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Abstract

Static and dynamic adsorption data are reported for two systems of surfactant
solution and Berea sandstone. The surfactants used were Neodol® 25-3S (anionic) and
Triton X-100° (mnainnie). which are communly mpbyed in enhanced oil mvay
pnmm“hughmmpHmdmjecﬂmﬂowmgumhgmmmﬂm
of surfactants. A radial geometry was used 50 as to simulate the flow patterns near an
injection wellbore.

It was observed that the equilibrium adsorption isotherms are of the simple
Langmuir type for the anionic surfactant; lﬁdﬂfﬁ:ﬂppﬂlmpnuuwﬁrhm-
ionic surfactant in ag mthﬁehmumedhnmdcl Ingddmon.;

mmmm mmmm:gmgpﬂ(ﬁménﬂ)m&
surfactant, this decrease was more pronounced under dynamic conditions. Surfactant loss
was found 10 decrease as the injection flow rate was increased, sod the maximum
adsorptive capacity was consistently lower than that obtained from static tests at & givea

mhmﬂdﬁﬂnﬁumﬂihhm 'lbhn:-ndnbh
of various approximations and models for the dispersion coefficient is discussed. It is
significant. The effoct of boundary conditions at the injection wellbors sad exit of the



core was also studied. It was observed that, for the . ¢ ¢ » and sange of flow

rates used in the current study. the influence of boums= .. - wmsinlet or Cauchy
condition) at the entrance on the simulated effluens = - wportant. It was, on
the other hand, demonstrated that the use of & serm:-mafin::. tradius) is necessary in

order to preserve material balance in the simulation - :ilts

A mathematical model based on the general o5~ 11y e-drspermve transport equation
of mass coupled with an equilibrium or a kinctic atsorpno= model was developed. Both
linear and non-linear equilibrium models were fomnd .~ suitsble for matching effluent
profiles of surfactant propagation. Improved fits o %: .xpcrvmental data were obtained
using & simple Langmuir-type kinetic model, but the amount of total adsorption was
overestimated by such simulated profiles. It was apparent that the application of
compound models. of combincd kinetic expressions of rapid and slow adsorption
processes, is required in order to provide a proper match to the experimental data. Very
good fits were obtained for the cfflucat profiles of Neodol 25-3S using two-site and
bilayer adsorption model, and for Triton X-100 using the kinetic hemimicelle model. For
both types of adsorption models examined, an increase in the rate of adsorption was
observed as the flow rate increased. Also, the adsorption kinetics appeared 10 depend
significantly on the concentration or availability of monomers in solution, and the mass-
transfer characteristics.
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mole fraction of solvent in equilibrium solutioa.

mole fraction of solvent in initial solution.

mole fraction of solute in equilibrium solution.

mole fraction of solute in initial solution.

complex varaible evaluated at 7, defined in Equation (6-16).
complex varaible cvaluated at 7., defined in Equation (6-16).

Grook Symbels

owapea

dispersivity coefficient, m.

equivalent dispersivity coefficient, @~y ('

dispersivity cosfficieat in r-direction, m.

dispersivity cosfficient in O-disection, m.

ratio of moler volumes occupied by an adeorbed mosomer molecules.
standard deviation, Equation (6-13).



RDsenoc~go0aaprEr»ronn

real variable in complex plane, Equation (6-18).

activity coefficient of surfactant monomers in the adsorbed phase.
activity coefficient of surfactant monomers in the bulk phase.
amount of surfactant adsorbed, mol/m,’.

trial value of the amount of surfactant adsorbed, mol/m,’.

total equilibrium adsorption, mol/g,.

amount of surfactant bemimicelles adsorbed, mol/g,.

amount of surfactant hemimicelles adsorbed, mol/m,’.

amount of surfactant hemimicelles adsorbed at equilibrium, mol/g,.
amount of surfactant moasomers adsorbed, mol/g,.

amount of surfactant monomers adsorbed, mol/m,’.

