hand, have received much more

attention,since the mid-50s. Contradictory results were obtained,
mainly because_different systems were used, and this issue is

stiltl highly controver51a1 . Tables 2.1 and 2.2 present a‘summary

‘of the observations repor{gd 1n the literature for unconsolidated

and consolidated porous med1a._re5pect1ve]y. Nakornthap and Evans.
{1986) summarized the most commonly observed temperature effects

in.proposing_e theoretical model. . The foliowing general trends

emefgedi‘

- Residual'oil safhration'decreases aqd irreducible water satu-
ratien increases with increasing temperature. This shift in
saturation also affects relative permeability.

- At a consﬁépt eaturatton‘ tbeﬁe is a considerable increase in
relative permeability to'oi1.and a decrease in relative per-
meab111ty to water with an increase in-temperature.

-, Tﬂe water/o11 Telative permeab1]1ty ratio '}qcreases with

. ‘temperature ﬁn.uncbnsolidated' sand, whgreas it decreases in

»‘. consolideteé';ocks. These differences_could be explained by
the fact that,]owqresidhal oil.saturat%ons exist in the for-

‘.mef, whtle the.revetse ts true,for.the.ldtter.Q

Two recent studies performed in’' clean unconsolidated sand cores

using white mineral oi]§ {(Sufi et ai.. 1982; Miller and Ramey,

. 1985) showed that residual saturat1ons and relative permeabl]lty

Pelat1onsh1ps were v:rtually unaffected by temperature. The main

.conclus1on‘of these studies = was that prev1ousiy reported results
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_fer.enconseliﬁateS\ﬁahde may have been affected by viscous insta-
" pilities, capillary end effects, andfor-difficulties in maintain-

-ing‘materia? baiances."The authors noted that there was no way to

eQaIUate:such‘problemé'tn others' works. They did not_brove'that,

temperature effects were non-existent for real reséervoir rocks. and

5 flurds but on]y implied that such effects wese prqbably unrelated

to fundamenta];flow propert1es.

~

2.3 Published Heavy Dil Relative Permeability Data

Due‘td_tae' experimental difficulties encountered in determieing
relative- permeab1]1t1es 1a suitab1e 1aeoratbry'”procedere teat
eliminates 1n1et and out]et _end' effects and. the resu]tiqg'sate;:
ration grad1ents must be used. Ueualty, experimehtal.qona{ttahsmxam
are‘tdealized_anq simplified by the use of Sma11'eere-plugs or
reconst1tuted sand’ cqres;_ and refined oils ratherrthaﬁ native

reservo1r materIals ~ Thus, very. few experimental. data on relative .~

‘permeab1l1ty 1nvolv1ng heavy 011 or. b1tumen are reported in the

literature. This sect1on conta1ns pub11shed relat1ve permeability
data for the 011 sand and heavy 011 dep051ts of Alberfa The data
presented were elther determjned experlmentally or obtained from
history matching, and are groepeq-accord1ng to the toeat1on of the @ 3
deposit. o ‘ : . | ‘

-

Earlier experimental 'studies tdnducted‘.at the A]berta Research

‘Council were almed at determ1n1ng re1at1ve permeab111ty curves for

the Athabasca oil sands as"a function of temperature. The work

- .

R
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.concentrated on obta1n1ng end p01nt saturatlons and permeab111t1es .

using the steady state method , The ftrst set of. experlments 1n-
.

olved cores packed w1th ‘mined Athabasca o1l sand the test. proce-

dure and results were -reported by Po]1kar (1980) Bltumen wa:\\
first displaced from the cores with hotiater,‘and some were'snbi \H\\
..sequently floode? W1th b1tumen to irreducible water. saturat:on A

lack of reproduc1b111ty of the results‘ between 55 and 250 C was

-‘attrrhuted to the heterogenelty of the oil sand samples

._Leung (1582).reported end point data and,relativefnermeabilityu
curves: obta1ned by h1story match1ng the performance.of a well fet

-‘Athabasca bttumen recovered by steam st1mu1atlon. and d1d not take

into- account temperature effects on the end po1nt5 for hxs numerl-

cal evaluation. Edmunds (1984) used two phase 011Iwater and

oil/gas relative permeabiltty data in deyeloplng 2 mode] of the
steam drag effect in oi) sands. _The'effectjte.oii perneabi]ity at
~ connate water saturation with no gas- present was the base peéméf |
abi]ityﬂfdr Has data.  He. d¢id not consider temperatUre‘effects,
The relatfve permeabitity'curves he used.were repreSentativeﬂpf a
clean unconsotidated sand but were adjusted.tq fit{Stonefs (1973)

model. for three phase data

In sitq.thermal Fecovery processes 'in:Atberta were tirSt“apntied'
in Cold Lake 0il sands. . Tnere are nere.fiejd.data avatlable for
tnis tnan for angrother-Canadian heavy eilloiIZSand depbsjtfbut ne
experimental re]ative'nermeability-ndata 'were pubiisned to date.

Coats (1976) reported relative 'permeability data he “used in a
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three dimensional numerical model for_simulatingisteamfinjection
processes where he derived the relative permeabilities:trom field
'fproductIOn data presented. a decade earlier (éamoil '1966) These
data were used in their unaltered form by Stone and Malco]m {1885}

to h1story match large scale exper1ments with Athabasca orl sands

Settari and Raisoeck .(l981)- used ojlfuatEr relative permeability
data in modelling 'hydraulic fracturinoy during-cycllc'Steam sti-
mulation of Cold take oill:sands. "Tneir data were.also derived
from a field pilot's productlon.history. Dietrich (1983) analyzed
cyclic steam stimulation ‘above the'.fracturing pressure using 5
numerical.model. He used power . law expressions for the relative
"permeability funotions. taking.jnto‘-account imbibition ano drain%
aoe hysteresis effectsbﬂand included tne'effect of temperature on

end point saturations and water relative permeabtlitiesf

Lloyﬁmlnster heavy oil has reeeiueo- a lot of attention'because of
'lts lower viscosity at reservolr conditions. .ﬁost reportedvexper—
imental data or1g1nate from the Petroleum Recovery Institute (PRI)
in Calgary. Sayegh and Ma1n1 (1983) carr1ed out laboratory tests
with field heavy oil and. brine,.‘preparlng the1r core w1th uncon-
solidated sand'from'a fresh coreé sampie. The stock tank 0il was
cleaned by centrIfugatlonA to remove water and suspendEd fines

Relatlve permeab1llt1es were determ1ned under reservoir, condltlons
us1ng a computer h1story match of the production and pressure drop
data obtalned during unsteady state 'olsplacements. The end point

-

water saturatlon was extrapolated to a higher value as some oil

-
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was,sti]l_being produéed after twot pore volumes of water injeﬁ—

‘tion. . From experimental curves, these althors derived empirical

“expressions -between the effective permeabilities and saturations.

 Maini and Batycky ' (1983) measured oil/water relative permeabili-

A

ties with preserved core materials under sim@]éted downhole condi-

tions of confinement, pore pressure and temperature, and used

stock tank heavy oil from the same pool. 'Their exper iments were .

 conducted between 23 and 272°C, on .horizonta11y and vertically

drilled core pliugs. The results indicated a shift towards higher

water saturations and a decrease in the oil/water relative perme- "~

ability ratio with increasing temperatu;es.' They also measured
very low end ‘poimt watler 're1ati0e'permeabi1ities. especialiylat

lower .temperatures. Thesk effects Were less marked "in the hori-

zontally drilled core plugs than "in the vertical plugs. Subse-

quent work in the same laboratory was petformed‘on-clean unconsol-
idate; Sandsrﬁith a crude'ane a refined o1} (Meiﬁi et al., 1985).
Temperatufe effects were found to be absent in the miﬁeral oil bet
pfesent in the crude oiT. However, eaufjon should be‘app]ied te

the lnterpretatlon of these results as the experiments were not

performed in the same manner(}of both oils.

Lo

Bennion.et al. (1985) measured. retative hermeabilities for a pre-‘

served cofe from the Sparky sand of the Lloydm1nster area at res—
erv01r and steamflood temperatures They compared their results

w1th those obtarned for an extracted core from the same formation

The latter exhrb1ted much lower 1rgeduc1b1e water saturation then

L
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found in the field and had an- effective water permeabiTity at?
res:dua] oil saturation much higher than that measured for stres-

7fhey'subsequent;_

'

-1y showed that preserved,core “relative permeabJ]Liies gave a much

closer match to field data than those from extr cted cores. Be--
sides thé experimental data reported Adams (1981) presented'end
point saturations and relative permeab111t1es for three d1fferrnt
L]oydﬁiﬁ%ter'f{elds. - . .
Waxman et al. (1980) _conducted Peace iver tar fl;:\e perimeﬁts
under in %ﬂtu conditions and reported steady state relat1ve perme-

ability data for only one core in which they used‘deaspha]ted tar

which yielded steady statg pressure drops across ‘the core for

constant tar/brine flow. Closmann. et el_.ii@35) reported Steady'b"

state tar/brine relatiy permeabif?ties vat 1§6°Cffor-undisturbed'
core saﬁplesJ They used three types of Beg;b R%ver'tare £1) unal-
tered tar, (2) thermally-altered tar. and A(3)‘deaseha1ted tar.
Most ef.their fiow measuremente wepe _ma&e'with the unaltered_tar
obtained by cold solvent extractien from core materie}p. A few
measurements.were also maeez with the therﬁa11y—a1teree (fieidl
produced) and geeiag;?;e;—GBETEetegntars. The relative permeabil-
1£iee reporbéé for the thermally unaleered tar were in a~fég$6ﬁ of
water seturatjon comparat1ve1y lower than was expected. Consider-

ably different results were obthined " with .the other two tars

They atso ;;ﬁgd that the limited oil and water'rejétive.permeabil—

ity values meesu.ed for the 1herma]]y-a1tered ter”égreee with the

numerical simulation curves used in their Peace River studies.
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Ehrlich (197T) presented .results of displactement studies in

w%basca Grand Rapids “A” cores’. : - Residual pil saturations of 25-
30¢ ‘pore vo]ume were observed in Hot Iwater f1oods (93Ll4§°C).

:regardless of - the %nitfa]l oil Eaturatien whereas eteam at 204°C

left a reeidua] oil saturation .of aeout 20?7‘ Fewer’pefe:volumES

were required.to reach the steam fesidua] due fpl1eaer effectiver
mobility of steam compared to hot water Reiative bermeabiditiea‘

were measured u51ngf§9 mod1f1ed Penn State method w1th high flow

‘rates to minimize cap1l1ary end effects _ Reported data: 1nc1ude
(] .

water/o11 re]at1ve permeab111ty ratio curves for brine and caustlc

N

sglutions displacing heavy or] at 149°C. Gas .and water re]at1ve '

“;;permeabijities-and_corresponding water saturations as a funtt1on

— -

of{steam quality were feported,-fer steam)displacement runs .in an
~ynitially water flooded core.

2.3.1 0bservat1ons C j ' o

e

As heavy oi1/water‘syseemsiwere‘ stud1ed in great depth this dis- .
cussion is Iimited‘to the .end points of the relat1ve permeab1l1ty
curves. An examinatien of the_re]at1ve permeability data reported
'=in‘the:prev?ous section led to the followirig observations:

. . "- LN - S
o The typiea]_range.encountered-for connate water saturation is

between 10 and . 40%. However, laboratory measured connate

»
- 5

“water saturatiohs in unconsolidated sand packs cdn be lower.
As temperature 1ncreases, the <c¢onnate water saturation ap-

proaches the upper 11m1t of the 10- 40% range.

. .
f . .
-~ .- . . - i . . LA
. .
N : . . ’ )
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| Residual oil safurations have been réported to be as ﬁigh as
50Z-6f tﬁe pdre.quce. . This can be éxplained by thé-fact
that finger%ng can'éccur'yhen"water displaces a viscous otl,
leaving d_larggf reSidua1 oil saturation. With incfgasiﬁg
fempecatufe and a shbseqqeét 'decreése  in the oil-tb-watgr_
viscosity ratio, residual on?nsaturations have been fouﬁq.to
décrease to as lTow as 10?.'," -

End pointn relative permeabilities, based- on the absolute
pegmeability of the porous medium, are generally greater than
0.6 and smaller than 0.3 for oii at connate water saturation
and yéter at 'residua]_.oil saturation, respectively. The
~ratio of oil-to-water end point relative permeab?]ities was
,geﬁerallj found to be larger than "about 2.5, which agrees
with the va]ﬁes repﬁrtgd by Craig (1971) for water-wet sys-
tems. It is worth noti%g that the end pdinf water re]ative

permeability was, in most cases, higher for imbibitjbn'than

‘for drainage.

b . ' .
An examination of the bub]ished-data revedls that researchers used

a variety of curves fﬁ? relative permeép@iity. No direct compari-
. hy

son is undertaken here between*ﬁiigerimental]y {(laboratory) and

theoretically (numerical  simulation) determined relative perqs—

ability relationships.” A single set of curves does not seem to -

exist for any of the Alberta heavy oil/oil sandﬁdeposits.

g



3. EXPERIMENTAL - APPARATUS AND PROCEDURES

3.1 Apparatus &

The experimental appératu§ was designed to perform dlspiazement

studies in cores undér isothermal conditions wup to 300°C. and to

measure two phase steadyrfitate relative permeabilities. A sche-

‘matic diagram is shown in Ffigure 3.1. Any modifications to the

apparatus will be reported as'théy occur.

TN

The tqre was packed Hinéide a cohper sTeeve, ~which in turn was
contained in a. steel pre§surei.vessef, "and constant overburden
pressure was dppiiedj in tﬁé annular spabe‘between-the pressure
vessel and the'sleeve using wéteh. A detaiied schemét{c g;_the

core holder is shown in Figure 3.2.° The body was about 23 cm

long, with an internal diameter (ID) of 4.23 cm.
Tﬁe 6opbgr s1eeve was f]jréd'at- both ends and held between fiaﬁge
joihts to-séal thg internal fluids from the overburden fluid.
Copper-was'chqsa:_t;ii/}its. machinability and for its compatible
thermal expénsio efficient with _mild “stee1.' To fabricate the
sleeve, lhe wall iﬁicgness of & 3.88 cm ID copper tubing was

machined down from 0.13 to approximately 0.03 cm. The copper was

then softened by he;ting to 510°C in a muffle oven for 15 minutes

35
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/' 3é_‘
w{th Subséqugnt qﬁenching. It ‘then provided alleak-proof sléeve
' capabie of‘operating at éemperatures“'up to 250°C with 14 MPa net
confiﬁing presere under flow conditions, and compared favorab1y

‘with a lead sleeve by providing close _contactﬂbetween-the sand

' . . - N
grains and the sleeve.’

The end caps were eqdiéped with-¥1ow'djstributors'fo} even dist}i-
bution of injected or produced fluid; ovér their énfire'cross-f
Secfgon. A 400 mésh sta{nléss sfeei screen wae'spot we]ded onto
the‘fjow distributor tof préVent any fiée sand froﬁ pluggfng'the
‘flow lines. The centra]'portfon;of each enﬁ hap was equipped with
a pressure-prébe cannected to the pressdre,sensing 1ine§, aﬁd a

-

sintered tip for keeping the fine sand out of the lines wa
attached to the end of these probes. Al

i /-

3.1.2 Injection Equipment

A positive displacement pump controlﬂed_ the raté of flow.of‘the
jnjected fluids. The fluids wére lécatéd in a main'oven'aﬁd heat -
ed to the experimehta] temperaturel for the duratioq of each run.
WateffwaS'contained fn tgbihgg ‘bitumén_jn an acéﬁmu1at6r gqﬁipped;
wiih a f]ogting piston. The résidenée‘timé of.the_fiujds was long
enough to reach phe eXperAmental temperature be{ofe'entefiné tﬁe
core. Most of the vanes‘,couid beappérétéd from outs{de the oven
ané_ﬁ presﬁure relief valve Qas |p]aced in'the_injégtibn line to’

the core, -
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'To:minimf‘e its éEcompo;ition apo%e 175°C, the bitumen was pre-
heqted in-g sﬁhil oven ta_ approximatély 90°C. A capillaf& tube
.viscometer anét a ‘py;nomgter, 'iocated in. lﬁe bitumen injection
]{ne.-weré'uséd to méasufé  5itumén viscogity and-dénsity.:rgspeﬁ—

Fively;'at operating conditions.

AcEdmalators with floating biﬁtons wére uééé to ‘collect production
~fluids. Separ&té'accﬁmuiatofs weré\,USed: fqueach p;rtion of the -
flooding‘se&uence, and "Qere initially filled _with.waier.-‘They
were kept in the small oven at _90“C,3u61e§5 the experiﬁent wég
'coqducted below 200°C (same :érrangemént \és;'for injection). As
production fIQ%dg Qefe co]le;tei} thglgétpr was ﬁushéd 6ﬁt t ough}z
a back-pressure “regulator” iﬁcafed bﬁtgfde' the main oven wWhich
majnfained &‘consfant\dischérge flow ﬁressure. ) |
L
o ®

*3,1.4 Pressure Measurement

'Pressﬁrgs and te@befaturés'Qerejménitpred;throughquf the system‘aﬁ'
fndicated in Figure-3.1;. Threé differéntialtﬁfessuﬁé tranSdUcefs.
to record thefpregsure‘dfop across‘_the core were pfadeﬁ‘jn.paraf—.
lel so that the-ébprdprigte and m§§t Sens{g?vé range céh]d'ﬁe uséd.
during any'megsbrement.' A_;separafe‘ ;;ahsquer;was uged'for tﬁe

viscometer. - o - -
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3.2 Materials

3.2.1 Sand

} - . .
The cores were prepared from clean, uncorsol1dated Ottawa sand.
Large batches of F-140 sand were 51aved and the fract1on smaller
than 140 mesh waa used for "packing (see Section 3.3). An example
of the fraational érain.pize‘ distribution is given in Appendix C:
Because ofIVariatibns 1nfthe' ¢original .sand, each batch of sieved

-~ : . ~

sand had a slightly Qiffefent grain ‘size distribution, resulting

in a slightly different averagé Qrain S size. However, in évery

case, more than 70% of the sand‘was in the 170-230'mesh-fractiow

‘This narrow d15tr1but1on resu]ted in homogeneous pack1ng that gave

reproducﬁble core properties for‘ea;h batch.

Several native o1l sand samhles were™taken during the summer from

. the mine site of the Sﬁﬁtdr, Inc. plant (Fort McMurray,;A]berta).

Samples were cored manual]y from a high grade Athabasca oil sand
face after remou1ng the. weathﬁred sorface iayer. Core barre1§i
having the‘same internal diaméter as thé _copper s]eeves were

pushed into the sand face: to a depth of approx1mate1y 30.cm and

]
-

_removed by rotat1on to avo1d further\d1sturbance of the sample and..,“

surroundJng area. 'The cores were immediately frozen in dry ice to

preserve the natural -distribution of the fluids. A dozen samples

L.

depositibnal'patﬁefn. _ F]pw experiments weré'conducted'on these

f

' 'yere coréd, one.néxt to the'other, by: following the dipping in the
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samples. shortly after the coring to minimize the drying of the

water' film sUrFoundiﬁg the sand grains while in a frozen state.

-

The samples used . in the experiments ‘contained, on the‘average..-'

88.2 wt % sand, 11.6 wt % bitumen and 0.2 wt ¢ water, which cérre—
sponds to-an initial oil séturation of 0.98. Despite the precau-.
tions taken, the initial water ‘content of these samples was very

iow. The grain size distribution of the dried sand is'presented

L X . SR . _ Ao . .
in Appendix C. In -comparison to the Ottawa sand, this sand is

poorly sorted-and extremely coarse, as can be seen in Figure 3.3,

and contains a Considerable amount of fines (in excess of 5 wt %).
¥ ’ ' . .

. \?/C“J/'- ‘ — :
Deionized water yas used in all experimentgu,»The.vjscosity and
dehSity data for water were tﬁgen from steam tablesAby'Schmidt
(1979), and intermediate values ﬁedﬁ_ interpglated.usingta cubic
spline. The water propertfes used in the calcuiétiéns‘are report-
ed in Appendix D. | o . |

—_ ’

An aquebus solution of 0.0704 molal sodium sulphate was used for .
.t . J

two_expériments at 150°C to study the effect of brine (see Section

-5.1.3). The viscosiﬁy and density of this solution at the experi-

mental conditions were estimated from the data of Korosi and

Fabuss.(1968) who measured the density and viscosity of several

.solutions as a function of solute concentration near atmospheric

fai)

‘pfessune up to 150°C. : Their data have .been linearly interpolated -

4

—
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3.2.3 Bltﬁhen R
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]

for concentration at fixéd temperatures and pressures and the -

estimation of-the properties .of a 0.0704 molal sodﬁun sulphate

_solution at the preva1l1ng experxmental cond1t1ons was p0551ble

<

(see Append1x D) The pressure'correct1on for v15cosnty.3nd den-
51ty of the d1lute sod1um sulphaté "solution was assumed to be the -~

same as for water

Sodium chlorlde.brihe:having.a 'doncentratldn;of.0.0h:H'was‘chpsens;
for the outerop'sand‘ experiments, as “the prevlcUSly usad sodrun‘
sulphate was found to react Wﬂth thefclay mlnerals“‘ﬂIcn exchangeA
between sodlum from the~br1ne and calc1um from the. clays resulted'

1n calc1um sulphate prec1p1tat1on (Gunter,_n1986). The relatiue

v1sc051ty and dens1ty of th1s' brine were calculated from the'cor—"

.relat1dns,oﬁ Numbere et al. 1977) as presented 1n Append]x B.

Fhe bitumen used in thfs study Bvas’ solvent extracted from hlgh-

-grade Athabasca o1l sand A'lérge batch of thws bitumen was homo-f

gen1zed by m1x1ng overn1ght 1n a large rotatlng flask at 30*C l
preserve the homogene1ty of each batch the b]tumen was then stor—

ed in a refrlgerator : Three such 10 L batches were used in the

'exper1ments - The measured phy51cal propert1es of these b1tumen S

_batches fall w1th1nythe typlcal range reported for the Athabascai'

deposit (see Append1; D): and were ,cons1stent_ for ail b1tumen

batches;'-However,‘in order to = take into.account differences be-

tween batches.kthe'vlscosi}y and densitg'df bitumen were measured
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“during ééch-‘leOding féxpé}ﬁmént at.'the prevéi]ing experiménfal
conditioﬁs;_ '
3.2.4 Kaydol -

Lo ..f
kéydo} is a fUS#TQSQdé; heavy white mineral "oil manufactured by
HitCO'ChemicaT.‘  The. méfufactﬁreﬁ‘.spécifies' a specific gravity
range of 0.869—6.384.at 25°C and é kinématic Viscosity range of
'64.5-68-.5-‘c's-;a£~40"-(:-.' As ‘done f"o.r bitumen, the density ard vis-
‘gdg{ty:of thisgfoil was de{ermineq .at experimental conditions.
Ampng.equiva]e;t miqéfa]-oils is Chevron's #15 white mineral dif
thgflﬁas.beeh extenﬁive]y used fér relétivé permeability determt-
'.hatiﬁﬁ;.réﬁor£Ed in the Titerature. Kaydoj was Wsed for comparing
 tHé fésu]ts'oi‘ the present .Study yith pub]is.eé?;orks. and it
ar viscosity values

>
- when compaced to bitumen. . o .

.allowed a<aiffF{enf ﬁ@mperature range.-for simil

- 3.3 (ipore Packing Procedure

!

;‘ A major purpose of "this study, in addifion to relative permeabi]-

- ity experiments, was fo deveiop a reproducible packing procedyré‘
for:c]ean_unconsolidated sand cores -to simuiate o}l gand cores.
This packing téchnique' was lprimariiy usédr to prepare coresrfor':
relative permeability meésuremenp#, bu£ found also favour in otheé
core-size displacemehtlexperiments éonducted“in the laboratories

‘of the Alberta Reﬁeafqh Council.
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" The following approach was used to determlne the optimal pack1ng

[
v

procedure. A transparent “lucite tube hawung the-same dimensions

as the cores to be used in ‘the re]ative permeability experiments

. was built for v1sua1121ng the packing procedure, with no prov151on
for applylng overburden pressure. Clean Ottawa sand was screened

into ItS‘VaFIOUS size fractions, and the lucite tube wag packed b;

allowing a given sand fraction contained in a separatory funnel/to
fal] free]y into the vert1cally positioned core which was vxbrated
during the packing'operation. Figure‘3.4 shows a-schemati;.of the
packing apparatus. Both dry and wet packing were attempted. For

the latter., the water level was maintained approximately 2.5 cm

above that of the sand in the core at all times.

Target porosities‘o? less than 35% and absolute permeabilities of

1.5.t§ 2 Darcies (d) were sought, based on the availtable data from

various Alberta 0il sand deposits (Carrigy, 1967). A uniform

packing density was also desired.

& . b
v .

3
.

All pack1ng ewperiments' were carried out at room temperature.

Poros1ty was determingd from the volume of the sand packed 1nto

“the core ho]ders's known volume. U51ng Darcy s equat1on abso]ute

permeability was calculated from the pressure drop obServed dﬁring
. '& ‘ . -

the upward flow gf water thrBygh the core (see Appemdix B). ~7 7|

»
EALS
)

- L

The foilowing parameters were .considered in'determining the best

poésib1e packihg procedure:” ‘ A ‘ © .
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1. sand ghain size distribution B | =
2‘ type of %ackrng ' ' LA |

3. \sand fall«ate
4. vibration setting and duration.

-

3.3.1 Pre11m1nary Packlng Experiments -

e L Y L e S P A e -

The obsérvations of Naar andt.wyga1"iiaﬁé) were used as the basis

_ for the core packing procedure. Tﬁey indicated that for a ngrrow

grain size dfstribution, porosity and pore geometry are indapen- |

dent “of the grain size. = Also. all such uniform size packs have

" of the graTn“sqge;q, However, foﬁ aggregates composed of only two

-sizes of partiqjga, the:porosity and permeab1]1ty of these binary

mixtures must be determined experiﬁentally. and depend on the

proportion and arrangement of the finer “and coarser grains.

.
e

'the same poros1ty of 36.2% and permeablllty varies with the. square‘

In1t1al1y, a ]arge batch of ~clean 70-140 nominal mesh—size Ottawa

”

sand was sieved 1nto various fractions. Most of the sand parti-

-

" approximately. 142 pn;'as shown in Appendix C.
- - . . T

R ..'w-u

rd 2

-

The varlous grain size fractibns were us%g individually or in

E c]es wéré-larggr than 105 um, with an average particle diameter of

;
/1/\

predeterm1ned proportlons for prel1m1nary trials. The results_of

' ‘these experlments are detaiied in Append1x A. An equal mixtufe of

60 80’ and 120- 140 mesh sand, both in the dry and wet modes. were

used in the f1rst nine pack1ng tests ) In two ;asas wet sand was,

- . Y =

-

. . PR —
/ T
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"dried and reu;éaf“”fﬁfzfﬂ;;;;) rgze to fairly high porosifies and
‘absolute,permeabi]ities; it was then decidéq to use onl;'the orig-
tTnaﬂ“sand.-_On average, th& dry packing method resulted in poros- N
. ity and nermenbiliiy va]ues\?owér than those obtained by the wet
' pack1ng method but these vé]ues nére/ still outside the desired

range

_ ¢

To achieve lower values of porosity and pe%meability, a finer size

sand was needed for mixing with the coarser sand. To extend thé

'ranng of Qrain}sizes below 230 ‘mesh, F-140 neﬁh Ottawa sand %as
found to have an average particle size of-90 um. Only the frac-

. ‘ .

tion of this sand finer than 140 mesh (1dbelled L-140 sand), with

an average particle size of 7¢& um, was used in subsequent experi-

- - -

ments. This fraction 1is referred - to as 200 mesh sand and its

grain size distribution is given in Appendix C.

Nine other'bagking experiments. were conducted with mixtures of
+ coarse . (80-100 mesh fraction of the 70-140 sand) and fine (200

-

\\mesh fraction of the F—lﬁO sand) sand fn.vqrious proportions;_ As

// the amount of the coarse sand decreased in the mlxture so did the'
porosity and: absolute permeab1l1ty of the packs.. Por051t1es of
less than 34% Jhﬁ pehmgabilities of ‘less than.3 d_werefobtgined
for the wet packs, and lower Vé]des for.tne dry;paégsl, ' ‘.
Too high a vibrator setting caused very high 2porbsity‘in3thg
cores, whereas too low a setting diq nnt reﬁu]t in any yisible_

movement of the sand. The final setting of the amplitude of the
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transducer attached to the vibrator was made pp-giVé‘s]qw movement
. : ST [} . - - ’

6f the sand grains inside the core holder, as observed visually..
- " ' £ |

The setting depended on the total mass of tﬁz)core holder and sand

assembly’

s . } - :
The packing densities of the cores were determined by a one<d.imen-

'siona& x—ééy absorption scanning technique (Mi]es—Diidﬁ‘et éli.
1982). AH example of packing density variation is shown in Figure
375. The bottom portion of core A was more tightly ﬁacked'than
the top. By continuing vibration.for an additional hour after the
packing operation, the density Qariation dgcreased (corg B). The
x-r;y absorption technique;tan be used to detérmineuthé'pqrpsfty;
7 of a core; ho;eyer.. the x-ray .scan of a wet core gives lower
counts than that of a dry one beﬁadse of the added attgnuatiqn-duel
"to the preéeﬁce of&yater.: Porosity is$ calcuiated from the Qiffer—
ence 6f the dry and wet scans. This method was hSed'tg qénfirm
thé‘poros{ties obtained from ﬁhe coﬁe arameters. V- .
Cores pﬁtked‘in the presehcé of sligﬁfl_excess of w&Eerghédhdisf
tinct layering which disapﬁgired when ‘the “core was initjalfylat
least half filled with water. Despite the vi_“a11y oBsé}ved'lay;

ers, the pressure drops acrgjiyfheSe cores were always very steady

during water flow required for the measuremenﬁ of absolute perme-

’

N

ability. The dry packs did not display layering.. o

———
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On the basié'of~ ;he preTiminary'packing experiments and observa—
t1ons descr1bed above,ra dry - pack1ng procedure w1th 200 mesh sand
was deve]oped Dry pack1ng ha Lhe advantage of determ1n1ng po-

rosity d1rectly wlthout hav1ng to dry the core.

The packing was_perfocmed at .a sand falt rate\Qf about 10‘g/mjn

under constant vibration. The. vibration of the corg”was contTrRued

‘for twice the duration of the packing, resulting ¥n a total vibr;J

tion time of 1.5-220 ndu}s.

