- erned by the Canadian Copyrlght Act,

NL-339 (r.

B AN a N ! » '

* CANADIAN THESES ON MICROFICHE

- THESES CANADIENNES SUR MICROFICHE

RS

Colan

l * National lerary of Canada
_ Collectlons Development ‘Branch

.'f'anadian Theses on

Microfiche Service sur microfiche

Ottawa, Canada o
- K1A ON4 _ » o

NOﬂCE‘

~The quallty of "this mlcrofuche is heavnly dependent
“upon the quality of the original thesis submntted for .

microfilming. Every . effort has been made to ehsure

rthe hlghest quallty of reproduct:on possible.

If pages. are missing, contact the umversnty which

» granted the degree.

Some pages may have indistinct ‘print especially -
if the original pages were typed with & poor typewriter

- ribbon or if the: umversuty sent us a poor photocopy

- t'

Prevnously copynghted materlals (1ournal art|cles

publlshed tests etc.) are not filmed.

3
N

P

Reproductnon in fyll or in par; of this film is gov

c. C-30. Please read the - authonzatuon forms whnch
accompany thls thesus . :

THIS DISSERTATION

'HAS BEEN MICROFILMED
- EXACTLY AS RECEIVED

-’1“‘

Ay

82/08) ~' .

R.S.C: 1970;. .

1S.B.N. .

Bnbhotheque nationale du Canada
Direction du développement ded collectlor‘l\x -

- Service des théses canadiennes

AVIS .

La qualité de cette micrdfiche dépend grandement de
la qualité de la thése soumise au microfilmage. Nous
avons tout fait -pour assurer  une qualité supérieure

. de reproduction.

S'il - manque . des - pages, veuillez communlquer

- avec.l'université qui a confere fe grade

La qualité d:mpressronr de certaines pages- peut
faisser & desirer, surtout si' les pages ongmales ont été

' dactylographlees a l'aide d'un ruban usé ou si I'univer-

sité€. nous a fait parvemr une photocople de mauva:se
quallte

Les documents qun font deja I'objet- d'un’ dr0|t

'd auteur (articles de revue, examens publles etc.) ne

sont pas microfilmés.

La. reproductnon méme partlelle ‘de’ ce microfilm

est soumise' a la Loi canadienne sur le droit d'auteur,
.SRC 1970, c. C-30. Veuillez prendre ,connaissance des
' formules d’ autorlsatuon qui accompagn@nt cette these e

. LA THESE A ETE -
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

“

[ |

Cana



“*

Natnonal lerary

| i

em?nada * du Canada ¥

- C dlan Theses Dwnsuon - Division des théses canadiennes
Ottawa Canada | |
'K1AON4 -

53915

‘.f‘

PERMISSION TO MICROFILM — AUTORISATION DE AICROFILMER |

"\

Blbhotheque natlonale

-3 15— 6599y X

{

" e Please print or type — Ecrire en I‘ettres moulées ou dactylographier ‘ o o -

J

. Full Name of Author-—.— Nom complet de |'auteur.

.‘T/\CcoJO'fQ' U . /-/’é(uqm fe//J

)}\;

< Date of Birth — Date de naissance

08/09/ 57

Country of Birth — Lleu de naissance

Permanent Address — Résidence fixe

NOV\ )TJ/"'{"A?//M,,O/

Cf/in d«/f/L

Title of Thesis —-Tltre de la thése
. S |

H

thu@wJ;¢y of /)/Ke,;f‘pt

/V(IIC/A /f ﬂ/\g’ﬁ/%c&m%f

NS

,,ﬁ’

University — Université

Mse.

“®

o P

/%7‘*/& /—@u p g/’)/)h e ) .y

Degree for which thesis was presented — Grade pour lequel.cette these fut p_resentee/

RN - \

Year this degree conferred — Année d’obtention de ce grade "

fal)l, /9P

Name of Supervisor — Nom du directeur de these

Permission is hereby granted to the NATIONAL LIBRARY OF
CANADA to microfilm this »the3|s ‘and to lend or sell copves of
. the film. g

“
The author reserves ofher publlcatnoﬁ nghts ‘and ne)heru the
thesis nor extensive extracts from i may be printed or other-
wise reproduced without the authokr written permission.

-~

;

5/14, /Cd/(jbtlg /4/,

- o T weas . R
L'autorisation est, par la présente, accordée’a' la BIBLIOTHE-
QUE NATIONALE’DU CANADA de microfilmer cette thése et de -
préter ou de vendre des exemplaires du film. -

Lauteur se réseérve Ies‘autres droits de publlcataon ni la thése
*.ni de fongs extraits.de celle-ci ne doivent &tre imprimés-ou
autrement reproduits sans l'autarisation écrite de I'auteur. -

1

Date . 4

JQ%‘O(&V,G/P{ '“\e‘

Signature - ' ' LT

7

NL-91 (4/77) ..




' THE UNIVERSITY OF ALBERTA

: Non—ISdthermal Miscible Displacement

by ,;

<::::) Theodore W. J. Frauenfeld:

k4

n

A THESIS )
SUBMITTED TO THE«FACULTY OF GRADUATE STUDIES AND RESEARCH
IN' PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE

OF Master of Science =

N
-

.kv . "j: . IN

Petroleum Engineering . i

~ Department of Mineral Engineering ﬁf
: o

.~ .- EDMONTON, ALBERTA

Fal 1;{\1981' '



¢ .. THE UNIVERSITY OF ALBERTA

._RELEASE' FORM
03 .I\"

4 NAME OF AUTHOR \Theodore W. J. Frauenfe]d

Non-Isothermal Miscible
DiSp1acement

TITLE OF THESIS

DEGREE FOR WHICH THESIS WAS PRESENTED -Master of Science

YEAR THIS DEGREE WAS GRANTED Fall, 1981 = \

4 .

- present to the School of Gradu te"Studies, MWniversity of Alber;é, for

acceptance, a thesis entitled "Non-Isothermal Miscible DispIacement“.'

JFurther, permission is heréby granted to THE UNIVERSITY'OF.ALBERTA
LIBRARY to reproduce s1ng]e cop1es of this the51s ‘and to lend or se11

: such cop1es for private, scholarly or sc1entif1c research purposes on1y..

- \
CsINED SN WM T s
N\ R. G. Martin

" Head, 011 Sands Department
‘3A1berta Research Council -

: CocTiewM
DATED weuvveveennnesacsansees 19

Permission is hereby granted to THEODORE: W.' J. FRAUENFELD to - . -



THE UNIVERSITY OF ALBERTA
FACULTY OF GRADUATE STUDIES AND RESEARCH

4

The undersigned certlfy that’ they have read, and recommend to the

Facu1ty of Graduate ud1es and Research, for acceptance, a thesis

. entitled Non Isothermaggy Miscible D1sp1acement submi tted by Theodore

H

‘w. J. Frauenfeld in part1a1 fulfilment of the reqmrements for “the

degree of Master o‘f Sc1erle in Petroleum Engineermg

¥

\

(A A RS ENA LR N RN XER I NI I I AN S

D. R. Prowse

Date 481974])%/ . /ﬁf?/ cees

-



ABSTRACT

! t
. N i
- W |

o
This study investigates isothermal and n n-\jotherma1.-misc1b1e

d%ép]acement”in a porous medium. The effects of|se eréi parameters on
"dispefsion are studied, inéludi;g‘the effect of a temperature front on
the _prdcéss. © The. work @oné_.inc1udes‘ a _serie% of experiméntal
-measurements of thermal  and concentration ﬁrofiles ifor two component.
.disp1acehent ~and numeri@gL ;simulations of several experiments. The
development of- éhe numerical. simulation prograﬁ igﬁ'aescr{béd. Thié :
: §imu1atioh is\uniqué ithhat the equations are 1inked‘by température.- A

dimensional sca]ihgystudy of the one dimensional equations and of the

displacement parameters is also included.
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| . INTRODUCTION - ..
'_MiSCib]e'fToods have heen useg'ouite succéssfully in some types of
" conventional oil reserVOTrs‘to 1mproVe:the recovery of oil. In these
. f{oods, soivent‘(high preSSUreggas, propane or 1iquid carbon dioxide) is
. . - | o

~

used to disp]ace 011. D h | |

For heavy’ 011 recovery the use of a‘so]vent dr1ven by steam. or. by
| a hot water bank has been proposed i " This method has been'stud1ed by a:
number of 1nvest1gators, 1nc1ud1ng Farouq A11(1) 1 It' has the

character1st1cs of both m1sc1b1e d1sp1acement and steam: f1ooding

Attempts ‘to study this process by scale- mode]s must sca]e both heat
transfer and the d1sp1acement process.f This 1eads_to_djff1cu1t3es in
sat1sfy1ng the relevant cr1ter1a.' "

The prob]em was therefore defined as fol1ows

~

9

% A porous medjum is saturated with a.hydroeanbon ftuid which is -
| rdjspTaced'by_a,setond;hydrocarbon fluid. ’The.disp1acement frontimoves,
| at'a eonStant véTocity;* The d1sp1acement front 15 accompan1ed by a
therma1 front moving at a dlfferent ve1ocaty. The pressure drop w1th1n
the porous médhum is a function. of the v1scos1ty of the mov1ng fluid.
Th1s viscosity is a funct1on of f1u1d temperature and compos1t1on ..
TV'.The probTem,was approached by kto'methods. b °
. i. An experimenta] approach, in whichfthirty'sfx expertments in three
sand packs were used to explone the effects of f1u1d ve1oc1ty,
inlet mob11?ty ratio, 1n1et temperature gradﬁent and sand part1c1e
size on d?%pers1on., of partxcu]ar interest was the 1nteract1on
between the d1sp1acement front and the thermal front.
2. A numerical s1mu1at1on in which the equations for d1ffus1on heat
transfer, and" pressure drop were solved ‘by ‘af finjte »difference

.t
-



method.‘
‘ The.goa] of_theinumerﬁ§a1 mode? was,tOygimu1ate the interactions
of fhe‘ thermal frdnﬁ and ,the ~dispersion front; as . detenpinea
expehﬁhenta]]j. LThe study included é~sca1ing analysis of the problem

which demonstrated the incompatibility of the sca1$pg~§roubs.

¢



I. SURVEY OF THE LITERATURE
* The use of laboratory models to study displacement processes in oil
reservoirs requ1res that the models be proper1y scaled. The scaling
process determines the d1mens1on1ess groups re]evant to the process
under study and adJUStS ‘the var1ab1es of the mode] so that the values qf'
tlthe dimensionless groups for the f}e]d and the model are. equal.

There are  two methods: for deriving the relevant dimensionless
groups. The first method is dimehsidna] analysis. In this method,‘
var1ab1es are repeated]y comb1ned unt11 a usefu1 set of dimensionless.
’groups is obtalned. This techn1que only requ1res that the complete set
of{neTevant variables are known, The procedure has been descr1bedﬁby
Greenkorn (2)'.and by Geertsma, Croes and Schwartz (3). The second
methOd is 1nspect1ona1 analysis. In this- procedure - the equations
governing the system under study are written in dimensionless form and
the~resu1t1ng dimensionless parameters are combined to yield a 'set of
dimensiOn]ess groups. Geertsma, Croes and Schwartz (3) have described
‘this procedure and have derived sca11ng groups for. waterf]ood1ng, hot
waterflooding, and m1sc1b1e‘d1sp1acement. The resu1ts of d1mens1ona1
‘and 'inspectiona1 analyses on ‘the non—isotherma1 miscible displacepent
" problem can be found in Appendix A. | |

The resu1t's of these ana(1yses show ’th_at theprowem cannot be
scaled sat1sfactor11y due to conflicting scaling criteria. The -fluid
jf]ow and heat transfer groups demand that the model flow ve10c1ty and
permeabi1ity be"higherf.than the prototype values, but the dispersion :
"scaling group demands that the term' ydp (f1ow ‘rate X particle
diameter) be eoua] to. the prototype value. Since the miséible

zd1sp1acement heat transfer problem cannot be adequately modelled in the
o) .



laboratory, it is necessary to pred1ct field performance by a numerica]
mode] | \

The effect of different variables (Yelocity, permeability, temper-
atUre?JViscosity) on the dispersion coefficient kgq is_pf'interest to
anydne who would 1ike‘\to_ predict the performance of a iaboratory or
field experiment. Miscible disp1acement experiments have been described
by a number of investigators. Br1gham Reed and Dew(4) reported experi-
ments in wh1ch the parameters ve1oc1ty, length, part1c1e size, v1sc051ty
ﬂrat1o and core d1ameter were studied. They determined that:

i:‘ At fa;ourab1e viécosity rat%os (M<1) the displacement wasf -
, adequate]y,descr1bed by a theoret1ca1 solution. _ _

2. : The d1sper51on coefﬁ1c1ent kd changed by a factor‘of 5.7 when the
mob111ty ratio was changed by the same factor (from 0.175 to

0.998). Th1s implied a linear re1at1onsh1p between mob111ty ratio

and dispersion.

3. ; when the viscosity ratio became‘unfavourable the theoret1ca1 errpr
funct1on curve could no longer describe the recovery prof11e.
4. Vlscous fingering or bypass1ng of the d1sp1aced 011 by solvent was

ev1dent at- unfavourab]e mob111ty ratios. ‘ j 5
S. At low rates of f]ow, the dispersion coefficient kq was found to

be independent of ve]oc1ty. .

6. At higher flow rates the dispersion coeff1c1ent was a function of
velocity and of particle diameter. /

These results form the basis of the equatidh kg = D + ovdy.

sziﬁ and Blackwell(6) derived a set of scaling ‘criteria for
isotherma] miscible d1sp1acement " Their experiments were performed

pr1mar11y in the unfavourab]e “mobility ratio reg1on and were used to

»



validate the scaling criteria developed by inspect%onaT analysis. The
regions in which these scaling criteri are valid were also defined.
B]ackWe]](S) neported'an experimeéntal study in which a dimensioh-‘
less dispersion ntmber kq/Do was 1ot§ed_ against a d{mensioniess
veloéity group ydp/Do. From- .thijs plot the fegions in which
diffusion domihates (vdy/Dy < 0.4), and in which convective mixing -

_dominates (vdp/Do > 4) were determine? v - o

Van der Pol(7) reported results \which indicate that. diffusion is
the,dominént mechanism under field copditions. He also Fepbrted that
small core experiments in both the mfxing:dominated.‘range and the
diffusion-dominated range . produced results which agreed well “withb
B1ackwe11's'work. It was concluded that the dispersion coefficients
" determined. in iaboratory core models! would.make scaling of diépersion
difficult ar impossib1e'in the 1ab6katory. - S o

Experiments Qn dispersion of thermaljenergy were reborted by‘G;een,
Perry and Babcock(8). ,Théy presented a numerical so]ution to the heat
transfer\probiem. This'soiution was a'convectioh—diffusion equqtidn and
brovided valid solutions as'1opg as sta51é flow prevailed. Stap]e f16w
was maintained by injecting a chilled ‘1iquid in ‘order -to_ produée- a
favourable mobility ratio. | ‘

. The calculations of thermal disheréion by_Green et.a1(8) show that
thermal - diffusibﬁf may occur through two ’méchaniéms. At low rates,
conducfion~§redominates and thé static conductivity of the system is tﬁe

effective diffusion rate. A plot ?f vdy vs ki indicated  that

at higher rates dispersion begins to dominate ~the heat ‘transfer

) . s ‘ ' .cm3 C
process. This transition occurs at vdp/kh = 0.005 " ; . At



rates below the value of Vg, = 0.0025, the heat  transfer
- coefficient k, may be represented by a constant. At htgher rates, the
condﬁction coefficient will fnc]ude a velocity dependent term.