amount of surfactant monomers adsorbed at equilibrium, mol/g,.
amount of vacant sites, mol/g,.

amount of surfactant adsorbed on the first type of sites or first layer,
mol/m,’.

amount of surfactant adsorbed oa the second type of sites, mol/m,’.
amount of surfactant adsorbed on the second layer, mol/m,’.
dimensionless variable defined in Equation (6-16).

angular position (in cylindrical coordinates).
Heary's law constant.

wavelength, am.

low-shear Newtonisa viscosity, mPs 5.

bulk deasity of solid, g./m,’.

inhomogeaeity factor.

sum of charge deusity in the diffuse layer.

surface charge density oa the solid surface.

charge deasity at the inner Helmholtz plane.

dimensionless time.

characteristic velocity, mv/s.

pososity.

function defined for plotting on an arithenstic probebility paper.

smaliest sagle of the tilied othoxy chaia made with the surface.
giobal solution domein.
olement ¢ - local solution domaia.



Chapter 1

Introduction

Mﬂ&mﬂmﬁunndenhmdmlmﬁy Iﬂmhmedmlmery(EQ!)
methods, the role of surfactants varies from one process 10 snother. In micellar flooding,
surfactants are used 10 lower the interfacial tension between oil and water, Mmﬂlmq
the trapped oil in the reservois. In alkali/surfactant (AS) and alkali/surfactan

(ASP) processes, the role of surfactants is 10 maintait bwmh:ulmﬁghhﬁ
saliaity encountered in oil reservoirs. factants are also employed ia foam floodiag 10
produce foam, which reduces the mobility of the gas phase, thus improving the sweep
eﬂlciany Famafﬁuem-budﬂaﬁthuofm&i

m«m *i':,’_,,,,,l:i ;f,,,hm&:mm-h

The research described ia this thesis is a collaborative veature with the Petroloum
Recovery Iastitate (PRI) ia Calgary, Alberta. The purpose of this study was 10 examine
conditions. The uitimate goal is 10 apply thess flndiags 10 the future assessment of the
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cations (Reisberg er al., 1970) and is capable of remaining dissolved in aqueous alkaline
solutions (Nelson, 1989). It has s high optimal salinity independent of the surfactant
concentration (Glover ef al., 1979; Hirasaki, 1982; Nelson, 1983). For thess reasoas, it
has been used as s cosurfactant to increase the optimal salinity in alkali/surfactant (Hill
and Thigpen, 1976; Nelson ef al., 1984; Lawson and Thigpen, 1987), alkali/surfactant/gas
(Reisberg et al., 1985) and alkali/surfactant/polymer processes (Saleem and Faber, 1986;
Nasr-El-Din ¢f al., 1991, 1992).

The interest in employing noa-ioaic surfactants for EOR applications has incressed
recently. The traditional role in EOR of these surfactants has been somewhat limited
because of the unacceptably high adsorption level compared with anionic surfactants
(Lawson, 1978). Many reservoirs, howsver, contain harsh brines in which the inorganic
multivalent cations tend 10 precipitate anionic surfactants such as petroleum sulphoastes
and sulphates. Nom-ionic susrfactants, on the other hand, are relatively inseasitive 10 harsh
brines, and thus highly desirable for use in these EOR applications. Recent research has
suggesied that the high adsorption levels can be reduced by modifying the moleculsr
structure; aad, subsequently, the optimal surfactant-oil-brine coaditions caa be tailored
(Graciss ot @l., 1981; Verkruyse and Salter, 198S; Lewis of ol., 1987). In the cusrent
study, & commercial nom-iomic surfactant, Tritoa X-100, was chosen because it has
potential for the production of foam as aa EOR agent (Nutt er a/., 1981); it has beea
used successfully to maintsia low imerfacial tensions ia alkali/surfactant processes, with
a largs optimal salinity region uader high atkali conditions (Salesm of ol., 1986, 1987);
and it can be mixed with other surfactants t0 enhance their properties (Husag sad Gu,
1967; Esumi o¢ ol.. 1990; Manohar sad Kelkar, 1990). Ia addition 10 the EOR processes,
this surfactant has also besn employed ia the aress of bio-techaology for solubilizing
membrane bound eaxymes aad for stabilizing enzymes ia solution (Pasadies, 1908). Such
physical properties as size and shape of the micelles, critical micelle concentrations, snd
rheological behaviour have been well-documented ia the liserature (Mukerjos snd Mysels,
1971; Ray snd Némethy, 1971; Robson and Dennis, 1977; Paradies, 1900; Teh o ol.,
198S; Pal, 1992). There have besa several previous studies of adsorption of Trisca X-100
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on substrates such as quartz (or silica, sand, etc.) (Doren ¢t al., 1975; Nutt er al., 1981;
Levitz ef al., 198S; Travalloni-Louvisse and Gonzdlez, 1988; Denoyel and Rouquerol,
1991), silica gels (Huang and Gu, 1987, Zhy ¢ al., 1988), sandstone (Lawson, 1978),
kaolin and alumina (Denoye! and Rouquerol, 1991), carbon black and sulphur (Douillard
investigates the adsorption dynamics of Triton X-100 on Berea sandstone.