Thé‘poros%cy of the core -was first determined from.the packing
parameters tsee Appendin B). The dry core was then subjected to
. an overburden pressure of 34.5 MPa for at 1east 24.h0urs td*eeaf
the sand pack in the copper sleeve - Before the.;tart of an experQ
iment, this pressure was Qeduced to. the des1red value of 17.5 MPa.
corresponding to 10.5 MPa of net confining pressureﬂ

. : C |
The absolute permeability ofr‘the core remained nearly constant
upon any further increase of confining pressure. Thekmeasured
‘pore vo jume changed by approx1mate1y loi‘after the applicatibn of
the conf1n1ng pressure, as determlned;.at the’end of. each experi-
ment, corresponding to a decrease of about 2% in poroeitﬁ. The
'packing proceduce described above was used for ail corea brepared

for relative permeability measurements.
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-

3.3.4 Cleaning Procedure_for Reuse of Cores

A sd{vent.cléanihg pFocedure ‘was devised -to reuse the cores for
subséqueﬁt experiments. Tolheﬁe was used tb remove the bitumen,
followed by a series of more po]aF compounds'to restore the origi-
-nal wafer-wet behaviour of thg.oil sand (Cottrell, 1963; Takamura,
1982) . First,. the seqﬁence‘methano]—acetoﬁe—nitrogen-water was
tried. This left a--bifumen residue in the core. Then, 1sopro-
panol-water-superheated steam—watér was used. = This “sequence
proved effectiverin cleaning the core, but was‘rejected because of
the gradual bﬁt persistent decrease in absolute permeability after
each experimeﬁt. This decrease_was att;:ﬁuted to fhe migration of
fines under the infTuencez_of Tocally createq-prZ)Eure gradiénts
during steam injection and the .change in wettability of the sand
pack duejta the wuse of organic solvents. Thérefbre; thé core

cleaning approach was eventually abandoned in favour of packing a

new core for each experiment.

—_—— A e e e T L S e e e T a

A ﬂress was initially used for the transfer of the frozen cores
from tﬁ? cqre-barrel to.-the core ho]der but c@mpre§sed.the oil
sand to'thg extent of damaging the sleeve while ﬁot cdmpietely
filljng‘the core hoider.l T6 avoid compaction of the oil sand, the
"frﬁzen cdrevwa§ cut inté several plugs after hanng removed the,
core barrel.‘and packed énd to end into the sleeve. Bbtp ends of

the original sample were -removed befaore backing and dnalyzed for
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its undisturbed components. After thqwing»the sample’ in the core
holder, the confining procedure used for the Ottawa sand was ap-
plied. Thé_ab;o]ute- pqrmeabi1ity of the sand was determined at
the epd'df.fhe flooding experiments, after removing the'rgsjduaf

: biﬁumen-frém the cbre-b9'$o1§eﬁt-extrhction.

3.4  Flooding Sequence

3.4.1 Absolute Permeability Measurements

A dry; cTean Ottawa‘sénd-core was packed'and conffneq accb&ding.fp
the proceQure'outhned in Séction 3;3.3.’ The cofg wésﬁzhén)evatﬁ-'
ated befdré being wetted with déjonized water., Lq order. to satu-
rate the pore space, the watef Qaé jnjeciéd vérticélly upward#..
Usﬁa]]y 3:4 pore volumes (PQ)'of water were neédéd'at room téﬁber;
ature, at an injection rate of about 0.9 PV/h, fo obtain a stable

Pressuregdrop across tﬁé core, indicgting stabilized fiow. The
absolute permeability bf the_céré was détermined from thiﬁ.stabi-'
lized pres§uré drop. -Ipe' tempeEature of the sysfém wés then“iqA
creased tﬁ:the desired level while maintaining.é constéht.back—
pressu'rej The ’absgiufp permeabjiity of the <core was -measured
again at the stabilized experiﬁental tbmperatﬁre and pressure drop -’

wjth the flow Hf wafer.

<~

Bitumen was injected from the bottom into the‘water-saturated core

-at the same nominal flow rate of about 1 PV/h. Injectidn-of 2 PV.

L]
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of bitumen was usually sufficient for the pressure drop. to stabi-
lize. Thé end point effective pérmeabjlity_td'bitymeh was then

determined. from this stabilized fbressufe_ drop. At tHjs point a

Tsynthetic oil sand - core. saturated with bitumen at irreducible

T water saturation, had been prepared. .

Three typés of expp}iments weré, condpcted-in'pﬁe imbibition mode
for the- displ;cement' of ‘thé Jinitial b%tumén-in-p]aée‘from the
ﬁynthetichoil ;and cores. .The exberimental flooding conditions
are presentéd_in'Téb]e 3.1 and‘wére:ﬁqt'ﬁodifiea during the course

of the éxperiments to avoidA'introdutﬁng_Variables other than tem-

- perature. -First, a hot watér flood was used to determine end

point.(residual bitumen) conditions. - Then. intefmediafe point

‘cdnditipps were determiﬁed by ‘injecting'.va?ious mixtures of hot

water and bitumen. Findlly, Llong-lasfing hot water floods were

conducted to study the transient- behaviour of the bitumen dis-

placement process.

The same floqdina sequeﬁcé of"water-bituﬁen-water or mixture was
psed in éil'expérimgnts. Fiow was maintained continuously through
the core from.the start tb,éheA{end'of‘each experiment. To épsure
that no water vapour Q;s présent;-thrOUQhout the system ét any

femperature, including the heating period, the back-pressure regu-

‘lator was kept at 7 MPa.  This pressure is above the vapour pres--

sure of water at the highestrexperimenta1 temperath}e studied.



Table 3.1 : Experimental Flooding.Conditions.

Discharge Pressure (Pbpr)

Overburden Pressure (P__, )

Nominal, Flow Rate (qw mep)

Temperature Rangé'(Texp)

7.0 MPa

17.5 MPa

. 80 cma/h at room temperature

100 - 250°C at 25°C intervals

v
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3.4.3.1 End Point Calculations g o

[

H

The iﬁjection rate and direction of flou for the hot water‘f]oode
were the same as for the bitumen flood used to: prepare’ the synf'
: Ethetic oi]hsand core. .Triplicate. experiments were conducted in
: = -
the temperature range of 100-250°C at .25°C fnterva]s.1 A steady
pressure across the core‘lnd1cated when the end point was reached:
Four PV of hot water - injection was usua]]y necessary for. stab111—
2ation to oceur: The. end point effective permeability to water

1

’uas calculated from the steady pressure drop measured:
The same experlmental procedures for determ1n1ng the end: po1nts of
the Uttawa sand cores were used for the outcrop sand cores, except
that brine replaced water | A new core was used for ea;h experi-
ment. The first end-p01nt expefihent was_pertormed at ,150°C ufth;
sod{um sulphdte brine. Feur additiona1’end point experiments were

later .condcted 4t 100,° 125, 150 and 175°C with sodium chloride

“brine. © . . .. e ) i

During the heating.rtﬁe .briné: edlutioa expanded .through the cere
until staﬁiljzatiou of -the experimental temperature. Bitumen was
then injected'to re;estaufish and" determine the initial end.point
parameters,.fol]owed by a hot water I_od to. reach the final con-
.d1t10n. The: reSIGUa] b1tumen ih‘ the core was sp}vent—extracted

with the'toTuene—isopropahol—ﬁrine sequeﬁze to altlow the absolute

-bermeability determination at the expefjmedtal conditions.
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t

3.4.3.2 ﬂater-Bttumen Hiiture Injection ig?

Five water—bitumenx miktures were used to study'the saturation
range from 1rreduc1b1e wateLSto_ resi ua] b1tumen the-expertmen-
tal cond1t1ons are presented in Tab]e 3 2. The total nom1nal flow
rate for these m1xtures van1ed s]1ght1y from .one to the other but
still corresponded to approx1mately 1 PV/h. | Duplicaté experlment;
were oonducted at 125 ahd 175 C to ascerta1n the reproduc1b1l1ty

..\4.'

of the method.
Pre11m1nary exper1ments were performed to deveIOp'a su1tab1e meth-‘ |
_od by wh1ch unlform water b1tg?en mlxtures could be injected Into
‘a core. | Attempts to pre m1x 1water- and bltumen in-a static m1xer'
before 1nJect1on ]ed to unstable pressure drops “with large.pu1sa—
tions. THEé use of ~ 1onger pressure prohes on both lnlet and outiet
,ends”and am increase~1n_the_d1ameter of the 1nJect10n llnes he]ped'
reddce the magnitude of these pu}sattpns._"HoweVer.'the mixing was
st nonfpniform. resu]ting in segregated flow. Blobs werejyisu—%
aiTy observed at room temperature during tne-injettion.of a mix-
ture of dyed water and rafined oil. This mixture had.an oil-to-
water viscosity ratio of about 300, similar to that of bitumen-to-
water at 125°C. |

It was then dec1ded to use the inlet ‘end of the sand pack as the

-

T m1x1ng med1um and to inject the water ‘and bitumen through separate

ports. 'The fluctuations in the pressure drop were eliminated with

pressure probes inSertedtS ‘cm into either\erd'of the core, twice

7
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. Table 3.2 : Bitumen/Water Mixtures for Steady State
' Experiments '
. ) : _3- .
~ - o nominal flow rate {cm ./h)
) . . water Api tumen
. . Experiment # ' water bitumen total” flow ratio
. . ) ‘ \\. .
N MID-02,10,11 32.0 . 48.0 . 80.0 - 0.67
" - A S : o o/
MID-01,06,08 .64.0 16.0 800 4.0
MID-03,12, 70.0 . 4.5 - 74.5 . . 15.56
. MID-04,07,09 . 80,0 1.25 81.25 ' 64.0 . -
, ..'5;.. ’ | N
. © MID-05 80.0 0.5 ~ -80.5 160.0
) }
— - X
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as Jong as.the original pressure probes used in the end:point

L ’

expefiments. This allowed-a 1long enough mixing zone to obtain a

v »

uniform mixture, which was subsequently confirmed during visual
. - M ' ’

inspections. of:the core at the end of each experiment. Irjection
was terminated when the pressure drop-across-fhc core ‘stabilized.
This J§ﬁ§1]y fqok abouz 3 PV, and wés-lowest when the relative

amount Qf“bjtuhen in.'thé mixture was highest. The'intermediate

* ¢

- relative permeqbiljtjes'to~ﬁatef andybitumen were calculated from

this stabilized pressure drop. -

]

3.4.3.3 Dynamic Displacements -

. Dynamic disblabement exberiments were designed to determine the

effect of time and water flow rate dﬁ”&i&ymen‘recoyery; and to

D o ot . L N .
provide a comparison with the previous en&\po1nt experiments.

These experimeqxs'were conducted at 125°C using a procedure simi-

»

ldn.to‘thé end pofnt experiménts. ?‘Additiona1'accumulators were
;. ,

jns{alled to collect up tp four bitumen fractions pfOﬂUQed during
the uninterrupted hot water, floods. The detgiieﬂ exberimédtél

conditions are presented in Table 3.3.

Initially, some miror 'problems developed during the process of

switching from one prﬁduétion accumulator to another. The produc- -~
: Lo b¥

tion accumulators were installed in parallel, each having a valve

in their inlet flow line. The outlet flow and pressure were in

turn controlled by the back-préssu}e regulator located downstream

of the collection'system.. When_ switching from one accumylator to

~-
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Table 3.3 : Experimental quditions-fdrfBitumen,Disp]ééemenf,_'
Experiments . .

M
. Dufgiion\of Production - i s Natef E1ow.
Experiment # - Fluid Collection (hr) = Rate’ (em”/h) |
- . _‘-‘
, ) ) “fn
DIS-1 | £, 1,20 . .. 80
| - - )
. DIS-2. . - .. a, W, .20 - . 320
DIs-3 © 10, 20, 30, 48 L 80 -
. DIS-4 1,25, 5 . 80
DIS-5 .71, 2.8, 5 | . 80
‘ o o
. . . %
- ‘\‘. TN

Voo
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Aneitg the valvé of the first accumulator was ciosed on]} after

ﬁ~\_//, 'the‘vaJVe of the second one wa§ opened. Because the movable pis-J

L

ton.in-the first accumulator was at’ a higher pressure, opening the

second accumulator caused a sudden pressure differential until

that piston started moving. This pressure increase was reflected

-

" in the pressure drop- across the core by an instantaneous surge.

~These pressure surgés ﬁére.eliminated by'rep1acing the accumulator
pisfbns with a gasrliquid‘ interface where the proauced fluids -
displaced the'gaseous phase upwards and through the back-préssure

' regulator to control the flow. A continyous flow of'nitrogen was

added to the outlet production stream for a better back-pressurey |
regulation. ‘ q(ii_////ﬁ

3.4.3.4 Sampling and Analysis . .

»

At;therend of the hot Qater floods, the core was iSp]atgd;and
u;rotated'to'a horizqnfal position td prevent gravity segFégafion.of
{the'fiuids. The core was ‘tﬁeé .a1lowed‘£o cool to room tempera-
tur;. The 'sand was removed from one end of khé copper §leeve, and
any abnormalities iﬁ its appéaraﬁce were recorde&. Thg sleeve was
then washed with io]ﬂehe to recover any oil and sand left ﬁn it.
The averagéﬁresidua] bitumen satyratibn..at the end of the Qater

‘ < - S
flood was_calculated from the total amount of bitumen recovered

-

from the core. o . ‘ -
\

. . . K N . . -
. ‘ . : y.
Production fluids were co]iéctqd- at experimentalAconditﬁbns in a

single accumulator for each flood, except if described othefwise.

. o~
- S
ot .
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They were allowed to cool and 'aepressurize :wiﬁh the ;est of. tﬁe
. systeE.'and;wére aisu analyzea for- bitumeﬁ-contgnt. _fhe initiél
‘avérage bitumen saturétjon of theh reconstituted,ﬁf] sand core was
then ca]cu]atéd Vfrdm tﬁérimeasured residu§1 séturﬁtion and the
~ total bitumen producéd dufiné éach wate} floed. - 1In thé'case of
the water-bitumen mixture experiﬁenté, the ‘émouht of b{tumen in-
~Jjected was subtracted from Fhe produced f]uiﬁs. ; ‘éﬁ;
Analyses of the 0il sand (core) and prodJEﬁEﬁlf]uihsrwere'pér-
‘formed using the Déan ;nd Stark extractign method.thatlseparates
_bitumen, water and gand ‘fracéions. The;fiTter paper method was
used to determine the amount of bitumen iﬁ each ;ample. 'The“de—
“tailed ;rOCedure for these analyses wag reportéd by Keots (1983)
as OSRD Methods 1.05 and 'z.05, rgspeétively. The uneartaiﬁtieg
introduced by the analytical procedures -ére not greaéef'thghlo.si
ébsoiute. providéd.ﬁo errdrs were ihtnoducéd dur{ng-thei5§Mb]ing

(Wallace, 1984). - ' &

. 3.4.4 Kaydol Experiments

L

§everal experiments were carried out with Kaydol-saturated cores,

where Kaydol is a 1ess viscous heavy oil than b{tumen. Synthetic

4

Kaydol bi] sand cores were prepared in the same manner as describ-
ed previously for bitumen. The Kaydol was subsequently displaced -

By a water flood in'fhe dynamic displacement mode. Both short and.
e :':4, . .
. long-ldsting éxpe}iments were performed at 20 and 100°C.- These

temperatures were selected to reproduce the viscosity conditions
. ’ Tt
3
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of bitumen in the temperature range studied. Detailed experimen- -
tal conditions are givéni;n Table 3.4. , . -
- ' ) ) - . ) ) \/
Instead of collecting the produced fluids in three or four accumu- )

lators, a visual'* fraction-collector 'was installed at the outlet

-

" end of the cor® for continuous produttion monitoring. This frac-

tion collector was initially fjlled-with deionized water cortain-’
}ng a chemical de-emulsifier to helﬁ'~break any.emulsions formed
durihg the displacement of Kaydol by water: |

; o -
Thenéamp1ing.pr9cedure for Kaydol at the end of a flood was some-
what different from that used for bitumen.' " The volume of . the
produced fluids waslvdirbctly measured at experiméntai conditions
in"the visual fraction ;ol]ector, dhfing the watér floods. The
Kaydol remainfﬁg in the-tore at' the end of the digp[atement was
washed‘by mineral épjrits.' fThe irefra¢{§§e index fer the Kaydol-
mineral ;pirit mixtures was fbunﬁ:“ta ~be a ﬂ{near function of the
weight percent'of kaydo1 in tHé,mixtUre. 'The cal%b?atidn curve is
given in'Append{x G. The quveht-filled coré was first all;wed to
soak otérnight and then, under vacuum, was.;ubjécted-to washing in N

stageslqpti1 no more Kaydol was détgcted ﬁn the washihgs_by mea- -

FIRS

\4‘ - . 3 -

suring the refractive index. For__ each washing, about 250 cm of
___/“"‘\,__‘.» L -

solvent was used and the core was evacuated almosfto cuﬁf1ete k

dryness. After separating "the .organic and aqueous phases.‘fﬁ&,f
. _ : ) oy

weight of the Kaydol in the organic pﬁase-ﬁas determined from the
- s ' = @ ) )
measured reffactive index. The volume of the residual Kaydol was

calculated from the density measured at experimental conditions.
. , . . ‘

-



EN

" Total Water
Esperiment # (*t) -~ Injected (PV)
/- T _ o f
;:\ '
J
KAY-1 20 3.00
KAY-2 20 3.06
KAY-3 100 3.23 -
KAY-4 20 41.95
-
KAY-5 100 . 42.76
Yy

Table 3.4 :

Experimental Conditions
Exper iments

for Kaydol Displécement

Temperature

e
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4. SAND PACK AND HEAVY OIL PROPERTIES

The re12tife'peFmeabjiity experimént; in this :study ufilized a
combination éf unconsolidated sand, yater or brine, and heavy oil,
The individual properties of water were takén from steam tables of
‘ calculated.frbm anaj&fica} expressions, Qhereas thase -of sand and

Y

0il were determiged experimenfally\and are presented below. -

4.1 Ottawa Sand Pack Properties

. -,
Ry

FiftyFthreé ppreg Qere prepafed usiﬁg the protéduré described in
Section 3.3.3. Ai]-bﬁt two of the cores wereAEacked'with the 260‘
mesh siTiéé'sénd;’theSe £wq,befng packed withlcbarsey_IQOlIZU mesh
_and 20-45 mesh sand. The pqqoﬁity and.abso]Ute permeability of
" each co?g'weré;measuréd at the eiﬁerimenta]-condifiohs.: The pack-
fng‘proEedurefwas found-re]iabie' on the basis of the rep;oducible
regq]ti ebtaineq;fér cores packed undér'simjlar situations.

4.1.1 Porosity
To také fnto,accodnt changes Qhﬁch occurréd oﬁiipﬁlying_the con-
f{ning~pressure, the porel vo]ﬁme of"gagh core was determjngd at
the end of each experiment, and the porosity calcula£;d theré%rom;
The detai1ed‘results are_ presenteﬂ 'in Appendix C. The‘porosity
values ranged from‘31.8 to 35.8%, with an ayegége.vaiuq of‘deO *
1.0%l The average pore vo]umel fo}. ai] the\goreé waéhfound to bg‘

65
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3 . ' . .
approximately 90 cm . With time, the packing became more consis-
tent, resulting in a narrower porosity range for the later cores.

[

Porosities were determined .at room temperature by compering the

Iv3 ’ . {

volume of the packed sand to .the totai volume available in the
copper sleeve. For each core, the confining-pressure.redpced the
" pore volume by approximately 10% from .its original va]pe.‘ The

observed dii{erences in porosity from .one «core to another. were

o

attributed to variations in the grain- size distribution of the
sand batches. This was also true for the abso]ute'permeability.
Packlng var1at1ons arising out of different orientations of .the

'sand grains were present despite a reproducible pack1ng procedure

The absolute permeability to water = of each core was first deter-

mined at room ,temperature (k,). and . again at theiexperimentaﬂ?'

temperature (k ) before the start of a bftumen flood. The de-
‘tailed exper1menta13results are presented in Appendlx C.

.i_
- ~

‘H1th the exception of the Ilo cores packed with coarser sand, the
room temperature _absolute permeab111t1es ranged from 0.959 #p'
2.069 d. These values are similar to thoseAreported for rich
'Athabasca eil sands. There appeered to be a direet relationship
between the average values of porosity and permeab111ty the lower
Lhr porOSIty, the 1ower",tpe permeability. The;room temperature

for these measurements varied from one day to another, with an
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avgrage.of 21..6°C.

The absclute permeabilityrnfigach core‘wés‘éjso dgtermined'at the
exper imental temperature and réngéd frém‘ 0;§0§‘f0 2:0é8 d for‘phe
200 ﬁe;h sand. With the.excebt{on of thréé:meaéu;éments. ébsolute
. permeability was always found to lbe lower at’ the higher'geﬁﬁeréf
ture.. In general. fhis decr€é§e in ébso]ute permeability was']éss
than 10% below 175°C, and more fhah iO% gﬁové 1]5°C.'as'ind5eqed

Il

in Table 4.1.

4.1.3 Effect of Temperature.on Absolute Permeability
. Table 4.1 presénté the averége core pardmeters'ca1cula£ed.from'the
experimental resblt;. ~An anélysi§_ of variance showed that the
réom'temperatdre,abso]ute pé}meébilifiés df the cores were.not
statAstica]]y different (see Appendix H).. To evaluéte_the effect
6f tempé;ature and account for variations‘in the initial measure- °
ment, each experimenta] ;bso]ute perﬁeabi]ity was normalized with
respect tﬁ'its room temﬁerature value. The temperature dépendenéé_
-of the normalized abso]ufe _pefﬁeabiiity ratio is shbwh'in Figuré 
4.1. The_averaée Vélué, ;iandardideviation and number of expe;i—:

‘ments are indicated for each temperature.

’

. Two distinct regions, with a- boundhfy between 175 and 200°C, ap-
pear 1n“Figure 4.1. The absolute ‘iermeébiiigy ratio is fairly\
constant in both regions, but has a higher value:below 175°C ‘than

- above 175°C. The average is 0.947 for.the “low" temperature range

L
.



-

e,

™

: .

Table 4.1 : Averagg Core Parameters as a Function

of Temperature

Run
Temp.
{°C)

100
125
150
175
200 . -
225

250

\Overall

4 Decrease in
Absolute
Permeability

No. Porosity .. Absolute

of B Permeability

Cores (%) Ratio (k 7k}
5  32.8 0.936 * 0.024
23 34.3 . 0.953 ¢ 0.050
4 34,7 0.969 ¢ 0.023
9 344 0.927 + 0.052
3 " 341 . 0.857 %0.038
3 331 | 0.861 * 0.028
3 '_:‘ ~33.4 _ ,0.838'2-d.032
50P - 34.0 07930 = 0.057.

68
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and 0.852 for the "h{gh", tempetature range. The overall absolute

" permeability ratio average is 0.930, which is approximately the

average of the 175°C measurements. - At that temperature, the fea-

tures of both the "low" and "highﬂ_femperature measurements are
present .

The percentage decrease in’ absolute Zpermeability from the room
temperature measﬁrement also shows the same trends as the absolute
permeability ratio. This percentage jumps from.approximately 6 to

156% between 175 and 200°C. The overall average is similar to that

To assess the sigh{ficancg of' the effect of tempgrature‘on:abso—

lute'permeahility. a statistical F-test was conducted. This test

was performed to determine if tﬁe variafion between populations.

was greater than the var i¥t1on due to fandom error within a popu-

lation. - A_calcu]atéd “F-value larger thaﬁ.tﬁe tabulated f*-va]ue'

would indicate ava;gnifjcaniﬂ;statistica] differénce between these

poﬁu]ations'(seg Appendix H}.

~, . . -

.«
-

The relevant parameters. for 95% conf%ﬁence Jimits are presﬁﬁted‘in

"Table 4.2.%.The results of .the F-test showed that mean absglute

permeability ratios at each-temperature were not ail equal in the

_temperdture range 100° to 250°C. From a statistical béint-of

view, the absoluté§%ermeabi}itie§‘ of the sana\packs‘ébove 175°C
were signiffcaﬁtly different from the overall average. Consider-
ing the decrease in absclute permeability from-room femperature to

/s :

i
o
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Table 4.2 : Statistical Parameters for Temperature Dependence. QL
- of Absg&pte Permeability. =
Number Absolute .95% Co
Temp. of - Permeability - Confidence * F-factor
Level Cores Rat1o Interval {F*-value)
_ alﬁtﬁf 50 0.930 0.014°
(100-250°C) - Cal
100°C 5 0.936 . 0.040°
125°C 23 0.953 .- 0.019
150°C 4 0.969 [ 0.05 T
' o - 6.11
175°C 9 '0.927 :0.030
_ | , : . (2.32)
200°C 3 0.857 0.052 |
225°C 3 0.861 0.052
- A
-250°C 3 0.838 0-.052
Ctow . 4l ' 0.947 0.012
(100-175°C) - - 133.52
" high. 9 0.852 0.019 (4.07)
(200-250°C) ' ‘
100°C: 5 . 0.936 . 0.040
‘125°C 23 0.953 " .. 0.01% 1.05
150°C 4 0.969 0.045 (2.86)
175°C 9 0.927 0.030
200°C 3 0.857 0.052 R
. T . : B ‘ . '0.42
225°C 3" 0.861 - 0.052 SN
L | : /(5.14)
250°C . 3 0.838 - 0.052 _
X |

' L3
o
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~experimental te perature,' it is apparent that the temperature

“effect was less |marked at Fhe lower temperatures and was within
experiméntal errfor. L _ i - '
.‘/ . ) . v q

.By using on1y';tw6‘ tehberatuﬁ@ levels for abso]uté permeability

) - .

(lTow and high) the t:& petﬁtU?@ effect was statistically signifi-

. cant; as indicated in ‘aplef 4.2, even though the average values

- between 100 and 175°C dé.betWeen 200 and 250°C were not $ignifi-
cantly different.'T~Thé stepﬁise decredse'-bbserved around 175°C

]cqﬁid be @ result of the 'rglativé expansién 6f the sand‘grains-ash
com;ared to the water in a conf;ﬁéd<system. the}efore decreasing
 the perﬁeability. More measurements are néeded to confirm these
“findings and to detefming a fpnttiona] relationshﬁé bétweén-téﬁ~

perature and absolute permeabitity for c]eén;unconsp1idated Ottawa

sand packs.

4.2 Reservoir Sand Pack Propertieé'

I
-3

Table 4.3 lists the experimenta]‘Itore properties of the Pbservoir-;‘

sand paézz determined at the end of eaéh experimegf. Porbsities

ranged from 23.4 to 30.8%, and this indicated that the original

samples contained void spaces and were compreséed further during

o~

jthe'confining procedure.  Absolute permeabilities to brine were
determined after solvent-extraction of the residual bitdmen from
the core. - The pefmebbilities'were "in the range expectedgfqr high

grade oilfands, but did _ nht follow : any pqrt{cular'trend with

fncreasing temperature, except that Jlower values werg obtained at:

- -



' : “fable 4.3 : - Experimental Core Parameters

- ' " for Reservoir Sand Samples o =~

’

tore/RunA ;Ff\Tembenéture‘
No. =~ - . - (ecy

o

0CS-01% . 150.0

0C5-02  149.8

Porosity

(%)

.22,

23.

Permeability

(d)

0.633 .

. 0.934'

f. | o y Lo |V,
. 0GS-03 B 174.8 ~ 28 0.511
- S 0cs-04 S 996, 30. 1.275
0CS-05 .. 12302 - 30. - 1.678
L % * experiment: with -sodium. sulphate brine. |
'i."_ . ‘ - ’ : . . -" @ \} : ’ - -:
. ) | K , .
P.. * . -;'
- —_ v
- \ .
)
A - &
- 5. !
t - ﬁ\ S ‘
e ‘. -
s - . -

a
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higher temperatures. It is not known whether permeability damage

-

due to fines movement and/or clay alteration occurred as a result

of the procedure utilized.

4.3 Heavy 0il Properties

431 Bitumen Viscosity
.The:viecosity of bitumen was measured for different eiperimental
conditions of.temperature at constant pressure. The average va-
lues of viscosity at 7 MPa are feported'in Table 4.4 as a function
of temperature, with the detailed  vi§cosjty values presented in
Append;x D. The viscosity data were corEelated using a semi-log-
arithmic-reuressdon scheﬁe (see Tab]e 4.4, Also, fhe standard
. _dev1at1on on the measured propertles was found to be comparat1vely
;h1gher when more than one batch of bitumen was used‘ag any one
' temperature Bitumen that had been wused at a g{ven temperatufe
was reused only at a h1gher temperature because of the poss1b1llty

of thermal degradat1on

':ﬂrfumén—toquter viscosity rat%os “were - alsoJ ce]fulated.from the
‘.wrexperimenta]‘ueasurements.A"They ranged from 786 at iUQ'C to .31 at
;iéﬁo;ceeéuquollowed a trend similar eo thet’of:bituﬁen viscosity
" versus temperdtuﬁe. ~The:viscosity reiio maeiation islpresented in

T ngure.A:Z:



“Table 4.4 : Viscoéity of Bitumen Measured at 7 MPa

Temperature Viscosity  Viscosity # of # of
("C) {mPa-s) Ratio Measurements Batches
100 222.4 + 13.2 786.0 3
125 . 69.8 ¢t 6.8 311.8 .23 3
150 30.3 ¢+ 1.4 . 162.5 4 |

. | . o

175 14.5 + 1.3 92.8 9 3
200 8.2 0.1 60.6 3 2
22 ' 5.0 0.3 41.8 3 1
250 3.3+ 0.2 309 3 .1

Linear regression correlations: "
.- viscosity : 1ﬁ u, = 7.751 - 0.027 T '(r2 = 0.9701).
- viscosity ratio : 1In (”b/-) é-8f435 = 0.021 T (r2'= 0:9647) :

-



Viscoéity Rat:io

800

700 —

600 —

500 —

Viscosity Ratio

400 (blw)

300 I~
] Oensity Difference
Cfb—w)

200 [~

100 |—

1000 25 150 175 200 225 . 250

Témpefaiuré_ (°C)

- L

80

60

40

20

Figure 4.2 : Fluid Properties in'Disﬁlacément‘Expcriments

Densit'y Diffe'rence (Kg/ms)

76



4.3.2 B*tumen Densit

Bitumenidensity was determi&ed.gt{the prevai@ing'experimenta]-éqn—.
ditions. The'averaée va]ues‘are.reportéd‘asaa'fUnction bf temper;
ature in Table-4.5,‘End'correfafed'by iiﬁear fegressiqn." The same
trends as in th; yiSédﬁity data also appeéred in the standafd de-

viatdon of the measured densities. |

The bitumen-to-water density difference QFQ_ calculated from the
.‘measureﬁ data. At any ‘temperafure-,iﬁ fﬁe range studied; this
d}ffefence wag bositive énd'_jn;reased with te@éérature, from less
than i% at-LOO'C to 8% at 250fC5"The aﬁso]uté density differencé §

is; illustrated. in Figure 4.2,

’

4.3.3

The average bitumen viscosity .and 'dén$ity7value§'at eqchfeipéri_
~mental temperatuné'hévé-been preséntea to‘indicate.the trends that’
were foﬁnd;ujth incréasinéntgmpefaturé; ‘However; the;e prgpeftiesj
v;ried witbin‘eaéh bétcﬁr Some otﬁer.prﬁperfies suéh és asphaT—.
;téng‘content,'AéI graﬁity and residual soivent-wére ilsdlspec%fic

PR

to each. batch, and are.reported fn-Appendix D..