Perkins and’ Johnston(9) reviewed a number of papers on dispersion
and miscible displacement, and covered the- topics discussed above. They
also .discussed the effect of an immobile gas saturatioﬁ on dispersion
coefficients. ‘. | )

In order to”test the validity of the equations and coefficients
used tbldescribe the miscible disp]acéﬁent procesé, it is necessary to
solve these equatidns using finite difference techniqué?. A number of
{authors (10, 11, 1£, 13) have presented.techniques for dealing with the
equations describing the heat and méss ‘transfer. vaeaceman and
.Rachford(10) wused a combined backward and central difference approxi-
mation and solved the resulting equations by ‘an iterative technique
Ausing an implicit difference formu]&t%on. Their so1utioﬁ also included
a;pressure solution for two-dimensional {sothermal incompressible flow.

‘Chaudhari(11l) discussed some of'the limitations of Peaceman and.
Rachford's method and suggested a scheme which*wou]d\ejiminate most of
the 'ernofst inherent 'iﬁ this technique. Chaudhari used an explicit
finite difference teéhnique in which the numerical error was cancelled.

o Laumbach(12). presented a high-accuracy, semi-implicit technique
- .known as thé Truncation Cancellation Prbcedu}e. This method uses a
system of equations at three spafial levels and two time 1eveis which
gives vrise. to a tridiagonal matrix. The ~resq1té presented for this’
hoﬁution system indicate that goo& results may be 6bta1ned‘even when a

small number of boints are used. A further advantage of this method is

that it.is stable for large At values. This-procedure was used by



h
Awang(13) to simu1ath\one7dié;nsiona1 heat and mass transfer in a porous.
medium. | | .
.’Awang performgd several heated injection miscible dispiacementﬁvin

' brder'tg examfné'nsn—isofherma1'dispersig?. A numerical sihu1ation‘6f
the convection-diffusion equation forlﬁoth heat and mass trén;fer was -
performed.,~The results'of»these experiments 'showed that a dispersion
coefficient as a function of de only ch]d not be used to que] a
heated‘mjscib]e diSp]acehent.' The results also indicated that the local
viscosity ratio was not constant throughodt‘the experiment and was a
fuhction of fluid comppsition and temperature; The disperéion»obtained
in these experfménts_ was found to be temperéture sensitive, as it |
varied with the thermal gradient in the back...The results of this work

cémbined With the results of Brigham, Reed»énd Dep(4) shggést that the
| thermal gradient'in the pack may produce a viscosity ratio varijation
which influences the local dispersion coefficient Kq-

-~‘Le9gntha1(l4) described a fourth degree accu&ate procedure known as
the Operator Compact Implicit (0CI) method. This method achieves high
acguracy without resorting to the large number of poihts required fo‘

solve each equation by‘standard fourth degree implicit systems. In the

0OCI 'system the operators defining the function at the i-1 node, the i

Y
\

node, and the i+l node are generated using only these three. points
. rather than the Ffive points normally required for a fourth degree
one-dimensional system. Solutions po the Buckley-Leverett diSp1a¢ement
problem were presented, which demonstréted a soTution which is more
accurate than the §o1utions'obta1ned by a cbnveﬁgional finite difference
method 6r by thg Galerkin method. ,

M111er(24) has discussed extensively the effect of condensation
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) n ’
fronts and thermal fronts on the stability of a moving fluid interface
in a porous medium. His work on the stability of a steam front involved -
~the derivation of a stability criterion in Lwhich‘ he, assumed a
dfsp1acemenf front which contained a small wave-]igﬁ perturbation. The
regiohs in which thé perturbation. would grow, decéylor remain constant
were then deiineéted by a summation of the forces tending to cause
instability or to damp the pe;turbation. Miller concluded fhat a
decrease in volume-of fluids at a Eonden;ation.front or a thermal front
would tend to favour the stabiiity of the froﬁt. He presented the
example of a steam front, which woﬁ]d remain stable in épite‘ of the
unfavourable viscosity ratio between water and steam. His analysis 3150
" considered the effect of/;the heat released by- éondensation, on the

stability of a thermal front. .. ‘
Mj11er(23) also examined the stgbj1ity of moving interfaces due to
| phase tranéformation or mass transfe}ﬂ The effect of interfacial
tens%on:‘on interface stability was examined and it was found that

interfacial tension had a stabilizing effect in most systems.

M1}t7r and Ja1n(22) described the stability cr1ter1on for another,
'type of system cons1st1ng of the vapor1zat1on or condensation of a
dilute fog. .They determined that t€Z~;31n or loss of volume due *to the_
“thermal energy absorbed or }e1eqsed by the process was the factor which

‘stabilized or destabilized the process.

\



II. EXPERIMENTAL APPARATUS AND PROCEDURE

The apparatus, as illustrated in Figure 1, was similar to that

empioyed by Awang(13) and by Brigham-et al.(4) Modifications specifié

to this project are: . )

1.

" thermocouples are inserted.

A 4:1 flow multiplying cylinder is used in the system in ordgr fo
provide flow rates beyond those available from a Ruska pump.

The insulated core assemb1y is enclosed in a pressure vessel in
order to allow for ‘the use of a confining overburden pressure
during tests at high injection pressures.. This modification allows
for the operation of the aystem at high-temparatures (above the o0il

bubble po1nt) or at. 1ow temperatures (where high f1u1d viscosities

produce high pressure drops). The arrangement had the advantage of
a116wing for the use of a positive net overburden on the core at
all times. The overburden could be increased as required to pre-

veat‘ interaal pressure from _expanding ‘the slaeve and thereby

changing the packi&g within the core. THis possibility was con-

sidered to be more serious than the changes in permeability caused
by overburden pressure variations.

The cére s]eeve is fabricated from O. 010" (0.25 mm) stainless steel

in order to provide a sleeve wall with a low thermal conductivity
and to produce a durab]e»cofe assembly. Appendix D cqntainé heat

transfer Qa1éu]af¥?ns_ considered in the design of this sleeve

- system.

The sleeve is provided with fittings through which six

The core assembly was mounted vertically and f]aids were- displaced
downwards -so that gravity would favour the stability of the fluid

-

fronts.



Figure 1
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Schematic of Experimental Apparatus
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Clockwise from lower right:

Rusifa pump
4:18dj¥pTacing cylinder
Samplgé collector

. Constant temperature bath

Pressure transducer
Electric heater plug
Data logger

Pressure vessel
Insulation v

Thermocouple . \\\
Core assembly -
N2 overburden supply
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The core assembly is 7.93 cm in diameter and 78.7 cm long. The

sleeve is packed with 80-120 um (20-30 mesh) or 20-30 um (80-120 mesh)

Ottawa silica sand by meéns of a particle distributor as described by‘

Wygal(20). This packing technique consists in slowly adding sand to a
dry cbre by means of a particle distributor consisting df'five layers of
coarse screens. The filled core was sealed with aﬁﬁend c;p and the core
was ready for 1eak testing and insulation. |

Prior to running disp]acementtexperimenfs, the porosity of the core
was determined by weighing the core dry, eQacuating it, and saturating
the cbre with deaerated disti]]ed water. The core was then reWeighed
and the volumes of sand and water were ca1cﬁ1ated assuming dens{ties of
2.645 gm/cm3 for quartz and 0.9983 gm/cm3 for water at 25°C. “The final
porosities were found to be 0.328 for the 80-120 um (20-30 mesh) sénd
pack, 0.368 for pack 2 and 0.356 for pack 3 (20-30 ym sand packs). The
differences in porosities suggest'that thé particle distributor is more

effective with large size particles. This was confirmed by packing some

practice cores. The cores were reweighed after drying to ensure that

all water was . removed prior to saturating with o0il. The corts were.

insulated, placed in the bressufe vessel and evacuated before saturating
with oil.

The hydrocarbons wused in these expekiments were a group of

commercially available oils, the Gulf Harmony series of hydraulic oils.

These o0ils ranged in viscosity from 25. mPa.s to 256. mPa-s at 40°C.

Varsol was used where a viscosity of 1. mPa.s was desired. A complete

-

summary of o1l propertiés appears in Table 1.

The experiments were carried out as follows: The core was

1

saturated with the o0il to be used -as the displaced fluid by injecting

3



Table 1

Properties of 0ils Used

12

Kinematic Kinematic - .
Viscosity Density Viscosity Density |Refractive
01i1- at 40°C at 40°C at 100°C | at 100°C Index
mmé /s(cs) gm/cm? mm?/s(cs) gn/cmd | at 25°C
Harmony 44 30.48 0.847 5.28 0.803 1.4696
Harmony 53 65.3 ‘ 0.857 8.71 0.818 1.4759
Harmony 87 210.3 0.868 19.12 0.832 1.4816
Harmony 111] 302.5 0.875 24.95 0.841 1.4891
Varso] 1. 0.767 - 8 14400
Note: Viscosity values are manufacturer's data. Density values

are measurements made on a Haake densitometer.
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\ , N
this ofl at v = .02 cm/s until the refractive index of the effluerft

matched that of *%he injected oil. Velocity is defined as flow

~

rate/core cross se kion. This displacement required a minimum of three
pore volumes when t{e fluid initially in place was more viscous™ than the
injected ;1u1d. The displacing cylinder was then loaded with the second
0il used. The constant temperature bath was adjusted to the desiréd
injection temperature and injection was started. | |

Effluent samples were taken at one minute intervals for favourable
mobility experiments and at three minute intervals for unfavourable
mobility runs. Sampling was done at proportionately longer or shorter
intervals for higher or lower rate displacemgnts to maintéin a sampling
interia] AQf one percent pore volume for favourable mobility tests.
Sampling was continued until 1.25 pore volumes were displaced in the
favourable mobility ratio. experiments and uﬁtil 1.5 pore vé]umes for the
unfavourable mobility ratid experiments. Heated injection fluid or .
chilled.injection fluid experiments were run to three pore volumes in
order ts Tog temperature grofiies for thesgpack.

. The composition of the effluent was determined by\(5i22?11ve index
measuremgnts. Concentration values as a percentage of displacing fluid
were ‘obtained from a calibration curvé of refractive index vs
concentration (Appendix F). l

A toféT of 36 tests were perfdrmed. Of these, 17 runs.were carried
out on a 80-126 pm sand pack and 19 runs on 20-30 .um sand packs. Four
of the tests in the 80-120 um pack werewreﬁeqt experimentsﬂ The teéts
in the coarse pack included experimgnts:;at four favodrab]e and two

unfavourable mobility ratios, Also inC]uded were three "tests with a

heated displacing fluid and one test with chilled displacing fluid. One
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test at a low flow rate was also performed.

The 20-30 um packs were used for experiments at s{x favourable and
one unfavourable viscosity ratio. These experiments include seven
heated 1nJect19p displacements and one chilled injection displacement.
One low rate and one very low rate experiment were included. A set of

three displacements in a water-wet pack was also performed.



111.°DISCUSSION OF RESULTS
AL Experimental Data -
| The concentration of disp]écing fluid in the effluent from .é11v

~ _ ,
experiments was plotted vs time on linear axes to yie]d smooth curves

%ﬁ“}which charaéterize thewr‘;;iiscible ri!splaéement procvess at 3 favourab1e
mobi]ityr ratio. These p]ots closely resemb]e "the error funct1on
so]qtion described by Brigham(21) for the miscible . displacement
prob]eﬁ. Several éuch‘p1ots arg shown’. Figures é, 3 and 4 111hstrate
the di;placemen€ curves. 6btained from an isotﬁerma] _éxperimént, a

" heated injectibn displécement and an isothermal disp]écement at a .lower
’ve]ocity,'respectivei}; The cohrespéhding numerical solutions are also
sthn. - Note that the Eurves are plotted"using‘d cubic spTiﬁé to fit the
data points.. | |

“In o;dek “to 'determine the dispéréion.»coefficients fdf each
'experfment the concentration data was p1otted as concentration vs'a
pore volume number VXV!B' on probab111ty paper, (Append1x F). Vo]ume
d1sp1aced at a- g1ven time is V and Vp is the fluid conta1ned in one
pore vo1ume. ~The slope of -the resu1t1ng stra1ght 11ne was - used to

: ca1cu1ate -the d1spers1on coeff1c1ent kq and a mixing coeff1c1ent for
each exper1ment. (kq  = ixéﬂé%éﬂl? ii)i The pore volume nmnber
at 90% concentratvdn is Vgo and VlO is the pore vo]ume number at 10%

ﬁ concentrat1on.

| ~ The d1sp1acements carr1ed out at unfavourable mob11Tty ratwos were

- . also plotted: on 11near‘ axes.' These: p]ots d1d not produce a smooth”

 f«.curve; and 'exhibited ‘ear1§ breakthrough_ and - an 1rregu1ar prof11e

-charagzer1st1c of viscous f1nger1ng, (Figure 5). 'when the data from

-

these exper1ments ‘were plotted on probab111ty paper the resul ting

£

15
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values of kq 'and* o were fou to be very large and shou1d be
consfdered to, be' the avéraged Yesu1ts for viscous fihgering and not as
.thé result of dispersion at a stable front.

The kq values orx-their dimensionless counterpart o were p1otted
-(i) vs velocity and (i) vs inlet mobility ratio to illustrate the
effects of véiOcity, inlet temperature, sand pack size and inlet
mobility ratio on the dispersion process. Table 2'15 a complete summary

of the experimentaT d;;3\ Breakthrough is defined as the earliest time

that disptacing fluid was detected in the effluent.