The effect of surfactant adsorption on natural sandstone is difficult 10 evaluate due
to the complexity of the rock formation and the aggregation propertics of the surfactant
species.  Adsorption on the surfaces of clay minerals is governed by a combined
interactive force at the solid-liquid interface, including the contributions of electrostatic
attraction between charged surfaces and molecules, covalent snd hydrogea bonding,
bydropbobic bonding between surfactant molecules, and vaa der Waals forces
(Somasundaraa aad Hanna, 1977). Consequently, hydrophobic interactions give rise %o
additional adsorption beyond the initial stage by forming surface aggregates. Structural
models such as hemimicelies (Gaudin and Fuerstenau, 1955b) and admicelles (Harwell

ot al., 1983) have boen proposed 10 characterize the detailed adsorption mechanisms.
the effects of

hmbhm”'  studies ”afnlﬁm ' ,:i,lii;

from a flow system. mwm:&’Mhn” rodynami

is commoaly characterized by an empirical relationshi
FMdCMIW!Liw&éﬁmm:nhmtyh
authors, including Aris (1956, 1959), Brigham er al. (1961, 1974), Coats snd Smith
beheviowr ia posous media, such as pore heterogeneity and core dimensics. Detiled
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(1959), Perkins and Johnston (1963), Fried and Combamous (1971), and Koch and Brady
(1983). A sovel approach has been proposed recently by Udey and Spanos (1993) using

ﬁIMMde(IM)QWMIMi“mdM
cwrrent study. Previous studies of oil-displaceme ﬂ(ﬁlﬁ'ﬁlﬂd lﬂﬁ)hﬁ
suggested that more effective oil recovery can be obtained by using linesr rather than
radial flow geometry dus 0 the higher sweep efficiency. Radial core floods are therefore
recommended fo provide better indications of ol recovery in reservoins, especially with
respect (0 the flow patterns around s injection wellbore (Nasr-El-Dia sad Hawkins,
Iﬁl). ﬁnmﬁmqﬂghm&-wﬁﬂﬂhmhm

coadition in a sem ial cos ? bosn presents mtyhhﬂﬂﬂd
(lﬁﬁtlnnpnndH!hi(lﬁﬂﬁlﬁnﬂ%(lﬁl).?qﬂlﬁ(lm)
and Hsich (1986 aad also using the Cauchy inlet condition by Chen (1987).
Because of adeorption, the active displacement front teads 10 advance more slowly
than the advection fontal velocity of the injected fluid. In addition %0 the models
_ﬁi&ﬂ-ﬂh(lm}ﬁq-ﬂyﬁgﬂ_ﬂm
bave besn derived for linser equilibrium sad firs- or second-order non-og
sorption models with wniform aad nca-wiform flow, hﬁ.iﬁ(imuﬂ
Gresnkors (1974) aad Ci-Qua and Jie (1990). Other mathematical models, such as an
ﬂ-ﬂhﬁn-jﬂi(lﬂ)jﬁ; nos model describiag the advection-
R ihﬂ—mhm-ﬂlﬂﬁ—“bﬁr
giVﬁi(lﬂ!).hnﬁ-iﬂf;; santly 10 the theoretical development of