.Strgdsz (1977) reported a-ldependence:'of the vi5cosity-of'bitumen
o&_ifs'aspha]tgne cﬁntent.‘l Wallace (1979783) {ndicétédithaf spé}'
cifjc;géavity gnd cqrboﬁ residue appeared _tb in;rease:ﬁifh‘iﬁ;
creagiﬁg ésﬁhaltene_coﬁtént, . The residual solvent c;ﬁtént is qlso

1
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Al : v

Table 4.5 : .Density of Bitumen Measured at j'HPa“%

- ) - T — 7

- F ! B X N
Temperature - Density Density . # of : # of
("C) |

3 _ \ .
(kg/m) Difference - Measurements Batches

100 - 968.1 % 0.6 - 6.85 . - 3 .1

1+
-~
— .
4]

125 - 951.1 90 .. 23 T

1+
lo ~
o

150  ° 940.2 19.90 . 4

s
[oo]
o

175 . 925.4 290100 . % T3

i¥
0o .
Lo a8 .

200 909.3 "% IECE R N

I+
w
.o

I+
. Cak )
[=o S

250 . 8731 700 3T

(inear regression carrelations: "=~ . 7 oo T

- density i p, = 1028B.3 - 0.6007 «(r” ='0.9962) -
. : density difference = 'Ap,., = -45:96 + 0.454 T (r.2'0.9449)



Kaydol experiments were conducted at only t#oitémperatures‘under_a

.‘.

79

'knoun to influence the bitumen properties.

t

Bitumen from batch #1 was used for about -one half of the measure-

ments, with the other two batches making‘up the remainjng‘fn;equal

.proport1ons Compar1sons were 1imited1,to -threerof‘the tempera-.

tures when two or three batches _were used 'It'wasrtherefore”not

p0551b1e t0‘correlate the‘v1scosity. of b1tumen versus - zts densrty

N because of the var1at1ons between these batches

FE

: Apore pressure of 7 MPa. 'At_ZO;C;.the averagedrisceeity-frgm three
“meaeurements_was:IQiaj'mPa-s; with an average'oil~to-water_viseqsl
X ftyfratio df 190 2. For-ltwo eiperiments atj10u°Cf these param-
‘:eters were 5 95 mPa s andA 21.1;. respettive]y. Both the absoiute';

_,'v15cos1ty and vxscos1ty ratlo values were ' in the Tange of those -

. determ1ned far the brtumen water system

- . v

, "The average den51ty ‘of . thlS 011 was’ 892 9 and 854.4 kg/mA, for the.
_low and h1gh temperatures. respect1vely The 011 was con51derably

. a1ess dense than water. contrary to the case of bltumen-

—_—

4

.IheZKaydbjiwas reused after theﬁ first_'temperature cytle The -
. second tfme;‘rts dens1ty value at both temperatures was s1gn1f1—_"

; eantlj-higher -aIthough the ulsc051ty was almost unaffected ‘It

1s not . knuwn if th1s temperature cyc11ng affected 1ts propert1es”‘~ .
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5. - EXPERIMENTAL RESULTS

. 5.1 End Points .

..."Steady state end po1nt .-relative permeabi]jttes“and their'respec-'

5.1.1 End P01nt CrIter1on

't1ve res1dua1 saturat1ons for 'bitumen:.and water -floods were mea-

-

sured between 100°C and 250° C., " at ZBPC-intepva1s : Averege resuits

are-presented in Table §5.1. At each temperature, exper1ments were-

perfonmed:atileast three tlmes to éxam\ne the reproduc1b111ty of

-the exper1menta1 procedure The exper1mental flood1ng condltlons

used in the 31 exper1ments~‘ere‘ presented: in Table 3 5L These'

3

cond1t1ons were not mod1f1ed dur1ng the courSe of the, experlmenta]t.‘
-.series to avo1d 1ntroduc1ng_ varlathns other -than those due'to'

' tempereture “ In addittpn to _estahlishing'the effeet.of_teulper,aw
l‘tureﬂen the end po1nts, the. efﬂectspTyhpfne; sahd gpain Siié and

-overburden_pressure were.examined.

.-

As fIU1d propertxes sudh'.as uﬁsCOsity; density and 1nterfac1a1

'ten510n~a11 change with temperature thése changes were taken lnto-‘

v

-accpunt for the end po1nt ~calcu1at1ons._ The detai]ed;results fOr '

.

each.end point are giveh.ih_Appendix £.

Ihe end p01nt was assumed to have been reaehed‘when the pressure

drop across the core stablllzed foF'the period of time requ1red to



Tab]é 5.1 :

Average Bitumen-Water End Point Results as
a Function of Temperature

.-

.T('C) 'krb{wr kfwtb %b?
100 _d.jsz - 0.653-_:‘j0f955'” 
jzsf; , 0%?53 | 9.075 '0.936
:iéo 0.791 0.129 0.927
175 0;?35 o.dis 0.912
ﬂ';dﬁ- 0766 0.274 0.917
‘ éé§ 0654 0.136 . 0.932
50 .0;725 0.2z :g.géé'
_':Aveﬁ{gi~ o;zsé 0;;os_i .foi932

'.0.073
0.088-
-0.083'}'
;:0.058

0.008

0.068

' Shr‘ ;‘

- ;10.554 0.426
0.52é 0.432
0.162%  0.501
0.445 0.513
0.505 0.450

| 0.515 0.449
0540 0.452
0;591 ud.464




"lments:at each temperature.

Sacedi, 1979).
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' ‘1nJect one pore volume of f1u1d Thls cr1ter1on ach1eves a. prac-

' tioa] end po1nt but.may not:'represent the "true end polnt,_par—"

ticutariy'withcrespect to water floodlng where the dtsplacement:

: viscosity ratio was 'unfavorab1e a'_-111ustrated fn' Flgune-4.2

(Iarge b1tumen to- water v1scos1ty ratio) '.-Product1on of b1tumen'

m1ght st1l] occur at thlS stage but at a rate too low to be rnd1-'5

”‘cated by the . pressure. drop measurement .Howewver, reproducib]e'

ﬁﬁ,resu]ts were obta1ned ‘with th1s cr1ter10n for the end point exper-

S

5.1.2 B1tumen Floods

s

In the'majority of the experiments, the resu]tihg'inatia1 bitumen

saturation from.bitumen‘f]ooding-was'fn ekceSS of. 88%'PV “with an’

"overall average of.93% PV. These saturatuons were estab]1shed by

Ainjecting'hitUmen at'a favorable bwtumen to- water: v1sc051ty ratio

rangtng frbm approx1mate1y 785 tf 100 C to approx1mately 30 at

' 250 C. The average 1rreduc1b]e water saturatlon was then deter-."
mlned after the f1na] flood when.'thef core had been samp]ed and
' ana]yzed. Exc]udzng the. results tf 100 C (very h1gh v1scos1ty:'

rataoj‘and 250 C (poss1b1e drylng t of the core) the average..h

,.

- ‘1rreduc1b]e water saturat10n (or 1n1t1a1 bitumen saturatlon) val-

;ues oEta1ned rn{theSe:-exper1ments'Zwere'con51stent wath_the’range

of 6 to 13i.réported'ih.‘the~literature?(Morrow.”1970} Bentsen'and
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Usually,]ess than,3 PV of - b1tumen anectlon were suff1c1ent to

reach the steady state. cond1tlon 'aIthough d1ff1cu1t1es were en- ...

S
countered in obta1n1ng a stab]e pressure drop for the exper1ments

. conducted at. the hlgher temperatures At 225 C. a stable pressure T

drop was obtalned in only oneh'of' the: exper1ments For the runs

o e
conducted at. 250° c, the_pressure-:dropireached a stable value when
the“amountuof"bitumen fnjected:‘was"ar0und 2-3 PV. However, upon

X ~ K e . T
further injection of’ bltumen -thed pressure - drop started to in-

crease, w1th no tendency ‘to stab31tze., This continued injectton _Q'
: ajso affected the end" polnt &aturation- The pressure dr0p 1n—

" crease'could be due to - the depos1t1on and f1ltrat1on of asphal-

L4

" tenes at the 'hfgher. temperatures. _as obserued with thermally-“

'aitered Peace R1ver tar around 200 C (waxman et al '1980).

- . L o . .
P . .

5 1.3 Hot Hater and Brlne Floods N BT

A] hot water“floodsfwere conducted with deionized'water,:wtth the

exceptton of two runs _where brlne 1355' 1njected.f For the brine

floods “the sod1um ion concentrat1on was approxrmate]y 0. 07M (0 99

'-wt%) in- the range 1nd1cated by Takamura (1982) for ensur1ng maxi-

mum water frlm stab:]:ty in . 011, sands. Aqueous_sod1um su]phate
rather than sodlum chlor1de was . used .to avojd_cdrrosion.‘vThe'two

br1ne experlments were conducted at 150°C for_the purpose of com-

- par]son w1th thc hot water f]oods Good agreement was found.for"

the brlne floods, wIth a .slight’ 1mprovement 1n displacement effi-

.ciency, EQ, over the’ hot water floods.

.-,._

=
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Ie'the Het Qeter flood3, _stab1llzed cond1t1ons were observed after'
3?5 to 5.5 FV'ef }Qafer' 1nJect1on * .There were no v1s1ble‘trends
with'respeet‘gol'tempereture.b* The -scatter‘ obsereedfih_the end,
_ boiﬁt-water:reIatieé permeeb}jitiee_at.€225°C'(see'AppendiX'E) was
attributed to difficulties encountered during the bitumen flood.
AlSol results of_the b{tumen -apaTyseé _for~fwo of the experiments
conducted At'100°c were'incomp]eteldﬁe to analytical diff}culties.

-

5.1. 4 Effect of Sand Gra1n Slze and Overburden

N
Two end point experiments were' perfoFmed' with coarse sand to in--
vestigate the effect of the sand gra1n size. Both batches of sand

had a faIr]y narrow size range: ‘ 100 120 and 20—45.meshfn.The
absolute permeabilities_of..tﬁese' cores were‘apefoxjmately theee.'
and a hundred times higher, " respectively, thanrthe averaée perme-
ability of the 200 mesh sand, a]thoegh perqsities remained‘ih the
sdme range. Despite this.'largehvariaf{on in abéeiufe'permeabfli -
ities, the end point results ebte&ned were within the renge‘of all

.
.

the other end boints measured- between 100 and 250°C.
A core with 'Eéduced ~overburden pressurer exhibited the same end
po1nts as a. "51m11ar“ core subJected to the usual overburden pres-
‘\.
-sure. Th15.1nd1cated that the h1gh Jevel of conf1n1ng pressure

“used for the experiments would not conceal an eventual temperature

"’effect,_ﬁﬁt;rather amplify it if present (Gobran et 61.951981);:

—_—
— o
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5.1.5 Effect of Temgerature | IR

-fPQe average end point values are summarized as, a fufiction of tem-

"

‘ peﬂature'in Table, 5.1 -The | temperature }variations of the end

- TS

point relative permeabilities and residual saturations.are shown

- 85 .

in Figures 5.1 and 552;1 respectively. = For each temperature. the

range of occurrence, the average - value and the nmumber of experi-
jments are 1nd1cated The  overall average for eac& variable is

‘also shown as a dashed l1ne 1ndependent of. temperature The sta-

, Table 5.2.

4

‘The-individual averade end 'point‘bitumen relative permeabilities,

»

k

rbiw?

' cant]y dlfferent The same-cannot_ be sald of - the end po1nt water

“temperature\gradually 1ncreased up to 1?5 C. No trend was ev1dent

relat1ve permeab111t1es k . The1r\ average -va]ues at eachr

rwrb

_1n their Varlat1on w1th temperature ‘at the h1gher temperatunes

At.200°C the measured values were- hlghest, whereas at 250 C they

 were loyest "The va]ues obta1ned mlght have been affected by

3

exper1ﬁenta] dlfflcu]tTES during the b1tumen flood at. temperatures

for eaeh temperature Straddle the overa1l k. biw average

“tistical parameters for each 1nd1v1dual end p01nt are presented 1nh___

']ine An F test 1nd1cated that a}l averages were not . SIinfI—“r

E—

:hlgher than 200 C as ment1oned 'ear11er " The respectlve magn1-

'ftudes of relat1ve permeab111ty at the end points are 1nd1cat1ve of

a water wet system (Cra19, 1971) Th1s is genera]1y_accepted ds @

"'character1st1c of Athabasca q11 sands (Takamura 11982).
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Table 5.2 f,,Sfati;tiEaJ Anaiysis of End Point Results

ey ;--' i . . 951
Jemperature. . Average Standard . Confidence . “F-Factor
(°C) < . Value, - Deviation - Interval '
. ) ) . . kr%i.w‘ ) ;
100 0.762 - 0.047 ~0.071 ;
125 0.758 . 0074 . . 0.041 ‘
- 150" 0.791 ©-0i012° 0.061 N\__ . -
: 175 . - 0.736 . _ 0.009 ©0.050 - T 0.97
200 . 0.766 . 0.102. - - 0,071, _
226 " 0.654 . - - .. .. 0.123 : L
250 ~T0.726 . U 0.061 - 0.071 c
2l 0.752 0:059 f'(f/d.oia © 2,85
'. . ll".rb E “ . I ) i -.
100 0.053 0.040-° + .0.046
125 0.075 0.012° 0.027
150 0.129 0017 0.040 o
175 0.119 - 0.032 0.033 . 14.35
200 0.274 0.060 . 0.046
225 . 0.136 0.104 - 0.046
250 . 0.022 0.009 0.046 .
Sall 0.108 " 6.074 0.023 .. 2.51
o - bi .
100 0.966 o 0.071
-~ 125 0.930 ° 0.047 0.024
ST 180 - 0.927 0.027 0.036 .
- 195 0.912 0.019" 0.029 2.14
- 200 0.917 0.020 0.041 :
.-, 225 . 0.932 0.040 0.041,
. 250" 0.992 0.005 0.041
<« il 0.932  0.037 5 To.0iz 2.55
. : Y é ‘
- \'\_.} br
100 - 0.554 x 0.105
125 0.529 0.060 0.035
150 0.462 0.027 0.053 .
175 0.445 0.033 0.043 2.68
. 200 0.505 0.053 0.061 .
225 0.515 0.078 0.061
250 0.544 0.038 " 0.061"
all 0.501 0.059 .0.019 . 2.55

_* ‘one measurement only.
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The average initial and req?dudi'bitumeﬁ saturations, S

Tbi and S’br‘

respéctively, showed a similar trend: . Both Sb'versus'témbératuré

relatiobships went through a minimum around 175°C. that was more

:Apronounced-in the. case of the residual bitumen sétﬁratiohs.' As a

p, functions, the displacements were found -

result of the S, and S

to be most-efficient at 175°C (514 recovery), and least eff}cjent

at 100-125°C (437 réqdvery).b The F-test results forﬁboﬁh_Sbi and

Sbr values were similar and “indicated’ a weak'temperature“depén;

. dence for the range 100-250°C. However._viéua] 6pservafion of the

feéﬁlts from Fﬁgure:§.2 showed. that theé magnitudé of,thi;_d?ben—__

-dence was small.

The .propert-ies of the bitumen and water ‘used in-these experiments
varied’greaf?y.wjth:tgmperature .as’ .indicated 'in Figure 4.2. In
the range studied, the inter-fluid properties ‘were monotonic func-~

tions of temperature: the bitumen-to-water viscosity ratio, By o

décréa&ed exponentially;'and the -density difference between bitu-

* men'and water, ‘Aps_w; was always positive and increased -aimost

linearly over the entire temperature range.

o)

- oW

Bitumen floods were conducted with favorable and water floods with

unfavorable viscosity ratios over the entire temperature range

studied. The end point mobi}ify ratio.‘Mr, defined as: .

M= = . | - o (5.1)



2H“vafted frdm'apprdximatEIy 61 "at 100°C to aD§F0iimatéJy 0-5'§t'

-']”250 C when calculated for each Experimehtf—(see Appendix E). The

‘ Qaverage mob111ty ratlos are g1ven in Table 5.3 asy a function of-

'temperature and fo%lpwed a decrea51ng trend s1m11ar to that of the :

MY

-’v1scoa1ty ratio However ’ they were 1arger at two temperatures

o

hr;rb ua]ues Were h1gher than .thear Javerage at 200 C and hrbi'-

sy

;values were IDWEF than their auerage at 225°C (see Flgure 5.1).

_ Both cohtr1buted to-an 1nofe5§é in- the mob111ty rat1o Thl$ ‘phe-

'.nomenon was attr1buted t0v antvatcumu1at1on of. asphaltenes in'the
7‘sand pack dur1ng the b1tumen f]oods Despite the large var1at1one

‘1n the fIU1d flu1d properttes over ’the temperature range; the end-

-

po1nt resu]ts were’ st111 vlrtually 1ndependent of temperature

The capilliary numperf'Nc,lwas ‘calculated from the flow and fluid

properties during a water flood as:

o P c"I:’\__(_"”)’a.s) .: cxp (I‘I’t /S) i KR
Me - — S L (5.2)
‘ ¢ - Aéo (m ) - 0"b/\w (mN/m) : .

where the bitumen-water.'1nterfacial téniion,'vb/-. was estimated
from the experimenta] data 'of Isaacs “and Smolek 1983) Their

‘ results were extrapolated to the max imum temperature accord1ng to
. ! . . ! N
- a linear relationship: ' | S -

0y (MN/m) = 17.6 - 0.048 ~ T, ('C) - (5.3)

. . : ) n g . o -6
The capillary number was found to vary from 0.98-10 ® to 1640.10
between 100°C and 250°C (see Appendix. E). ”Thefauerage vaiue at

each temperature given is in Table 5.3. Foster (1973) indicated
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Table 5.3 : Average Fluid Properties’ as a Funct1on of.
‘ ;Temperature in End Po1nt Experlments .

r 'u‘b/\v o 'Hr -’__Ob/‘,- N.c . T -t L_b-"uw .

o C(mNfm) Lo (dmiepdmin)

._f}ﬁo.' 785.9 l 5§.of o 1él79--: i;%g-ﬁhf ': . Q.?Eo_f'
125 1.334:4 318 S anse .i:io;lq' : ::; 0:6007
iép‘- 162.5  26.5 ﬁo!asoi 'i.093;o > 0:553.
;755 BRI ‘ﬂlsno.‘ : 1_922; ‘  ';,b#-rq .‘  0.440
200 j‘: go:é a 2}.6"- : gfﬁz,ﬁ[:ilgié-iof .;ji. io_415-'.
225 L 162 - :leﬂﬁgl'_ ?i:¢2}1ofﬂ" .h oij7éui‘

250 . 30.9° 0.9 5.58 " 1.38.10°% ' 0.352

- ~does not sinclude run END-26 where the flow rate was three -
- times Nigher ) D '
+ ] e .
one measurement only
‘; 1
. I - LA
¢ /



'iture is therefore not sugn}f1cant

5.1.7 Stabﬂ11zatton Criter1on

The. sca11ng coeff1c1ent Lvu proposed -by'Rapoport and'Leas (1953)

e N ST .Ai , RN S . e -t
"” ’ e . . B N -

'that th?S order of magn1tude 15 typtcal for h)gh ten51on reTat1ve'

"'.‘water f]oodSIand showed that a further 1ncrease 1n N, by about‘iwo

t

'_orders of magn1tude 1s requwred to reduce the res1dua] 81 satura-

tlon from 1ts nom1nal water flood value ’ Ihe var1at1on of the -

cap111ary numben for these‘ exper1ments .as'a funct1on of tempera-l

~

-

r

was ca]cu]ate for the water f]oods and var1ed from approx1mately‘

‘0 76 cm cp/m1n at 100 C to approx1mate]y 0 35 cm~ cplm1n at .250°¢C

H

:when ca]culated for each experIment (see Append1x E) . The(averagej

_ vaJues of the sca11ng coeff1c1ent ,éneu g1ven'_jnt Table 5. 3 as a

-

‘_ funct:on of temperature 'Theee'are-dn"the ranqe of crrtlcal 5cal-

’"'1ng coeff1c1ents for stab111zed . flow. :as reported by Rapoport and

“

fLeas (1953) . In. add1t1on to stabilxzed f1ow, end effects were -

¥

m1n1m1zed by using pressure probes rnserted into the sand pack. ~
1 . +

~ .
L . . - - !
. o N . -
" st ' ' ’ - . ' " " . '
P

~F1ve experiments were conducted wlth the'reservoir 0il sand'sam—

p]es ! End point effectlve and re]at1ve permeab111t1es are*pre-j

sented 1n Table 5.4, as a functdon of temperature,_ljhe_ISU C and-

175 C exper1ments behaved 51m1lar1y, WTth'measured'effectiVe oer:'

meab1]1ty values of the same. order of magn1tude as Ot}awa sandi

. For the;e _three Zexperlhents. 'the end -p01nt bltumen re]atlve

i
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T

,Edd'Pofnt‘Réﬁuits:for‘késervoir Sand.

R

[}

1

Run Temp.

L) -

'to-wafer

T Effective /% (Relative) i -
‘Permeability ’
to bitumen

10b"
}?5;:'
150* .
150

TS

. 0.094

e

S

444- " 0.968

(0:074) . (2.701)

0.015

10.109
(0.172)

0.078 .- ‘
 (0.083) -

0.079

'(02;55)

. (0D09)
. (L

.
(1

I ¥
-'.f(o

732, - 0.822 "
.436)

.943 . 0.907
490y

058 0 0.989
~133) "0 8 '
746 . 0.781
460). . T

‘-

.Bjtumen_
Saturation
initial. . final

Displac.-

Eff. ..
(%).

. 0:455

0.345

.+ 0.460
©0.459

0..460

% :ekpefimenﬁrwitﬁ gadihmusulbhate.brine

93 - -



94

-permeablllt1es ranged from 1. 13 to 1449.wht1e the end poiht water
permeab111t1es compared favorab]y with "the clean sand reSUIts;'
The results at,IUO C -and 125 C were. much more erratic. The ehd\
p01nt bltumen relat1ve permeab111ty was exceed1ngly h1gh (2.70) at
100°C. At 125 ¢, the end DOInt re]at1ve permeab11tty to water was
';-extreme]yxlow (0 009) and .the end poant relattve permeab1l1ty to
b1tumen was a]so the*ﬂowest 00 436) Th1s'was the only exper iment
_.to;exh1b1t an absolute permeab111ty-”greater than the effect1ve
'mpermeabtlﬁty to bftumen at ’irreductbded'water ‘saturation. Clay
. movement cou]d be the cause for ‘the observed permeab111ty decreaseh

as a result of solvent extractlon The end po1nt b1tumen to- wateﬁ

e

- relative permeabt]1ty ratios could not be corre]ated wtth temper—,f

' ature, and fo1]owedjajpattern'{sjmilar to_the abso1ute permeabili—

Lies (see‘Section\4.2J11:

Initial and .final bjtomehJsaturatiohs in the reservo1r sand .cores,
‘obtained-frdm i material balante of the produced and extracted

'bitumeh are a1so'presented in'Table' 5;@.1 No trends w1th respect

) L,to temperature cou]d be 1nferred from e1ther the- 1n1t1&1 or f1nal

1

nsaturat1ons ~.The d15p1acement eff1c13nc1es in a]] but one experl—'

I.ment were the same and equa] to that of clean sand The efficien-

- .cy was SIgn1f1¢ant]y lower for the; core hav1ng the ]owest effec-

tive water permeah111ty The core having the Towest - absolute‘
permeab1l1ty exh1b1ted -the 1owest -1n1t1al b1tumen saturat:on. but

thjs-de not affectgthe dlSp]acement efflciencyf

.. The major tlay mineral component of. the high grade,Athapasca oil

v
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.3assoc1ated with. fzeld samp]es

g5 -

l,ﬁaud samp}es.uséd was fouhd to be kaollnlte. a non swelllng clay.
. Hydrotherma] transfdrmatlon of the kaolinite c]ay was, not expected
11n the temperature range " studied and fdr the durat10n of these
-iexperlments (B1rd 1986), and ‘could nbtf*pe‘the cause for theldlf—‘
ferences seen between the yarious ‘régd1£§ Nith'the-excebtion ofd

. ohe‘corg sample that behéved qu1te d1fferent1y. ‘the- VBr1at10ns in

permeabdlity ahd'saturatiqn among the cores were not considered
51gn1f1cant and aré prin51pally ~attributable to heterogeneities

5.2 Relative Permeability Curves

y }
Y

.Imb1b1t10n re]at1ve permeab111ty measurements were made at 125‘C

and 175 C for bltumen and water us1ng both the steady and unsteady
state technlques and. at 20° C and 100°C for Kaydo] and water using
the unsteady state method These expeerents‘were_conducted in

clean_unconso]1dated sand 'packs.. Relative permeability curves

-were determined for the two. systems "based an the JBN calculation -

procedures outlined in- Appendix B.

5.2.1 Inltlal 01] Sand Core Parameters

Initial oil sand core pardmeters,'namely end point relative perme-

abiﬂity to bitumen and initial_bitumen saturdtion, were. determined

" for each core and are listed in detail in Appendix E. Their aver-
-age values are presented in Table 5.5, and compared with those of

‘the‘end‘poiﬁts reported previously.



'3§6 ;'
: Tab]e:SAS :f;Cqmpafigoh of Initial b?l_ﬁan&ftore ParéﬁetéféﬂQ"

. ‘OjH'Sahd Exﬁérﬁmenf o AveragéI(Raﬁgé) ‘”"-Aferageﬂ(thgéf
| ' Type e T . krgiw L i o 'Sbi o

" Bitumen

stéady staté. - .. 0.787 . - .. 7 0.879

- 1_ . S fl (0.7¢9,0_827) :. '(62736;1.0ji)_55w

unsteady state . 0.673 -~ .- . " 0.851

© (0.640-0.726) " (0.770-0.886)

end,points - . 0.752 - ' 0.932

(0.654-0.899) . - - *(0.826-0.98%)

. £
A

' Kaydol

unsteady state’ - 0.629 . . . ' 0.943 "

{0.535-0714) (0.900-0.966)




' Ih8"8ﬂd- point . bitumen"relative permeabilities. k;bi', for the

twelve cores used in the mixture injection. experiments ranged from

0. 749'to 0.827, with. an average' v;}ue ef 0.787.. They were deter-
m1ned at 125°C" or 175° C and’ showed no temperature dependence A1l

_values were w:thin the range measured 1n the end p01nt study The ™

-initial b1tumen-saturat1pns._5bit ranged from 0.736 to 1.071 with

'an_amerade_value of 0.879%. These saturations were calculated from

a.material'balance of the‘injected bitumen and_involvedftakingAthe

difference of two iarge npmbers,.to Tobtain _a.smaller fiumber. A

relatively large error was involved in this determination of Sy

~compared with the previous end point results. ‘With the exception'

| of one vaﬂue-exceeding dnﬁty for which no_e{planatidn other than
.analytical error was a a11able; 5i1 other S valdes Qere within
the expected range 'Thef‘1n1t1a1 cond1t10ns for. the reconstltuted
01] sand cores used in the steady state measurements were compara<
ble to the cores-used prev1ousiy (see §ection 5.1).

s

A newly packed core . was 'prepared. for each of five-dynamic dis-

placement experlments conducted at 125 C. ~The'average'5 .-values
(0. 851) were not s1gn1f1t5nf| lower for these five cores and fell

rba

within the. overall averageh whereas the average :k '.‘ vaiues

;(0 673) were cher (see Table-S'S)' -BecaUSe of the variations'in

3

the 1n1t1al bitumen saturat1on and correspondIng end point b1tumen--

relative permeabl]wty. comparISOns were made on the bas1s of these“

initial core parameters.

B

97
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kaydo] cores were prepared simijar' to the bitumen cores. Initia]s

Kaydol saturations’ and ‘;orrespending relative permeabitities to

. the oil phase were determined as before, and-are bre;ented in

Table 5.5. O0n average, the initial Kaydol saturations were about

the same as for bitumen (0.943 wvs 0.932}. However, the end point -

0il relative permeabilities were " significantly Tower. than the
averagg ca]culated'for'bitumen.(0,629 vs 0.752). This might ﬁndi;
cate a difference in the Qistribution of the.fJuids or wetting

behaviour of the oil-water-sand -system.

Twelve eiperiments were conducted to obtain steady state bitumen-

water relative permeability curves - for cléan unconsolidated sand.
The exper1ments involved the injeetibn of bitumenéwater mixtures

into a b1tumen saturated core. Nine of these exper1ments were

: condueted at.125°C. The remaining - three were performed at 175" C

.to--investigate the effect of tempérqture. A1l but one of the

mixtures was repeated at 125%C, and ‘three of the duplicates were

- repeated at 1f5°C. The.detajled results are given ih_Tab]e 5.6.

The data are plotted in Figure 5f3. The left-most points repre-

sent the temperéthre-independent end points at iﬁitial bitumen

‘v

saturation. However, different end point saturations were dis-

p]ayed at the residua] bitumen cond1t1on.'as the d1sp1acement was_

—

| found to be mor e eff1c1ent at 175°C than at . 125 C (see Tab}e 5.1).

This d1fferentiat1on was .done by extending the saturat1on range

N
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Tab]e-5,6 :

Interuedlate Data for Relatlve Permeab1]1ty Curves
(steady state) . .