-

U "

jThe effect of velocity on the'dispersion coefficient is illustrated

Velocity Effects

in Figure 6, Thev displacement experimenbs at three velocities are
representéd'in this plot of dispersion coeffic?%nt vs velocity. The
dispersion coefficient -appears to be proportional to the velocity fof_
the 20130 “and 80-120 um . packs.: This .1ineaf relationship betweeh
velocity and dispersion was discussed by Perkins and Joﬂﬁstbn(Q); The
plot a{so illustrated an effect of grain size on mixihg. 'THis effect is
probably due to a decregse in pécking gfficiency,in the 20—3Q‘um pack as
discussed by Brighéﬁ, Reedband Dew(4) who noted that'finér sand,pacgs
were less homogeneous. f
“The dispersion plot was extrabo]ated to zero velocity to obtain the

diffusion coefficie%&v‘for the 20-30 um sand pack. For “Harmony 87
. disp]acing Harmony 44 in a 20-30 wm pack, Dg = 0.00005 cm?/s. This
va]ué is-in agréehentvwith the diffusion coefficient obtained by'using
the-diffusion formula found in (15), p.574, Dy = Ay™-5, where A is

the reference diffusivity'for a viscosity of one cp. This diffusion “is

’

\ . TR
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Sa Table 2
‘Experimental Data
Run | T, | Inlet M kd pore vol . v Comments
(°C) (cm*/s) |at brkthru EY. (cm/s)
. Pack 1 : 80-120 um.
1 {27.4( -0.089 0.0013 0.89 0.84 |.0052 {(F) favourable
2 123.5] 11.2 1.09 167. |.0215 |(U) unfavourable
3 192.0| -0.089 | 0.00136 0.87 0.86 |.0052 |F heated run
4 |25.6}1 11.22 0.267 0.29 167. }1.0052 (U :
5 127.2] 0.110 0.00165 0.86 1.02 |{.0053 |F 87 disp. 44 |
6 2d7 0.708 .| 0.00188 "~ 0.85 1.30 |.0048 {F 111 disp. 87
7 127.5(708.0 2.28 0.15 1380 |.0054 (U .
8 128.2| 0.0014 | 0.0072 0.95  |0.46 |.0054 |F
9 }94.0| 0.110 | 0.0014 0.91 0.87 |.0054 |F heated
10 }96.0{ 0.708 0.00226 0.94 1.38 |.0054 |F = heated
11 |26.1] 0.110 | 0.00032 0.92 0.81 |.00127{F  1low rate
12 {19.5{ 0.708 0.0015 . 0.91 0.93 [.00538]|F . chilled run
13 190.0{ 11.2 0.84 . 0.34 507. |.00547[U heated _
14 j26.71 0.110 | 0.00134 0.91 0.800| .00550{F repeat of 5
15 |28.0[ 0.708 0.00284 0.84 - {1.71 |.0054 |F repeat of 6
16 |27.8] 0.089 0.00132 0.90 0.81 |.0054 |F ~<repedt of 1
17 127.2} 0.708 0.00214 0.91 1.34 {.0052 {F repeat of 6
| Pack 2 , : 20-30 um
18 |26.8} 0.110 0.000454 0.94 . |1.27 |.0052 {F ’
19 |25.3] 0.708 0.00079 0.90 |2.32 |.0049 |F .
20 |24.4) 11.22 0.180 0.41 518. 1.0050 (U
21 {91.57 0.110 0.000539. 0.95 1.41 |.0055 |F  heated
22 192.4| 0.70 0.00139 0.90 3.66 {.0055 |F  heated’
23 (89.0} 11.2 0.249 0.35 652. |.0055 jU heated
24 126.9] 0.110 0.000408 0.92 1.19 |.0050 |F chilled
25 |{30.0f 0.110 0.000183 0.92 2.35 |.0011 [F. 1low rate
26 129.3| 0.110 0.000053" 0.94 2.16 |.00035|F very low rate
Pack 3 | 20-30 ym
27 |29.2] o0.110 | 0.00092 0.93 |2.14 |.0062 |F - “water wet
28 (27.5| 0.708 0.00163 .[ 0.92 {3.96 |.0061 |F water wet
29 ]27.8] 11.22 ' | 0.21 . - 0.38 498, |.0061 |U water wet
30 |92.0f 0.028 0.00072 0.92 1.76 |.0057 |F  heated
31 ]25.8] 0.116 0.00055 0.93 1.42 |.0054 |F repeat of 18
32 |27.5| 0.708 0.00118 0.92 3.18 |.0053 |F repeat of 19
83 |86.4} 0.089 0.00054 0.94 1.40 |.0054 |F
84 [92.5] 0.375 0.00072 0.93 1.78 |.0056 |F 53 disp. 44
B5 89.2] 0.290 0. 08050 0.94 1.28 {.0053 {F 87 disp. 53
36 191.5| 0.028 0.00046 0.91 1.14 |.0057 |F heated
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too small to have an effect on mixing at experimental flow rates.

Mixing at an Unfavourable Viscosity Ratio o,
~ The effect of an unfavourable mobi1{ty ratio on the mixing
coefficient 1is illustrated in ngurg '7. The heated. injection
experiments tests (13, 23) display mér? mixing than,_the‘ matching
isofhermal tests (4, 20). Here the mixing coefficient o is defined as a
dimensionless nwnberﬁéﬁrkd/vﬁdp)-. | | .
“Perkins and Johnston(9) have defined o as kq = Covd, where o is’

a méasuré of the inhomogeneity of the pack. In this work o is defined -

as a dimensionless mixing coefficient. A1l of the unfavourable ratio

- .

disp]acemenps exhibited a high degree of mixing and early breakyhrough
of the displacing T]uié_‘(Figure 5). These characteristics  suggest
_viscous fingering. The unfavourable mobility ratio experiments using a
heated_disp]acfﬁg fluid exhibited higher mixing coefficients than the
matthing isothermal experiments. | .
Dispersion ath=1.0_

In the regioﬁ of favouf&ble mobility ratios, 4 set of experiments
was performed in both sand packs. The results of these tests are
’ plotted'in Figure 8 to illustrate the trend of increasing mixing as
(mobi1ity ratio increased. The,1inesvthrbugh the two éets.of~pdints-may.
be extrapolated to provide estimates of the mixingicoefficfents as the
mobility ratio approaches uﬁity, This extrapolation yie]ds a value of
0=2.5 for the‘mixing coefficient in the 20-30 um pack and o=1.5 for the
807120\um pack. These valles are of the same magnitude as the value of

1.75 fqr sand packs suggested by Blackwell(5). The increase of o with
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decreasing particle size agrees with the results discussed by Perkins
and Johnston(9) who noted that pack inhomogeneity tends to increase as
particle size is reduced.

The 20-30 um pack was found to have a small residual gas saturation
which may have 1ncreased\ the amount of dispersion. The presence of
residual gas was indicated by a decrease in the pack pore v01umé' as
. calculated from a material balahce on some experiments. "This volume
change was of the order}of_fqur percent. This gas would dissolve in the
0il during displacements at high pressure, and would caiuse the effluent
from the core to appear cloudy. Reducihg the overburden pressd}e on the
core appeared to reduce or eiiminate the problem. The gas was assumed
to be nitrogen from the overburden which : entered through a fitting

Teak. Perkins and Johnston(9) noted that a residual gas saturation had

little effect on dispersion, so this problem was not considered serious.

Effect of {n]et Temperature

The effect of heating. "or cooling the inlet fluid was also
invéstigated. A plot of mixing coefficient vs mobi]itx ratio (Figure 9)
for sand pack 2 illustrates an increase in mixing when a heated fluid
was injected. A decrease in‘mixihg was also noted when a chilled fluid
was injected. The magnitude of this effect was quite small in spite of'
temperatufe gradienés_ sufficient to producé an Iunfavourab]e' mobility
ratio at the inlet to the core duringl the heated injection fluid
- displacements. SimiTar behaviour was noted in sandpack 1. The heated
injecﬁibn tests in sand pack 3 did not appear to have an increased
dispersfon, possibly 'because the rémova] of residual water was not

a

completely successful.
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Movement of Thermal Front ' .

The temperature profiles at several points in the core were plotted
for some of the high temperature displacements and for one chilled fluid
disp]acement, (Figures 10, 11, 12).‘ T, is defined as the inlet fluid
temperature and T, as the initial core temperature. The temperature
front moves through the core more slowly than the concentration fébnt as
may be seen from Figure 3 and Figure 10. Because the two fronts will be
coincident only at the start of the displacement, the temperature front
can only affect the displacement by initiating instabilities in the
concentratiop front at this time. At later stages of the experiment the
thermal front will 139 behind the concentration front so the two fronts
will be independent. The thermal fronf in the unfavouigb]e mobility
displacehents did not differ significantly from that ih the stable
displacements. as may be seen from Figures 10 and 11. The jogs in the
curves were thought to be errors in the ddt; logging. A1l curves were
plotted by a spine fit. |
| A stability analysis of the tﬁérmal and concentration fronts was
.cérFied out by Miller's stability criterion. The results appearing in
Appendix E confirm the experimental evidence that the thermal front was
stable in the range of experimenfs conducted. A stability analysis
of the concentration front was performed uging a stability critef?gg for
a miscible front moving vertically downwards. This criterion may be
obtained from Miller's criterion or from Chdéke(26). Since the fluids
used were comp]é%g)y miscib]e, there is no capillary term in the
stability number. The resulting equation implies .that sand pack
diameter is not a factor ianthe. stability criterion,” This is not

true for the case where capillary forces are present. The only
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stabilizing force in the experimental system was gravity, and the

~ gravitational force was calculated to be much smaller than the viscous

. forces presént at the experimental flow rates. This was confirmed

"experimenta11y by the finding of instabilities in all the unfavourable

- mobility displacements performed. .

s

Pressure Profiles
Favourable'mobility isothermal displacements exhibited a continuou's
increase of pressure with time until the core was completely saturated

with "the more viscous fluid. At this point the. pressure became

constant. Heated~disp1acements displayed the same pressure increase,

followed by a pressure decline as movement of the thermal front reduced

f]uid viscosity. - Durifg chilled fluid injections, the pressure drop
- . ‘

‘increased as the low temperature front moved through the sand pack.

/ . - : -
i
e ’ ’

Dispersion in a WateriMet Sand Pack

Three experiments were performed in a sand pack initially saturated

~wWith distilied water which was displaced from the pack by the 0il1 to be

used as the displaced phase. Dis;ﬁ] acement wa'tinued until the water
phase was reduced to an immobfiélggturation. The 01l in the core was

then displaced by the oil }o-be~d§eﬁ as the diSp1acing'f1uid.' Effluent

samples -wéFe 'taken at intervals and a displacement profile was

calculated from the effluent compositions as measured by reffactfve

~ index. The dispersion coefficients were calculated from the

e

concentration vs time curves.

Y

" The experiments in water~wetvsand packs produced résu]ts similar to

those for single phase experiments. The dispersion was found to
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increase as the "mobility ratio becamé, less favourable. At an

unfavourab1e lnob111ty ratio, early breakthrough and viscous fingering

were observed. The displacement tests at favourable mobility rat1os¢//‘

~ were found to have a.higher dispersion than similar single pha;e il
displacements. The unfavourable mobility displacement was found‘to have
a lower mixing coefficient than the matching displacement with vno
residual water saturation. It is possible that water mobi]ized by ‘the
high 1nJect1on rates had an effect on this test.  The results of
tests 1n water packs 27- 29 agree with the results of Kasraie(25) who
noted that d15pers1on in sand packs decreased, then increased as the

Ny e

\ » - . ’ ‘). [ -
“water saturation in the core was increased %0 the residual saturation

point. The effect of residuaT satufations’@as not explored further. in‘

this work, but it was noted that pack 3 heated 1n3ect1on experiments d1d

)),».

not behave as did the exper1ments in packs 1 and 2. The d15pers1on in

-tests'33-35_appeared to be less than the corresponding dispersion for °.

isothermal tests. 'This suggested that the removal of residual. water
| ‘ \

from the pack with isopropyl alcohol was not comp1eteiy successful. \

)

J



“IV. NUMERICAL ANALYSIS
Aj Numerical P}oceduré_

A majér portfon of this study involved a numerical simulation of
the cohbection—diffusion equations for simultaneous heat and mass
transfer, when a liguid at a constant temperature displaces a second

.miséib1e Tiquid, initially at a different temperature.

The equatioﬁs describing the process are:

Heat Transfer »

o \
AN
3 X X 3x et , _ |
\\ . ,’/ /@/'

Mass Transfer : \\\\ , ///'
-t o \ : '

s [. 3 (pC) 3 (pVvC) %ol : :

— | kg — - =¢.§i

X X X , at

([(1-¢) opCp, + ¢pCPIT)

3 \
6 a

.Pressure . .
o ook é \ ; Gravity has been neglected bs it s
__.< PX P Y=y 20 small relative to the pressure forces
X\ W 93X ot at experimental flow rates .

cor, Velocity

\a (OV) _ 3p

X -3t

The numerical solution techniqde selected was the truncation
canceT]aticn proc;Ehre ~described by Léumbaéh(IZ). This techniqué
produces alfinite‘qifference approximation to the convection-diffusion.
equation which solves for the n+lst time step using a semi-implicit
formu]ation. The eduations afe solved for a one-dimensional system, S0
‘the solutions are valid for the stab]e flow regime only. The system of

equations and the finitefdifference formulations are found 1in Appendix

B. Awang(13) performed a truncation error ana1y§is on this system of °

L
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equat1ons and demonstrated that they are second order accurate for all
values of \and that ‘they are fourth order accurate for w—(6+3)
w is a weighting term for the truncation, error cancellation. The
truncation error terms and their application to the convection diffusidn
equation appear in Appendix B.

The computer program utilized solved for temperature and d1sp1ac1ng‘
~ fluid concentration by a semi-implicit procedure. - The ve1oc1ty values
at each node may be solved directly, or the‘pressureé in the system may
be used to calculate velocity.” The temperature and concentration at
three points at the nth time level are.used to solve for the temperature
and concentration at the n+lst level, A tridiagona? matrix was
generated using rock and f]uid'propertiesuat the nth time level and the
matrix is solved by the Thomas a1gor1thm, The values ef temperature,
_pressure and‘todcentration obtained were used to update the fluid and
‘rock properties and the -results were used to update the so]ution‘
matrix. The solution was repeated until a codvergence criteridn of "aC
= .0001, AT = .01 °C, P = .00L bar, was achieved, (Appendix F).
| A one- d1mens1ona1 set of equat1ons was established using the system
properties .calculated at each time step. Solution of the resulting
matrix yielded temperature and concentration values for the next time
step;_.The fluid flow equation was solved by twolﬁethodsy
1. The velocity at each node was calculated by a direct solution

approach. |
2. The pressure equation -was solved by an implicit Aprocedure and

ve]bcity was calculated from the pressure va1ues: “A descriptton.of
the so1ution*method appears in Appendix B. Tﬁe three equations'

were coud]ed by temperature.
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The parameters distance step Ax and time step at for each set of
computer runs were ' determined by comparing the ;numerical solution
obtained at. a given value of kq with the analytical solution at the

) same value of k4. The validation of .- the numerical solution is

described more fully in the Discussion of Numerical Results.

B.  Numerical Results

Tests of the Numerical Program
A coébarison of_the numerical solution with the aha1ytica1 solution

is presented in Figures (13 - 16). These plots show that:

1. The boundary condition ((0,0)=0 causes the numerically calculated
éoncentration profile to lag.‘behind' the profile produced:'by the
analytical solution (ngure 15). ‘An overshoot may also bé produced
in the numerical solution. |

2. The boundary condition C(0,t)=1 causes the numerically c§1cu1a;ed
profile to lead the analytical solution (Figure 13).

3. The use of a smaller di;téncé 1ncreﬁent causes the numerica11y\bro-
duced proff]e to follow the ana]ytiea1' solution more closely.
Conversé]y, an increase in the distance step (Fjgure 14) increases
the error and can cause‘an.BQershodtvin the numerical solution.

4. Changing therboundary_condition to'C(0,0)io.S, C(O,t)=1.0 resul ted
in a numerically generated profi]ej which matched the ana]ytica1.
solution (Figure 16).1 This boundéﬁy'éondition eliminates the lag
or lead of thé numerical solution due -to the finite width of the
distance step AX in the numerical solution.

One simu1ation was attempted using the Crank-Nicholson method, but

this system proved unsatisfactory as the large numerical dispersion

N
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overshadowed the actual dispersion. The effect of numerical dispersion
on solutions to the‘ convection-diffusion equation and on similar
equations is discussed by Peaceman(27). Peaceman noted that the con-
vection term in a convection-diffusibn eqation will produce a numerical
dispersion fn several types of finite diﬁ*egence solutions. This dis-
persion may appear as a smearing of.the concentration profile, as an’
overshoot or undershoot behaviour, or as instability in the solution.

Comparisons of simulations carried out at varying values of At and
~ax indicate that some runs were unstable and that there was an overshoot
in other runs. A good fit for the numerical solution occurs between
At=180 's and ax=4 cm (Figures 16) and at=120 s (Figure 17). The
- improvement 1in accuraey obtained by jteraeive updating is also evident
(Figure 18). A stability analysis of the truncation cance&lﬂ{}Sﬁf}ro-
cedure by the Karplus Criterion (Appendix C) indicates that the system
will be stable if At<300 s, if ax=4 cm and v=.0056 cm/s. The numericaf
runs performed indicate that the actual region of stability is At<240 S
(see Tabie 3). This stability criterion may be most easily met by
adjusting the time step to an appropriate value for a given set of run
parameteré.\ The Karplus criterion is not comp{ete1y rigorous‘es it does
not include bbundary conditions. .This omission is a possib]e reason. for
the discrepancy in stabi]jty times.
Results of Numerical S1mu1atxpns

The numerical program was used to simulate some of the experimental
d1sp1acements (Figures 2-4, Figure 19) to assess the ability of the
numerical system descr1bed to predict the effects of mob111ty ratlo and

inlet temperature on the displacement process.‘ The results of these
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Table 3

N

W»fk.

Numerical §imu1q%;on of Experiments

N

5
, v a
Run No. Inlet M. cm/s - Comments
I 07089- 61 | 0.00523
3 0.089 .60 0,00521 ‘heated disﬁ.
5 0.110 .65 | 0.00528 -
5 | 0.708 .01 | 0.00475 ’
9 0.110° .66 | 0.00544 | heated disp.
8 0.0014 .59 0.00538 numérica1 overshoot
- 10- 0.708 .01 | 0.00538 | heated disp.
11 0.110 - .67 0.00127 :
12 | o0.708 .82 | 0.00538 | chilled disp.
8A 0.0014 56 | 0.00538 | repeat of 8 at
' : larger at
3A 0.089. .30 ('C.00521 bpfessure solution

for R3
o&
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simuTationsdappear in Table 4.

The mixing coefficients obtained from the numerical curves were

plotted against mobility ratio for a set of simulations of the 80-120 um

pack

(Figure 20). The numerical simulation predicted several effects

that are present in the set of experiments performed:

1.

d1spers1oh at each node. The lTocal dispersion coefficient‘beeo“

)

The coupling of the heat transfer, velocity, and dispersion

equations allowed the numerical system to predict ‘the changes in

ve]oc1ty due to temperature changes

Similar results may be obta1ned by emp10y1ng a pressure ﬁo1ut1on

and obtaining ve]oc1t1es from the pressure values.

J i 4

The d1spers13§&%e

’%J
in dispersion “due ® t0‘1nJect1on of a heated or chilled fluid or due

RIS

‘#on kd=vdpo was not able to predict changes

to changes in the inlet mobility ratio. It was necessary to supply

ca mixing' coefficient by modifying the dispersion equationﬁ'by

inc]uding a mobility ratio -term. This term was obtained -by

i

multiplying the local mobility ratio at each node by the 1oca1

<

kd vdpoM. A descr1pt1on of the local mobility ratio

calculation appears in Appendix B.

. The use of a 11near 1oca1 mobility ratio factor in the dispersion

ﬂequat1on at each node in the numerical solution was capable of

reproduc1ng the .exper1menta11y observed effects for isothermal
simufgtions: This local dispersion coefficient was also capable of -
reproduc1ng e effect of injectiﬁg heated .or chilled fluids in

d1sp1acement experiments.

- An increase 1nkm1x1ng\was predicted when a heated displacing fluid

@



Table 4

" "'Numerical Stability Tests ' oy

}

AX

w At ‘ S

Run -No. (cm/s) (s) - {cm) Comments

S12 0.0025 120 8 overshoot

513 0.0056 360, 4 unstable

s14 | 0.0056 300 4 unstable
515 | 0.0086 | 240 4 | marginally unstable

s16 | -0.0086 | 220 4 stable

s17 0.0056 | 180 4 | stable

518 0.0056 - 90 n stable - B

R8 0.0054 180 {, stable
| R8a " 240 stable o

0.0054

14
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was used and a decrease in mixing when a chilled f]hid was u§ed;

 The magnitude of this effect was greater when the inlet viscosity
‘ratio aﬁproached unity. J |

'6'.'*-,~ Isothermal. simulations at differing velocities 'bredicted mixing

"'\ \ .
\cgefficients to be large relative ‘to the coefficients expected from

di?f sjon only, as the range 6f velocity studied was well above the 
ve1;E}\y‘va1ﬁes‘where diffusion is significant. |
he numekiga] systeg displayed a tendency to ovefshqot whén
jmu ation,of‘qj5p1acements using large distancé'steps was attempt-
ed Fiyure 14);- Simulation of éxtreme]y féVouraS]e mobility
disp]&éemé s tended. to diSpTay some overshoot behaviour (Tablé 3,
test 8). Thfé~was remedied by.modifying the time step used (Figure
’21, tes% 8A). N\ Was ndt possible to completely eliminate -the
~overshoot from all 3 g]ations.
8. The results of the simu7ations, when plotted on probability paper,
produced - a s}ighﬁﬁy curvé ‘1ine rather than the stréight line
charactéristic of the error fk ction solution or of the experimen-
tal data,  (Appendix F). Thekxkurvature made it difficu]t to
\i\\ estimate the exact slcpe of the,numé\*§a11y generated concentration

curve. The presence of this curvature 'sfaésumed to be the result

f numerical error. This curvature was found to be much smaller

bthe so]ufion method was changed from a:sing1e iteration to
e iteratiohs.
9.. The umerigal simulation did not account for the effect bf packing
or'bord ity\oQ\the digpersion coefficient.“ This was d e to the use

. of a fixed a1uéy9f 1.75 for the mixing coefficient‘o. kVpepiments

AN

on a number bdf dﬁfférent~ packs would be required in ,dider‘ to
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determine the relationship between porosity and dispersion.

| Perkins .énd Johnston(9) discussed the results of sévera1
investigators on the effect of packing. It was reported that for
finer particles, o iﬁ}reased. 'This general frend was found in the

mixing coefficients calculated for the two pack sizes used.

The numerical simulation could not reproduce the curve

- characteristic of an unfavourable mobility ratio displacement

11.

(Figure 7). The use of a local M value to modify the dispersion

‘coefficient produced a curve similar to the stable displacement .

curve (Figure 22). To mode1 unstable displacement, it would be
necessary to use a two- or three-dimensioﬁa] model.

The model did not simulate heat loss from the core, as a heat loss
term Qas not included in the convection-diffusion eéuatﬁon. This
system of! equations . predicted a higher rate of thermal front
advance than that found experimenta]]y, This may have been due to

.
A

the lack of a heat 1loss model wﬁn the numérita] simulation.

However, the model was capéb]e of predicting that the therma1 frbnt.

-(F10ure 23) would advance more s]ow]y than the Concentration front

(Figure 22).. The numer1ca1 s1mu1at1on could also be used to

generate prof11es of the local v1scos1ty ratio in the pack at any

given time (Figure 24). This plot was constructed by calculating

the fluid viscosity as a function of compos1t1on and temperature at .

each node on the numerical grid. The 1oca1*vjscosity ratio at each

node was then calculated as “1+i.. The‘profiie indicdiés-a ratio
15 e
of less than unity at the stab]e displacement front and a ratio of

RN

greater than un1ty at the thermal front. A viscosity rat1o profile

for an isothermal experiment is also included in Figure 24.

N
‘h"
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12, The numerical simulations which used fluid velocities from a
pressure converged much more slowly than did the solutions using a
direct solution for velocity. Pressure solutions required eight to
eleven iterations to converge to the tolerances in C, 0.0001, in T,
0.01, and p, 0.001 while the velocity solutions required only three
itérations to achieve the same toterances. This difference fn
speed of convergence was thought to bf due to the ability of the
direct solution to provide velocity va13§s at the current iteration
of the solution. The ca1cu1atioh of velocity values %rom pressure
values meant that the velocity values available were those from the
previodé iteration. ﬂJThjs plus the increased complexity of the
solution made the preésure solution slower to converge, :

-13. ~fhe numerical solution for pressure produced results (Figure 25)

similar 'fo the results determined experimentally (Figure 26).

The experimental bressure profile contains a step at the pressure

beak not founa in the numerical solution. This step is dﬁe to the

resistance to flow of the end cap assembly. This smal1 increment
of flow resistance is importaﬁt~as the resistance of the §and pack

is veny)sma11 when a 80-120 um sand is used. Figure 27 is a

comparison of the concentration prof11e ohta1ned from a numer1ca] |

C. Results of Sca]ing Study

The.scaling study in Appendix A 1nd1cq§es a need to scale up boeh v*

and k as the mode] is scaled down. This | wou&g a]low fér mode111ng of

pressure, gravity, heat transfer and v1s¢ou7,$orcbs. ‘ Hewever it is
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'J.

necessary to sea1e' dbwﬁﬁadp as v is increased in order 'tbt modé1
dispefsion.  waever, thisfimp1ie53thaf'k must be scaled down, thcH
conf11;ts with the remaining sca11ng groups.

An examp1e of, the: app11c§f¢on of sca11ng groups for heat transfer,

- viscous forces and gravity forces ﬂs'as‘follows. Al um® (1 darcy), 78
m long section flowing at .152 ﬁ?%fi§fmodg11ed by 5 100 um* éénd pack
flowing ég'.0176 m/s. The prototype’wogid be in a velocity region where
diffusion domminates (Do >°Vdﬁ) while the model would be’ dominated .
by m1x1ng or . d1spers1on (cvdp >Dy) . The éand pack waid be able té
scale gravity forces, pressure forces and v1scous forces, but'wou]d bé
unab]e to scale %%fpers1on.w,Converse1y, a mode1 correctjy scaled for

- dispersion wou?ﬁjhbf_model gravity or viscous for;és. The experiments
support these results. The very low Eate experiment (R25) producéd'a
1ow dispersiqn'value:- Attempts‘tb scalé pressure forces by operating at
a h1gher ve]ocxty in a 1arger particle pack (RS) prbdqced much higher

’,

va1ues of dispersion.
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’Expefimentai and Numerical Results:

V. CONCLUSIONS®.
The re1ationsh1p kd =D +cvdp as descr1bed by Perkins and
Johns%gn(9) was | found to be valid for both sand packs (Figure 6).
The h1gh values of the d15per51on coefficient and the 1rregu1ar
d1sp1acement profiles occurr1ng in the exper1ments at M>1 (Figure
5) suggested the prese;ee of viscous f1nger1ng. -ThJs.was noted by

Brigham, Reed and Dew(4) and other studies.

The successful prediction of the increase in .dispersion with an

increase in mobility ratio (Figure 20) tends to support'tﬁe use of

a linear local viscosity ratio term in the cjlculation of Tocal
dispersion coefficients.  However, this does not-imply that kq

for the entire sand pack varies linearly with mobility ratio.

. The modification of dispersion coefficients by a mobility-ratio

term is also useful for predicting the influence of temperafune
gradients on dispersion (Figure 20). |
The ‘differing rates of advance of the thermal front and the dis-

placement front were ”predicted by the numerical model. The

numerical model 'did not contain a heat loss term and therefore.

‘c0u1d not predict -heat 1osses from the sand pack. Had ‘@ heat loss

.term been 1nc1uded the numer1ca1 mode] would probab]y have

| pred1cted a smaller effect of injection temperature on. disperswon.~

The 1ack of a heat 1oss term in the mode] and- the d1ff1cu1ty
obta1n1ng adiabatic cond1t1ons in the exper1nenta1 d1sp1acements
meant that it was not poss1b1e to make quant1tat1ve measurements of
thermal - d1spers1on in the sang pack

The .reg1ons of " stability g@r the,'numericai method used were

60
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evaluated (Table 3) and were found to be dependent on the fluid
; ¥y
-velocity used.

x =

7. The use of a pressure so]ut1on 0 ca1cu13\e velocity produced a
workap]ewso1ut1on, though’ convergence_of this numerical system was
much s]ouer than convergence for a system using a direct ve]ocitj
so1ution.

8. The pressure solution is mofe versatile as it may be written'for
R4 ‘ - :

slightly compressible flow, and could be extended to a compressible

L
one-dimensional incompressible flow.

‘flow case, while the. direct velocity solution 1is 1limited to

9. While the numerical system used conta1ned several simplifying
approximations, it was suff1c1ent1y accurate to allow qualitative

pred1ct1ons ofirate, temperature and mobility:ratio effects.

e

\.’

Scaling Study of _
The imp]ications of the_ve]ocity dependénce'of kq and gﬂe scaling
analysis are as follows: | " .

Frou Apuendix A, the' value of k4 mode1=Kd fié]d. If kq=Dgq
+ovdp, then dpa;ticle must be decreased as 'Vmodei increases. This
generates a conf11ct as the remaining sca11ng groups requ1re that both v
and dp be increased when scaling down from field s1ze-;to laboratory
size. » Therefore, "a model of aprocess in wh1ch d15pers1on is_
s1gn1f1cant will be 11m1ted by the dependence of d1spers1on on flow
rate. Such a: system may be sca]ed only 1f it is not necessary to model
heat transfer, gpav1ty forces, or v1scous forces. Conversely, a system

model1ing heat transfer, viscous and gravity forces will not be able to

simul taneously model dispersion.
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Practical Application

The criterion Kd mode1=Kd field Will set a sca]ihgilimit of 2:1

if the "field" system is ‘Harmony 87 displacing Harmony 44 in a
20-30 um (80-120.mesh) sand pack dist1ecea at 0.00035 cm/s and the.
maximum permissible error is 15%.- For a fluid pair with a higher
diffusion coefficient, the scaling constraint will be somewhat less
severe. At Do=0.001 cm?/s, the system may be scaled 5:1 to

maintain the‘sahe error (15%). This sce]ing_factor is still insuf-

ficient for a convenient laboratory model of a petroleum reservoir.