Temh. -

ey

rbiw - -

f;zg‘f

TTes

. 125

128

';‘LIS."
125‘-

s

175

1757

125w

125

0:764

10.760
©.0:819
’fofjsé;r‘

_oﬁijlgff“

'_o.sbargﬁ;;

0712

0.749

'0;317,;
0.826
o.qve“‘

0.827 7

0.874- -~

0.914
0.736

. 07925

.0.883
0.800
.0.831

1.071

C0.800
. 0.911

- .'0.893 -

0.906 -

t

64

‘ 15

wib -

~.rati

4.

‘:15‘.

64

1 sb__f

67"

0~

0. -

56 .. :"\

56 -

S

T0.317 -

AR

o024

.0.218

.ﬂ£:6;4é4,?.
“;9;474”1 .
;;01322:j1
- 437: -

.:oﬂzsvf

f‘jl}}o,ggo L

T;ﬁ;g273
0214

0.367

0359

0.484. . ..

0243 . -
Cofar
0511
1ﬁfég3f"

CToass o
0210
':i'dlssé}.(
0.560 "

.0.520 °

“afo 023

99

0.007.

0.001 -

0.085.

04069

0. 053"-f-"

0.607.

*-d.i?m

0. OQS

0 001'

-~

o,oza“ -
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abilities, the following functional forms were a§ed: % . E;J%"rl,
s T N
o - . L LT
lwaterz K, o ?'a!’(ﬁwf§wi)f_” (S.S)JJ i
| where the parameters a_and e were determined from the experimental® -
data for b1tumen and water The best fit results are pre;enteawiﬁjﬁ -

saturation. - The scatter in the exper1menta] ‘data was’ attr1buted

‘. .

for the 175 C exper1ments ‘and  is - shown by the r]ght most po\nts

gn Flgure 5.3.  The: re51dua] b1tumen saturatlon at 125° C was taken

as 0.50, the- average value determlned in the end po1nt study _'f”

-
——

both 'temperatures,; the temperature—independent__value,:of water

relative permeability was usea. : ; PR
o -~ e

ihe steady’statew relative permeability ‘aata thus obfa1ned Were ,

fitted with power 1aw_fuﬁctioﬁsf uSinQ all- the data po1nts . The .

b

only parameters used.in these funct1onal representat1ons were

end point bitumen relative permeab111ty and the 1rreduc1b1e'watev )

e
-

-—.

to‘experimental error, as the temperature effect was 1ns1gn1f1-~ »

—

cant. - Al the data po1nts were then cons1dered to be temperaturé—

P N

independent. To determine ‘the 1nd1v1¢ual phase relatlve perme-.ﬂ~ -

- Tl
Ao S

4 -
ey . - . a-
. SR .

‘

form in numer1ca1 s1muletors,f both for:saturation and permeabil:

T

ity. Perk1ns and Colllns (1960) suggeéted-ndrma]fftng'eaeh'furﬁej"

w

X

* ‘Table %.7, yith the:f1tted,qureeshshOWnEﬁa Figure 5.3. . - " .. = -

-Often, relative permeab1l1ty curves atg;ereSented in a norma]ized A

o

- e
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" T " “Table 5.7 .: Best Fit Results for Steady State Relative
’ S ‘ Permeability -
. _ -
) Noi]-Normalized Curves “Normalized Curves
'Ph‘ase: a- e r2.' ax e?* r2
: -bitumen- .-2.282 . 1.55  0.9797 0.995 0.495 ' 0.9923
owatér 2.025. 3.58 0.9254 0.998 4.14  0.9767
i e
L4 ‘\;T/_"
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with. respect to its fownt end ‘point relative permeabilityl This
procedure was:followed'here.‘ The normalized-curves are shown in

Figure 5.4, alongikith the normalized data points, and are of the
% o . .- . _

form (the superscript = refers to. normalized variables):

i-"‘— J . . B i .
. | e T e .
S~ ke aelesy T S (s.6)
) . ) -“ E; . ‘
Kio=a-(s0) ", (5.7)
. 5, - Swi ' . e o
S | . o L - (5.8)
1 -5, -5, | |

where the a "and e parameters are also presented iq:IfBlg;f.7l

-

The shape of ihe'fitted curves déserves some’attention. .The watef

curve is Eoncayé as.usua]ly.reportéd"in the literature. .An expoi.

nerit of about 3.6, which is iaoﬁ“ uﬁcémmoﬁ and wideiy.acceptéﬁ in

.the Iiterature (efg. Brooks and - tofey, 1964), is fequired'to fif}

' 'f—";'"_f_"the experdméntal data using Equatian'(S.gj. The bitumen curve, on‘

the other hand, is convex andA the fit 'to‘Equatipn'(S.a) has an
exponehtlof abproxim$tely 1.6. | L

}.A convex’ Eurvature was also féported }by‘ Combarnous and-Pavaﬁ.‘

(1968) for’é mfneril"o}lleiné-unconsolidatedusklfca sand system.

fheirrplatife'ﬁé;meabi]ifies were _measure&:'by;the steady staté

“method at 40°C. . The 'mineral oil-to-brine viscosity ratio was

: gstimateé to be higﬁér than 70. In the experiméntsprebdkted here-

in, the bitﬁmen-to-watqr viscosity'rétjo ranged from appfdximate1y

C

-
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-Figure 5.4

104

0.8 -

06 |—-

04— -

" O Water (1259C)
" A Bitdmen {125°C)
© @ Water {175°C) .
. A-Bitumgr’i (175°C) o

-0998 (s )‘”4

_.___...k

_q__k )0495 o

—0995 (1 S

Y, | e AU

0.2 04 . 06

Water Saturation

: Hormallzed Bltumen -Water Relat1va
' Curves (steady state)

Pgrmeabi]ity



105 .
90 to 300 for the temperatareg;‘studied It shou]d aiso be men;

.t1oned that Combarnous and Pavan obtalned d concave 011 relat1ve‘

A

permeab1]1ty curve w1th< less v15cous m1nera] 0il (viscosity

¥

Fatio estlmated at approx1mate]y 20) as d1d C]osmann et al. (1985*-

at 196™C with. unaltered Peace Rlver bitumen (v1sc051ty rat1o ofﬁ

e

'.approx1mately 60) T It appears, therefore, that the v1scos1ty
”ratlo may lnfluence the shape of _the- eteady state oil relative
permeab1]1ty curve in ‘an 01} water unconso11dated ‘sand system

LR . i * . . . R A ] ;

The Johnson-éoss1er¥Naumanﬁ;(JBﬂ) méthod (léﬁé) was’dsed td-ca]cu~‘
late two phase ‘0il-water relatlve permeab111ty curves From dynamle-
d1splacement expertments as out11ned 1n’Append1x B. Smoothang was
perfqrmed using a liqear_'regressian aaaiysis to “choose a SIngle

funptiohal reﬁresentalion of the entire range of data because thef

- JBN approach rquliee “the dlfferentiat1on .of the data (Tao and'

"1 . Watson, }984).".Re;overy uand' JnJect1v1ty data were emp1r1ca11y

nedrre1ated to the logaritEh bf :fhe .eeme]atjve pore vo]umes of -
“_water injected, Hf ‘using polynom1a] funefdeAS _as suggested by

Mi]ler and. Ramey (1985 for the determ1nat10n of re]atlve perme—'
-ability” re]atlonsh1p§. }he resu]ts for ~ the p1tumen-wa;er and

Kaydo1-water_§ystems are pr@sented‘befow.

5.2.3.1 Bitamep—Hater Curves

"

fhe‘resultg of five water displacement experiments at 125°C are .

-



. - . '-_- _,‘.' . ‘ ..‘... . - ‘l’ ‘. ‘| " . 10-6.

presented in Tab]e 5. 8 with deta:led results given in Appendmx F

The comparlson of the b1tumen recovery oy-hot water 1n3ect1on s

: _1n terms of d15p1acement eff1c1ency, E, defined'fn Tab]e'S f' to

o account for the var1at1ons in 1n1t1a1 b1tumen saturat1ons (see
. . # - .

Seetion 5.2:1).',H- L. L .o T e
. The  recovery data a&‘aﬁfunctfon. of pore Volumes of water jnje;ted,

. .age shown in Figure 5.5 for aﬁ} ﬁive.experinents."As indicated in

',the-figure.'a‘single recoveryi'curve7'can be fittedftoaal]{experi—

“mental data p01nts and has an asymptotrc nature most of'the bitU—-

. men recoveryjoccurred im’ the edarly stages of the water f1ood

'

The'exoerimenta].nesults“inditate that aufour—fold increase rntthe
o B ) ’ .‘ . o LT, . I . - :. - i
'water'injection rate, as jn'experiment DIS 2 d1d not have a sig-

E

r“nificant effect onvreEoVery. Compar1ng exper1ments DIS- 1 and DIS-
‘2; retoverles after 20 PV of waterd;ére 1nJected were approxlmate—e
?-ly the Same Th1s would 1nd1cate that the nature of the d1splace-.
ment Waé,not srgn1f1cant]yla1tered. After 4 PV of water injec-
'tion.lthe'recovery for both these- experiments yas around 42% -of
 the original-oj]-ﬁnupJate_ (oo1py,” thcn “compares.favorably with
the resnlts'of tne end -point erperiments (average recovery at
d

125°é: E. -=0.43).. The 1n3ect10n of add1t10na1 water lncreased

“.the recovery to approximately 57.5%.

Experiment DIS- 3 was of even longer duration. and the recovery
'reached 61% after 48, 7 PV of water 1nJect10n Intermediate recov- -

,ery values at 10 and 20 PV inJected were significantly ‘lower than.
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" Table 5.8 : Bitumeh.Displacement Resulfs

Experiment ' " Pore Volume --Displacement . Relative
C# Injected - . Efficiency’ " Injectivity*

. . .

DIS-4 - 17 . 0.330 - 0 1321
A . S ; - .

Coois-sT 0 w133 0w T v 13.8e
pIs-4T T 2:33 . © 0391 . 17.01

CDIS-5 2.0 . < 0.39% 17.11

Dis-l. o __5}93 B '-0:4;2' S zifa1
-Di&-Z‘; T. »"14”21 i'e . :4;d£413*1fﬂ_; © o 31.84
I R R 0.45 . c 1932
:  D1s-5 o s87 ";0;454 T 1sle2
SDIS-3T 5245‘ . ".‘0;§5§ . _5%.1@‘
SpIsr - DT T"“_ L U:éoéi 1." ‘i' 37-.78
Cois-2 . s.esosiT . 31
DI5-3 .0 18.88 R o 1021
- oIs-1 - .:“ Sr9.3z . 0.565 . . . 4238
DIS-2" - 1944 _'  ossss . 33.38
DIS-3 . 29.88 0577 . sa.90

0Is-3.  © 48.66 0.611 o 126,29

* defined in Equation (B.39) -

s L
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. . o= o

Displacement Efficiency (%0OIP): -

Experiment Flow Rate . Throughput
C L pv/n) (ev)
0.951 *19.32 ‘

3.824 ., 19.44 ]

~0.943 . | '48.66' .

0.947 - 476

- . 0.950 4.87 .

-

3%
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Fi%ure 5.5 :‘_ Bitumen Recovery Data at 125°C E
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forlexoerimenfs DIS-1 and’ DIS-2. A recovery of 57;5$.was'ohfyju

redched at 30 PV of water injection’io‘experiment.DIS+3:

Eiperimente DIS-4 end:DISLS were‘ carried out after someitmprove-m
ments to the procedure used for the fﬁret three experiments -(see
§ectﬁoh ;.b;GtJ).lzBitumen recoveries - at each-étage‘of the procte
"dure were very similar, eesf shown  in Figure 5.5, 1noic§¢1ngzgooq
reprodoCibiJity-beteeen these two eiperiments - These results’

1ndicate'that it is 1mportant to minimize pressure drsturbances to

'ach1eVe reproduc1b1e recovery resu]ts After approx1mately 5 PV T

| of water_1n3ected. _theSe last twoj water flood exper1ments were
-mo}é efficienb:then the tfrst three as 1nd1cated by h1gher recov-
;_ erjeé o?'arObnej45i aS'cbmpahed-to 42%.
It is belteeed-thet ‘the broduct1oh recorded'in each accumulator
:.durIng the 1ast two experlments: s a- better representat1on of thef
recovery as shown by the' good agreement between exper1ments DIS 4
' fand DIS 5 -in cdmparison to experlments DIS-I and DIS—3- Th1s tah-i
be x]]ustrated on a sem1-10gar1thm1c plot of: recovery versus porel

)

- vo]ume 1n3ected shown in 'F1gure .5 6 where the post breakthrough f

F recovery is'representeolaeha, lihehr functxon of the ]ogar1thm of

Y
-

~pore:volumes injected. R T a_ . ' j _—

~

ThelpreSSUre.droo in this series of exper1ments decreased as more
water was injected for all expertments except one. In exper1ment
“ S R . . «

DIS-2 the'éres§Ure"dnop fﬁrst decreesed and ‘then increased..” This
anomalous tremd cannot be explained by experimental disturbances

PN
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' alone. and 1ts cause is unknown . A]so. the pressure drops were
- two to three tlmes hIgher per un1t ftow rate for experlments DIS 4
and. DIS 5 than for the other “three experiments The h1gher the

pressure drop, the hlgher the b1tumen recovery in hot waterf]oods

As fndicated earlier, the reeult§ oﬁ,a]l five dyhaﬁiC'd%Splacemehr
"exeerimenfs'cah be'represehted‘ by a single reteverylcurve.- De{
l§pjte the:scatter i&‘tﬁe ‘preSsure _drop date_useé»jn ehe reiarive

iniectivity.cemputétiens._a .einelei set of réTative,pefméabi]fty

curves could also represent all five experiment$;~;8est fits were
; ’ obtaineq with a thiédfahqér  eo1yan€al fer the receJery'dafa (E,

Vs IQ{H;};:rgzb.96755féne a second order eolynomial:fer fhe Felqﬁ

tive ;ﬁjeetivity-data;(ln{wiir} vs  In{W.1, r?:q.9793j. The'fitj

ting parameters are detailed in Table 5.9 for each function.

- .

“ The resq;tieg.bitumee—waier relative perheability:curves are shown
in Figyre 5.7, with ”detai1ed reiative ‘eermeebiJities giveﬁ in’
Append1x F. | Tﬁe end p01nt re]atlve permeab1}1t1es to b1tumen and
correspond1ng 1n1tlal water saturations -were taken ‘as the average

’

of the five experiments It can be seen from the flgure that the:

' res1dua1 1tumen cond1L10n was'rnot ach1eved after almost 49 pore

vo]umes of hot hater \nJected

§.2.3.2 Kaydol Experiments

-

F1ve experlments were performed using Kaydoﬁ'tofécmpare with the-

' j‘f//f]——//wbitumen saturated core results. "The femperaturé# used were chosen

SRR ([¥ ,: ;:‘:%
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Table 5.9 : .  Fitting Parameters for JBN Calculations
Expe;iment a, o a, a, N Ay r2
‘recovery data
bitumen 0.27352° - 0.05375  0.01099 -0.00217  0.9675
© KAY-1 0.22458  0.05153  .0.00062  0.00540  0.9986
KAY-2 0.28119  0.06960 . 0.00755 -0.00284  0.9985
KAY-3 - 0.46446 - 0.08005 -0.00740 -0,00440  0.9988
KAY-4 0.33679  0.07734°  0.00143  0.00083  0.9998
KAY-5 ° 0.46318  0.11408  -0.01948  0.00065  0.9966
. ' '
injectivity data | § S
bitumen - 2.5503 ~ '1.3198 = 0.0631 - . 0.9793
T KAY-1 2.6949 °  1.5642  -0.0375 . et 0.9999
KAYV-2 2.6609  1.6544  -0.1010 T 0.9997.
KAY-3 1.5388 ° .. 1.2873  -0.0397 ©0.9999
© KAY-4 2.5737 1:7800. -0.0710° 0.9998
KAY-5 1.3815 -1 10.9999

2991 -0.0338 -
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to'simujatemtﬁe abSo]ute v1sc051t1es and v1scos1ty rat1os encoun-

tered in the b1tumen exper1ments o The apparatus was mod1f1ed to

co]]ect the necessary 1nformat1on for. determ1n1ng relatlve perme- B

-ab111tjes from a single experiment. quuld holdup in the T\nes
' “prior to water f}ooding necessitated a correct1on to the measured

_detq,whiCh resulted in shxfting the -start1ng tlme of the water

13 1

- flood and the corresponding oil production. The corrected datea

-

'ace,given.ig Appendix G for all five experiments.

-

-Recovery

The~first three experiments (twe,atﬁ 20°C, one at Ibo;é)_were con-
ducted for a short period oft time 1in terms of water injection.

The two low temperature water f]oods (v15cos1ty ratio:bf 19¢)

resu]ted in approx1mate1y 35% o1 recovery after 1nJect1on of 3 PV

of wateﬁ whereas the high 'temperature flood (viscosity‘ratio of
21) cecovered 57i‘df the Keydoi ‘in Jthe same time periodc Two
subsecﬁent experiments (one gach at éO"C:end 100°C) were carried
out with 42 PV'ofl'water. and both resulted in simirar‘recoveries

of nearly 70% of O00IP. - However, their recovery cirves differed

considerably from each other as shown in Figure 5.8.

The‘fecovery pattern %or 511 Keydol'experiments condecped at the
same temperature was sieilar: rapid récov%ry iﬁ the initiel.stages
of fhe.water flood ferﬂghe high temperature/low ei;ccsic} Eucs and
a'moce gradualireco?ery curve.for the low temperature/higﬁﬂviscos-
“;ty'runs. At any time during- the water f]bod;.che displacement

-
T
'

Ry
ol
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Pressure Drop o

e S A1 ¥

t
A

-

~efficiency was Qreetertat the -higher,temperqture when COmpared to

the'1ower téﬁpereture. "However, if the expeﬁimente were conducted

for a lohg'enough'oerioo of time. the cecoﬁery'tendeq to‘reach\ah_"

"uiTimate" ve]ue :regaro1ess of the'temperature/uiscosit§ condi-

L

t1ons Despite a change of dlrect1on in-the préESure drop behav-

1our (descrlbed below) wh1ch deve]oped during the 1ong low temper—
iQ

ature.experjment (KAY—A)..thelflne1 recovery-was not_affected.

s

The pressufe dfop observed during the Qater,floodé depended on the

viscosity of thé*oiﬁptaced' fluid: the higher the viscosity, the

_h1gher the pressure drop - Que]itatiye‘*examinatioh of|the data

1nd1cated that the recovery increased _with ]arger preseure'drop.

**Compar1sons are then only mean1ngfu1 for similar temperatures

The norma'l preesure drop-behaﬁiour 'for this type of experiment is

", a gradual decrease as. more 011 is recovered Thie'was ohserved

‘“every case throughout the durat1on of "the experiments, except in

-,

"run KAY 4 where the pressure drop 1ntt1a11y decreased, then start-

'ed to 1ncrease after 10 12 PV of water were 1n3ected “This occur-

"

red at n1ght wh1le the exper1ment was‘unattended. A simiIar phe-

nomenon occurred ear11er h one of the bitumen displacement exper-

“iments (DIS-2), and the reason for this change ln_pressure drop

) ; - . . 4
,f;behaviour also remains unexpiajned. - For this reason, only the

' portion of the water flood that behaved “normally” was used in the

" calculation”of relative permeability for this experiment.
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Relative Permeability .‘ s .

]
—_— e

- As with the bjtumeh“exper1ments dynam1c re]at1ve permeab111t1es
for the K ydol d1sp1acement experﬁments were calculated u51nglthe
JBN prEEﬂZure. With the modifications made to the eaperimental
\‘procedure enough data were’ cpl]ected' during each water flooding
_exper1ment to make calculations for each separate]y The’reTatﬁve‘
permeab111ty calculat1ons were based on the absolute permeab111ty‘

of each core. |

T

o~ W .
fhe'breakthrough_ppint'yas”'eétiﬁated frbm'the production.datalby
'coneiderﬁhg the 0il preducedn ver;us water injected ratTo. The
firet,feW.pdints‘ imﬁediately aftEr'breakthrough were disredarded
'bn-the basis that they were'ndf'represedtative;of the eost-breakal.u
through.trend {Miller and Ra@ey, 1985). Be;t polynomial fits of-
postfbreaktheough_recovery and-rejative ihjectivitg'functions were

S P - S )

determtned-frﬁﬁffhe experimental data. These were plotted td ex-

amine ahomaTiés in the experimental data and trends in .the slopes o

A five ¢e]ative ihjeCtivity fdhdtiona exh1b1ted decreas1ng

of the fitted functions (see Apeendix G);

. slopes w1th 1ncreas1ng N 'HoweVer, the5e SIOpes were lower at

all times for the h1gh temper ture exper1ments The slopec of the

recovery funct1ons were disY¥inctly ~ d1fferent*'they 1ncreased for

'fhE‘low temperature exper1ments and decreased for the h1gh temper-

~ature experlments w1th 1ncrea51ng N -Because‘of'theee differ- =

ences observed in the recovery data as a.funttion of temperature

.a I
1
i
.
o

[

e i ) ‘ h . 0
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;(see.a]so ?ngure' 5=8):“ the _relative_perneability relatfonships~

were considered'separately for 20°¢

\eters are. presented 1n Table 5.9.

values are gmven i1 Appendlx G

The first two. Kaydol fe;perﬁments

Uwere short Ln both . cases, the

“very sma11 (approx1mately 0; 3)

exper1ment (KAY -4), more than 10_

. many more pore vo]umes of water wo

srdual 011 saturat1on because .of-
PN

—

)

and tOO"C§"The_fitting param-

Deta1led‘relataye'permeabi1it§'

AR

conducted at room teﬁperaﬁure

ca1culated saturatlon range was

“In the second room temperature~

PV of water were”ﬁnjected but'-

t

uld be needed to reach the re-

the h1gh 011 to- water v1sc051ty

"nat1o.5_Even though the :res1duaT oil saturat10n was not,achleved.

-an outfjné.qf the re]ati@e permeabiltty curves coujd.be'draWn in.

the_midd]e‘saturation randes"These.curvesiare p'resente'CI 1h‘Figure

L

5.9. Differences in their shape

LY

\
ava1]ab1e for determ1n1ng the best

of these f1ts

The curves obtained in this * stud

N

‘measured by ‘Sufi (1982) -for “a %

‘roem temperatdre (see Figure 5.9).

K at a flow rate ten times h1gher tha

1
hav1ng an 1n1t1a1 water saturat1on,

87%~0f‘the oil-in-place to reach
o:isz ‘His.curves can be though

-
i

deterﬁined here for run KAﬁT4

are due to the saturation range

flt functlons and the dccuracy -

y . were also compared to those.
1m11ar 041 water sand systen at -
’ By anectlng 154 PV of water
n.these experlments intola core
S.;. of 0,064, Sufi recovered
‘a3=residua1 osl,saturatlon of

i’

t of as-an extension of those
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Figure 5.9 : Kaydol-Water Relative Permeability Curves
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IWp“Kaydb}_e;periments ~of - different .qucapiohs were conducted at

n'100“§.-_The number of - pore’ volumes of water injected in reaching .
: the residual oil saturat-ion, was . again - large:. QZ'FV_were found

_sufficient for _the experimenta1 fiow.conditfdns in run KAY-5. ~ The .

two sets of re]atlve permeablllty curves for these experlments are

,ushown 1n Flgure 5 10 and are s1m1lar for both exper1ments

The anomalous shapes__describedﬁ‘earlger for "the Kaydol relative

permeabilities were seen’ for the flwo ehort_1ow iemperature/high

lﬁvseosjty exdefjmenﬁs (see Figure 5.9). and" did not occur for the
. short high temperature/low viscosity experiment. The reasons for
;this anomaly were thought to come from the interpretatidn of the

‘exper-imental data’. The JBN calculations are .sensitive to the

saturetipn‘range'resu]ting from water f]ood‘experimenfs for high -

“Wiscosity pils. This sensitivity decreases with a ‘'decrease in oil

viscosity or an increase in saturation range. Since the experi-

1

ments were cOnducted in different «cores wunder conditions which

were s1m11ar except for temperature. d:fferent f]ow patterns might

) occur due to packxng and/or temperature var1at10ns As the magnli

”tude of these var1at1ons are. not known," the effect.pfetemperature

ta

on-the Kaydol water refative - permeabfffty relations is difficult

to 1nterpret._'
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6..  DISCUSSION ‘ L .

‘The purbose of this study wias 'to examine the effects of tempef&=
ture - on two phase o1l -water relatiive perméability re1at1ons and to

bréqden the re]at1ve permeab111ty data base for A]berta heavy 0115

—

and'oiilsqnde The exper1menta1 resu]ts ra1sed as many quest1ons

as they answeréd._ The fol]qw1ng d1scu5ﬁ1on is intended to explaln

the obServed-ef%ects“in_ term§ of ~ fundamental properttHS'énd to

indicate the range of applichbi1ity of the mea&uggé::prvés. '

6.1 Effect of Température on -Relative. Permeability

e e e m e =R S s =

Theoretical. models of relative‘permeability are traditionally used

Jfor performance preduct1on ca]culatrons in the absence of experi-

,‘mental ‘data. Most mode]s represeﬁt the porous med1um as a set of

.cabi]l&fieslrangihg from straight capi]]aries having the same
‘__ddmenéiﬁns‘to féndbmly distributed interconnectedLcapi]]arigs with
Various-diameters. How%ver, in. all <cases, the expressions for:
:reiative'permeability obtaiped"from these ﬁqdels_ﬂfe neprésenta~-
'f'kive of.idpélized systems.

“LnjgénerhiA'two phase oi]lwater capﬁ]lary models éssume phat the
'borbus.medium is prefenentiélly water;wet: water bn]y f[oWs in the
smaller cap11]ar1es and e1ther oil, 'or o1} and water'flbw'in the

1arger ones. Nhen both flu1ds are f]ow1ng s1multaneous]y. water

-

o “ - L 122
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exists in the annulgr.fTegion. '..flbw through capillaries’ is gov-

.erned by Poisebi]1e‘s éqhétion:  fhe tdétuoﬁity cohtépt,'@sually ;

determlned empirlcally to approx1mate e:per1menta1 data h&s some- -

't1mes.been used to take lnto account the tortuOus path of the flow"

-

'channe]sras opposed._to the conceptﬁof para}le]tcaplllaryﬂtubes.

-

ThEoret1cal relat1ve permeab111ty relatlons are usua]]y expressed
as a funct1on of the wetting phase saturat1on aud Ssome bas1c pro-

perty of the porous med1um such as poros1ty, caplllary piessure,
tortuoswty factor ppré size d1str1bub1on factor or {r;éduc151e
wett1ng phase saturation.'” Presented ‘In 1ntegral form, these all
contain a &api]lary pressure term that Fou]d be expressed 1n terms
of the wettindrphase gaﬁdrafion; ..:fhﬁlﬁheir basic fUEm..ﬁone of

these models :inqorporate eiplicit]y an easily measurablie fluid

property. However;5'Jhen considéfing “both the wetting and non-

4

- wetting phases fio@ing in the capilldries, the models give rise to D

a v1sc051ty ratlo {non- wetting f1u1d to wett1ng f1u1d) term in the
non- wett1ng phase relative permeab111ty expre551on The resdlt is
that the re]at1ve permeability would _1ncrease with an increase in

the viscosity ratio and could, explain the «convex oil relative

permeability seen in this study and curves reported in the litera- _

ture for water-wet systems (CombarnodS and ﬁavan, 1968). On the’

1

other hand,lthe wett{ng phage relative permeability equatioﬁ re-.
mains unchanged because of the assumption of a continuous wetting

phase throughout the porous medium.
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Few models. have ojrectty inconboratedfthe é' : of:tempecatore oo t
relative permeabi]ity.r Ehrttch (1970) 6:Zj:j:j; a. s1mp1e geomet-"|
rical model to approtimate the' effect of varlatton in. wettab111ty
as characterized by the contact angle, 4. The effect of lncreasJ
ing temperatuce would decrease :tﬁ"7cohtact.angle result1ng ih a
more water-wet porodsiﬁedium, a]though this would be a funct1on of
the 011 polarity and compos1t1on as adsorptlon on the rock surface
wouId dEpend on these‘ factors. | For. an oil- wet system Ehrllch
reported that the relative permeability ratio. was 1n5en51t}ve to
contact angle var1at1ons hencet temperatore vartations. He.aleo
showed that reszdua] 0il satucatfoo-would decfease and eater rela--
t1ée'permeab1l1ty would 1ncrease ‘with decreas1ng contact angle. for'.
a watec—wet sy;tem.. Some’’ of the experimentally observed tempera- g
*ture effectgsﬁodicated a shift of the relative permeability curves
- toeards'ﬁtoher;Water saturations (Poeton et al., 1970). These
oace'been.attrtboteo'to ooséib1e wettabiJity'changes due either to
a decrease in. the contact ang]e .or to clay.mforation,-or»to core-

'c]ean1ng procedures

Although‘the ﬁatter twﬁ:eTTects can reflect experimenzgl‘diffjcu]-
ties and'could be the 'cause of observed temperature effects, the
.ftrst.oae cannot.exoiain thef temperatuce.effects. An increase in
the aoheston tehsion‘.e:ptesaed ©as Pthe product of the ojl-water
1otecfacia1 tension and of ~the cosine of the contact angle with
:tempecature increase wootd mean an'inccease in water wetness. . The

- contact angle decreases with temperature and so'does the -interfa-

~cial tension, tending to offsat any increase im ‘cos f,-as the



change of contact angle W1th temperature is sma11er than-that-of,
:rnterfac1al-ten51on Ca]cu]atlons of adhe51on ten510n as a func{
- tioniof-temperature; would “1nd1cate a - decrease w1th temperature

-

increase and invalidate some of the models ment1oned-earller.

ﬁyNakornthap and Evans (1986) poetulated an analyt1ca1”theory and .
'formdlated a mathemat1cal model to desmr1be the var1at1on of rela—
.t1ve permeab111ty with temperature .ﬁn' an o11 water system They
developed analyt1cal equat1ons for temperature dependent relat1ve"
Mpermeabjiities in‘ terme of water Esaturat1on 1rreduc1b1e water
saturation and.dtfferentiatychange 1n'irreducible wateL,saturatlon.
with temperature. Th'_e::.—en_ti':re"mo'de_l. assames that irredncible vater -
saturation intreaseﬁ'.eith_ temperatdre and theretore'_preddctsf
tempErature-dependent_ relative -permeabilitiee,' ;The change-in‘

irreducible water saturation with temperature was baséd on experi-

mental’evidence that is widely . reported but not always observed -

as ie'the case in this stedy. . This is; then,'one of the “contro-
. . . )
vers%a] “issues regarding temperature ‘effects on re]at1ve perme*

ab111ty and should not be incorporated. as such in a theoret1ca]
‘mode] w1thout fu]l_proof ot'its valtdity.

s

fTemperature alsp affect% flu1d and, rock propertlesr such as vis-
B cos1ty and wettab1l1ty ' T'”-_effect of. absolute f1u1d v1sc051ty

'and_V15¢°S1ty“£at]p is stil}l b ing‘ debated ; In the llterature,
there is eiperimental evidence po}ntlng to both 1ts presence -and

absenee A]though Lefebvre du Prey (19?3) obserVed it. 1n all his

erper1ments, Odeh - (1959) reported that v;st091ty- ratlo dld noty
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;1n s1tu cond1t1ons
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affect re]at1ve permeab1l1ty if the porous‘mediem had - -an absolu{e
permeab111ty greater than r d. Danns and Jacqutn (I983)‘conc1uded
on the basis of thejr;:numertcel and exper1menta1 results that the
1nffuence of viscoejty;”eni oi]»lrelet1ve permeablllty seemed td

increase as the porous medium geemethy became more comp]ex. TheIr

r85u1t1ng il relaﬁxVe permeab111ty curves were convex-and in some

instances, they reported-.e B .pp1nt 011 relatlve permeab1]1t1es

~ greater than unity.

..."

wettab111ty has been 1ncorporated in' some of the relat{ve.perme—

£

B ab111ty models, e1ther by contact angle considerations or'py'a"

fract10na1 wettab1]1ty factor ‘ l:n contrestito fluid viscosity,

',wettab111ty is- not an easy property to measure, especially under

T

Contact eng]es“are usually'determined in a

“static mode and for a representat1ve : rock'§amp1e.' The microel

scopic wetting behaﬁiour--cannot be’ prec1se1y determined and is-

-

‘therefore assﬁmed - Tnié has leﬁ ‘to the'concept of dual or frac-

tional wettab111ty where- botb 011 wet and~water5wet regions co{

exist 1n,the pOFOUS medlum Re2n1k et al (1967) developed such 2
:mode1 but 1ts appl1catlon -to actual reservo1rs would be l1m1ted
‘because th1s 51mp]1f1ed mode] dld not lncorporate actua] pore size. -

_tdlstr1but1on to def1ne pore geometry. ‘ Th1s model 1nd1cated ‘that

~

;itopt1mum 011 recoVery was achieved when the Wettab1]1ty tended .

towards 011 wetness, IEnd‘~the3”oil'irelat1ve permeabil1ty curves-

b}

changed from a convex to a concave curvature
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. Theoret1cal models of. relat1ve permeab1]1ty are thus ma1n1y basedt

—

on a descr1pt1on of flnld_‘flow _through a more or— less compler
arrangement of cap1Ilariesfand‘ can therefore only represent 1dealtﬁ

‘ porous‘systems- _The resultlng relattons are usual]y expressed in

terms of saturat1on and some- bas1c pr0perty of the porous med1um'f-"
This dependence is not based on 1ntr1n51c f1u1d or rock propert1es»

but on a comblnat1on of these ‘that m1ght vary w1th the system thati*:'

is beqng consmdered D1rect1y measurable quant1t1es. such.as.

~

flu1d propert1es. rarer appear in thEIF formulation Therefore
1t is 1mposs1b1e t0' predlct theoretfcaily what effect increasnng:T“
temperature would have'.onf re]atave”-permeab111t1es Carefu11;i"“"
conducted exper1ments would shed some ltght on the matter ‘but W111"'
Hb& Spec]f1C'tosthe ‘fIde-f1u1d-soT1d system studied as’ has‘oeen
the;caseifor'affjreports puijsﬁed in the']iteratdreito_date. o

-

’
-

e it Tkt kb

. 5.1.2_ Experimental Studlgs

The effect “of - temperature c.on irreducibie water and residua1 oil”~
saturatfons and relatrVe permeab1]1ty has been studled exten51ve1y
bj many researchers | Summartes of the expertmeﬁfa] observat1ons'
a reported 1n the I1terature .were presented ea(qlér in Tables 2. 1
and 2 2 for unconso]tdated and consolfdated porous med1a. respec-
ttvely-.'Most' repOrted nf-increase -ﬁﬁ, 1rreduc1ble water and a
decrease 1n res1dual o:l wlth 1ncreas1nd.temperature, sh1ft1ng thed'
saturat1on range to h1gher water‘ saturatlons Contradjctory re%j,-
su]ts were obta1ned for~ relat1ve permeab111tie5‘.in many cases-“"

+

= because dlfferent systems were, used



‘was temperature independent {Milson, —1856; Lo and Mungan. 1973).

abie results.
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Mds@ experimental sgudﬁes were conducted with mineral or refined

o0ils. Extracted rather, than preserved cores were used in .most

cageé. The studies. reporting' no temperature éffects were per-l

- formed in clean Sands with both "types  of oil (Sufi et al.. 1982;

Miller -and Ramey, 1985: this study) or when théﬂviscosity ratio
. : . . Y

~

"_MainiAand-Okazawa‘(IBBG) reporteqf fempgrature effects with clean
' 'sand and crude oil. An_ analysis of their methodology indicated

‘that these effects resh]teq from Tnterpretatién-rather than exper-

imental results, which would render their conclusions question-

able. From these observations, one might conclude that the cause

. ) . - .‘. Q
of temperature effects could be due to the solid-fluid combination |

and their interaction rather than to the type of solid or fluid.

-

in_this study, no significant temperatﬁre-effects‘were found for

N

. the Athapasca.bitumen—water-cleaﬁ ‘unconso]idated sand system, and

“this is attributed to the use of a clean pbrous network containing

virtﬁa}]y noe clays. ‘The type of oil is not the determining factor

~as similar results have been obtained with various crude and min-

eral oils: Coid Lake bitumen" (Henning and Polikar, 1986), Kaydol

(sufi et al., 1982) and B]iﬁéol (Miller and Ramey, 1985). An

~ideal system, althougﬁhnot‘ directiy related to field operations,
is more repreSentétive and‘yséful for gstablishﬁng_the‘methodqlogy

" ‘for such complex méasurements_and-obtainihg reproducible and reli-

¥
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Experiments witn reservoir oi]-'sand .samp1es falled to show any
temper"ure-variations in the end pointsi_l This by no means 1nd1—
cates that temperature effects are absent when d a]ing withfhet—
lerogeneous systems. ‘ Poss1b]e alterations in coges could be of

H

geochemical F(c]ay brine interactions) and/or ﬁec'anica1 nature‘

*\\hikglugg1ng due. to clay movement) when clay minerals are present -

The reactlve nature of such system; cou]d, in: turn depend on:

| jvar1ous fag}p;s such,a; temperature, flow rate; brine concentra-f“'

. tion. -The reservoir sand samples behaved like non- reactive mate47‘~~f
‘ AR . : _

e

""”ria]s, and temperature effects on thek relative permeab111ty"‘

}relat1on$h1ps cannot be cons1dered 1o be s1gn1f1cant

@' o ) -

The reactive nature of 'the fjuid-fluid-soiid system has not been’

-

addressed by any study until’ now and ts‘tne critical factor for

‘defining, temperature eff ts. *pn]y a compari n between;ideal
(o]ean) and.real (reservoir){ aysteﬁal erfaken in thtsestudy
will provtde.answers to _the“ effect;?of temperature on re]at1ve
permeab1]1ty re]at1ons‘ Maini Batycky (1983) 1nd4cated'tem45
ature effects to be less_‘manked 1n hor1zonta11y dr1lled pre-i

',served core’ plugs than.'n vertical plugs andsattr1bwted Ehe: d1f*'
N : .
ferences to the occurrence of «clay. ..lenses and clay mlgratlon

Bennion et al. (1985) reported much™ ‘]ower water re1at1ve permenf.”

abilities for preserved cores and reserv01r f1U1ds than for[ex-.
S > _ s

tracted cores and mineral oil. It seems that in both the above

cases the reactivity of the system stud1ed 15 sresponsible for the,

observed effects.

X

[
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The effect of=*temperatuce Tohh'Kaydo]-water relative permeabiltity

curvés in‘tlean sand 1is more difficult to interpret.. Recovery
P . -

“functions seemed to ‘depend on’ the absolute oil viscosity- the
higher the viscos ity ‘the l‘onger,-‘thej hot water flood to reach

residual condttddnst ‘This factor cou]d have caused the observed

differences betause the temperature range for thé Kaydo] experi-
w T B J
ment&-was not the-same-as that for the bitumen experxments T Anx
I3

other cause. of the observed effect couid be’ v1scous 1g tabilities

that were’ not d1rect1y accounted for in tﬁe calculat1ons .although

Suf1 et a] (1982) found the curves to. be insensitive to viscous

flnger1ng

T e : . . 7 i
f e - i Lot . . . -+ i . . T
N ..I-'.“

P

Becauée of'practicaf'cnnsiderations

P

- al] bituhen experiments were

conducted at e]evated temperatures (100° C 'nd‘higher) The Kaydol

o experlments stanted at room temperature to obta1n comparab]e vis-

i

"iJ c051t1es and v1scos1ty .ratios to bltumen,. and thestempErature

- 'range for Kaydo] could exp]a)n the d1fferences between bftumen -and

b

Kaydo] resu]ts heat1ng in’ 1tse1f affects-flu1dland rock proper—
,tTeS} Most- laterature reports re]atlve permeab1l1ty stud1es starJijr
'tfnﬁ,at or neartlroom temperature -and ranglng up. to’ 280 C 'and‘
tteuperature inducedﬁchanges can . vary greatly ‘from'one System~to?
anq%fm'er In light?of the results obtained in thi's study with both

5 .
oils, one can conclude that . temperature effects on refative perme~

L

'abiidtaesiare ¢n51gn1f1cant ~in a clean eand desp1te the large

var1at1on encountered " the fluid propert1e§;‘ however. these

effects could ex15t for actual fle]d systems



T 6.2,‘1?Cpmparison of Steady and'Unstea&y State Resdlts[

‘.
.o . R

- H

» 7 The experimentally measured . average . initial water saturation. was
e - " ’ g e o ' . N . o v :‘ g‘.: .
: ' ‘nofsfouﬁd to be the “same for .steady and unsteady state bitumens

water relative permeability curves ' (isee’ Table 5.5). There is a

o ul

shift to higher water saturations in - the unsteady.state data. A
compafigon between the two sets of &Uﬁvés.'both obtained at 125°C,-
- is nevertheless possible and is presented in Figure 6.1, where the

‘magnitude of the saturation difference is indicated. It should be

d

moted. that the smooth curves shown in ‘Figﬁré,S:l were 6bﬂ§ihe&
. from fitting the calcutated (steady -state) and the“exp%ciméhtalﬂ

.. .{unsteady state) data- The "similarities and differences are dis-

"

cussed below. o ' B R
y

\The water relative permeébi[ity curves exhibit the same shape but

overlap: the unsteady state values are fnftfa]ly higher and then
B 4 : , :
lower than the steady state Values?\\\lzz,bitumen relative perme-,
. . ;:5 ) N - )

- ability curves are less alike and -in.this case, the steady state

. values are lower 'for most of the saturation range. Both curves

¥

. have a convex curvature at low water saturations but the curvature
of the unsteady state function changes - from convex to concaveas
. “the water;satunation-dncreasés: This reéu]ts in an.-S-shaped un-'

‘steaﬂy,state-@?tumen;re]ativevpermeability; curve having a tail at
»ﬁjgh:water saturations. This, taiﬁ results from the much targer

' .

"fﬁuidfphroughpuf needed to reach - the actial residual saturation

R
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_Figure 6.1
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1t gt B ‘
cond1t1on, which was not the case in the steadywstate experiments

-
S

reported in th1s study . However. a_ tail was observed in some
steady state exper;ments with a large water throughput (Henning

- and Pol:kar -1986) 1§d1cat1ng that the recovery of v:scous 0ils

by hot water cotld take an lnflnltely long t1me

’

Relative;permeabtti}y curves.nay have various shapes,‘dependtng on
the dominant mechan1sms controllinb the 'muttiphase f]ow through
porous med]a. They ar typ1cally presented WIth concave curva-'
tures for both the oil and water branches, _as shown in Flgure 2 1.

-

Th1s representat1oh m1ght nat be totéi}y Just1fted fore heavy oils:
in view of the 0il recovery mechanlsm that these curves descnlbe."“
The experimenta]‘resuIts‘of-thtsh study showed that-oi] was recov- .
ered rapidly in the jnjtjaﬁ stages of the hot water flood, with

further production - tapering of f rapidly. _Convex oil relative

permeability at low water saturatidns wou ld represent such a re-

covery behaviour. There s 1ncrea51ng ev1dence in the l1terature L

-y baSed on‘theoreﬁiqal #s well as_ . experlmenta] reports, that the.
shape of _the o11 curve is convex rather concave (Sah1m1 et al.
1986) Lo e -

A 1 . . LT - : . - ) N ‘ B . . ) A' s R

. To further'examine differences’ and simi]arities of'the experimen—.

ta1 resu]ts the water to b1tumen re]at1ve permeab]l1ty ratlos arej
e presented in. F1gure 6. 2 on‘ & sem1-]ogar1thm1C'plot as a‘funct1on:
"; of the water_‘satunat1on ALl the re]at1ve permeab111ty ratios

-fa]l on.a snng]e curve A h1gher water to- b1tumen relatlve perme—

; ab1]1ty ratio at c0nstant satdrat1on wou]d 1nd1cate that the water
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Figure 6.2-: Bitumed-Water Relative Permeability
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“flood "is less efficient due. to a change in the wettability (1es§;‘
iwater-wef). all ﬁther varigb]es beiing’ constanﬁ-(Hungan, 1966).'
Suéh a behaViaﬁr has'been reportéd‘ by Haﬁdy énd Dgité (1966) and
- Amaefu1e‘aﬁd,ﬂqnpy l(L982). Showing different phase distributions
_fbr s;eédy énd'unste;;; state ‘watérjfﬁoods,'whefe.;he latter-were
‘1‘;355 efficient -tlhan the former. - S S
N Thelffactional flow of water, f,. was calculated uqder}thé assump-.
atiﬁn 6f negligible capiakgry pfessure (high preSsurgldrob) ahd
" gravitationdl compoﬁents (very sm511; density aifferehéé),  Its

. mathematical expression is .

. _1

Kiw' Hp | -

rw

The fractional flow curves for fhe‘steady,andiunsteady.spate caégs
are shown in Figure 6.3. ATthough dqta were incomplete for the

lower water safurations in .theldyﬁamic displacement experiméntslt _ \\\.

all the values can be represented by”a single curve. It should be'
noted that the fractional flow curve  is.quite steep and covers. a .
re]atjvély narrow saturation range, indicatiﬁg. that mbsf‘gf thé

bitumén diSpIécement by ‘hot. water under isothermai-qpﬁditions
occurred in the initial stages of the ¥lood. ’
. = R . ==} ’

6.2:2 Stability Analysis - =~ - o
e _ Cin ST

-~

Rapopott:and.Leés (1953Ifdefineﬁ' a scaling coefficient” Lvu, béséd
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on the length of the system, the rate of injection and the“yistos-

‘ 137
ity of the diSp]aoing phase. . They experimentally determined a
cr1t1ca1 va]ue above which capillary eod effects were negligible

and’ floods were stab1llzed breakthrough recover ies became inde-

?pendent 6£ the scating “coefficient above this criticel value.

They reported that, in oil-wet porous media,. fairly small end

‘effects usually resulted for a vatue' of Lvg, greater or eouef to

1.0 cmz-cpfmln.‘ They also reported values both sma]ler and larger

T~

‘than ‘unity for various -sandstones, 1nd1cat1ng a. trans1tlon region

betweeo stabilized and unstabilized flow. In the dynamic dis-

placement.ekpeniments considered here, the scaling coefficient was

'calcolated to be 0.62 ,cmz-cp/min for a ‘noﬁina] flow rate of 80

3 R ) = . .
em /h {1 PV¥/h) at 125°C,.which is in the range-of critical scaling

]

'coeffﬁoients for stabittied flow. The use of the'JBN‘method based

ton the-assumption vof -stabilized f]ow may then be Just1f1ed in

e ca]culat1ng two phase re]ative permeab1]1tles for our experiments.

~
o

N11’experimehts were coodutted ~vertically: upwards for both steady-

. state and dynamlc dtSp]acement eiperiments An;initiai injectton

rate of 1 PVlh—(superf1c1al veloc1ty of 2 m/d) was chosen to mini—~’

mize capillary. forces W1th respect to VIStOUS forces The-cr1te~

. rion for stab1112ed flow postu]ated by Kyte and Rapoport (1959)'

-1

:that the 1mposed tota] pressure drop be 345 kPa (50 ps1) or great—'

er regard]ess of the 1ength of "the core, wis not met in any ‘of the

water floods,. Even a.seven—fotd.1ncrease in the 1n1t1a1 1nJect1on
rate‘oid;not“satisfy'the ?Kyte_and-RapOpért criterjon:(Mi]es—Diion.

“et a)., 1985), although ".the saturation profiles measured with an’

i
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"fx-}ayﬁatténuét%oq'Qtaﬁning_devitefduriﬁg fhe'water\floods'1ndica1r

-

ed a steady state condition. If‘--
- N

The stability theory of Bentsen -(1985) suggests that the type of

4

-
-

displacement “which ‘takes place in  d porous'med%um.afpendSLOH the

1
————

balance wpich”eiisfé between capillary. gravitational and viscous

*

forces. _If the combined forces 'ofk'gravity and capil]érity are

greatef-thah.the-viscoﬁs forces, the displacement will be stabléf

If., hoyevef}'the reverse is true, the diSp]acémeht will be Unsta;
ng. “In all thé water flood experiﬁents_descnﬁbed‘ih-this ﬁtudy.',
.grévjty sfightly destabil?zed " the upward water ?lqwlduring ihe\
disp]acement'of 'bftumen' because ihé denéity‘yof‘the'disp1aﬁing_'
| pﬁase was lesé}tﬁan. 1%"] wer thani fhat qf the disp1aced phase -
_‘(MaTTef 1981). -\;_ (h“,; - - — -
‘Bentsen (1985) presented. 4 .-diménsionless instability number for
rectanguTar syste%s tha£ is proport?gﬁal, ﬁo “the onélproposediby
PetefS.Ahd Flock (198i)'by . a fun&ﬁipn"oF tﬁe end'poiﬁf-hqpility
ratio, f(M;). ‘The criteria used to determine &he.onsét of insta-
b{]iﬁy utilize the concept of ah feffective iqterfacia] tension
within ihé porous medidm.‘OQ; tha£:depends on thé characte}ystics

of. the porous medium and the bulk intérfacial tension. The insta-

bility ﬁumber for.a cylindrical sysfemJ__Isc. will be of ‘the fol-"
:ldwiné form when éomb?ning the Béntsen gnd;Peters-Elock»eqhdtions:
(My-1) (Vv )t

'
L) - -

ac

i

. ft”r).. . ’ '(6.2)_

T e wof Co o - : ’ v !



The critical value of-I. . for the onset of lnstablllty is 13 56.

3c
Peters.and Flock (1981) used “a wettability number. C*; to deflne
the effective interfacial tensian~” (g =C*-0 o/w ) wh1ch they deter-t-

mingd e;perimentally from ‘the wavetength (or d1ameter) of the

IS

fastest’grbwing finger. &ecently, Bentsen (1986) suggested thejjn
use of cap11]ary pressure data‘ to est1mate the effectwve -or pseu-

dointerfacial tens]on. Oc;.Wthh he deflnedg_mn terms oﬁethe‘area'_

'under‘the capdtlany pressure “Curve... ~However. insufficient data
are aeaiTabJe at .the present t1me -for directly caTculating“an

instability number based on the theories of Bentsen or Peters and
Flock for thése core-size exper1ments Sl e '

The-scaling coefficdent for stab1]1zed f]ow (Rapopprt and Leas

1953) and the 1nstab1l1ty number (Bentsen 1985 Peters and F]ock

y 4

”l1981) are both proport1ona1 to the f]ooding'rate J1far h1gh flow

rate is necessary to overcome caplllary end, effects for sat1sfy1ng

the EEEEEI:EEQ f13ﬁ requ1rement this. h1gh flow rate-wltl be tn‘
cpnfl1c‘ with the requ1rement to prevent v1scous f1ngertng' Thus

inrmany hgavy o1}_systems, 1t may be 1mp0551b1e to generate stab]e
A.and stabiiized tlo#ss o | o |

L]
.

A flow stab1l1ty anainIS ds:'nct of concern to-the steady‘state
) experlments. wh1ch were' conducted‘ until  no further dhangesjueref
observed in the pressure drop‘behaviour' across'the‘cdre' Atfthis

_stage changes in product1on were assumed to be neg]1g1ble and the

A}

:DarCy equatlon was used separate]y for each f10w1ng phase to cal-

:.culate the 1nd1v1dua] relatlve‘ permeabilmtres - at” the_preva111ng”
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' saturation conditions. TSihce_the steady state exper1menc5 do not

»';tnvoive'the displaceheht:of - flu1d by another the resu1t1ng o

=,f relatlve permeab111ty curves are. not ;affected by 1nstab111ty and_

S may therefore be consldered ta. be :the. true :curves for the system

L

B The steady state ;experimentaf results.-were con51stent w1th the

‘ frndtngs of Foster (1973) the- res]dual b1tumen saturataons .ob-

ta1ned in the temperature range of 100 ¢ to 250" C 11ke the1r cor—“

n reSpondIng cap111ary numbers, were iah]f slm11ar.' Ihesegresiduals

BT

averaged 0n]y _0; (average d1sblacement etftciency,ofv46ldt).-

Th1s re]at1vely h1gh saturat1on' value - could'fbe exoiaﬁned‘by the .

"adverse mob1l1ty rat40 encountered dur1ng the water ftoods..g1v1ng

-

rise to f1nger1ng= Some cores were samp]ed sect1ona1ly at the end

of a.. water f]ood .and the: resrdua] b1tumen saturat1on was found to

" be fa1rly un1form along _th 1ength_'of .the' core, w1th a sllght

1ncrease on the product1on‘ swde beyond ‘the t1p of the pressure.

probeu-_Thjs_un1jorm‘,sweep,' however.- ‘was not an 1nd1catjon that

~f)the displacement was comotete.‘ ”f‘.

The unsteady state experlments showed that a hlgher recovery coy]d

be ach1eved by 1ncreas1ng _the‘ ‘duration of .the hot water f1ood

The results 1nd1cated that a 'teh;fo1d qncrease in the yo]ume of

e d

water 1nJected decreased the final -bitumen“saturation from about -

50% to 40%‘RV.' Th1s -"strlpp1ng' process’ts extremely s]ow due to

the adverse mob111ty ratlo of the, f]u1ds- and wou]d take a very'

E Iong. if not infin1te.t1me tolreach the trUE“residuatﬂsaturation.

.The tail af the bituhen reiative“permeabilﬁty curve at large water



- saturations ref]ects the recovery brqtess' that-_ﬁs taking plaeeti

. b1T water re]at1ve permeab111ty curves obtained by the dynamlc

---than~the1rjsteady state 'counterparts._ The d%fferenCes 1ncreased

eqnves‘had‘anls-shaned ‘curvature,f-simi]ar~.td;thegresu1ts-of the .

‘steady state curves.

' under the unfavorab]e cond1t10ns ' Otherwise. the few differencesg
.'between steady : d] unsteady state relative'permeabﬁlity curves

1nd1cate that the Tevel of” stab1]1ty is 51m11ar in both cases

-

M

Peters and Khatanlar (4985); stndied the effect of 5nstability.dn

r=dr5p]acement method They _compared curves determ1ned from steady

~

2 and unsteady state exper]ments ‘at several Ievels of 1nstah111ty,_,A:“ ‘

‘At a g1ven saturation,‘ the unsteady state relat1ve permeabl]ltles

to. 011 were—a]ways lower and ‘those -to water were always h1gher

"1,_as'the diSplaceﬁents became more unstable. The stei?y state OIL -

re]attve permeab?ﬁity'cdrve'Was‘gonveifhand;all unsteady state 011_::?"'

F

present study."

-

“\;_Ih§~stab111ty numbers for the Peters and KhatanIar exper1ments
" ranged from 34 to 30 360 and were d1v1ded 1nto three broad groups

,-'of mild (]ess than 505, 1ntermed1ate (50 to- 10 000) and severe

-~

(greater than 10 000) instabi]ity. The sen51t1v1ty of re]at1ve;

permeab1l1ty curves to the dedree of'-1nstab111ty was found to he

‘minjmailfprfthe first and third ‘grdhps and significant for the

Secend'grOUps Their-results showed that. for the mi]d]y unstable

'dﬁsplaEements. the relative permeability .curves 'approached the

7



", .
T

R pseudo1nterfac1a] tension, and therefore the 1nstabll1ty number by -

" number for our experiments_ was estimated tq“be'Epprximately:72$
K L apPre =y ied

Co42

-

. The steady and unsteady state bitumen-water curves showed the same

:_trends as those of Peters¢'and' Khaten1ar ‘but dld not d:ffer much

from one another, :inpiEating a very"m11d leve1 1nstab111ty

Using the Peters and Flock (1981) stablllty crtterlon for cyl1n—

drical systems and assuning- the{r. wettability constant of 306. 25'

to hold for the bitumen-water system examnned 1n'th[s study, this

;for the b1tumen exper1ments “which. is not consfstent;withrtHEir

resu]ts I - - ' ' N

1
¢

1)

In using the. method proposed' by Bentsen (1986) to-calculate a

pseudointerfacial tension, a Hetermination of the cap1llary pres-

-

sure curve representing the bltumen water- sand system used 1n; o

- these experiments is necessary. The pseudointenfacia} tension is

'then'caiculated:from the "area under this capjllary pressufe curve,.

AZ.-nsing}_ t
3 £ C N
X ' (I"S,;" ) - ' ’ : -
T o At (6.3)
s T . 2ir
A . m

:iwhe}e ZIFm=1. The pseudointerfacial tension is a function of both

“the nohe”size Jistribqtion’of 'thet sand and ‘the wgttinn hehaviourl'

of the flu1ds qn “the absence of cap11lary pressure data, the

’ 'u51ng'Equatlon (6.2), can only -be estimated from‘avallable dapa

- for other oil-water-sand systems.-  Sarma and Bentsen (1986j'have”
. . o X - . ) '.I‘-‘ "}—:

- reported data for the area under 'thercapiWIary pressure curve of

" various mineral ¢il-distilled water-80 to ‘120 mesh ‘0ttawa sand

»

Yy
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;
- systems. Based on these data .and assuming'that.theﬁfunction of

‘,—!

the end po1nt mobility ratio, expressed as:

i_:;--

5/3 . R

'(Mr + 1) & e
f(M_) = . . - o T (6.4)
M, - 1), et s

e,

is the same for cylindrical and rectqnguleF geometriesﬁﬂthe.ingteﬁ

bility number was estimated to be about 742. . e

L~ . . L

-

Using both the Peters and Flock (19813‘and‘8ehfseh (Iessy"crffe;:'”f

e

ria, the 1nst%e}11ty number for the bltumen water experlments wasfffﬁ

estimated, and found to be larger than “its cr1t1ca1 vd]ue for .

- T . " L]

stable f]owL Unsteady state imbibition re1at1ve permeab1111y'
-functions for bitumen and water wene.neveetheleee ce];u]ated byf..‘530

© the JBN method as the flow was stabilized during the d%;plecemeh;-

of bitumen by hot water. Therefore,'the fe]ative permeabTTitTés

—_

calculated in these core f]ood exper1ments may not be app11cab1
N

'{ to other systems hav1ng different levels of stab1l1ty

)
-
\:i- )
T o

During the dynam1c dlsplacement éﬁpermments the pressure drop and‘

product1on.data were collected while changes were stlli taklng

place 1nside the core. The interpretatfon of‘these dlsplacement .

-

ta

should reflect tHe phenomena occurring dur1ng the d1splacementLJm*‘

thCé&Sé Because of differﬁhces in methodology and lntepdretatjoh'

Pl

‘ments, the resulting relative permeability curves could be differs:

[ o . -~ o
. . M A

ent. However, on the basis of relative permeability ratios -dnd:

data to obtain relative permeab1ﬁ7¢y versus saturat10n functlons

of_the;measured data.betﬁeen the steady end unsteady §Eéfe{éxpeﬁi~:

[



fract1onal flow

cu

sma]l and do not represent a

rves d1scus

e

. T

ed above. these "diffefe sage
change in stah111ty or phasgi;Z:;Z:: ‘

buttons dur1ng the hd’kwater f]ood process ‘ﬂ.'r“

J'.6.31*"Relative Permeability Curves for Alberta Heavy Oils

It averages'various_hicnoscopié

‘VTduelécnntributjdn_of'each one.

.

'ﬁmayzvary'nfth:the'location.

" persion and capillarity without

facial‘Effects present in_ the

. Re1ative-permeabtlity is a maerospopic parameten describing the-

" average behaviour of fluids oyer”’severa! pore throat dlameters

phenomena such as advect1on dis-

-

d1fferent1at1ng between the indi-

resenvo1r. the' dom1nat1ng features

. AT o . P
Therefore._a single set of relative

permeab1l1ty curves may not descr1be an entire reservoir, as they

do a homogeneous core.

a_glven depqs1t,

for Alberta heavoniJs and bithmensf'

el

A’braphicad EOmparison was undertaken of puinshedidata on Alberta -
heavy oil water relat1ve
ek

of appl1cab1li;y

2

ds

i

1ndleated"

1

Au'range of relat\we permeab111ty curves.
' may be necessary to descr1be the recovery of heavy\o1ls, even. for

\tn.the follqwing'cqmparative study

permeab111t1es te determine their range

H1rasak1 (1975) found, that the shape of normal—

1zed relatlve permeab1}1ty curves and the end po&nt mobility ratio

1]

%il d1splacement process “AL]

—

brought to the same scale by normallz1ng the water saturat1on. and

. were 1mportant adJustab1e parameters dur1ng hmstory matchlng of an

relat1ve permeablllty curves were

*the cil and water re1at1ve permaab111tles (see Sect10n 5.2. 2)

!

//

-~

y
£h
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Due to heterogene1ty and 1nter-

v



7”,study) and the 1owest (Closmann et 'al., 1985), and their corre-; .