The differing rates of movement of the concentration and thermal

fronts and the resu1t1ng lack of a strong temperature effect on
dispersion suggest that the direct injection of a heated solvent
will leave the therma1 front behind the solvent-o0il dinterface. The
resulting process will be equivalent to a cold so]vent'injection.

The numerical solution of the heat transfer-diffusion-pressure

problem is of interest to several types of reservoir problems. The

solution of the convection-diffusion and pressure equations in two

~or three dimensions would allow for simulation of systems with

unfavourable mobility ratios -or simulation of heterogeneous

reservoirs., The s1mu]at1on of thermal recovery schemes where there

s s1gn1f1cant miscibility of components would require the solution

of all three equations in two or three d1men31ons.

N

- Recommendations- For Future Work

The. development of a two—of?three-dimensional model  of the non-

isothermal displacement problem would be an asset to a thermal
i T
. ) e \
recovery reservoir simulation. _ :
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[y 3
te 2. An investigation into the fundamentals of tke disperéfﬂiﬁprocess
using an analytical or numerical model of a redervoir pore space
would better define the \ke1ationship ‘between mobMNity ratio and

dispersion.

3. The difficulties in reproducing experiments in this work 1 piy that

\ the effects of packing, porosity, and residual saturatiom of a
\, ' : ’
,{§§V second phase, are parameters which must be carefully controlle
%{: . N i

o a displacement experiment.

4, Thé\Gfasurement»of thermal diffusivity in a sand pack will require
one of“-two appraches:

N, ‘ o

. . . % .
i. Run ‘“experiments 1in a low pressure model with vacuum

insulation. _ o
ii. Match th;iiﬁm(mal profiles .of experiments using a numerical.

" model containigs\Q\feat loss term.

N

AN » - | Y
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VII. APPENDIX A .
‘Inspectional Analysis of Miscible Displacement
Differential Equations ~ Y

Fluid Disp]acemént Equation

3 ( kg B(QC)) _ 3 (vpC) - 9(¢oC)

3x X 3x at

Heat Transfer Eduatidh

3 (. 3T\ _ 3 (pvepT) -y
x| 1 ax ax at

-

[((1-¢)ppCpy + ¢pCpIT] ¢

‘Darcy's Law

¢ 35; = - E. P . Apg where ¢ KL T fhe fluid velocity v
at ! IX - at v« ' .

Dispersion Equation

- D
kd—ovdp+_°_

fo

Boundary.CohAitiqns:
T(x,0)=T, for all x -
T(0,t)=T, for all t > 0
T(x,»)=T, for a1l x
:‘C(x;0)=0,tfor‘a11 X
C(0,t)=C, for all t > 0
C(x,»)=C, for all x

p(L,t)=0 for all t
ii. Define Dimensionless Variables

T-To -
T1-Tg - C,

.67
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%, o= b
Xo to
= %_ where X, and t, are arbitrary values
1

Substitute Dimensionless Variables into Equations and Simplify:

.

3 < Kd a(oC*)>__ 3 (vpC*) _ 3 (¢pC*)

deXq deXy 3eXy 3tty

\
IC* . tokq 82C* _ tov oC* ;
3t eXyo ae’ $Xo e ,

deXq 0

2 (i, _THTETOITON 2 (pCpV(T*(T|-T ) +T,))
3eX . deXy

_ 3 [TH(T-Te) ((1-¢)opCpy + $0CP)]

3Tty
3T* _ khtg L. a2T*
T ;;7‘. [(1-¢) pp Cpp * ¢oCP] el
tY _ecp aT*
Xg (1-4) pop CPp + pCP 36
T(e,0) = T*A+B =T,
CT(0,7) = T*A+8 = T,
Cle,0) = C* = 0
C(0,7) = C* = 1
) f(e,w)\= T*A+B = T;
Cle,®) = C* = 1

- k foh 7 keegto
T o Xo 3¢ uXy @



vi.

Xo2  (¢pCP + (1-¢) oy cPy)

Xo  T(1-¢) oy CPy * 4pCP).

If we assume that Xg=L:



t
=~
(=9

Tl

n
(a4
n
<|oe
—

T =

oL .

3.ty = -Ez_((l‘*?) pr CPp * ¢pCp)
. !#h

tkp 1

T3 =

L2 " ((1-¢) pr cpyp + ¢0Cp)

((1-¢) oy €py + ¢pCp)

X
4 t, = 290
° 3 pcp
Ty = tv pCPp.

[ {(1-¢) Dr“ Cpp + $pCP).

[=))
ﬂ
o
] N
)'E
==
©

<
&

. tkdog

THs% e

" - If we wish to solve for,x:

‘_ 1.- ‘combine 1 and' 2:

70



e | )
o kApg \_A
€3 = Xk*lpg
~ combine 3 and 2: o
xo..z_.¢kh . ’ 1 o ’
v (1-¢).0p CPpr ¥ ¢oCP
co = XV epCP + (1-0) oy CPy
kh. . .
. ) ‘j ‘
combine 3 and 4: - -
t @
- kp 1
X = A
- 9 N pcp
Xv pcp
€ =
5 K Tf"
combine 3 and-6: -
' ' . Y
o ko e
: spgk {1-¢) oy CPp * ¢oCP
R I s

e

IXO

“

combine 1 and 4:

kg (1-4) oy CPy *+ goCP
¢V'(v A ‘ pCp

XV ¢ opcp

" kg (T%T or OPp * 0P -

_ Xapgk "(1-4) oy CPy * ¢0CP

ke T e SERE T
o LR ‘,;"_,:>~

4combine'l and -6:

Kgu .

oy

x



"’.‘A
1.
B
.

pe

3.

‘4.

i. Scaling Results from Groups.Obtained:

combine 5 and 2:

_ kP |

X, = X __ .
° TV . ' !

Xvy
€ T o~
7 kep
combiné‘S’a‘ﬁd 4 : . 'b '
X = kap ¢pcp + (1-¢) pp CPp

uv  ¢pCP ‘ _

: ' R L ok
ey = 2V 0P ‘ . B

kip dpcp * (1-¢) pp CPy T

combine 5'and 6: ‘ - TR
: s, - ‘ : - 4“2’
. 8 o
Xo = --—-Ap . : “ 3-2!” & 'Q‘
8pg ' - ket
N ; . ) . G . v .

“ApgX:
&

Eg. -

. N

. Let 'L be Scaled by a Factor of A

Let X=L

fa'!'f; .Y )
o Ty S22 ‘
r«j}x? - T

/‘fY‘OU\ T2, | .v_z.. :

from(n‘; kg2 -

from 1, X< =

72
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=
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5, from 15, 2P2 = A

6. from egq, 4p2 = A(asﬁwe Ap1 = 4p2)

. _ N
7. from eg, £ = = Ap2)

—
[}
[7,]
2
3
(4]
>
©
—
|

M
w
(74}
5
1)
-~

=3

—

i

8. from €7, -% = Akhz)

wde from ez, EQ&;'= 1

10. fromKd, %P2 - p

vdp dp; |
11, from Do, P2 - p
Ve Wy

ot | |

1. Gfoup 9 conflicts witﬁ;thq9other scaling groups a$ 111USfrated by

B Qkoups 10 ‘and 11. | S K | o h '( |

‘2. The' éhuatfon_ used is oné-diménsiohé],’-the%éfdfe “the geométric
.scaling groups.d6 not appear. .

- B. :D{mensibnal Ana]xsig of Non-Isothermal Miscible DispIACeAEnt

i. Variables ~

L length : ’ oem

d ~,di;a‘nie‘ter' ST cm

W viscosity o - - gm/cm s ,.
cp f]J%d specific heat o J/gm K
o fluid density - gnen?



1.1.

iv,

e

.00

11
0 -
0
D=1

®

kq dispersidn coefficieht _ 'cmZAS
v fluid vé]ocity cm/s .
Ap  pressure drop N 'gm/cm s? |
AT temperature differential 'S
g gravity | ' érﬁ/s2
k'~ permeability um? | "~
kh métrfx thermal conductivity J/ém K s
Matrix of Variables
123 4556 78 9 10 11 12 %24
L ow g cpkgk kyapd 5T,
M 0 1
L 0 -3
Tt 0 o 1
A
AT 1 0

o/ 1
0 -3
00

of Matrix to Far Right of Matrix of Variables .

L
L

Number of Dimensionless Groups Obtained

N=n-r

where

n = number of indepehdant variables
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r = number of.dimensions required terxpress them
N=12-4=8 A . ‘ . \\
v. Coefficient Equations . ' , ‘\\- .
M : Ay+A;+Ag+A;; =D \\
N

L+ Ay-Ag+Ag+2A, +2As+2AgHA7-Ag+AgHA g-3A5 = O
t : -Ax+2A3-2A4-As5-3A7-2Ag-A19 = 0 |
AT: -Ay-A7-A11 = O\
.vi. Solution of Coeffici‘?f Equatiohs
-Afz = -R2-A7;Ag ;' \\V’
Al = A7+Ay \

-Ap-2A3-2Ay -Ag-3A7-2

Aro
. Ag = -A}-A+A3-As-2Ag-A7
vii. Matrix of Solutions

123 4656789

(v

- VR JQ%% n Q{ép kg -k kpap d v

S o
2 81 ‘;g Al
3 1 1
4 1 0
5 i -1
- f.‘ ‘ [ RE | |
8 S 150 -2 0 -1 I '\¢\\\
‘»yjﬁj.Dimension1ess_Groups Obtained | " o , ;\\\
. \ o o ™



2. B—_- r’
vdp’
3. 94 \
VZ
V2
5. X4
Hy
6. .
B G P
pdV3
,-_'Z—w .

Assume
P2 o Cp2
Pl cp1

Assume that kinetic'energy is negligible, therefOre'groubs must be

‘Also, since We desire that

P

arranged so thét kinetic ener terms %o not . appear exp11c1t1y
Q del be sma]ler than tﬁe]d» we do
not w1sh to have the d1mens1onle§s permeability group to appear.

Useful groups are: o




Note:

-

If fieat transfer and mass transfer are not strong1y_éoup1ed;fbrdhp'
6 ;may be‘fﬁnored;- | ‘ |

Results:




Fluid groups must also be dup]itated if twolf1uids are used.

“
'

CHsl - us2

WOl - . mo2

Psl - Ps2 ¢ .

P01 P02 _ , .
: 4

CPg1 = chz

Cpo1 CpPo2



VIII. APPENDIX B

Development of F1n1te D1fference Equations from Di fferential Equat1ons.

AA.- Convect1on—D1ffus1on Equation

5 (200 |3 (wl) . alel)
X d X X oot

may be modified to yield: (ignore cross derivatives)

& \
A k; 032¢ + ( pakg o de 3p(T) Vo ‘ aC s0 2C
' ax’ 3x ax ax at
where
| 3o(T) . 30 3T
o ax . a7 ax .
‘* The sem1 1mp11c1t f1n1te dlfference formu]a is: 5
S kan (OB L n+l, ~n+l ~n n,en ' T
# _@3‘%’4"% k’dp. ( ‘;/E-::i C1+1+C -1 2C C'H'l)
b"~y. \ n+l_ent+l ~n .0
3‘»‘“{ + pakd + 2y ap(T) A Vp 1 (C1+1 C,' 1 C1+l C1 1)‘
;}%ﬁyf X . - ax 4ax

| ' n+l .n ’ o
¢ (Cy -C) v
¢4r ‘\~ I ////F\-_’~‘§‘\\\-
: ‘Ihe.truncationﬁékyor from a Taylor series expansion'is:
i Al \ . N
. : .. . . . 3
- \ax ax 5 axat? . g

‘ BX . : ax Ix
AN . LAZ a3 : - S
- pd é._tl_ _B__BC_ ' -
. 24 st - é )
| reas;angé: : ~
79 ¢ ) i



X

. ) .2
e = <<:ikd + 2kd Bp(T) - Vp> VAt

3 X ax

vZont? \ 33c
244 ax%at

This is similar to Laumbach's truncation error term.

(Qakd + . de Bp(T) - Vp> 4)AX2

Let
3
€ = BBl 3 C
ax%at
or .
: ntl ,~n+l,~n _ an n_~n
e = BB (G572 G m Gy ayChyy)
. AxTAt o ( | i
let | |
)
BB = 5B
ax2at
: K
let .
—av2at . pdky | ap(T) o vat
BB = - [ 228+ oy 200y .
246A% X - X y 8¢pal”.
pakg "y g, (M L\ e “
3Ix X ‘] 6vat .
iet o .
»
AA = 9P ’
Tet . L : ! _ .
_ , N .

80



let

DD = (pakd ooy 24T _Vp>_1____

3 X 3X

£

rewrite the equation:

AA(c”+1 ch) + BB(CM2cM Ly c"*l T
-1 i i+l d-1 0 i e+l

= co(cmi- 2c"+1+c”+1+c“ e )
i-1 i 1+1 i-1 i i+l

4 DD(C"+1-C"+1+Cn‘ <" )
i+l i-1 i+l d-1
or
Ach +BCM+CCM = Dc"+1+Ec"+1+Fc"*1
Y 25NN 3 SR S £ S B SR I 1+1
"for any. pozgt within the system.
v~ At the 1n1et node, the'system is supplied by a source of . strength
Vp;'Cin]et = constant = C, where,Cin]et is a f1u1d source. ‘If C is
fixed at. the inlet boundary, the eqw node two becomes:
o AA(CMLcM)+eB(-2cMtLac Ligen ey . |
‘ 27 2 3 2 3

=Vcc(c”+1-zc"+1+c"-2c"+2c pn(citlooc M - T,
- 2 3271 3 T3 -

Rewr;te the equat1on

o A‘ C 4B ch+cC = Ec"+1+rc"+1
1 72 3 2 3

where S
| - |
' = 20D-2CC gt = -AA-2BB#2CC -
2CC-AA ' 2CC-AA :
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At the outlet boundary the system is closed to diffuston but is
open to mass transport via fluid convection. The convection-diffusion

equation at the outlet becomes: -
» | ,

AA(c"+1 c")+Be(2c"+i _2cM*_gen 1+2c']1_,~
- i i-

cc(zc"+1 2c"+1+2c" -2cM
i-1 i i-1 i

, 205( en+1 C"+1+Cn C" )
, -1 i i i-1

Now let:

| _2BB-2CC+2D0
“AAF2CC

i

A"

gv - -AA+2BB+2CC-2DD
TARF2CC

o = -2BB+CC-20D - | - -
- TARZCC - - | S
Cpw . -AA+2BB-20€+20D
-AA+2CCv '

’
Rewr1te the equations in the fol10w1ng form

A"C +Bncn = Ducn+1+EuCn+1
-1 - i i-1 i

Arrange the system of equations in matrix forgg .

atc sl e =)™l leprool -
1 2y 773 2 |

[

LA C e =™ lp EF oo
2. 3 4 3 |

At +BC"+cc? = fc™1) |0 D EF , -
il i i+l i - S S

\

-

S +B"c?w+ o sl Jooooref .
' i-1 o , - :
ér

¢ . o




T A N~ , e .&

The tridiagonal matrix thys formed #%y be solved by the Thomas

Algorithm. A similar solution applies to the conductioﬁ-éoniection
equation_forifhe heat transfer problenm. o |

L3

B. 'Heat Transfer Equation

A

3 /[ aT\ = 5 (pcpvT) _ 3 (((1-¢) pp CPp + ¢pCP)T) 4
3 [ kn 3L - 2! = r CPr
ax ( h ax) X 3t - \ ,

“may be modified to obtain:

K 2T, [akn _ecov)al 2 ((gocpril-g) pp c ;#
ax? ax ax . ot ‘ - .