PR

in-the literature (Kerig and Watson, 1985). \
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o

‘Published data for experimentally determined‘heavy 6i1—hater rela-

tzve permeab1]1t1es are compared in Figure—6‘4- The steady state

L

curves of, thls study a]ong w1th representat1ve curves chosen from

the Iatest available publlshed‘works make up th]S comparison. A -

i

< . { '
'@ide variation was’found in the re1at1ve permeabilities for these

heavy 011 water systems ) Thewireiative permeabllyty curves com-

pan@d were determlned exper1mentatly in clean extracted or nat1ve

~sand cores, w1th a heavy 011 or bitumen and, water or br1ne as the )

flow1ng f1u1ds | S 'c'

> 1
T

The saturat1on range for the ‘non- normalqzed curves never exceeded

0 5 1in all cases, 1nd1cat1ng that T1nal recovery under the exper:—

mental cond1t10ns wou]d not. reach, 50% of ; OOIP in the ]aboratory

&

The curves. however. ﬂd1ffer cons1derab1y _ Ihe two heavy 0il

curves obta:ned by the steady state method are the h]ghest (thls

3

.cohducted in’ctean_"unconso]idated sand and _the other one used
nat1ve=sand The reméﬁning curves, were a]l obtalned by hlstory-'

matchlng of dynamlc dlsplacement exper1ments " Thus,’ the shapes of.

the 1atter curves wége d1ctated by the h1story matching procedure

which 1ncorporated concave curves as these are most commonly found.

i

] “\

. ) i .
numerical simuiatioﬁ A wide var1at10n was found similar to'that

of the experimental curves. (F1gure. 6.4), 51nce most }data were

Spond1ng water curves are.the lowest ones. The present study was °

"Figlure 6.5 presents the results.of the comparison for data used in
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o
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o
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0.2

Water Saturation -
. L]

L l[.loydmin'stpr‘ (Maini and Batycky, 1983}, run7  _ '

- 'TTioydm}n_stcr (Bennion et al.,, 1985), extracted-core
_______ Llévdminster (Bennion gtal.‘, 19@5). preserved core ¢ '
— ____ Peace Rivér (Closmann et al., 1985}, unaltered tar
Athabasca (this study), steady state-" " l

Figure 6.4 :‘Coﬁparison bf’Experimentai Heavy 0Oil1-Water
~Relative Permeability Curveg (normalized)

o
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Relative Permeabitity

1.0 T T T I I

Water Saturation

e Athabasca (Edmunds, 1983)
— . Cold Lake (Coats,1976)
S Cold Lake (Settari and Ralsbeck, 1981)
. ____ Uoydminster (Hayashitani et al. 1981)
. Athabasca (Stone and Malcolm, 1985)

1
.

e

Figure 6.5 : Comparison of Normalized 0il-Water Relative
' " Permeability Curves

o
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_ébtafﬁeq'by hﬁétorj hqtch&ng_ the - grpduétioq.perfb?mahge dT'iﬂdifT
vidual fieids.  A common. . trend é1§6 em¢nged fréﬁJihcgé graphicd] 
,comharisons:lihé higher £he'oi1?.éurvé;';ﬁh§ lpwér thedwaiéfféurvé ;
_ijmoit:ch;eF. A}thoughjéome' of‘fihe o{lfthfveSXWEfe‘Eonﬁgx: tHg"

water curves seldom exhibited such behaviour. ..

' Qhéh hoémalizéd;with féSpeEt to ’s;turaﬁiongﬁnd egxfpéint_;e1dfive:
"{-ﬁérmeﬁbiiities;l thé bi{umen—uater{ relafiyé .perﬁéabiljty'éurVes.
obtained‘id‘tﬁj; stﬁdy reté%n gthéir }basié'.ghape; Both Seti of
normalized CUrQes“fgll wi;ﬂjn.the -range pﬁeséhfealgbrffhe various
A1berta'heavy 0oil and o?l géhd deposits (see Figureé 6.4 and‘sﬂﬁ).
The large variatiqn;found {n tﬁe ;om?ar§£i&e Etudy'cén be attrib—‘
uted to the manner in which tﬁbse curves_weﬁe.determined. Some
were obtained by history matching field data, others-ﬁére derived
'from dynamic displacement experi@eﬁ£s,.”and ﬁhe ’reﬁainihg were
'meésured by theﬂsteady stat; method. '
'Laﬁbratory-?etér@fned relativezﬁefmeability reiatibns mﬁ;t acCounf
for.the_mechanis;s of the‘.disﬁlace@ent broﬁessvﬁnd be fgprésenta~
tive ofrthg porbus medium .when . uséd in.fig1d applj;jsgbns. Con-
i?éi1edlekbe?imenta1 conditions that best .reproduce the field must
be uséd in the laboratory. The jﬁterpréfation'of.the experiméntéT-
data shoyld be pgrformed in conjunction wi%h the deOé]opmenf of a
mefhanistic mathematical model that will take into atéou%t flow
~stability, scaling, and reservoir heterpgeneity if_anyqof these

"are dominant factors that will affect the end po{nts and ‘the shape

_ bf the relative permeability curves. Ideally, the adjustment of
e _



in the reservoir. In practice, however,, this is not the case:

irrgﬂucibJeWWatéerdtUratiOp in the reservoir.

- .

-fabordg;;}‘curves should not be necesséry'for‘their.pa k) reser-.
VoiF'péFformanCefbrediction; ﬁrovided tHe,}mmiscible'dispﬁ :
,flow'médel concepiual]y.represents the physics of mu]tiphasefflqy

A

caFefulfy detérmined“laboratory relative perm?ability-curves_on a

small core sample are-used as input parameters to numerical simu-

)

‘lators éndftheir;shapes..are adjusted - until a good history match

h&é been achieved for an enfirerfield.

*

-

- The average‘end point relative 'permeability values that were mea-

sured in this study for . bitumen and. water are, in the range of

)

thoSe-generally'encountered in water-wet systemé?)simiiar values

_were recently used in the numerical - modelting of a large scale’

laboratory experiment of bitumen recovery from Athabasca oil sands

{Stone and Malcolm, 1985}). There ,waé}. hoWevery,a‘shift in the
“;saturétion range due to the artificial nature of the expeéimentaj
‘ﬁluid—f1ujd~so]id system. The initial bitumen saturation i the -

lretoﬁstithted cores _wés highér than that encountered in field

samples. In.the laboratory, only half of the Eitumen-in-placé Qas

.recoﬁereﬁ by éuhot'water flood. . If the same recovery were true

for fhe_figjd.'these end point saturation results could be used '

directly .in nuhériéa] simulators "that opredict reservoir perforz

'mancé, brovidgd the saturation 'rangé is .adjusted to reﬂléct the

N
-_———

-




'7.00 - CONCrusioNs oo

. To date, very little informatton ."is available on the effect of

temperature on bitumen-water"relatiye bermeabitity'relationshiﬁsﬁ

Thisﬂis the. first extensﬁvefstudy-undertaken to determine bitumen-

. water relat1ve permeab111ty :ﬁunctionsrlover a 1arge‘temperature'

'range (100 C to 250 CD

An apparatus was deve]oped and sudbeszdl]y tested‘for the deter- -

m1nat1on of two phase 011 water» relatjue permeabilities;n It.has

4

proven capabie of - 0perat1ng at h1gh pressures and-temperatures for’
-]ong per1ods of t1me Dur1ng the course of thlS study. several
‘(mod1f1cat1ons to the apparatus - and. exper]mental procedures were

: made to 1mprove the qualxty of the data generated

A reproduc1ble pack:ng procedure was deve]oped for peeparlng clean‘

: unconsol1dated Ottawa sand packs to s1mu]ate 011 sand cores : The

cores were homogeneous and ylelded reproduc1ble por051t1es (w1th!n"

'é%) and absolute permeab111t1es (w1th1n 10%) when packed w1th sand

hav1ng an average graIn s12e equ1va1ent to 200 mesh The measured

propertles were s1m11ar to” va]ues reported for various Alberta 011
sand.depos1ts. .- | v l ‘

R N S N L ) . ‘
_ The experiments were.conducted with baoth clean and reservoir 'sands’ .
l -in order'to eva]uate;.differences. between'-idea] and real systems'

with proven and reltabie'.experimentai : procedures.-l fhese‘



. - .
i

. prOEEdureé were fhén extended:tﬁ'gnotheﬁ héavy-ofif(K?j&o})-Qafe&_:.
:-c1e§h-§and sy;tem ﬁveriat ldﬁer £empefature range (20°C to IOOfC).
fhe results of'th{s.sgﬁdy‘subpdrt.the‘following cpnclusion§;. T
i. Na s1gn1f1caﬁt temperature effects wére found for the Athab;sca
.b1tumen water system in clean or f1e1d sands due to the lack of
f:react1v1ty of the f]uld fluid- SO]]d comb1nat1ons

,ZJ.Bifhﬁen;watér re1atiyeiﬁérﬁeébf1ity éuryes “were determined by
both ﬁpe stgggy'énd'unsteédﬁ sﬁaté methods;_rDéspite different
récévery pfotésse;, ghere st'nlitfle difference between mea-
su}ed Steédy'anﬁ ‘unsteady . étate_réiative ﬁefmeabi]ity curves,
which indicated that - t'h‘e__'levélr of d.ispwcémént s_tab—rr_f'ty was

similar in both cases.

3. End bﬁint érpériments done in trip]icate'iith clean‘saﬁd.proe
ched'—feproducible Eésu]ts,_ whereas reserv01r 'sané resuits
showed vqriétiohs ihat can bel attrlbuted to the effects of

,_hetérogehefty.;'New.aﬁd accurate data have ‘been determined for
- “the Athabasca'oii'ﬁénds.*,. - |

‘ 4. The éna]ysis.bf_dynémip disp]acemgnf data for the de£érminatioh

' 6? oil-water re]étive.permeabifiti' ‘curves is Iarge]fldeﬁgndent

- on the water ihroughput. The number of pore VOlumes'needéd to”

" ‘réach thé re%iéual oii'satqratioq‘ iﬁ_ptqportional'foﬁﬁhe ﬁb%dj_

- Jute oil viscosity.

“151
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The relative permeabilities' calcu

< PR - s

ments .involving heavy diﬁélmay not be apb]i;ab!é'to_other 5yS -

~ ‘temsAas.is'Sho@n by ,Ehe gif{erenf‘cdrves‘obtained for bitumen-

water and Kaydol-water  in. ‘clean unconsolidated sands. These

flow systems may be dominated by viscous fingering.

— i

A comparison of normalized relative permeability curves for.

heavy oils of Alberta;. intluding the results. of this study.

showed that wide 'variétfons exist - among, the reported dati.‘

Thergfofe. asrange of relative permeability curves méy be nec-

essary to describe "the various recovery mechanisms of heavy

oiT;;byE%ét water from heterdgenequs‘untonsolidated sands.

RPN

Idt%d. in core.flood experi-

r - S - N A



8. . RECOMMENDATIONS.

- N

'This work has established experimental'pfoééddres for'determiniﬁg'

~two phase heavy 011<water re1at1ve permeabIlttles as a funct1on of

L

‘ tempFrature 1n 1dea1 systems -An exten51ve data base has been:

Y

generated fon Athabasca b1§umen in. the temperature range of 100 C
'to'ZSG‘C.‘ Future work should aim - at qpp1y1ng th1slgnow1edge to

f?e]d_cgnes. The. effect of temperature and other variables on the

end-points énd;the shapé of the re1at:ve‘bé%meability curves'ﬁjll

" then indiéate_ﬁf and how héterogeneous systems_diffef from homoge-

neous systems. )

. L .. - / -

,in‘fhe'future, cﬁrefully planned experiments are needed to avoid
i o L0 o ' I ’ - : 7 . .

;misleaJing interpolations because tifie duration of dynamic dis-

L
o

placement experlments under unfavorable v15c051ty ratlo cond1t1ons

.15 of. pr1me 1mportance‘_1h‘_the ac:urate 1nterpretat1on of water
RN . - \ ' i
flpod results : RepfesentatiVé‘ functvona] forms of the'recovery

anﬂ'pressure drop curves over a- large saturatlon ranggqi#l1 resu]t

-

in re11ab1e re]atlve permeab111ty relat1ons

-~
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-Appendix A

' Packing Experiments



_ Table A.1-

E-‘?felihin%fy'Rﬁckfhg

.E:périmenti
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Trial
#

Sand Miit@ré_ f;

PR =

10

-.APatking-'Pofos}ty_ "Permeability
(%) to Water (d

50% 60-80° mesh-

507 120-140. mesh - - dry

original mixture .

50%.60;80 mesh'Av

50% 120-140 ‘mesh - o . ‘wet T

re-used mixture Lo

same -

.same

same

" same

) same

same

507 60-100 mesh .’ |
50% .120~140 mesh - - wet .

as

as

as

a’s

as

as

a1

"{“l'wet
..: .'-drs_'f ‘,

“.dﬁyi"'
yef

Qetj/ﬁ

L o—wet

502 80-100 mesh
_ 50% 200.mesh &

“ wet -

34.4 : 3.

-37.8 o 10.

346 8.

,34.8 4.

37.6 f oB.

3.4 - 1.

65

81

22

s
31
15
.92

.25

05
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i

Table A.1 (cont.) : Preliminary Packing Experiments -

) L . ‘Packing Porosity . Permeability
SN ¥ " Sand Mixture -’ - Mode Hﬁ%) to Water (d)

11 ©  10% 60-80 mesh . -
- 25% 80-100 mesh K |
.30% 100-200 mesh Cwet 347 4.86
» 357 200 mesh . '

12 60% 60-140 mesh ‘ ‘
" - 40% 200 mesh wet  34.2 4.38

13 100% 200 mesh wet 339 - 2.85
14 - 407 60-140 mesh = .
0% 200 -mesh - . wets.  33.9 3.75

16 50% 60-140 mesh . | |
| 50%200 mesh , wet . 34.6 o371

16 50% 80-140 |mesh
§0% 200 megh | . weét 346, .4.06

17 .50% 80-100 mesh : |
50% 200 mesk = . . wet - 34.5 . +3.79

18 same as 17 ©  dry  33.4. 2.83
# T
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1. - .Pressure Drop . L ' - I3
W | — - . .. ‘ ", R
All permeaEiiity determinations were made from‘pressurefdrop mea- , °

Ih ) Lo

sureménts during displacement experimenfs. The pressure transduc-
ers used for these measurements " have rdnges'varying from 0. - 7.5

to 0 7:690,k£3‘_ Their stateq berformancg'5pecif1chtions claim an -

L}

accuracy of 0.2% of calibrated- span. Hﬁen caTibraﬁed'against‘a

7 dead weight tester, they were. found to respord ljﬁedrly with an
acqufdcy'within the 0.2% of the full range 5peCifi¢ation.f .

L d
[N

Figure B.1 shows the ﬁfessure drop measurement system across the

core. The gravity head corrections -due to upward and downward '

flow are derived below. The .following notation is used:.

N v

\ L
AP, = measured upward or downward pressure drop’ (pos.)
‘AP, . = actual pressure drop due to flow (pog,)'"u ;;. .l
AP = gravity-head correction (pos. df.neguj - e

corr
)

N -

" Regardless—of thé direction. of flow, the foliowingﬁreléiionéﬁips"

are”Qa]id: ; ~
H, = Hy | B
Hy = Hy + H + H )
P L M ‘3.19'3)
Ps = Py N (B:5)-
Po= Pot By - by v g (BT



P7:=”P67lee "Jproom'7 g :'. . :I ' - A (8'7)

.  EB'=’PI + H; .'prooﬁJil9 -ia' o ) (B.8)
The‘greqﬁuréi of iﬁtérést.afe Pz; Py P{ and ﬁa.‘.Combining equa-
tjqnsi(giglwf(B.B)-aﬁd (B.7), ohe obtains a relationship between '

Lfs-énngT:

N P7 = FS‘; {LHb ;'Hd) TP * H. ’ proom} S g ‘ {8'9)
- Similarly, the qubinaiibn of equations (B.j) and (B.8) givés a

relationship between P, and P«

o Pewp it Mot P ga) el L (B.10)

- . o

For flow in.the'upward‘djre¢tion; the‘méasyred pressure drop is:

AP, =Py - Py ; S (8.11)

/. Using equations (B.9);{and 1thLOI id‘ cqnjunct{on'with equatiaﬁ\\\“f__“
- (B.11), the'measured'pﬁeégure’dr#p can be expressed as: ' '

- P2 + (Hh‘:"“J « H) .Up;xp R

AP, =Py

(He - W) Prgon " g

“or, using equationr(B.Z):

——
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AP, =Py - Py-H - p g ' © (B.12)
——
The. actual hressure drop is given by the .expression: .
P3 - APIIOW'G = P2 +H - p, -9 '(B.13)

: « -
Then. combining the last two equations, one obtains for the actual

" pressure drop:

ap o+ H - g = AP + K- p, - g

pexp : . flow,u

e

or AP =8P+ - (b, -l ) g L (B.14)

flow,u

" The correction for the measured pressure differential 1s tﬁén:

Apco"rr u T H (pc:fp - pf) * g (815)
1.2 Downward Flow

The derivation in this c¢ase is similar -to.the previous one. - The

-~

measured pressure drop: now is:

-

-

2 3

This becomes, in terms 10? P, and P, with the use of équgtions.

(B.2). (B.9) and (B.I0):

-

—~ 4
i

-

AP, =B - P - ” o . (B.16) .
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APd ="P’_2.— P3 +H - pe!p * b ’ R ' ] (B::\L?)——

The actual pressure dfop is given by'the,expréss}on:

’ I ' o N
PotbPiiou. g Py v H o py - g N L B )

In combining the . last two equat-ddns, "the acual pressure,drop

becomes: ;‘; T
APd - H pcxp 9 = AP'flow d H Py = 9
or APf!OW'.Q‘_ APd + H - (pf‘_ pcxp) -9 ‘ . “_ (B‘l.g) .

The correction Tdf the measured pressure differential is then:

“.'Apcor:..d :';}:{ ’ (p‘f B pcx.P')-. g : - (B"EU)'.

Al djstqcement experiments were conducted vertiéql]yﬁ With the

gravity head correction due to upward flow as given in Equatioh'

(BR15)¢~the-actua1 pressure drop is given by:

Y

- _ o) S
APfl’ = AP + AP. ’ . . (8.21)
ow medags corr 3 . ..

i
Water was used as the fluid in the sensing lines. Therefore, no

" pressure drop correction was necessary dur tng the water floods,

>

regardless of .the temperature, for absoiute and effective water

pérmeabifity'detérmination. However, measureméﬁts made during the

- ' .
. . .
K .
' e ' 4 to
" : -_‘ !
K ’
- - Lt .



ried out with any other heaﬁy 0il. . ) \

‘2. -Core Properties

packed .into the sleeve (Vo).

186

" bitumen floods required a pressure ‘drop correction because the
. ) - .

‘ density of bitumen .(p ) is not the - same as that of water (pcxp).

This corrective term was found to be small whep compared with the

overall measured<pressure'df0p. because the‘densﬁty difference 1is

“relatively small. The same would also apply for experiments car--

{

2.1 Porosity | ' ‘

The porosity of each core was. determined from the volume of its’

sleeve at the<énd of an gxberiment (V_,) and the volume of séqd

and accounted for any volume changes

-

due td‘the:confining pfbcedure.

r

' BERTEEEE o ' " (B.22)

2.2 Absolute Permeability

The absolute permeability of each core was determined both at room
temperature_and at the experimental temperature. Deionized water
" was used for the measurements. Darcy's equation of flow through a-

saturated porous medium was used to compute absolute permeability:

N

(Pa-s) -1 __ (m) |
(B.23)

3
2 qcxﬁ'bm /s) - u

ka (m ) =

w,exp

2
Ao (M) - 8P (Pa)
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.where the vd!umetric flow rate of water at expepimenfal conditions

is calculated from: '. . . .
- -
3 ) ' 1 P 10
q (mfs) =g {com /h) -

w,room
exp ] w,pump

(é.2¢)'

p 3600

w,exp

L . ’ - : 2 s
Permeability 1s often reported in 'd rather than m . The conver-

sion is carried out as follows:
' 12 C
k (d) = 1.01325 - 10~ - k (m) | (B.25)

3. Fluid Properties

3.1 Bitumen

_ : N
The viscosity of the bitumen was determined by measuring the preE:
sure drop across a capillary tube viscometer of known dimensions, -

and using Poiseuille's equat@on for flow through a capillary:

\\‘/;) o nri (m4) AP o (Pa)
- By oy, (Pass) = — - - - {B.26)

8L, (m) (m/s) | o

qéxp

where (nr:IBLV) is a constant for the capillary tube. The tube
uéed was made of titanium, which 1is thermally stable {very small
thermal exﬁansion Acoefficiént). S0 tha£ the coqstant was not‘
.affected by temperature. The viscometer was plaEed in a horizoﬁ~~
tal position inside the main oven.  The volumetric flow rate of
bitﬁmen at efperimehtal qonditions was deterhihed from~gquation

(B.24). .
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T ’ -

A ﬁyﬁnqmeter'wés piaced?in the bitumen injection 1ine,rwhere\3he
:vérficajly upwéras f]oﬁjné fluid completely filled it. Thp valves
'ai each-end were closed ;imgltaneoﬁsly just‘befofe the termination
',of a; é;§primeﬁt. The volume ;? the'ﬁycnometer was calibrated aj

a ~function of.temperature:-and the density of injected bituﬁen was

'caiculéied from the filled-weight of the pycnometer:

3 b.pyec ‘ ' -
Py, exp (Glem’) = T (8.27)

3.2 .Brine .

_———

" Both sodium:gu]phate énq' sodium chioride aqueous brine solutions

“WEfé-used in the.experiﬁéntsf‘ The sodium.squhate properties are

.given in Table 4.3 for the prevailing experfmenfaj_conditjons-

The discoéity and density of the sodium chloride wés_calcd]ated

“from the correlations given by Numbere et a].'(1977): The equiva-

“lent §a]t'cbncentration of the brine, C, was'calgu]ated-in weight

- percent as follows:

: C meMW - —_ . Lo
C = 160 -~ (B.28)

1000 + m-MW

!
[

where m'is thex_molality' of the brine as defined by Korosi and

Fabuss (1968) and MW is its molecular weight.’
'The relative viscosity (#y, fu,) is calculated as a function of

temperature and salinity as:
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»

‘u L _ : N | |
br =1+ 1.87-10 356.5 + 2.18+10 4C2.5 + F(T)-F(C). (B.29)
L2 " : :
where f(T) = Tesé _.1_15.y0_2 T .
and  F(C) = 2.76-107° ¢ - 3.44.10" % ¢"°

Simi]arly._the.>§1ative density (p,./p,) s ca]cu]a{ed'as-a func-
tion of temperature, pressure and salinity as:

~

-

b r ’ .‘ A ‘ Fy g ' s
D2 L1 4 CLFP) ¢ CLA,(P)Y - TUA(P)Y + T-{£,(P))] (B30)
pw . , . " . - *‘~ .
L o —51}- - -7 F
where £ (P) = 7.65-1077 - 1,09-107 P ;
£,(P) = 2.16-1077 4 1.74-107° P
FylP) = 1.07-107° - 3.24-107"° p

ind £,(P) = 3.76-107° < 1.0¢107 7 b R

Al

In the above equations, temperaturel is éxpresheﬂ in °F and'p&es;

~sure in psia. These correlations are accurate within 0.5% up to a

temperature of 384°F (195°C), 10,000 psia {69 MPa) énd a salt

i
content of 25% by weight. .

4. Steady State Experiments

4.1  Effective and Relative Permeability

i .

-

Single phase flow takes place in the presence of an immobile phase

at the end of a water”'fjood- whén steady.state conditions are

€

reached. These conditions = are referred' to as the end points.
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:Dardy's ,equation w‘s app11ed }fbrj,determining'xfﬁe Jeffective '

permeab111ty to the flowtng phase‘-'

.kc’,",f‘ axp " ‘.exp- eo_ . - ' o ,'(B..31).
. A AP - o . o - . ; W ]

! . co 'flow

where f refers to the f10w1ng " fluid  (bitumen orf Qafer):'fThe-end-_
_\ ‘ po1nt relat1ve permeab111ty at "rés}dda] saiuratioh'@ae calculated

L using the absolute permeab1l1ty ‘of “the 1pdanSimeqium atLﬁhe:same
N | SRS

\exper1mental,cqnd1t10ns:' 5
) | b . . P .
" ) .-' L . .~ !
R s c- ) o . o : - ©.(B.32)
LTS .. . . : ‘ ) ) ’ '
’ k <, . o . . . . . ’ ’

1

The water:biLUmen miktu}e-injeétion' expertments were also carr1edﬁ
“out unt1] a steady state cond1t10n Qas reached ‘ At th1s StGQEf
the 1nflow and. outf]ow of both ‘the-. bltumen and water phases were

the‘sam_ei w;th no furthert changes in the saturat1on d15tr1but10n.

_wighin-the core,l It_was also assumed that the capv]lary pressure

- .

betyeeﬁ~fhe twa ffow{ag phases T was negllg1ble w1th respect to the
-p?essure drop at;intermediate<saturatrons (PUJol and.BDberg, 1972;

Briggs 1985).“The effectjve and'ré1ative permeabilities;to each

phase were ca]culated from Equatlons (B 31) and (B 32), using the

:i actual f]ow rate and v1scos1ty of that phase

MY
.

4.2 Innt1a] and Res1dua] B1tu@en Saturatlons
] o A

‘Average initial ahdfresjhpal bitumen sathratiqns in the core (with

respect to_a.hdt water flood) were calculated as follows, from the
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;. total bitumen'&eights remdining in fﬁe/:ore and wash (w -

L ah§
“'1n the prodUctlon f1u1ds (wb 6;) .
A W Ny ) 01 : . S .
S, [ MLNLL N vcw'r] s o——— . (B.33)
. . : pb,ex.p ] . .-_¢Vco ) . - . !
: W o 1 ‘ . (. .o .‘.r
. b,te . . . Co . C. . . i
e T = T (B30
Coat -,pb_._c.xp,, '¢ co . S S
where V" - is the vo1ume of the lines common to bitumen ‘and water:

orr.

11nJect1on that were f111ed with ‘bitumen pribr td 1ﬁe water: flood.

This® correctlon volume was measured before each experIment

.For the mixture idjeetion_ experiments, the 1n1t1al bltumen satu?
ration was‘calculated“by the same forhu]ation as equatlon'(B 33)

However the'correction term, -Vcorr-  a]so 1nc1uded the amount of'

T

bltumen present in the mixture that was rnJected dur1ng that: por-_'
h"tion of the'experimenf. 'Theﬁ1ntermedwate bitumen saturat1on_was
- calculated similar to the resﬁdha] bitumen saturation by use of

equation (B.34).°

§. - Dynamic Displacement Exper iments . --

The most w{de1y used method for determlnlng relat1ve permeabllltx
versus saturat1on curves from displacement experlments is based
on'the technique of 'He]ge. (19527, This method was ex;ended to
1nd1v1dual curves by Johnson et al. (1959) and further'refinedrby
.Jpnes and Roszelle (1978) These- technigques are based en the

following equations:



]

s

o= — . . (B
d (W) ‘
Swz " Swi 2 N -WEL N
Fod (1MW) T ,
ER— — (B
K d (1/%,) -~
"ik -1
wu
le'fz[“ro] (8
) w T
—~ ko

" where the -relative 1njectiﬁity,,1r, s . definedfby John;;? et

(1959) as & dimepsionless function of cumulat ive injectiofi:
(q/ap) ‘

M —

(a/AP)

IE o (5.

ref
Al

b ’ - .
and the reference
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.35).

36)

.37)

.38)

al.

39)

condition is taken as ' the irreducible wafér

({niiiaj;oil) condition. Theréfore;.a correction factor 'has to be

app}igd in order to . base relative permeabjlities on the absolute

permeapilfty-of‘ﬁhe porous medium.  In the case of the same con- -

. . o ‘ - \ - A KV 3
stant flow rate for each flood, thiss'multiplying factor becomes:

’

roiw) .

AR NIVIE

(8.40)“'

The above eqdations apply for all situatjdns after:wéte% break -

through. Also, in. order to calcﬁlate relative permeability,

the
: saturhtibn and pressu;e' Qradient hisfory' at‘ some 'point‘in the.

. core, say the outlet end, must be determined, and not théir»gver-'

age }a]dqs.” The - Joneﬁ,iand Roszelle (1978) -approach ‘consists of

i
f
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diffefentjating'exherimenthl.daté graphically. 'Ihis leads to some

~

-,inaccqracies-partigularlygif there is ' much scafter_ﬁn thé data-. - -
Therefore, the recovery aﬁp injectjvity",data from this study were

empirigéliy torreiated (best ppTyﬁomia] fit) to_the logarithm of -

the.;umuTgtive pore volumes of wafér'injetted for the determina-

tion of relativé permeability nelationshin. as ,éuggeste&'by

Miller and Ramey (1985): = o o .
. ! ’ ) ‘ 7 . . : . ‘ 5 B .
N, = ag + 1n(W;)-[a, + a - In(W;) » ay-{In(W)}"1 (B.41)
. A . ‘ N . . -
R(H,I,) = by + InEW,)-[by by In(W)T - (B.42)

4
By differén;iating Equat{ons (E.{l)fand-(8.42) with reSpeﬁt'tb L
one obtéﬁné; after some manipulation’s, the tangent equations that
satisfy Eqdationé (BﬁjS) and (B.37),‘resﬁective1y:_w

.-d,(Np)','"d R -

- - 3

1;
Cd(H) o d (InW,) W,

©=fa, v 2.3, Tn(M,) e 3-33-{1n(wi)}2]/wi - (B.43)

4 (UWI) 4 (W)L W

d (1/W,) g (InW,)  W.I X
, , W1 |

! r.

- -

The data preséntéd by-Jones.land Roszelle (1978)‘were tested using -

this fitting approach,‘and,thg comparison is shown In Figure B.2.
‘The correlatién is “exdelﬁent' for the oil curve. However, the

calculated water cufvevis'slight[y higher.