The semi-implicit finite difference approximation is:.wr’

Tk (P eer b -arer ]y
| 2Ax2 f ’

+ 3kp _ eCpV };_}T?I}-T?f}+T?+1'T?-1)
X 4ax " '

o [M] = (¢pcp + (1-¢) op Cpy)

- ' L .
The truncation error term obtained from a Taylor\ﬁer1es expansion
_ S

- .o 222 Ei; ¢ 2kn _vecr (aX%’To L at®T
24 ax 6 ax® 8 axat? |

at

. 2 2 2 o ﬁ_

= [ =(vecp)™ at® . [M] aX akp _ voCPY
[M] 24 . aveCp L

, E—kjl- vpcpy A£2 .v\pcp 33T . - , i
-\ ax 18 M) Jaxtat . I

is:

m .
I




let . (

3T
¢ = BB — N
Ix“at /
or TN
% .
‘ ' n+1 n+1 n_+n .
. BB (T T1 +T1+} -T2}
AX At - | ,51: ’
let ’
g L BBY
BB =
T axhat ]
“let
gp = ( [MIax® . atPvecp \ [akp -veep)  -(vocp)Zst?
. 7Y 8 [M] ax MT 24

let

AR = 90CP * (1-9) pp cpr . [M]

at At
let
k
CC = h
2AX2
let
‘ ‘DD = vpCp ‘ . ‘ A NG
4Ax ' : : -

rewrite the equation as for the bonvection-diffuéion problem:

ATD sBTMCTR. = DT“+1+ET"+1+FT"+1
-1 1 i+l i-1 i i+l

C. Fluid Flow Equationbin One Dimension Ya

The mass balance for the total system is:
. v : ‘ N

84
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&

‘a(pv)' = _ $9p
X » ot ’

This ma} be réwritten as the continuity equation for one dimensiondY'

non-isocthermal flow:

" V3p T pdV . _ -93p IR _— .

‘X ax at o |
where o = p(T) . \ - f \B
or - - ' I .
ap(T) _ 3p a7 ‘
axX - 3T 3x

ap(T) . ap aT
3t 3T ot

In finite difference form:

n+l n+l on+l _n+l n+l  n+l
(Viadgtvi ) ae (Tieg=Tioq) ) el (viadevi b)
S 2 T 2% . i . AX
n+t _n
= 93p (Tj -Tj)
S aT At

This may be solved directly if ve10¢ity is given at node 1, .

D. Pressure Equation

Derivation of the pressure equation for non-isothermal “'slightly

compressible flow . : ' | \\{
for a s1ight]y'com%ressib1e fluid: |
2 (pv) _=('¢9C 3%. where C is the fluid compressibility
AX ' _ . )

»

C

for a non—isbthefma] fluid flow:



3(pv) . -¢3p - ﬂ /-

Cax et o /
o | | | p

where p = p(T) N .

combine the equations:

3 eMy) _¢(apm b o 8_p_> \
o 9X ot at :
Darcy's Law R y
v = -k 3p k
B 9X - ‘ .

_Note:‘The gravity term is negﬁected as gravity forces are small

compared to viscous forces at experimenté] flow rates.
g
3 [omy ko3 o 42T} 4 ¢ 3P
ax w0 9X ot | « ot
The change in density due to pressure is very sma11 at experimental
 pressure drops, so the f1u1d dens1ty should be wr1tten as a funct1on of
‘temperature only. The‘ﬁependence of fluid. dens1ty on var1ab1es ‘other
than pressure comp11cates the problem in that 1t{requ1re§'an iterative
solution, as an analytical solution will become intractable.
. Define transmissibility aS follows:

e, = lejoates) o 2k
i 2 Tujortug) ax

P1ace pressure equation in finite difference fofm;

Pitl T"1+1' (p?i% p?+1) - p1 15 Tr1 Y (pn+1_p1_1)

o BAX (pMFLpny neIE (TU+1-TU))
X3 pT -l o] Syl i

~



Boundary Conditions:

The boundary conditions common to both heat and mass transfer are
as follows:

At the inlet:

c(0,t) =¢C, =1 : C(x,0) =0

T(0,t) = T, T(x,0) = To

v(0,t) = v, At the outlet:
| oLt =0

The equations used;for-the fluid and rock pfoperti s are as

»

follows:
1. Fluid Density .
. . 2 N
p = A+BT+CTZ 90 o

- cm

The constant§k A,B and C were determined for each o0il used by

'fitting a least squares curve to the densitﬁesAﬁeaﬁured at'22°C,

50{6 and 70°C for- each o0il used.

Density of Fluid. Mixtures

= 1 ., gm .
Ci/oy .+ (1-C1)/p2 cn® "

-

m

This is an adaptation of a specific volume formula found ih "The
Properties of Gases and Liquids" p. 86 (15).

Fluid Yiscosities

F]

T

- v | N 1&

This correlation is known as Andrade's equation, (Ref. 15) p. 437.
Thé constants A and B were determined by fitting the viécosi;ies

found in the manufacturer's literature to the equation.
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Yiscosities of Mixtures

1000 en 20

Ll = ) .
in pp-n 0005
i N
Ly = 1L, + (1-C))L,
Hp = ,0005 exp 1000 g 20
. ' . Lm

L]

The corre]at1on used by Awang (Cragoe S equat1on) and a 1ogar1thm1c
correlat1on (Equation 19-8, Ref. 15) were compared with v1scos1t1es
measured with a Nametre viscometer for several 0il m1ktures.
Cragoe's correlation {above) was conﬁidere& to be more accdrapg;
(Append1x F) | |
D1ffus1v1ty of the Bu]k 011

o

D, = Auq
° S

Qhere q is valued between -0.5 and -1.0; from Ref. 15 p. 574.
Dispersion Coefficient in Sand Pack
‘ 2
ky = 0y + 1,75 vdy S -
Fcp s ) .
This qorrelatibn wag proposed by Blackwell(5). Brigham et al (4)
noted that the dispersion coefficient kq appeared to be a

function of the' mobility ratio. Therefore“the dispersion

coefficient wasfdefined as follows:

: - em? :
kg = 20+ 1.75 vagh o ‘
Fé , s ;



10.

kpt = 0189 - .000017T

the viscosity at the i-1/2 node: Thisfratio can be approximated

M o= Bty

89

Thermal Conductivity of Sand Pack v

J
cmes°C
From data of Anand, et al (15). The properties of Boise standsfone

were assumed to be similar to that of the sand pack. The value,

obtained here is slightly higher than the value obtained for tar

sand Weston( 17) s

imations as no copr

ese values were considered useful approx-

 fpns for heat transfer in unconsolidated

sand packs saturated with refined oils were available.

Thermal Diffusivity of Sand Pack

. (

Ky = kpp + .1728(vd )14 9 .
n ht P cmes-°C

~

This equation.was proposed by Green et al(8) as a best fit of the

- data they obtained for thermal diffusion in an unconsolidated sand

pack.

. Mobility Ratio

This is defined as the oil viscosity at the i+1/2. node divided bﬁc

f

by: " :

Hi-1tuy

-

Heat Capacity of 0il ‘ _
The "Chefical Engineer's Handbook"(18) p.3-136 lists the following

correlation for the thermal capacity of oils:

o

_ L1778, 00377 (T-15) _i_;
P Uors (_ ) g
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12.

"data from Ref.(19) p.'f-68 and Ref.(18) p. 3-20:

90

P15 is the oil density at a reference temperature, (15°C).

Heat Capacity of Rock ’ - .

'The specific heat of quartz can be determined from a correlation

found in Ref. (19) p. f-68:

cpp = 153 + .0025T - - \
I gm°C '
& . ~ '
Rock Density . i

A formula for the density of quartz may be obtained by combining

op = 2.645-5,5X1077T am_ o S -

cm?
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IX. APPENDIX C
A. Stability Analysis

A stability analysis of the Truncation Cancellation Procedure via
the Karplus Criterion (28):
1. Write the equation in the form used-by the matrix solution

AA(Cn+1 Cn)+BB(Cn+1 2Cn+l Cn"‘l Cn +2Cn n

i -1 i i+1 i-1 i )

1+1 ‘ o
= co(cMtloacM et Lech

-2e"+C" ) o
ISt B PO RS TSt TS ) ‘} LY
+ oo(c™lcMhach { g "

(L
i+l -1 i+l -1

Rearrange

aa(cMloc )+BB(C"*1 c™-288(c"*tcM

i i Cd-1 i, i i

+Be(c”+1 c“) BB(C" -cM-BB(C" "y
+] i-1 i i+l i

~ceelcMacc(c™L-cM-co(cmi- c,)
i-1 i i i <9+l i

-cc(c” M- ce(ch

c“) po(cM*lcM
i-1 i

i+l i i+l i

+DD(Cn+1 c”) 0o(c" -cM+po(c" ¢ = 0
-1 il iol i

M

Terms will cancel to yield the stability criterion
-AA+2BB+2CC = O

~

When the 1isothermal case

is considered; the stability criterion

v

-2¢p

+ vszt + Kde
3at

6¢>Ax2 ax?

=0

91
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-2¢p vszt2 +  Kdoat £
3 ‘ 6¢Ax2 Ax2

>

For a typical experiment:

¢ = ..328
p = .87 gm/cm3
v = ,00561 cm/s

AX 4.0 cm

i\l

kq = .0030 cm?/s

- .1902 + .8696 x 10°° at? + .000163 at < 0. The system is s}ég;e
for at < 300 s.

Actual instgbi}ity occurs at at = 240 s.
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X. APPENDIX D

Heat Transfer Calculations for Miscible Displacement Test Core

—~ .

Heat Transfér Through Sand

knt = .865 W/m °K(0.5 btu/hr ft °F) (Green, Perry ‘& Babcock,
Ref. 8)

Osand = (Kpg A aTi/d ‘ -
Qsand =‘.865 .00492 70/.0792

Qsand = 3-77 W (7.13 btu/hr) where d is the core diameter inm

16.5 W/m °K (9.5 btu/hr ft °F) for 316 stainless steel

Ksleeve =

Qsleeve = 16.5 .000113 70/.0792

Qsleeve = 1.64 W (3.12 btu/hr) for a .Olé” wall stainless steel
sleeve ‘

for a .010" thick stainless sleeve, Qgleaye = -91 W
‘!fbr a .010" sleeve, Qgyeove/Qsand = 24
The .010" sleeve chosen in order to minimize the contribution . of
the sleeve to totai heat coﬁduction, and to allow the overblrden

pressure used to act on the core.

93 - .
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Q

Figure 28 Core Heat Transfer Problem

.

sleeve q

-

Q

sleeve

Q

core

PN

A

As]eeve

core

™ Core diameter (d)

must be small for exberimenta] accuracy.

94



XI. APPENDJIX E

Miller Stability Criterion for Stable Thermal Displacement Front

T, = 25°% T, =90°C
pp = .888 ém/cm3‘ o, = .847 gm/cm’
up = 8.00 9N __ w2 = .34 IO
cm s cm s
vy = .00540 cm/s Vo = .00561 cm/s
ki = 100 um® (darcys) k, = 100 um?
kn2 = .020 J/cm s °C ’ v, =.005cm/s .

2
(relative velocity of rock to thermal front)
cp1 = 2.01 J/gm °C ‘ cpz = 2.25 J/gm °C

The system is stable when:

(gravity forces) * (viscous for;es)”;m(stabiiiifﬁépéffect of
.&qwhr)>0ﬁ

Gravity term

- (p2 - p1) g a

(i847 - .888) 981.0 o

i}

=+ 40.18 oI
cm3sec2

= + 40,18 o dynes
. 2
cr

Viscosity term

_uvy + Mav2 \ o108
‘ Ky - kK2

- . 'dynes
= -41,200
¢ cm?

Thermal stability

heat



- B4 2 kp v(ya_y) (I}_Tg) T
piki  p2ky JHi-Hy-cpa(T-T2) (X2=X)
a

96

. _/_8.00 .34 .020 y(yz2-v) (-65) 1o¥
.888x100 .847x100 | -127.32-2.25 (-65) (X2 Y)
a
y = P2 cp2 b v-V2 \, or Cpy (1-¢) v o_ convect?ve heat trans fer
Kn $ Kh conductive heat transfer
y = -.722

dsandpack

Y2 = .5096 or yz = .175 for A = 2. dsandpack or ) =
o= ;E. (x is the largest probable wave length)
o =

.7923 or a = .3961
Gravity forces T

- (p2 - p1) ga
= +15.9 dynes/cm2

— Viscous forces

Foo Vi, wav2 ) g8
\> k k2

= - 16310. dynes

cm? N 9

Stability due to heat transfer

p1k1 p2kz Hx:?z-cpz (T1-T2) (¥22Y)
a

= 33,324. 'dyngs assuming a, = .3961
cm

i <<Ul . h2 '5 kh v (y2-y) (T;-T3) 108



9/
rd

The sum of the forces is:

. dynes .
t 17,020, A 4

£

cm

The thermal tront is therefore stable,
However, 4he displacement front travels faster than the therma)l
ﬁro"'and is therefore isothermal. = The displacement front stability

criterion is simplified from Miller's criterion to yield:

S HIVE e H2Y2 ) 108 g - (papy) Ga v o
ky Ky

For Harmony 44 displacing Harmony B7:

_ 2:56X.0056 , .25X.0056 \ } 8 ( 3961)_(.848-.869) 981(.3961)
100 100
dynes
= -5098 dyhes
cm

Therefore the displacement front is unstable at experimental
velocities.
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XII. APPENDIX‘F

Raw Data and Data Work-Up . .
' - ‘ f

i

This  section contains a numerical simulation flow cha'r:,/, an
ﬂiH-ustrafion of experimental strategy, examples of probability p1o/s for
experimgntél and numerical vresu{.‘ts, and a summary of raw data. Ex}ﬁmples

 of réfractive .index and vicosity calibration curves are also included.