>
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r - a
4 |
’ aH:z0 "‘
| 1
AR I = '
‘ 6 4
. fa_ o Pexp | -1
A “ | N
H Core Tef)‘(p | H l o pro§ni-
pf ' .d | . H
- {c
s 2
¥ ) : b T
) e ' . - | ‘room
Ho Fexp |
L - — — — —_— ]
. 4 5 . {
I‘. . F18Plg -

f — flowing fluid |
~exp — hot fluid in sensing lines at experimental conditions
room — cold fluid in sensing lines at foom conditions

5-

Fiqure B.1 : Pressure Drop Measurement System

——
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7 : ‘
1.0 ; - . —
. . .
. — Jones and Roszelle (1978} Curves
- @ Best Fit to Jones and Roszelle Data
08} ] . ]
>
S o6t -
o
)
E .
gf »
@
2,
5 04r .
O Y
cC
0.2 -
0 | i
g 0.2 0.8 ‘1.0

Water Saturation

Figure B.2 : Comparison of Relative Permeab111ty Data. Obtalned
from Two Methods (after Jones and Roszelie, 1978).
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‘Table C.1 :. Sieve

- | 19?/

Sand:

— ———

AhalysiS‘of Ottawa

" Particle Size

" fractional Weight, %

t

H
i
i

mesh . microns - 70-140

|

sand~  F-140 sand L-140 gand*

60
70
g0
100
_ 120
o140
T 170
200
230 ;
270
325
. 400 ..
o 1400'

149
1125
105

-
44 ‘ -
37 -

Average: 142

250 0 6.

- 210 6
Cwi T s,
25

20
. 22.
88 - .. .
74 L
j82;5l oo 0.

NORCOT N @ W YOy

<37 'A - - ‘ _ 7

23.
12.

14.

"-.D o oo Mo W W oy~ O
(%]
—
o0

._.
on & W

pm’ T 90 pm jtm

* L-140 sand is the fraction

L

of F-140 sand finer than 140 mesh.



Table C.2 -

Particle Size Distribution of Outcrop Sand -

198 .

Particle Size

mesh

18

" 25
35
45

micro

ns

—_—

1000
710
500

350

Fractional‘weigﬁt; %

@

19.
C 14,
13.
12.

4
4
1
] 3
60 250 13.6
80 177, 8.1
120 125 J 6.5 g .
170 88 ’ 3.6
230 62.5 -- 1.7 )
3287 44 5 1.1
400 37 0.9
>400 <37 - 5.3
«< f:
Avgrage - 420.0 pm
- L —- -
. T | |
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Table C.3 : Core Dimensions and Packing Prbperties
_ Sieeve Sléeve Sand  Pore Porosity
Core/Run- Length Volume Vo lume Volume ¢ :
. No. (cm) (em”) (em’)  (em’) ()

END-01 22.7 . 273.6 177.1 96.5 35.3
© .. " END-02- 7 22.0 266.1 173.6 -92.5 34.8
. -END-03 /? 22.7 . 274.4 176.9 97.5 35.5
CEND-=D4.. No 2109 — 264.7 170.9 93.8 35.4
e END-05 o227 270.5 174.1 96 . 4 35.6
T END-06 21.9- 263.2 169.4 93.8 35.6
’ ‘END-07 - ' 21.9 263. 3 169.8 93.5 35.5
. END-08- 22.4 2641 172.7 91.4 34.6
- - END-09 .22.4 261.3 170.3 91.0 , 34.8
END-10. = 22.4 253.2 166.3 86.9 ~ 34.3
END-11 -+  22.4 260.6 171.6 89.0 34.2
~ END-12 22.9 266.0 . 178.2 87.8 33.0
- END-1'3 22.4 253.7 163.9 89.8 . 1 35.4
END-14 = 22.9 267.8 179.6 88.2 32.9
END-15" - 22.4 263.8 - 174.2 89.6 34.0
"END-16 22.9- . 269.7 181.3 88.4 32.8
END-17 22.4 . ,.253.3 166.6 - 86.7 34.2
END-18 22.9 266.4 179.3 87.1 32.7
END-19 22.4 263.0 178.5 84.5 32.1
END-20 22.9 263.9 175.7 88.2 33.4
END-21 22.4 - 257.9 169.6 88.3 . 34.2
END-22 ©.,22.9 265.7. " 177.0 . 88.7 33.4
 END-23 22.9 257.4 168.2 89.2 34.7
. END-24 ©22.4 . 257.6 165 .4 92.2 35.8
END=25 . ‘22.4 247 .0 161.0 86.0 . 34.8
END-26 - 22.4° -~ - 211.9 182.6 893 32.8
END-27 .- 22.4 -257.0 167.5 " 89.5° 34.8
END-28 " 22.4 267.8 175.8 " 92.0 34.4
- END-29 22.4 263.5 176.67. 86.9 33.0
© END-30 ©.22.4  264.5 180.3 . 84.2 31.8
-END-31 224 261.2 177.5. 83.7° 32.0
. MID-01 23.0 267.0 173.2 . 93.8 35.1
MID~02 23.0 268 .-2 178.5. . 89.7 33.4
. MID-03- 23,0 267.1 176.2 90.9 34,0
. MID-04." 23.0 267.8" 1756 92.2 . 344
© MID-05 - 23.0 267.7. - 177.1 %0.6 - 33.8
-7 MID-06 23.0 . 264.5 °  174.6 89.9 34.0
MID-07 23.0 267.6 175.9 91.7 '34.3
MID-08 " 7° 176.6 91.1 34.0

267.

199
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, Table C.3 (cont.) : Core'Dimensions and Packing Properties
: , Sleeve Sleeve Sand Pore Porosity
; Core/Run Ltength Volume | Volume - Volume .0
| - .- No. (cm) (en’) Cem’) Cem®y. (1)
I‘ . - . ! LN
MID-09 23,0 265.0 174.7 90.3 34.1
MID-10 - 23.0 | 266.1 176.8. -  89.3 33.6
MID-11 23.0 . 267.2- . 176.1, 91.1__  34.1
MID-12 23.0 266.6 - 175.9 90.7 34.0
. DIS-=01.: 22.8 264.4 °  175.0 89.4 +33.8
DIS-02- 22.8 266.1 177.2 88.9 33.4
DIS-03 - 22.8 267.0 176.9 - 90.1 33.7
DIS-04 22.8 265.2 175.4 89.8 33.9
DIS-05 22.8 - 265.3 175.8 - 89.5 . '33.7
KAY-D1 22.8 264.4 174.8 89.6 - 33.9.
KAY-02 22.8 265.6 176.4 89.2 "33.6
KAY-03 22.8 264.9 174.6 90.3 34 .
KAY-04 22.8 261.7 175.6 86.1 32. i
22.8 2643 176.4 87.9 33.3

- KAY-05

s
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Table C.4 : Absolute Permeabiiity at Low Temperature

)
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Pressure

Absolute

Flow

Core/Run Temperature Rate Drop Permeability
~ No. (°C) (em’/h) (Pa) (d)
END=01 20.0 80.0 2143.4 2.034
END-D2 21.0° 80.0 2003.0 2.069
-END-03 - 22.6 ~80.0 2332.0 1.774

- END-04 28.0 80.0 - 1907.5 1.781.
END-05 18.6 80.0 . 2270.0 1.974
END-06 174 80.0 2595.2 1.672 .
END-07 19.6 80.0 . 931.9- 4,548
-END-08 22.0 80.0 2842.0 1.493
END-09 . 22.6 80.0 2708.1 1.562
END-10 22.6 - 80.0 . 2590.9 1.736
END-11 22.2 . 80.0 2300.4 1.918
END-12 . 20.6 80.0 ° 2838.0 1.594
END-13 ~ 20.2 BO.0 . 2789.5 - 1.637
END-14 . 22.0 80.0 2824.4 - - 1.548
END-15 o 22.4 80.0 2804 .4 1.501
END-16 22.2 80.0 2892.6 1.495"
END-17 23.2 80.0° 12141.1 2.008.
END-18 23.3 80.0 2699.6 1.578 .
END-19 22.0 80.0 2688.0 1.585
END-20 21.8 80.0 3059.3 . 1.457
END-21 + 21.6 80.0 2653.0 1.652
END-22 23.1 80.0 3192.9. 1.345
END-23 23.1 80 .0 2945.3 1.505
END-24 " 21.8 80.0 2648.0 . 1.650
"END-25 22..4 ~ 80.0 . 3038.9 1.480
END-26 25.2° 2400 . 77.9 145.-79
END-27 ., 20.4: © 80.0 3617.0 C1:242
END-28 20.7 80.0 34745 1.235
END-29 19.6 80.0 . 3578.7 1.238"
END-30 19.0 80.0 4632.3 0.959
END-31 20.0 80.0 4386.72 1.014
MID-01 22.5 80 .0 1911.0 1.274
MID-02 22.0 80:0 2087.8 1.174
MID-03 21.2 80.0 2154.4 1.161
MID-04 ° 20.4 80.0 2121.1 1.193
MID-0S 22.1. 80.0 1998.5 1.209
MID-06 23.3 80.0 1872.5 1.287
MID-07 19.9 80.0 2192.9 1.163
MID-08 '20.3 80.0 2168.4 1.169
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Table C.4 (cont.) : Absolute Permeability at Low_Temperature~

Flow ° Pressure " Absolute

" Core/Run Temperature = - Rate Drop . Permeability -
No. ("c) . (cm”/h) (Pa). - - (d)
MID-09 - 20.9 80.0 2054.6 1.234
MID-10 . 20.6 80.0 2099:2 1.209
MID-11 19.1 80.0 2234.9 1.154
MID-12 - 21.2 80.0 - 1960.9 1.278
DIS-01 22.4 . 80:0 . 3356.5 1.296
DIS-02 - 20.7 320.0 - 15128:4 .1.183
DIS-03 21.2 80.0 3782.1 1.169.
DIS-04 23.0 80.0 3712.9 1.152
DIS-05 23.1 80.0 3297.9 1.293
KAY-01 19.4 80.0 3661.2 1.253

. KAY-02 - 21.6 80.0 -3850.4 1.145
KAY-03 20.6 80.0 4011.5 1.122 -
KAY-04 23.4. - 80.0 3129.8 1.370

8 80.0 4065.8" 1.061

KAY-05 22.
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125.

.Table:C.5 :  Absolute Permeability at High Temperature
— 1 /'-... _ '\.
',/ '_ _ Bl
. . < A “ Flow Pressure - Absolute
Core/Run. -Temperature Rate, ~Drop Permeability
S No. 7 (°C) Factor (Pa) (d) -
END-O1 124.7 1.062 - 541.6 1.869
END-D2 126.0 1.063 - 476.8 2.028
END-03 ° '175.0 J1.117 438.1 1:682
END-04 175.2 . 1.117 406.9 - 1.744
END-05 124.%6 "1.062° 598.1 1.713
END-06 - 124.8 . - 1.061 . 542.5 1:802
END-07 174.4 1.116 162.5 4. 409
END-08 .150.0. 1.088° 601.1 - \\% 4
END-09 -. . 150.0 1.088 553.g . 64
END-10 150.4 +1.088. 555. 67 1.654
"END-11 . 150.6 1.088 480.4 1.857
"END-12 1225.2 . 1:194 ©460.7 1.379
END-13" " 125.0 1.061 © 668.5 . 1.584
END-14. 225.5 T 1.195° 459.8 1.372
END-15 125.2 ¢ 1.062 694.0 _1.466
" END-16 250.4 - 1.248 . 452.3 1.291
-END-17 174.6 C1.117 0 393.0 1.981
END-18 250.% ©1.248 L441.0 1.339
END-19 S 174.4: 1.116 '505.8 1.483
END-20 ..200.6 1.154 586.0 1.192
END-21 199.0 1.151 466.0 S 1.477
END-22 - 224.8 1.194 - 570.0 - 1.118
END-23 249.9 T 1.247 506.9 - 1.208
END-24 - 174.6 - 1.116° “501.0 1.527
END-25 199.0 1.151 56474 1.273
END-26 125.2 71,062 21.0-. -141.065
END-27 124.0 - 1.062 B70.5 1.212-
END-28 124.8 1.063 .-, 834.8, 1.206
END-29 1004 ~1.042° . 1062.3 1.188
END-30 100.4 1,042 1386.0 - .0.907
.END-31" : 100.0 '1.042 .1391.3 0.919
MID-01 124.7 1.062 - 515.3 1:150°
MID-02 124.7- 1.062 + 539.8 1:093
MID-03 125.6 C1.063. 7 540.7 I-.088.
MID-04 124.6". 1.061 " 526.7 . 1.122
MID-05 . 125.0 1.060 ' 5633.7 - “1.102
MID:06 '174.8 71,116 . . A07.6 "1.072
MID-07 "~ 125.4 1.062 547.7 1.073
2 1.063 - '546.8-' -31
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Tab]e.C.Sl(COﬁt«) © Absolute Pefmeability at High Temperature

! . . P

- < Flow Pressure . Absolute
-Core/Run Temperature Rate Drop - Permeability
No. SR W O T Factor - (Pa) ~(d)
. rd
- | o _ ‘ 7
MID-0S . 175.2 1.117 - 401.5° 1.084
MID-10 _ 175.2 1117 304.1 1.073
MID-11 125.2 1.062 :  551.2 . . 1.070
MID-12 © o 125.0 1.062 - 430.4. ‘1.376
DIS-01 124.4° 1.061 883.9 1.197
.DIs-D2 - 124.8 1.062 3718.0 1.129
‘DIS-03 . 125.86 1.063 - 909.3 1.1&%%05-
DIS-04 ‘ 125.0 1.063 - 933.0 1.12F%
-DIS-05" 125.0 1.063 903,22 +1.164 .
KAY-01 L 19.2 1.000 - 3661.2 1.253°
KAY-02 . 20.6, 1.000 . 3850.4 1.145
KAY-03 . ~101.1 /1.042 -.1260.4 1.025
KAY-04 23.4 - 1.000 °  3129.8 - 1,370
0 I 8 1.012

© KAY-05 - oo

\

041 1292.
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‘Table D.1 : Viscosity and Density of Water at 7 MPa

[

Temperatufe
oy o

. L g
) 125
150

Viséosdty
(mPa_s)

0.992

0.224

0.184
s

1001.09

Density
(kg/m"}).

-

[

'942.26
920..56

175 | 56 - 896.15 -
. 200 0136 . 1868.81°
" 225 . 10120 $.838.05
250 0.107 802.70
?'Averagé'room;témperépurelV- o
/ I



Table D.2 :
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V1scos1ty ‘and DenSIty of 0.0704 Ho]al Aqueous
Sodium Sulphate Solutlon

1

Water

0.0704 Molal Sodium

Linear interpolation from Korosi and

Values ‘corrected for pressure.

Sylphate Solution
Temperature Préssure IVistosity Den§i-' Viscosity Densi‘y_
(°C) (MPa) . (mPa-s) (kg/m" ) . - {mPa-s) (kg/m}
25 0.1 ©0.8910 997.06 N 0.9183* 10b6.03*
150 0.5 - 0.1823 916.76 ~ ~ 0-.1886* . 926.99*
25 7.0. 0'.8899 - "1000.37 0.9171+ " 1009.34+
150 7-0 0.1839 ° 920.56 0.1903+ . 930.83+
v
*

deu;s (1968) déta.
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Table D.3 : Chemical Analysis of Athabasca Bitumen
/ " |
Laboratory | . -Typical Range
Results . . {from Wallace, 1983)
Carbon © 9 83.5 * 0.5 wti © . 82.4 - 83.9 wt%-
Hydrogen S 10.3 % 0.4 wti® 10.0 - 108 wt% .
Nitrogen . 0.5 % 0.1 wt? o 0.3 - 0.7 wt?
Sulfur © 4.2+ 0.3wtt . 3.9 - 5.6 wtg
Oxygen . - 1.5 % 0.2 wt%. 0.6 - 1.5 wt¥
H/C Molar Ratio 1.48 ¢ 06 1.43--~ 1.57
Carbon’ Residue - 120wty 7 1007 - 13.7 wtd
Acid Number T to0.2 . 2.11°- 3.21
Uvanadium . . 204 = 20 mg/kg 151 - 211 mg/kg
Nickel 781 10 mg/kg 750 - 112 ma/kg
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" 'Table D.4 : Specific Bitumen Properties .

A . ’ -_ .
S ~ ‘Batch . Batch ' Batch Typical Range
‘Property . - : 41 #2 #3 (from Wallace,
| e : , 1983 )
. Asphaltene Content o
S (wtg) . 7 18,0 T 16.9 - 17.5 14,0 - 18.2
’ R
Relative Density o i - i
(15°C/15°C) | 1.011  1.003 1.007 . 0.995 - 1.025
. Gravity ("API) 8.5 9.6 9.0 10.7 - 6:5
Residual Solvent

(Wt%). - . .. 0.40  0.50 ° 0.80 ¢1.0

4

—

* Asphaltenes are the'portion of a‘hydfotarbon insoluble in
n-pentane. ' I ‘ -

+ Relative dehéitj'is.defihed with respect to water, at. the

same temperature.
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Tab‘le,D..‘S_ . Measured Heavy 0il1 Properties at 7 MPa

Core/Run . “Temperature | Viscosity C “Déﬁﬁjty*
pel _ C v
No. — +  {*C) . © (mPa-s) . fkg/m")

Bitumen

END-01 .- 125 - T 68.35° - 957.8
END-02 A §1 v ".70.76 . T 947.4
END-03 T 175 o - 12.9¢ Co . 946.7 -
END-04 DS V- 14.96 o 926.9
END-05 o125 . B9.40 - © 7 980.6 -

_ END-06 125 84.24 950.3 .
END-07 . - 176 17.40 - . 927.1

. END-08 150 31,34 S 7939.4

_ END=09 . Co1s0 - < -730.44 : 94Q.9
END-10 - 150 31.13 . 940.0
CEND-11" -150 2834 1 7 940.3

END-12 ~ ° ] 225 Lo .4.89 ' 887.0 . .

"END-13, -, | 125 . c 74,34 - .. 951.7
END-14 " . 225 - 4.82 . 889:7 -
ERD-15. . .. 125 - - . 74l120 7 T 0t 9529l
END-16 . 1250 . : 3.4 . 875.9
- END-17 oL o1Is T 150040 T T 926.9 .
.-END-18 . 250 . : 3.12 - - . 878.5 .

- 'END-19 - . 175 14.5¢ T 925.4.
END-20. | 200 T 70 U1 N 913.6-"
END-21 - -o200 L "8.36 "+ .+ 899.4 ~
END-22° - ‘228 . 45.32 . iU 8B40
END-23 . . . 250 e 3.3, . -..881.8..
"END-24 . - - 175 oo 404 o 092003
- END-25 L2000 8.28 - . " 914.9

END-26 coo-125 .o T 7130230 7 o 953.]

END-27 125, 69.97 - .- -953.7

END-28. . Soo-128 - T 890190 - . L 9530
© END-29 .. . 100 . o . 217.31 _ ... 968.6 -
FCEND-30T . 1000 - . . 237.33° .- 968.3 ¢

END-31 - - - 100 . . L212.45. . T .- 967.4
MID-01 : 125 . © . . 66.26 .- 950.6
MID-02 . 128 .. '66.54" - 9516
MID-03 = 126 - ¢ L85.77 . ..l 9486 -
MID-04 . Lovxes 63.19=< . - 948.8
MID-05 o125 . 0 83,99 0 . . 948.8
MID-06 . 175 1379 o 918.4.. .
MID-07 125 \ - 66:38 - .0 0 946.9% - -
MID-08 . B 4T © o 64.82 - - 947.0- .- .
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~ Tabl€é D.5 (cont.) éégﬂeasu%eq‘Héayj Qi1rPFoperties at 7 MPa

- Cnre/Run‘f

_No.

MID-09

MID-10

O MID-1T

- MID-12

DIS-01. .
DIS-02°

.. DIS-03
~.DIS-04

- DIS-05:

A KAY-0Y.

S KAY-02
.. kAY-03
- - 'KAY-04

- KAY-05

" Temperatur

. (nC) M

175

. 125
125
125 .
125
125
125
125

175, *

e

- » .

.

~ ¥isc

. {mP

.13

A e-13

.85,
80.
. .65

65

" 65.

65
67

'-I.Ka&dpl -

20
.20
100
" 20
100

205
180
6.
189.

5

-

bensity f
. (kg/mé) -

§,.
H

.86 . J0918.4
182 S 918.8 . 4
62 K 947’0,
40 - - 949.4 . .-
56 '7946.8 %
.39, - 94T1.4 ]
76 ' S 947.87 .
.97 Coo9arand
A7 94T

N

osity

a-5)

.

54 - - . BB4.O .
L03 . . 884.1 .
56 . 839.3
66 . '910.6
234 _ BBY.S
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. Table E.1 : Data for End Point Calculations

!

' e Pressufe Drop -,Bitﬁmen Weight
Core/Run ( bitumen flood water flood Core production
uNO-' NG (kPa) - (Pa) () (9)

END-01 231.44- 7310.0 50.60 39.90
END-02 179.28 ' 9103.0 - 54.90 34.30

END-03 49.34 3139.0 39:60 - 45.60 °
END-04 - 52.43 ~3035.0 38.90 . 45 .60
END-05 . 264.30 © 9660.0 54.82 . 40.41
END-06 271.74 7944 .0, 52.22 38.94
END-07. -+ 24.30 2958.0 42.95 - 39.89
. END-US 128.63 - . 5088.0 41.60 38.87
~ 'END-09 116.38 T 4785.0 41.52 40.17
‘END~10- . 113.58 ° 3639.0 35.78 44 .97
END-11 92.66 3697.0 36.76 46 .64
END-12, 53.96* ° - 3444.0 42 .41 35.63
END-13 289.89 | 7471.0 41,77 38.56
END-14 75,114 - 13935.0 45.07 34.37
END-15" . 335.65 . 78273.0 43.34 39.43
END-16 = 19.91.° 19210.0 45 .12 36.11
END-17 ;. .51.98 - L 303400 31.96 44.79
END-18 ' 18.96 ° 36560.0 38.91 40.86
END-19 . .  64.23 . 4009.0 34.03 40.95
END=20 © 4B.56 2746.0 40.91 38.20

T END=21) 41.39 : 1692.0 . 44 .17 32.92
TEND-22 .. 38274 .2377.0 ' 33.87 40.59
*END-23 221,21 17710.0 42.57 39.25
END-24 . 62.13- - ' 3949.0 39.39 43.53
END-25. -38.98 . 1692.0 35.44 38.35
END-26 10.24 . - ' - 239.8 36.90 37.00
END-27 ...  355.5B . 10864.0. 42.12 40.53
END-28 351.88 '11016.0 44 .00 ' 41.91

; END-29 1034.49 20743.0 34.26+ 36.94.
-« END-30 1475.05 . 27271.0 33.21+ 35.61
' END-31 . "1470.91 . 24049.0 44 .89 37.02

e
* pressure- drop did not stébilize during these experiments

+ portion of sample lost during analysis; actual weight
- greater than that -reported '

r

Ld
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Table E.2 : End Point Relative Permeabilities and Saturations

Core/Run
No. ~

— -

"END-01
END-02
END-03
END-04
END-05
END-06
END-07
END-08

- END-09
END-10
END-11

- END-12
END-13
END-14
END-15

END-16 .

END-17
END-18
END-19
END-20
END-21
END-22
END-23
END-24
END-25
END-26
END-27
END-28
END-29
END-30
END-31

OO0 ODOOCO *»o === o e ool = ol o Rl el o

lative PerﬁEability

R
" Ttg/Bitumen

.712
.B48
.141
. 746
.899
. 750
. 746
.7197
. 187
.803
.176

.765.

.684
.695
.728
.686
.730

L7123

.692
.654

. 796

.726
.882
.673
.758
L7131
.790
.789
.708

to Water

COO0O0OODOCOOOOOOOoO OO0 OCoOO

.074
052
. 140
.134
062
. 069
.055
.118
115
153
.130
.134
.089
.033
.083
.024
130
012
126
.214
.274
. 240
029"
127
.333
.088
.080
.076
.051 -
051 -
.058

Bitumen Saturation

Initial

0.931
0.977
0.876

0.931"

0.960
0.982
0.915
0.896
0:912
0.945
0.954
0.950

- 0.898

0.960
0.927
-0.997

" 0.911

10.989
0.914
0.930
C.928
0.887
0.989
0.924
0.894
0.826
0.926

°0.939
X

*

0.966

Final

547
626
429
.447
.580
.586
.495
.485
.485
438
.439
.545
.489
.574
.508
.583
.398
.508
435
.508
556
427
541
464
450
434
.493
502

O *» »xO0O0OO0OC OO0 COoO 00O O0O000 OO COoOoCOOoOO0O0O

.bb4

/

* not available due to expe;imental difficulties
(see Table E.1 for explanations)
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Table E.3 : Fluid Properties in End Point Experiments
Core/Run M. . N Lvu,
No. . (mN/m) (cmz-cp/mrn)
END-01 L 31.7 11.61 1.07-10 0.599
END-02 19.7 11.50 1.08-10_5 - 0.568
END-03 " 1507 §.20 0.98-10_, 0.436
“ENB-04 17.2 9.19 . 0.98-10_6 0.420
END-05 27.4 11.60, 1.07-10_6 0.605
END-06 34.2 11.63 . 1.07-10_6 0.581
END-O7" 8.2 5,24 - 0.99-10_6 0.425
END-0B 25.3 10.40 1.05-10_6 0.507,
END-09 24.3 10.37 1.05-10__ 0.510
END-10 31.2 10.38 %;1{-10_6 - 0.544
END-11- 25.0 10- 38 .11-10_6 0529
END-12 or 6.77 1.22-10 ¢ ‘0.376
END-13 -38.8 11.568 1.1'3-10_6 0.625
END-14 > 6.80 1.22-10_S 0.374
END-15 40.6 11.55 1.14-10_, 0.599
END-16 1.0 " 5.57 1.38-10_, 0.345 -
END-17 17.1 0 9.23 1.09-10_, ,0.461
END-18 0.5 .5.57 1.\40-10_6 0.350
END-19 . 16.0 9.24 1.11-10_, 0.445
END-20 17.6 8.02 1.13-10_5, A0.415
END-21 24 .4 8.01 1.10-10_6 0.406
END-=22 16.2 6.80 1.21-10_- 0.377 -
END=23 1.2 H.60 ’ '1.36-10“6 0.362
END-24 15.7 9.21 1.02-10_, 0.453
" END-25 . 22.9 8.04 1.13-10_ 0.425
- END-26+ 42.6 11.59 3.43-10_6‘ 1.754
END-27 32.7 11.65 1.15-10_6' 0.625
END-28 31.9 11.e1 1.11-10_ .- - 0.596
END-29 49.9 - 12.77 . 1.32-10_ 0.746
END-30 - 54.1 ©12.78 1.36-10_6 0.745 ~
END-31 el.1 12.81 1.37-10 -0.758
v
N
% K,p;, Not available (see Table E.2)

T+ _-nominak\ilgw rate three times higher‘than other experiments
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-

Initial 011 Sand.Core Parameters
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Experiment #

MID-01 _
MID-02 .
MID-03 .
MID-04

MID-05

MID-06

MID-07

MID-08

MID-09

MID-10 -
MID-11

MID-12

DIS-01
DIS-02
DIS-03
DIS-04
DIS-05

KAY-01
KAY-02
KAY-03
KAY-04
KAY-05 .

.‘Run

Temperature

(°C)

125.
125.
125.
125.
125.
175.
125.
125.
175.
175.
125.
125.

125.
125.
125.
125.
125,

20.
20.
100.
20.
* 100.

[N NaNeRe ool ol ol ol oo
S

oo o0 oo

OO OO

Initial Qil &

Connate Water

10ns

. End Point

. Relative

058

Saturat Permeability.
0.874/0.126 0.764
0.800/0.200 0.760
0.911/0.089. © 0.810
- 0x893/0.107 0.759
- 0.914/0.086 0.771
0.736/0.264 -0.808.
-0.925/0.075 0.772.
0.906/0.094 " 0.749:
0.883/0.117 0.817
0.800/0.200 0.826
0.8314/0.189 ~0.776
1.071% 0.827
0.860/0.140 . 0.726
0./859/0.141 0.640
0.770/0.230 ‘0.666
0.879/0.121 0.684
0.886/0.114 0.651
~0.900/0.100 0.669
.0.966/0.034 0.714
0.953/0.047 0.601
0.953/0.047 0.626
0.942/0. -0.535

value greater than 1.0.due to analytical

error
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Appendix F

'_Unsteady. State Exper iments
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Table F.1 :
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Measured Parameters for Unsteady State Exper1ments .

-'Bitumen , 125 c - -
| Water- - Pressure Drop ) :
Expt. No. Flow Rate Injected {water flodd]}. Recovery . .

: (em’/h) . (PV) - (kPa) (1)

DIS-4 80.0 1.17. 30.252 -33.0 .
DIS-5 80.0 1.33 -, 29.991 33.7.

DIS-4 80.0 2.33 23.597 39.1

DIS-5 80.0 2.50 24.292 39.6 .

DIS-1 80.0 3.93 1 12.883 41.2 -
DIS-2 320.0 4.21 53.227 41.8

DIS-4 -80.0 4.76 20.778 45.6 .
DIS-5 80.0 4.87 22-.083. 45.3
DIS-3 80.0 9.45 7.224 46.5
DIS-1 80.0 9.65 9.486 50.2
DIS-2 320.0 9.88 45.653 o 51.7

- DIS-3 80.0 18.86 . 5.675 . 53.3
DIS-1 80.0 ‘19.32 8.455 565"
DIS-2 320.0 19.44 50.777 58.8
DIS-3 © 80.0 29.88 4.199 57.7
DIS-3 ' 80.0 48.66 3.155- 61.1
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Table'F.2 : Data-for JBN Calculations
‘ - Bipumen , 12%°C -

Water. i1 - - . Relative

Injected Produced Recovery  Injectivity W T,
{PV) (PV} . (%) | .

T1.17 0.28 T . 33.0 13.266 +15.521°
1.33 02y - 33.7, ..13.858 . 18,431
2.33 0:33 | 39.1 17.008 . 39.628
2.50 0.34 39.6 17.108 . 42,771
3.93 0.35 _ 41.2 27.814 - . 109.310.
4.21 0.36 - . 41.8 : 31.839 - -°134.042
4.76 0.3% . 45.6 4 19.315 ~791.939
4.87 0.39 45.3 - .~ 18.820 7 " 91.654:
9.45 0.40 46.5 .~ 55.161 521.270

.9.65 0.43 50.2 +37.776 364.540
9.88 0.44 . 517 Y 37.122 366.760

18.86 0.45 53.3 ' 70.213 1324.221 .