~

.98



| Figure 29 Flowchart of Numerical Program

.
-t

{ Read Data

t =t +at

T

Ir—

Itr = Itr +1

1

I=i+1

|

Calculate
Parameters:
@ Node i

Calculate
{ Matrix
Values

Solve for- C
Solve for T
Solve. for P
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Figure 30 Experimental Strategy‘
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TABLE S

Summary of Raw Data, Runs 1-386
jun !
Harmony 111 displacing Harmony 44
T0=26.7 C T1=27.4 C
Time Concentration
(s) (% Harmony 111)
240, .020
300. .035
3960. .000
4020. .000
4080 . .000
4140. .000
4200. .007
4260. .000
4320. - .007
4380. .007
4440, .020
4500. .030
4560. .030
4620. .085
4680. . 135
4740. .206
4800. .268
4860. | .341
4920. L4272
4980. .575
5040. .698
5100. .752
5160. .834
5220. .915
5280. 932 A
5340. .957
- 5400. . .970
" 5460. .985
5520. °  .995
5580. .990
5640. .985
5700. .985 .
5760 1.000 ~
5820. 1.0
5880. 1.00
53940. 1.00
6000. 1.0 !

porosity=.328 pore volume=1260 ¢m3
80 -120 um sand (20-30 mesh)

111
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~ Run 2 . BN o '
Harmony 44 displacing Harmony 111 .
T0=27.5 T1=23.5 .
“Time Concentration.
(s) (% Harmony 44) . .
030, . 157 J | | °
660. 548 - ¥
690. .576 o o
720. . . .565 . : o :
750. .630 '
780. . .585

. 810. - .570 A
. 840.  .550 - ‘ :

- 870.  .527 ’ AN _ A o
900,  .522 R - - s
930,  ..613 : . . - : : :

| g960. .545
. 980. .580

- 1020, .585
1050. .576 )
1080. -..576 :
1110. .522
1140. - .505
1170. . .522
1200. . L4777 .
1230. . 465 .
1260 . 494 :
1290. 494 ,
1320. - .450 ST
1350. - .438 . g
1380.  .430 |
1410. ~  .387
1440, .340
1470. .325
1500 . 312
1530. . 315
1560. 307
1590. .290
1620. . .285
16507, 285
1680. - 250
1710, ~. ,240 |
1770, 350 2 -
1770, . | L o
1800. - .245 7 S N
1830. .240 T :
1860. 228 . 7
1890{‘ - .240 -
1910 . 228 . ‘ _
1940. - .240 : ‘ -
porosity =.328 pore volume=1260 cm3mv .\

)
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Run 3 :
© Harmony 111 displacing Harmony 44
Heated injection, T70=27 C T1=Q2 C

Time Concentration
(s) (% Harmony 111)
3600. - .015 : S
4140, .007
4200. - .007
4260, - . 007
4320, 7007
4380. .022
4440, .015
4500. . 030
4560, = ..042
4620. - . .062
4680, .075
4740, .152
4800. .222
4860. .307
4920. - .410
4980, - .465
- 5040. .500
5100. 737
5160. .798
5220. .845
5280. - .895
5340. = - .895
5400. -.960
5460% .985
55287 . 980"
5580. >~ .995
5640. .995 .
5700. - 1.00
5760. .995
5820. 1.00

'5880.  1.00

0il flow rate =948 cm3/hr
- porosity =.328 pore volume =1260 cm3
80-120 um sand ——



"Run 4

Harmony 44 displacing Harmony 111
T0=25.83 C T1=25.6 C
Time Concentration
(s) (% Harmony 44)
180. - . 1.00
360. .1.00
540. .995 -
720. .  1.00 . B
S00. - 1.00 ‘
1080. . 1.00
1260. 1.00
. 1440, .985
1620. .990"
1800. .7.00
1980. . 748
2169, - .848 .
2340. .740
.2520. .8415
12700. .715
2880. . .695
3060. - .730
3240. .647
3420. .630
3600. .705 _
3780. . .630 : -
13960. - .565 ‘ : e
4140. .565 . ' _ .
4320. " .510
4500. - .515 : -
- 4680. .420 k,
4860. .420 - _
5040, 515
5220. .460
5400. .440
5580. .365
5760. .-308
5940.. .308 _
6120.. .330 °
- 86300. <302
6480. - .295
- 6660. .273
1 6840. .270
7020. . .245
7200. - .285

'porosi1§='.328- pdre volume = 1260 cm3
80-120 um sand (20-30 mesh) . -
0i1 flow rate =937 cm3/hr
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Run 5 o
Harmony 87 displacing Harmony 44
T0=27.6 C. T1=27.2 C
Y ime Concentration
. (s) (% Harmony 87)
3600. .000
4140, . 000
4200. .023
4260. .023
4320. - .023
4380. .031
4440, .031
4500. . 041
4560, . .095
4620. . 135
4680. . 192
4740, ..285
4800. - .396
4860 . .482
. 4920. = .585
4380. .664
5040. 74 1
5100. .824
5160+ .895
5220. .810
5280. -.8932 v _ R :
5340. .970 - : _ .
5400, .980 ) : '
5460. .988
5520. .995
- 5580. ~  .988
5640. .995
5700. .988
5760. - 1.00
5880. .980
5940. .995
porosity = .328  pore volume = 1260 cm3

80-120 um sand (20-30 mesh)
0il flow rate =945 cm3/hr .
note:Concentrations were normalized to 1.0 and 0.0
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Run 6 :
‘Harmony 111 displacing Harmony 87
T0=27.2 C T11=26.7 C

Time Concentration
(s) (% Harmony 111)
4560. . .000
4620. .000
4680. .000
4740. - .052
4800. .020
4860. .020
43820. - .052 .
4980. 052 .
5040. .068 ~
5100. .115 :
5160. . .130
5220.° . 145
5280. .195
5340. .305 ‘ -
5400. .402 ) )
5460. .450 . ‘ B '
5520. - .482 :
- 5580. .465
5640. .755
5700. .755
5760. - .740 .
5820.  .917
5880. .932
5940. .968
6000. .932
6060. .987
6120. .968
6180. . .887

- porosity=.328 pore volume=1260 cm3
80-120 um sand
0il flow rate=851 cm3/hr o , -
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Run 7 ) )
varsol displacing Harmony 1171
T0=27.0 C T1:27.5 C -

Time Concentration \

(s) (% varsol).
180. . 995
360. . 995
7540, .995
~720. . 945
3900. .596
1080. .484
1260. .436 -
1440. 436
1620. .447
1800. .405
1980. - .328
2160. . .287 s o
2340. .255 . ~ ’
2520, .250 : A ‘
2700. .243
2880. .242
3060. . .232
" 3240. 214
3600. .213
3780. .210 K
3960. 1202
4140, . .203 .
4320. .204 _ ,
4500. .207 : .
4680 1197
5040. 184
5220. . 181 !
5400, 77
5580, 176
5760. 177
5940. .178
6120, 1179 |
6300. 177 ) .
6480. 177 | _ N .
6660. - 77 )
6840, .178
7020. 177
7200, - - .186

- porosity=.328 pore volume=1260. g

80-120 um sand : ‘
0il flow rate=970 cm3/hr
Concentrations were normalized to 1.0 and 0.0
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Run 8
Harmony 111 displacing varsol - v
T0=28.2 C T1=28 C
Time Concentration
(s) (% Harmony 111)
3660. ,-000
4500. .000
4560. .009"
4620. . 014
4680. .032
4740. .062
4800. 117 ‘
4860. 210 4

- 4920. .362 ' -
4980. .486 .

* 5040. . .604 ' o .
5100. .778 : o
5160. L1710
5220. .910
5280. .952
5340. .957
5400. .976
5460. .985 ' _

5520. .999 <

5580. .997 o .

© 5640. .997 -

5700. .997

5760. . 997

5820 .998

5880. 1 00

6000. - 1.00

- porosity=.328 pore volUme=1260‘cm3
80-120 um sand

Qi1 flow rates963 cm3/hr .
Concentrat1ons were normalized to 1.0 and 0. O



Run 9 ‘
Harmony 87 displacing Harmony 44
Heated injection, T0=26 C T71=94 C

Time Concentration:
(s) (% Hamony 87)

3660. .000

4200. .000

4260, -.000

4320, .020

4380. .038

4440,  .085

4500, .094

4560. . 175

4620.  .265

4680.  -.352

4740, .442

4800. .575

4860. .622

4920. . 782

4980. .830 .

5040. . 855

5100. .825

5160, .940

5220. . 972

5280. .980 o

5340. .995 )

5400. .990 '

5460, 1.00

5520. 1.00

5580. .995

5640. 1.00

5940. 1.00

porosity=.328 pore volume=1260 cm3
80-120. um sand '
0il flow rate=980 cm3/hr
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Run 10 _ _
Harmony 111 displacing Harmony 87
Heated injection, 70=26.5 C T1=96.0 C

Time - Concentration , ’ .

(s) (% Hamony 111) L '
3660. .000 o
4080. .000 N
4140. .020 e
4200, .000 ]
4260. .000
4320. .020
4380, 1020
4440. .020
4500. .090
4560. 115
4620. . 162
4680. .210
4740. .290
4800. . 385
4860. .482
4920. - .500
4980. .585
5040. -~ .688
5100. .792 v
5160. .- .810 ,

5220. .845
5280.. .898
5340. .934
5400.  .950
5460. .970
5520. 987 - | |
5580. .00 N
5640. 1.00 - . -
5700. 1.00
. 6000. 1.00
- ~F

-~ porosity=.328 pore volume=1260 cm3
80-120 um sand
0i1 flow rate=966 .cm3/hr
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Run AR
Hamony 87 displacing Harmony 44 -
T0=26.1 C T1=26 C

Time Concentration
(s) (% Hamony 87)
14400. .000
18000. .000
18240. .000
18480. .000
18720. .012
18960. .066
19200. .076
19440, .103
19680. . 195
19920. .285
20160, .430
-20400. .528
20640, .B621
20880. .753
21120, .783
21360, . 845
21600. .803 ;
21840. . .924
22080. ° .934
22320. .980
22560, 1.00
22800. 1.00
23040. 1.00
237560. 1.00

porosity=.328 pore volume=1260 cm3
80-120 um sand :
low flow rate

~
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Run 12 .
Hamony 111 displacing Harmony 87
Chilled injection, T 0=80 C T1=19.5 C

Time Concentration
(s) (%¥ Harmony 111)
3360. .000
4200. .000
4260. ~  .000
4320. .000
4380. 017
4440. .033
4500. .069
4560. . 158
- 4620. .230
4680. .318
4740. " .388
4800. .578 ' :
4860. .578 \
- 4920. .653
4980, . 789
5040. .808
5100. .925
5160. .944 X
5220. . .967 |
5340. .985 i -
5400. . .9885 o S ;
5460. 1.00 o N
5520. 1.00 ‘
5580. 1.00
6000. 1.00

porosity=.328 pore volume=1260 cm3
80-120 um sand . . ,
Concentrations were normalized to 1.0 and 0.0
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Run 13
Hamony 44 displacing Harmony 111
Heated injection, T 0=26.0 C T1=90 C

T ime Concentration
(s) (% Harmony 44)

1260. .005
1440. .005 ,
1620. . 150 B A
1800. . 170
13880. .315
2160. .310 *

. 2340, . 160
2520. . 125
2700. .252
2880 .315
3060. .420
3240. .451 \ :
3420. .516 !
3600. .505
3780. 545 ’ -
3960. .522
4140, .545

- 4320. .590 -
4500. .B607
4680. .607
4860, .652 .
5040 .658
5220. .B675
5400. .660 " ;
5580. .B653 : R
5760. + .653
5840. .B676
6120. .6398
6300. .704
6480. .6388
6660 . .704
6840. = .698
7020. .738
7200. .732

porosity=.328 pore volume=1260 cm3
80-120 um sand -
0il flow rate=3879 cm3/hr - L~
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Run 14 , *:‘fw -
Harmony 87 disp“ﬂ:mg’hﬁmony 44
T70=26.3 C T1=26.7 C _

Time Concentration
(s) (% Harmony 87} -

3660. .000

4080, . 000

4140, .000

4200, .000

4260. .005 -

4320.. .012

4380. . 046

4440, . 100,

4500. . 193

4560 . 1282

4620, .360"

4680, .493 -

4740, .. 640

4800. .692

4860, .815

4920, .870

4380. . 894

5040. 1915 . -,
5100, .963 .
5,160 1970
5920, 988

5280, -o8d

5340. .988

5400. 1.00

5460, 1.00

5520, - . . 996

5580. 1.00

5640, 1.00

6000. 1.00

porosity=.328 pore volume=1260 cm3
80-120 um sand
0il flow rate=975 cm3/hr



Run 15
Harmony 111 displacing Harmony 87
T0=28.0 C T71=28.0 C

Time Concentration
(s) (% Harmony 111)

3660. .000
3840. .000
33900. -,000
3960. .000
4020. .007
4080. .038
4140, .022
4200. .038
4260, .053
4320. .100
4380. o117
4440, .133
4500. .230
4560. .27
4620. .297
4680, 424

© 4720. .475
4800. .634 ‘ o
4860. .634
4920. .791
4380. .808
5040. .808
5100. .841
5160. .881
5220. .936
5280. .936
5340 .963
5400. .982
5460. 1.00
5520. .982
5580. 1.00
5640. 1.00
6000. 1.00

porosity=.328 pore volume=1260 cm3

80-120 um sand .

0il flow rate=964 cm3/hr . '
concentrations were normalized to 1.0 and 0.0

125.
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. +Run 16 . ‘
Harmony 111 d1sp1ac1ng Harmony 44
.‘TO =26.9 C T1=27. 8 c

Time Concentrat1on . ,
(s) (% Harmony 111) IR ' S =y

3660. . 000 ' ' - -

4140. - .000 :

4200. . 000

4260, . 000

4320. 1007

4380. . 007
-4440.  ,048

4500. . 068"

4560. - . 110

4620.  .185

4680. . 250

4740. . 370

4800. 494

4860. .602 o~

4820. = .885

4980. .778 ' ' : .

- 5040. . 845 :
- 5100. .880

5160. - .900

'5220. . 942

5280. - .942

5340. .950

5400. .. .962

5460. .962

5520. . 985

5580.  .985 ' .