19.32 0.48 56.5 42.382 818.827.

r19.44 0.50 58.8 33.375 648,813

29.88" 0.49 57.7 94.899 . 2835.569 " -

48 .66 - 0.52 61.1 126.287 6145.114 7~
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Table F.3 : Relative Permeability and Fractional Flow Curves
= Bitumen , 125 °C - (from JBN .calculations)

-

ﬂ.zza\

Water® -
Satuyatjon

1

.149
.374
379
.407
ALl
.439 "
444
.453
454
.504
.505.,
507
.558
.560
.594
.629

Relative Permeability

Fractional

to Water to Bitumen  Ratio{w/b) - Flow
0.000 0.673 0.0000 0.000
0.033 0.491 0.0672 0.951
.0.034 0.465 0.0731 0.955
0.041 0.358 0.1145 0.971
1'0.042 0.345 0.1217 ©0.973
0.050 0.273 0:1832 0.982
"0.051 0.263 0.1939 + 0.983
0.054 0.246 0.2195° 0.985
0:055.. 0.243 0.2263° 0.985
0.076 & = 0.167 0.4551. 0.993
0.077 0.165 0.4667 0.933
0.078 0.163 0.4785 0.993
. 0.113 . 0.110 1.0273 . 0.997
0115 0.108 1.0648 0.897
- 0.152 0.Q80 1.%000 - 0.998
4.0755 0.999

0.216 * .

0.053°
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Table 6.1 : -Rgfpa;tiig,index Cq]ibrat{on foE',_f;; -
. " Kaydol:Mineral Spirit Mixtured -7 -

-

Weight of Kaydol - ... ' Refractiye
N in Mixture, w,- "~ - ' - Indexy'ng
G5 .- . {micron) N
B S S O 113
10.0 0 . T L.a8100 -
| 2000 S Y B
. 300 SR S a.assa . T

40.0 " | R - "1.4523 L f_ S
50.0 :J R - S ,115563';“ < 7.
600 - .. :I.AGQi““ K

00 . T T luasas

80.0 . ',“_ _""j . _'1.4685

‘Qoioi;- . o o 11,4730 ft' - .

. 1000 . - S WY 53

+ 1.4363°

I

Linear reg%essidn analysis : 'n6’='4f045510_j‘wk
) e - f .

(r? - 0.9996) -, -

4

A
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‘ “‘VlfKaydo1 #1 ,-20°C -

.. Table 6.2 & Measured Data for JBN Calculations

225

Water. . 0il

~ Injected
- (PV)

060
022 -

;082 .
L201e o
L2158
.409 ©
.514 -
.663*
782
7975 -
214
437
839
241 °
1643 - .
.000.: -

WM e Do 00c 0o o0 |

T Produced i
Z-.‘- (FV) -

.000
w02z
078 -
134

156
179
L1907
.201 -
2120 -
223
.235

2246

.257 .
.268
2279 0
.290 -

000000 OOCDO0O0OOOOO. .

v .

-

Pressure

Orops

-~ (kPay

-Relatjve.
Injectivity

I

Lt

W.1

voLr

B52.
. a6,
" 308

"190

.158:
. 109,
94,

86
73

. .66,
60
3.

48
43

41

605

047 - .
823 -
L2137 -
617 . -
608 -

002

022
670 -
=316
789
.912

085

008
.957
581

1.
© 2.

20

.26

679

371 .

. 3.548 7 7
5.760.

©6.907

“10.
Car
- 12,
14,
16.
17.

051

.653
641-
944

403
987

639
22.
24.

821

924
.348

. 0.000
-+ 0.053

0.291

© . 1.188

1.903
3.488 .

5.163

12

9.882 -
14,574

19..907
25.845

"37.953 -
. 51.141

65.874"

79.054

A

:trué breqkfhrough

" inferredibreakthrough
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Yablc 6.3 : ‘Relative P Ee\peablllty and Fract1onal Flow Curves

4 o ~_Kaydo] 20°C - (from JBN calculations)
Water ' ' Re]ag\he Permeab111ty L Fractional
‘Saturation “-to Water d Kaydo1 Rat1o(w/b) Flow
0.100 0.006 . 0.669 0.0000 , 0.000
0.231 0.0285 0.702 - 0.03839 "0.653
0.249 0_._03?1‘-{'w - D.594 o _D 0571 0.918
'0.260 .0.038 -~ 0.543 v qO?OO 0.933 =
0.272 0.044 0.492 - 00894 0.947
0.282 , 1 0.051 - 0.459 ' ‘0.1043 0.957
. 0.290. 0.057 - ~0.442 0.1290 0.962
0.299 0.066 }b.429 0.1538 .- . 0.968
- 0.306 06.073 [0.426 "0.1714 0.972
0.312 0.081 0.426 0.1901 0.974
0.317 0.086 - 0.428 0.2009 0.976"
. -
i i
{
N - ;
T
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. > Table G.4 : -Measured Data for JBN Calculations
o =~ Kaydol #2 , 20°C -
 Water 0i1° . Pressure Relative
- Injected = Produced ~ .- Drop Injectivity 1
T o (PY) (PV) . o (kPa)- ' I ‘/,/g’“i
o — T B : -/
0.600 . - 0.000 -+  752.668 - 1.300 0.000
- 0.023 0022 §52. 708" 1.771 - 0.040 _
0.067 . 0.078 . . 393.048 2,490 0.168
+0.112 - 0.135 ~ 270.587, 3.617 0.406
. 0.142 .0.187 . 230.800 4.24Y . 0.603
0.213+ 0.179, - = 18B.601 . 5.190 - - 1,125
0.307 0.202 .~ 145.663 6.719 2.060
0.381 . "0.224 - 124.406 . ' 7.868 3.000-
.0.471 0.235 . - 107.301 9.122 4.296
- 0.710% 0.258 85.645 11.428 ~8.117
. 0.830 "Q.269 - 78.067 12,538 ~10.404
¢.979 . 0.280 -~ .69.515. 14.080 13.789
©1:144 - 0.291 - ‘63.888 ~  15.320 17.523
1.398 0.363 - 585.711 17.569 24.560 .
1.592 7 . 0.314 o 51.109 - 19.151 30.493
1.7%7 -~ 7"0.325 ., 4B.083 20.356  ° 35.760
2.145 . 033 “43.357 . 22.575 48.433
2.415  _ 0.338 7. 42.356 ©.23.108 '55.795
2.848 ©:0.3589 O~ 39.005 25.093 71.468
3.0577 03364 36.980 26.468 80:922
S

+_'trﬁe breﬁkﬁﬁfbugh?
"+ inferred breakthrough.

.o
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‘Table 6.5 : Relative Permeability and Fractional Flow Curves
- Kaydol #2 , 20°C - (from JBN calculations).

{

MY

‘Water Relative-Permeability Fractional

Saturation ,  to Water " to Kaydbl Ratio(w/b) \ Flow
0-.034 , © 0.000 " 0.714 0:0000 0.000
0.229 ‘ 0.033 0.586 0.0563 0.911
0.236 0.038 0.598 0.0635 0.920
0.245 0.044 0.602 - 0.0731 0.929
0.253 0.050 0.599 0.0835 0.938
0.266 06.058 0.585 0.0991 - 0.947
0.274 0.064 0.571 0.1121 © 0.953
0.281 " 0:069 0.558 . 0.1237 0.957
0.295 0.079 0.526 0.1502 0.965
0.304. 0.085 0.504 0.1687 0.968
0,317 0.094 0.471 0.1996 - 0.973
'0.323 0.099 0.455 0.2176 0.975

-3
' '
s



Measured Datfa for JBN Calculations
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Table 6.6 :
- .- Kaydol #3 , 100°C -
Water Lo 011 Pressure ‘Relative -
Injected”  Produced Drop ° Injectivity W1,
(PVYy. (PV) (kPa)- T, :
0.000 -0.000 41.206 1.184 ‘0.000
0.003° ©0..000 38.880. . 1.255 0.004
0.034 0.033 . -36.079 - 1.352 .0.046
0.080° 0.066 33.701 1,448 . 0.116
0..095 0.099 34.104 1.430. 0.136 .
0.126 - 0.133 32.314 1.510 - 0.190
0.188 - 0.188 28.495 1.712 . 0.321
0.249 - 0.244 24.610 1.982 . -0.494
0.295 0.299 "19.916 2.449 - 0.723
0.357 ° ,0.354 16.023 T 3.045 . '1.086
0.418+ . 0.387 13.883 3.514 1.470
0.588*.. . 0.42) . 12.361° 3.947 -2.319
0.772 0.443 11.265 1 4.331 3.344°
1.003" 0.465 10.451 4.668 4.681
1..326 0.487 9.799 4.979 . . 6.601
1.587 0.498 ' 9.155 5.329 8.458
1.849 0.509 .8.894 . 5.485 +10.140
2.126 .~ » 0.520 8.633 .5.651 12.011
2.218 .- 0,523 .8:589 5.680 12.596
2.802 . . 0.53T 8.085 6.034 16.909
3 7.911 19

.233

0.542 .

&.167

.937 -

+

B3

_R

true breakthrough

inferred breakthrough
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Table 6.7 = Relative Pefmeahi]ify and Fract{oﬁal Flow Curves
C - Kaydol #3 , 100°C - (from JBN calculations)

Water . . Retative Permeability _ Fractional
Saturatioen . to Water to Kaydol Ratio{w/b) Flow
© 0.047 -7 - 0.000 0..601 0.0000 0.000
0.383. . . 0.110 - 0426 '0.2582 0.857

0.407 . ., .. 01127 0.355 0.3577 0.893
0.432 ©0.143 0.289 0.4948 0.920
0.459 . Y 0.162 . 0.225 0.7200 0.944
e0.4760 > 0,173 - 0.187 _.0.9251 - 0.956
0.491 - ++ 0,183 . '0.158 T 1.1582 0.964
0.504" - ©0.192 - 0.133 1.4436 0.971
0.508 . . C.-=0.195. 0.126 1.5476 . 0.973
0:531 - p.210 - 0.090 2.3333 ‘0.982
0.544 . 0.219 _0.071 _ 3.0845- .  0.986




Table G.8 :
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Measured Data for JBN [;é,lculations X
- Kaydol #4 , 20°C - : '

. Water 0il Pressure - Relative :

Injected ‘Produced - "Drop - - ‘Injectivity Wl

©(PY) (PY) - (kPa). - I ~
0.000 . 0.000 -, 960.033 0.983 " 0.00d.
0.015. - '0.017 :"882.982 1.069," . 0.017 .
0.031 ° 0.032 807:224 . 1.170 - 0.036
0.046" 0.061. 701.603 - 1.346 0.062,

S 0.062. 7. ", 0.075 612.012 17543 0.095
0.077. 0.097 -+530.307 - "1:780 . . 0.138
0:093 ' 0.119 ° 448.343 $2.106 ©0.196
0.108 0.134 . . 389.133 & - 2.426 0.263
0.124 0.148 ©.344.143 0 5 2,742 0.340 -

-0.139 1 0.163 " 311.5865° 3.030 0.422

. 0.155 0.177 279.245 . 3.381 0.523
0.217+ 0206 229.084 . 4.122 0.893
0.248 - 0.221- '208.141 | 4.536 1.123

1 0.294 - 0.23% 183.449 5.147 L .1.514

’ 0.325 . 0.244 171.771. 5.497 1.787
0.356 . 0.250 '160.017 5.900 2.101 .
v --0.387 0.255 153.590 6.147 2.379

.0.418 . 0.261 .~ 146.888 6.428° ~_ 2.686
0.433 0.267 " " 142.737 6.615 . - 2.867
0.464 0.273 130.483 - 7.236 3.360
0.480 0.279° 127.807 - 7.388 ©3.545
0.526 - 0.284° . 120.030 7.866 4.140
0.557 - 0.290 112.603 8.385 4.672.
0.635 0.302° ©102.725 9.191 5.833
0.697 0.308 94.697 . 9.971 6.945

v 0.743% 0.313 "89.021 10.606 - 7.88Q
0.805 .0.319 82.969 11.380 " 9.160
0.882 0.325 79.093 . 11.938 10.533 -
0.913 ©0.331 76.317 12.372 11.299
0.975 0.337 ~ 73,141 ¢ - 12.909° 12.589
1.084 0.342 -. . 68.289 . 13.826 14.981.
1.130 T 0.348 . 65.863 14.335 - 16.199 -
1.254 0.354 . 61.812 15.275 "19.152
1.331 0.360 ., 58.536 ©.16.130 21.473,
1.455 0.366 55.235° 17.094 .24 7873
1.548 0.372. 52.860 - 17.862 - 27.650
1.687 0.377 49.259 19.168 32.342
1.827 0.383 46.808 20.171 36.845

"1.950 0.389 44.807 21.072 41.100 -
2.152 0.397 48.799

41

.631

" 22.680 . .



8

v

Table G.8 {cont.) : Measured Data for JBN Calculations .
: - Kaydol #4 , 20°C - :

Water Gil

.326

123

true breakthrough

infer%ed_breakfﬁrodgh

Because of an unexpected pressure behaviour, the data.from’
-'this.point onward have not been included in the relative

permeability calculations.

232

.450. .- |

760

. 354,

Pressure Retative -
“Injected Produced Ogop Injectivity W1,
(PV) (PV) {(kPa) <1, :
2.245 0.401 40.656 23.224 152,127
2.384 0.406 '38.955 -24.237 ~57.779
2.685 0.412 - _ 37.205 25.378 . 65.605
2.817 0.418 34.904 27.051 76.210. .
2.926 0.424 '34.139 27.657 - 80.916
3.173 v 0.430 32.457 297090 92.313
3.3%0 . 0.435 31.039 . 30.419 103.123 .
3.684 0.441 29.277 32.249 118.813
4.009 0.447 27.342 34.532 138
4.211 0.453 26.876. 35.130 147.917
4.536 0.459 25.680 36.767 166.
4.721 0.464 25.067 37.667 177.837
.5,108 0.470 - 23.844 39.597 202.278
5.433 1 0.476 23.027 41.004 222.791
~5.789 0.482 22.118 42.689 247.147
6.161 -~ .0.488 21.474 43.969 270,892
6.563 0.493 20.852 45.280 297.197
6.935 0.499 - 20.256 . 46.613 " 323.260
7.477 0.505 19.590 48.196 . 360
7.864 " 0.511 19.255 49.035 385.598 "
8.483 0.517 ,18.868 50.041 424,496
8.885 0.522 18.638 50.660 450.135
9.721 0.528 18.551 50.897 494.792
10.279 -. 0.534 — 18.181 © 51.932 533.797
18.978** . 0.583 33.445** 28.231 535.782
19.783 - 0.587 32.492 . 29.059 574.881
21.068 10.592 . 38.905 . 24.269 511.298
22.756 0.598 43.582 21.665 492.989
24.273. . 0.604 47.108 20.043 486.495
26.177 1 0.610 52.034 18.145 474.984
27.709 0.615 51.334 18.393" 509.650
29.319 0.621 52.034 18.145 532.004
40.991 0.642 103.800 9,096 372.860
'41.951 0.644 106 §.886 372.525

-
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Relative Permeab111ty :arid Fractional Flow Curves

--Kaydol #4 , 20°C - (from JBN calculat1ons)

Water

* Saturation

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
8
)
0
0
0
0
0
0
0
0
0
0
0
0
0

.047
.284
.290 -
.297"
.300
.305 -, .
312
.316 -
.323
.328
.334
.339
.345
.351
.356
.363
.366.
.371
377
.383
.392
.397
404
.409
410
414
420
. 423
. 429
434 - -
.439
443
5448_
). 453
.459 "
'0.463
1469
473
480
. 485

Relative Permeability.

Fractional

to Water to Kaydol Ratio(wib) Flow
0.000 0.626 0.0000 0.000
. 0.027 0.586 , ° 0.0461 0.897
“0.029 0.582 0.0499 0.905
0.032 0.577 0.0555 0.913
.0.033 0.575 0.0574 0.916
0.035 - -0.571 0.0613 0.921
0.039 .0.565 0.0690 0.928
0.040 0.562 0.0712 0.931
0.044 0.556 0.0791 0.938
0.047 0.552 0.0851 0.941-
0.051 0.545 0.0936 " 0.946
0.053 0.541 0.0980 0.949 .
0.057 0.534 0.1067 0.953
0.061 0.528 0.1155 0.956
0.065 - 0.523 0.1243 0.959
0.070 0.515 0.1359 0.962
0.072 - 0.512 0.1406 0.964
0.076 0.506 0.1502 0.966 .°
0..080. 0.499 0.1603 0..968
0.086 . 0:492 0.1748 0.971
0.094,- ° . 0.48] 0.1954 0.974 -
. 0.098" 0.475 0.2063 0.975 -
0.104 0.467 0.2227 °  ® 0.9717:
0.109 © 0.460 0.2370 0.978
0.111 0.458 0.2424 0.979
0.114 ©0.454 0.2511 0.979 "
0.120 ~0.446 0.2691 0.981
0.124 0.442 0.2805 0.981
0.130 . - 0.434 0.2995 0.983
- 0.136 0.428 0.3178 0.984
0.141 “0.421 - 0.3349 0.985
~0.147 :0.415 0.3542 0.985
0.153 '0.408 0.3750 0.986
0.158 " 0.402 0.3930 0.987
0.165. 0.394 0.4188 - 0.988
0.170 . 0.389 0.4370 0.988,
0.178 - ~ 0.380- 0.4684 0.989
0.183 . 0.375 0.4880 0.989
0.193 0.366 0.5273° 0.990
'0.199 0 0

1359

.5543

©0.991
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- Kaydol #5 , 100°C - -

Water 0il Pressure Relative .

Injected Produced . ~Drop Injectivity
(PV) - (PV) (kPa). SRR SR
0.000 0.000° 40.761 . 1.119
0.098 0.100. 32.684 . 1.39%
0.114 0.114 31.679 '1.440
0.130 0.128 30.295 1.506 0.
0.145 0.149 28.982 1.574 A0
"0.161 0.171 0 27..333 1.669 i
0.177 0.185 26.498 . 1.722
0.193 0.199 25.084 1.819%
0.209 0.213 24.136 1.890

. 0.224 0.228 22.844 1.997
0.240 0.242 22.082 . 2.066
0.256 0.256 20.982.° 2.175
0.272 0.277 19.512 2.338

- 0.288 0.299 17.863 2.554

< 0.303 0313, 16.402. 2.782
0.319: S 0I327 14.631 3.119
0.335 0.341 12.696 3.594
0.351 0.356 112.365 - . 3.690
0.382 0.384 11.517 3.962
0.430+ 0.398 . 10.847 4.207
0.446 0.404°"° 10.573 4.316

. 0.461 “0.410 10.173 4.485
0.477 0.415 9.973 4.575
0.525 0.421 9.559 4.773- ¢

0.540, 0.427; 9- 398 4.855,
0.572, 0432, ©9.124 5.007
0.619. 0.438 8.876 © ~5.140
0.667 . . 0.444 - © 8.568" . .5.326
0.698 0.45¢ 8.420 '5.419
D.762. 0.455, . -8.041 5.674
0.809* 0.461 ° . 7.919 5.762
0.888 0.467 - 7.776 : 5.868
0.951- 0.472 7.693 . . 5.931
1.014 . 0.478° 7.458 ' 6.118
1.078 0.484 - 7.144 .6.387
1.172 | - 0.489 6.850 ~ 6.661
1.267 0.495 . 6.773° . 6.737.

" 1.646%% 0.518 9.916** 4.601
1.789 0.523 . 9.768 4.671



_ Table 6.10 (cont.) :

Heasured Data for JBN Calculat1ons

- Kaydol #5 , 1007 C -
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data from this point onward have been
_relative permeabtlﬁty calcu]ations

9

considered for

e - 7 - T
. "Water . gil. . Pressure Relakive o
Injected. “Produced Drop Injectivity THT
PV T {PV) {kPa) . . :

. 1.915% 0.529 9.525 4.791 , 9.174
2.168 ©0.541 , 9.203 4,958 . 10.748
2.731° . 0.558, .9.107- 5.010 13.711

" 3.068 . 0.563 ~B.h81 5.318 16.316
3.290 0.569 8.411 . 5.425 17.845.
3.495%5 0.575 8.263 5.522 19299
3.811 " 0.582 "8.111 5.626 21.439
4.127 . 0.586 - 7.954 -5.736 23.674
4.364 0.592 71.937 5.749 .- 25.088
4.680 ° . 0.597 . 7.846 5.816 - 27.218
5.217 .. 0.603 7.650 -5.965 31.119

. 5.b44 0.609 7.558 6.037 34.070

" 6.165 0.615 7.398 6.168 38.027

118.347 . 0.643 6.415 7.113 130.501.

- 25.694 0.649 ° - 6.240 7.313 187.888B

42:758 0.653 5.977 7.634 326.412
"+ true breakthrough
* inferred breakthrough ~—

* K 7Because of .an anoma]y an the pressure drop behaviour,
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T Re1atlve Permeab111ty and Fract1onal Flow Curves

- Kaydo] 5 , 100 C - (from JBN calcu]at1ons)

i

Water

2.

Relative Permeab111ty

FfacfioﬁéT"'

Saturation:” to Water - to Kaydol. Rat1o(w/b) Flow
. 0.058. 0.000- " 0.535 .*70.0000- . 0.000
-0.478 . .. 0.181 ©°0.209., . 0.8660.0 - 0.942° o
0.489 .. 0,187 02191 70,9791 7 L . 0.949. e
0.498 = 0.192. 0.178 0.0 1.0787 ' 0.953 '
© 0.513 -0..201 +:0.155 .0 1.2968 0.9 TN
. 0.540 0.217 0.119 -  1.8235 0.972 -
0.553 0.226 0.104 S 2.1731 0.976 -
"0.560 0.230 ° _-. 0.095 . 2.4211 0.979
'0.566 - 0.235 "+ 0.088 . Z2.6705 0.980
0.575 .0.241 0.079 .. 3.0506 "0.983
0.583 0.246 0.072 -3.4167 . .. 0.985
0.588 0.250 0.067 © 03,7313 ¢ 4~ 0.986
.0.595 0.255 ° 0.061 4.1803 0.988
- 0.604 7 0.263 p.053 - ©4.9623 - .0.990
0.611 "0.268 0.048 5.5833 . - 0.991 |
0.619. 0.274 .0.042 6.5238 0.992
- 0.687 0.343. 0.006 -  57.1667 0.999
0,700 ° 0.361 . 0.002 " 180.5000 . - 1.000
0.714 0.385 0.000 - infinity - 1.000.
— g k :



Refractive Indéx:(micron)

148 L

1.47.

© 145

144

©.o2371

1.46

' 1.43 : " i | N : .l l‘ 1

o 20 .40 60 - 80

_Weight % Kaydol .

Figure 6.1 = Refractive Index. Calibration for
a ' Kaydol-Mineral Spirit Mixtures,

i
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The analySIS presentcd here1n is' “¥ntended to give an overview of

some basic¢ stat15t1cal def1n1t1en3 and calcu]atlon procedures used

in this document It is -assumed .that the data fall into an ‘ap-

Lo - ’ . ) ’

prox1mately norma] d1er1but1on or ‘that the histogram of the ob-
. - . N l .

servat1ons f1ts 1nto a be]l shaped ‘curvé Statistical inference

is used to corre]ate the data by mak1ng statements about an entire

- populathon based on. .a .raddom Aﬂample of observatlons from that

popu]at1on

y .. R . . L o N . " - . .

_The:averqbe.or mean, x, of a'sample of n observations is:

.An \..
e E o : SR T (U
. n . . i R . o
"The sample standard deviation, s, is given by: A .
. . “o.5 . L -
- Lo - 27 -
b (-x', - :()1 ) . .
s = "=!ﬂdl = : o (H.2)

¥

r

In order to est1mate the meaﬁ m, of'a'pepulation; and to find how
close x is 11ke1y to be- to m, the concept of a confldence lnterval
is used. ‘A 95% coﬂ{:dence 1nterva1 1s ca]cu]ated From the sample, -

which W111 cover the unbnown gppu]atlon mean 95% of the t1me The

value 95% is defined~ as the confidence level gf the rnferval.

“yhen the standard deviation of ‘an’ entire populé@ion i$ unknown,

- -

- - .
the usual two-sided t confidence interval for the population mean

is:
X - t*(s/¥n) Sm S X + t*(s/¥n) ‘ (H.3)
. il i .

Y
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where t* is the value found in a table of Student's t-distributioen
with (n-1) degrees of freedom <for the "desired cohfidence level.
The factor (s/Vn) is also called the estimated standard deviation

of the sampling distribution of X. Furthermore, a t-test can be

used as a tool to test hypotheses for individual population means,

“and for comparimg two means.

———

_ﬂheh'éne wants to compare data from more :than two different popu-

‘lations, one may use an analysis —of variance. A one-way analysis

-of-ﬁariénce is” a statistical procedure “thaf determines if the

vafiation'betweeh groups or populations-is significantly different

" from the variation within a group _or population, provided that

"there is a Fandom-samp]e from each population. Individual confi-’
“dence. intervals for each population mean are calculated.in a simi-

“ lar manner to equation (H.3) by:

x; - tf(spwﬁj).s mp< x; o+ tA(s, /Vn)) o (H.q.)..'r_:_

where s _ is. the pooled estimate of the common sthndard deviation.

to all populations and is expressed as:

orro,r)

K - . A N .
s s (ms o5 & (K.5)

Also, t* is the'Qalue from a t-table corresponding to the degired
confideﬁce level and the dégréésl'ﬁf”'Tréedom associated with the

meav_square error, M5 . .. which is defined as:

[ - . ;
’ " r, T .



/check if the variation between populations (MS
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- ,L--’
R, n a 2 '
Perror JE1ai§1 (] : i :
M_Serror - i =‘ — R ; (H'.‘G)‘
D . Z N -R
- error 1

I8 . ’ . . r

R

fwhere z N is the total number of observhtith'for all popu]ations.

i=1
The above. equat1on applies to the varmat1on within ‘any population.

Ji;%\rly, for the variation between R populat1ons

Ty

factor.- . z ,N’ (x; - x \

i 0verol_.|)

MS(hetor = = T ————————— (H.7)

A useful statistical test, ca]ledl‘the 'J—test. is performed to.

factor) 15 greater

- than the variation- due to random error within a population

(MS_ ). The F-ratio is calculated as:
error .
, #
Mslocior . 4 ' T
. Fos : (H.8)
error

‘Tﬁeq, the critical F-ratio, F*, is.determined from an F-table dis- ¢

" tribution with the knowledge of the confidence level, the degreesﬁ

of freedom for the numerator and the denominator of the F-ratio:

e

. _
F* = F(CL; OF lyass OF o) « 0 - (H.9)

If-F is larger than F*, one concludes that there 1s a significant

+

statistica]‘difference between these,popuiatlons.

s
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Statistical ca]culatioﬁs have.been performed ‘using SPSS™, a com--
puting system specifically developed for: this function. - This
program is available on the- University of "TAlberta's MTS system!
The tabulated.t agd F distribﬁtipn penceﬁti]es to determine the
appropfiate t* and F*, respectively, can be found in Staq]ey
(1973). The following example will try to illy§trate some of the

statistical concepts that have been presented above.

For the end point experiments, the absolute permeability of each
core was initjally determined at room téﬁpefétuﬁe. An analyéds‘of
variance showed that the room temperature absoilute peémeabilitie;

of the cores were not statistically different. For the statisti-

cal analysis, the cores were grouped according to the final exper-

-

imental temperaéure Ieye] (varjab]g v2, Table H.l). The results
shown in Table H.Z2 (Foﬁputer ouppuf). .The‘85% confidence inter-
vals-for the raverage péfmeabi]ity “of. eachlfemperaturé level in
Table\H;2 indicaté no differénge'as shdwﬁ by their overlap for all
but-dne avéfaée”pérmeabi]?ty (level 2). The calculated F-value-
(F;2.72) is larger than the critical F*-value (F*=2.26). However,
a muitiplé group comparison ‘test (Scheffé) indicates that-no two
groups are s1gn1flcantly d1fferent at the 0. 05 1eve1 of probab1]-
ity. These results have. formed the bas1s for the determ1nat1on of

the éffect-pf.temperthre on abso1utg permeab1llty that.ls pre-

sented in Figure 4.1 (Section 4.1.3).
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Table H.1 : Data for Variance Analysis
Core/Run Permeability (d)} - Experimental Temp. Leve)
No. vl - Temperature (°C) V2
END-01 2.034 - . 124.7 3
END-02 2.069 : 126.0 3
END-03 1.774 - 175.0 5
END-04 1.781 175.2 5
" END-05 1.974 124.6 3
END-06 1.672 - 124.8 .3
END-07 * o : 174 .4 5 .
END-08 1.493 — 150.0 4
END-D9 1.562 - - . 150.0 4
END-10 1.736 150.4 4
END-11 1.918 - 150.6 4
END-12 1.594 225.2 7
END-1% 1.637 ‘ 125.0 3
END-14 1.548 225.5 7
END-15 1.501 « 125.2 3
END-16 1.495 250 .4 8
END-17 2.008 . 174.6 5
END-18 1.578 250.6 8
END-19 1.585 174 .4 5
END-20 1.457 200.6 6
~ - END-21 . 1.652 199.0 6
END=22 1.345 224.8 7
END-23 ~T—.__  1.505 249.9 B
END-24 650 174.6 5
END-25 1.480‘"‘“‘--‘iﬁ\_ﬁ5‘;99.0- 6
END-26 * 1252 3
END-27 1.242 124.0 —~TT———— 3
END-28 1.235 124.8 3
END-29 1.238 100.4 2
END-30 0.959 - 100.4 2
END-31 1.014 100.0 2
MID-01 1.274 124.7 3
MID-02 1.174 : 124.7 3
MID-03 1.161 | 125.6 "3
MID-04 1.193 124.6 3
MID-05 1.209 125.0 3
MID-06 1.287 . 174.8 5
MID-07 1.163 125.4 3
MID-08 1.169 : 125.2 3
"MID-09 1.234 175.2 5
MID-10 1.209 1756.2 &L_;,
MID-11 - 1.154 125.2 3
MID-12 1.278 125.0 3
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' -

N o o S
Table H.1 (cont.) : Data for Variance Analysis ._?Ti_gh

R =

Core/Run - ¢ Permeability (d) ) Exberimental_ﬁﬂ-?T1Temp; Level

No. -~ . N - - Temperature-(°C) . V2
pIS-01 1.296. . . . 124.4 S
DIS-02 1.183 ) 124-.8 -3
DIS-03 o ‘1.169 : o +125.6 3
DIS-04 v 1.162 . 125.0° - 3
DIS-05 1.293 . '_ o 126.0 - 3
KAY-01 1.253 . . 19.2 . 1.

- KAY-02 1.14% o , 20.6 1
KAY-03 1.122 o 101.1~ L2
KAY-04 1.370 : . -23.4 . 1
KAY=05 1.061 . ) < 100.0 ,"#\;

*  larger sand fraction

: N -
. B ’
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