5640, 985 . o o R LR
5840,  .995 - ' . '

porosity=.328 poré volume=1260 cm3 | . : ,
'80-120 um sand : ‘ . S -
0il flow rate=963 cm3/hr coTr
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Run 17
Hamony 111 d1sp1a¢1ng Harmony 87
T0= 27 C T1=27,2 C

‘Time Conaentrat1on S \
(s) , (%”Harmony 111) )
\

3660. - 000 : ‘
4320. . 000- .
4380. . _ .000 o
4440. . 000
4500. .017
4560. .017
4620.. .051 o
4680. . 180 w
4740. .218 '
4800. .273 >
4860. .419
4920. .418
4980. - .B57"
5040. - .597
5100. . 735 ,
5160. .752 »
'5220. - . 784
5280. .816
5340. .834
54g0.‘ . 834

. . 957
5520. . 957
5580. .957
5640, - . 957
.5700. .977 . .
5820. 1, 000 :
5880. 1.000 . '

6000. 1.000

porosity=.328 pore volume 1260 cm3

80-120 um sand °

oil flow rate=927 cm3/hr ' ’ 4
Concentrat1on was normalized to 1.0 and O. O

\
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Run 18
. Harmony 87 d1sp1ac1ng Harmony 44
T0=27.0 C T1=26.8 C

Time Concentration‘
(s) ~ (% Harmony 87)"
3660. .000" ‘ : o ' ~
'5040. .000 - : o
5100. .000
5160. .000
5220. .010
5280. - - .032
- 5340. .090
5400. 175
5460. w.302
5520. . 446
5580. .597
5640. . 680
5700. .835
5760. . .934
5820. - . 934
5880. .970
5940. .993
. 6000. 1.00
6060. .993
6120. 1.00
6180. 1.00
6240. -~ 1.00
_ 6300.’ 1.00

porosity=.368 pore volume= 1411 cm3 . -
20-30 um (80-120 mesh) sand :
oil flow rate=808 cme/hr
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o \‘
: - . ,‘\\)
Run 19 ' / ’ :
Harmony 111 displacing Harmony 87
T 0=24.9 C T1=25.3 C "

Time Concentration
(s) (¥ Harmony 111)
4860. .035
5100. 000
5400. - .020
5460. .085
© 5520, .085
5580. . 130
5640.. . 146
5700. 257
5760. . 322
5820. 450 ¢
5880. .567
5840. .620
6000. .755
6060 . .810
6120. .810
6180. .933 .
6240. .950°
6300. .950
6360. .950
6420. .970

porosity=.368 pore volume=1411 cm3
20-30 um sand ‘
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RUN 20 ‘
ﬁarmoﬁy 44 displacing Harmony' 111
T0=24.2 C T1=24.4 C

Time Concentration
(s) (% Hamony 44)
00180: .005
00360. - ..005
01380. -.005
02160. . 005
02340. . 150
- 02520. . .105
02700. 2127
2880. .160 i
03060. . 165 e
03240. . 195 . ~ N\
03420.. . .212 :
03600. . . 222
03780. - .222
03960. - .295
04140. . 360 o
04320. .370 : .
04500. .420 .
04680. .425
. 04860. 435 o ,
05040. .470 :
05220. . 480
05400. .535
05580. . 545 ' ,
05760, .590 ) I
05940. .590 -
06120. 630~
06300. 635
06480. .635
06660. - .640
06840. , .675
7020. .698
7200. _ .705

porosify=.368 _pore volume=1411.cm3
20-30 um sand ;
Qi) flow rate=300 cm3/hr :
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Run 21 '
Harmony 87 displacing Harmony 44
Héated injection, T0=25.5 C T1=91.5 C

Time Concentration
(s) (% Harmony 87)
4800. .000
4860. .000
4920. .022
4980. - .085
5040. . 156
5100. . 246
5160. .407
5220. .556
5340. .832
5400. .903
5460. . 860
5520. . 994 ~
5580. 1.00 ~
5640. 1.000 ‘
5700. 1.00 ///
5880. 1.00 \

porosity=.368 pore volume=1411 cm3 _ ‘
20-30 um sand 3
oil flow rate=972 cm3/hr o ‘ ’
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Run 22 )
Harmony 111 d1sp1ac1ng Harmony 87
Heated injection, T0=28.1 C T1 g2.4 ¢

Time Concentration
(s) - (% Rarmony 111)

4260. .000

4620. .000

4680. .000

4740 . .024

4800. .000

4860. .054

4320. .134

4980. .134

*5040. . 167

5100. 284 _ ‘
5160. . 365 ' R
5220. 479 . ,
5280. .619

5340. .691

5400. .778

5460. .816

5520. .835

5580. .871

5640. .928

5700. .962
- 5760. .962

5820. . .962

5880. .979

5940. 1.00 -

6000. 1.00

6600 . 1.00

porosity=.368 pore volumes 1411 cm3
+20-30 um sand - :

oil flow rate=950 cm3/hr

Concentrations were normalized to 1.0 and 0.0
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Run 23
Harmony 44 displacing Harmony 111
Heated injection, 70=28.7 C T1=839.0 C

.Time Concentration
(s) (% sHarmony 44)

0180. .000
-01440. ~.000
1620. .000 <
1800. .047
1980. .091
2160. - . 136
2340. . 145
2520. - 179
2700, .205
2880. . .205
3060. . .224
3240. 273
3420. .310
3600. .354
3780. . 364
3960. . 354
4140, . 389
4320. - .414
4500. .467
4680. . 480
4860. .530
5040. - .563 «.
5220. .575~
5400. . .574

. 5580. .581
5760. .586
59840. .591
6120. .636
6300. .662
6480. .662
6660. - .690

- 6840. .. 702
7020. - .729
7200. .747

porositys=, 368 pore volume 1411 cm3

20-30 um sand

0il flow rate=925 cm3

Concentrations were norma]ized to 1.0 and 0.0

&
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Run 24
Harmony 87 d1splac1ng Harmony 44
Chilled injection, 70=80.3 C T1=26.9 C

Time -Concentration
{(s) (% Harmony 87)

4860.  .046

5100. .000

5340. . .046

5400. 046

5460. .067

5520. - .074

5580. . 142

5640. . 181

5700. .315

5760. .450

5820. .600

5880. .756

5940. .837

6000. .820

6060. .936 " :
- 6120+ .936 ) ' . . .

6180. . 982 _

6240. 1 00 . f

6300. 1.00

6360. 1.00

6600. 1.00

porosity=.368 pore volume 1411 cm3

20-30 um sand

oil flow rate=855 cm3/hr

Concentrat1ons were normalized to 1.0 and 0.0



Run 25
Harmony 87 displacing Harmony 44
T0=30.0 ¢ T71=30.0 C

Time Concentration
(s) (% Harmony 87) °

+21600. .000

23040. .000

23280. - ,000

123540 011

23760. .000 :
24000. 011 :
24240, .045 |
24480. - . 108

24720, .190

24960. 311

25200. .405 -
25440. 494
25680.. - .602

25920. . .B670

26180, .761

26420 . .847

26660. .892

26300 . .326 -
27140, .943

27380. 1,00

27620. 1.00

28340.  ’ 1.00

porosity=.368 pore volume=1411 cm3
20-30 um sand
Low flow rate (210 cm3/hr)

Concentrations were normalized to 1.0 and 0.0

~3
Car

€]
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Run 26
Harmony 87 displacing Harmony 44
T0=28 C T1=29.3 C

Time Concentration
(s) (% Harmony 87)

65700. .000 -

72900. . .000 -

73800. .000

74700. . 000

75600. . 000

76500. .01

77400. .022 '

78300 .072 _ - !

78200. 172 :

80100. .250

81000. . 327

81900. .544

82800. % .588

83700. .672

84600. ©.758

85500. .844

86400. .917

87300. .950

88200. . 1.00

89100. 1.00

90000. 1.00 ’

porosity=.368 pore volume=1411 cm3
20-30 um sand '
Field displacement rate (61 cm3/hr)

Goncentratiohs were normalized to 1.0 and 0.0

L}
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Run 27

“water wet sand pack

Harmony 87 displacing Harmony 44
T0=29.C T1=29.2 C

Time . Concentration s
(s) (% Harmony. 87)
3660. .000

4200. .000

4260. .000

A320. .028

4380. .055

4440, .075

4500. .170

4560. 274

4620, .432

4680. .545

4740, .692 .
4800. . 787 ’
4860. .871

43820. 921

4980. .836

5040. .952

5100. .852

5160. 1.00

5220. - .985

5280. .895

5460. . 1.00

- porosity=.356 pore vol.=1354 &m3
volume of residual water in pack=174 cm3
oil flow rate = 975 cm3/hr

0i1 concentrations are normalized to 0.0 andi.0

137
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Run 28 '
Harmony 111 displacing Hamony 87
water wet pack 20-30 um sand (80-120 mesh)

" T0227.2 C T1=27.5 C

Time Concentration

(s) (% Harmony 111)
3660. .000
4200. .000
4260. - .000
4320. .043
4380. .043
4440. 116 7
4500. . 189
4560. .226
4620. .371
4680 . .428
4740, . 560
- 4800. .537
4860 . .719
4920 . JTT7
4980. . 889 :
5040. .859 ' L
5100. .940
5160 . .958
" 5220. 1.00
5280. 1.00
5340. 1.00
5940. 1.00

porosity=.356 pore vol.=1354 cm3

volume of residual water=75 cm3

oil flow rate=975 cm3/hr

Concengfations are normalized to 1.0 and 0.0
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Run 29
water wet sand pack )
Harmony 44 displacing Harmony 111
T0=27.5 C T1=27.8 C .

Time Concentration
(s) (% Harmony 44)
360. .000
540 . . 000
3800. .000
1260. .000
1620. .000
1800. . 005
1980, .038
2160. - 157
2340. .222
2520. .264
2700. .292
2880. . 365
3060. .519
3400. . 481
3780. .562
4329. .632
4680. . 686
5040, .697
6840, .768
7020 773

porosity=.356 pore volume=1354cm3
The volume of residual water could ¢t be calculated.
oil flow rate=375 cm3/hr, N
Concentrations were normplized to)lf

bt endpoint.
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Run 30 B : .
Heated d1sp1acement T0=26. C T1=92.0 C
Harmony 44 d1§p1ac1ng varsol .

Time L Concentnat1on ' ' Ty
(s) (% Harmony 44) o o
3660. .000
3720 -..000 : : .
.4080. -, 000 o . . ‘ o
4140. ©.000 Vo . . o |
"4200. . .000 : : L :
4260 -,000
-4320. . 000
4380. . .000
4440. - .000
4500. 018" S : o
4560. 1026 o - °
4620. 041 * , : ST
4680. .116
4740, - - .223
- 4800. .331
. 4860. _ .420
4920. .570
4980. - .770 -
5040. .883 .
5100. .931 -
5160. - .958 o ‘
'5220. - .970 ' ~
5280. .990 o ‘
5340. - 1.00
5400. . 1.00 : e :
5460. - 1.00 © o S . ' N
6000. - 1.00 ' . ,

poros1ty- .356 . pore vo lume= 1354 cm3 -

" 20-30 um sand (80-120 mesh) -

‘Some aqueous phase was present 1n the pack.
Calculated volume=27. cm3

The concentrations of the end points

were normalized to 1.0 and 0.0 ‘
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Run 31

Harmony(/87 displacing Harmony 44 ‘ f ry
T0=25.2 C T1=25.8 C , | 2
Time Concentration . . 2

.(s) (% Harmony 87) '
3600. .000 . °
3900. .000 L ‘
4200. - . .000 !
4500. 000
4740171 .000 .

- 4800.  .020 : .

4860. 020 |

4920, .080

4980.  .145

.5040. .145
5100. .370 - ) | -
51640. - 835 - '
5220. .680 : : ‘ ' A : ‘
5280. .810
5340. .880 ~ :
5400. .92Q0 : - B
5460. - 1.00 - . n |

5520. 1.00 - |
5700. . +.00 _
6000. - 1.00

porosity=,356 bore volume=1354 cm3

Qil flow rate=370. cm3/hr
20-30 um sand
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) Run 32
Harmony 111 d1splac1ng Harmony 87 W
T0=27.0 C T1=27.5 C

Time Concentration

T (s) (% Harmony 111)
3660. .025
- 3900. .000
4200. .000 -
4500. ©.000
4800. .000 N
'4860. -.056 - ’
4920. 000, ' .
4980. .018
v 5040. .037
5100, = .194
60. .233
5220. . 342
5280. - .420
5340. 582 - |
5400. .624 T ‘
5460. > . 726 S
5520.  .810 | o ,
5580 . ‘828 | S
. 5640. 1873 | | "
- 5700. .873 - . =
-5760. - .936 »
5820.  .958 o
.5880. .978 - - _
5940. 1.00 - I S
6060. 1. 00 o o .

poros1ty .356 pore volume 1354 cm3 ' : ‘ _
©20-30 um sand (80-120 mesh) ’ @d

oil .flow rate =940 cm3/hr ' '* '

Concentrat1ons werermorma11zed to 0.0 and 1.0 at endpownts
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Run 33
~ Harmony 111 displacing Harmony 44
Heated displacement T0=27 C T1=86.4 C
Time Concentration
(s) (% Harmony 111)
4740, . 000
4800. .000
4860. . .016
4920 .. .036
4980. . . 095
. 5040. °~ - .213
5100. . 323
5160. .462
© 5220. .546 . _ _
5280. .753 - o N
. 5340. £ 829 : p
5400. .930 %
5460. - . 943 :
5520. '.963 X
5580. .950 ' L
5640. . 3985 _mwﬁ'?
5700.  .985 e
5760. 1, .00 : : ' _
5820 1.00 ' : : ~ i
5940. . 995 . ' v
6000. .1.00

Qil flow rate =375 cm3/hr
Porosity =.356 pore volume=1354 cm3
20-30 um (80- 120 mesh) sand
concentrat1ons were norma]1zed to 1.0 and 0.0 at end po1an

et ‘if :
Youd ’.'v‘
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Run 34 ,
Harmony 53 displacing Harmony 44
Heated injection, T10=25 C T1=82.5C

- Time " Concentration
(s) (% Harmony 53)
4200. - .000
4500. .000
4560. .000
+ 4620. .025
4680. .025
4740. . 069
4800. . 167
4860. . 243
~4920. .. 389 oy
4980. 531 ' '
5040. > .645
5100. 772
5160., . 861
5220. . 830
5280. .861 ' :
5340. .984 o -
5400 . .984 : )
546, ., .984
. 5709. 1.00

. 6000. 1.00

oil flow rate =1020.cm3/hr -~
porosity =,356 - pore volume=1354§ cm3

20?39 um sand
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Run 35
Harmony 87 displacing Harmony 53
Heatted displacement,  T0=25 C T1=89. 2 C

Time Concentration
{s) (% Harmony 87) o

3660. .000

33800. .000

4200. - .000

4500. - .000

4800. ~.000

4860. ©.010

4820, .076 [
4380. .123.

5040, .244

5100. .408

5160. .532

5220. .720

5284Q. . 846

5340. ..871

5400. . 888

5460. .990

5520. . 980

5580. 1 00

5700. 1.00

6.000. 1.00

.poros1ty° 356 pore volume 1354 cm3
20-30 um (80-120 mesh) sand
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Run 36
Harmony 44 displacing varsol
Heated injection, T0=25 C T1=91.5 C°

Time ) Concentrat1on

(s) (% Harmony 44)
3660. .000
3900. .000
4200. .000
4500. , .005
4560. £ ,015
4620. .020
4680. .031
4740. .066
4800 . 1153
4860. . 306
4G20. .463
4980. 648 .
5040. .814 '
5100. 1890
5160. .849
5220. .969
5280 . 1995 |
5340 . 1995 | \
5400. - 1.00 ’ :
5460. 0 1.00 R
5640, 1.00
6000 .00

pore volume= 1354 cm3 poros1ty 356
20-30 um sand (80- 120 mesh )