s

m&gdiﬁmtknmdcﬂimtc:”' :pmﬂlc. Alm;hinmm
provided good approximations to the adsorption of surfactant systems (Trogus o o/,
o the solid-liquid interface are important, and must be coasidered at all injection
velocities. Several models of dynamic adsorption have been studied in Foulser of al.
good fits 10 the experimental data; however, the two-site model gives more comsistent
The objectives of this study are 10 examine the mass transport behaviour of
surfactant solutions flowing through porous ssadstons, and 10 develop a suitable
mathematical model 10 describe this behaviowr.
Thﬁkpmﬁhhhﬂfﬂﬁ:ﬁﬂlhﬂhmhm
sad dynamics of surfactant adeorption with the aid of lsboratory-scale experime
M!m::ﬁmmdhmm&mm
aad various mechanistic models proposed ia the liserature. mm
procedures and set-up are described in Chapter 3. in Chapters 4 and $, experions
results are summarized aad discussed. mmnﬁlﬂbhﬂ
adeorption data ia ovder 10 evaluste the meximum adsorption capecities wader various
cﬂﬁgﬂb“hmmwmmm
Flow experimeats are performed using & unidimensional axisymmetric geomery %
ﬁﬂﬂhmﬁcﬁ%m ﬁndluﬂ'nh
m&m&-“ﬁhﬂﬁhgwqﬂhhﬁ




6
The second half of this thesis focuses on the modelling aspects of the transport
problem is solved by domain discretization using straight-sided quadratic elements (in
1-D) and bi-quadratic trisngular elements (in 2-D). The time derivative is approximated
using the implicit second-order Gear scheme. Fﬁhmﬁmm
description of the dispersive transport of surfactant in the absence of ads a, & two
stop injection experiment is performed. The boundary conditions applied at the entrance
and the exit are examined along the comparison with both the measured effluent history
flow rates are simulated to discriminate the differences between various dispersion models
reported ia the literature, and t0 examine the model validity for evaluation of the radial
flow problem.

mmmmmhmmwmm
oquation are presented. MM@HMMQ&W
adeorption models are also investigated. The effects of monome cellar equilibrium
“WMmW&yHﬁthm
monomers ia the solution phase. lﬁiﬂﬂyhﬂnhhﬂmh

bmv&“qpﬂuﬂounﬂﬂeﬂlﬂ. lhhpdhhwﬂlm



Chapter 2

General Theories of Surfactant
Adsorption on Mineral Surfaces

2.1 The Nature of Selid (Sandstens) Surfaces

To provide a clearer picture of the mechanisms of surfactant adsorption onto
sandstones, it may be useful at this point %0 discuss some of the special aspects of the
fundamental properties of sandstones.

The priacipal compositionsl clements of sandstone are mineral particles, called
grains, which coasist of quartz, feldspars aad rock fragments, see Figure 2-1 (Berg, 1986).
The finer mineral material betweea the graias is called the matrix and commonly consists
of clay minerals and very fine particles of quartz and feldspar. Afer deposition and
burial, the grains aad matrix are altered by the physical effects of compaction sad
chemical changss. Coment (mineral particles commonly consist of silica and carbonste,
introduced after deposition) precipitates 10 fill ia the intergranular spaces and joia the
graias into a competent mass.

K bas long bees recognized that clsy mincrals in the matrix (ss adsorbents) play
on importent role ia the surfactant loss which occurs duriag a chemical floodiag process.
towudpmmwauummum
10 understend the surface chemistry sad soms physical properties of clays.



PORE MATRIX

Figure 2-1. Schematic diagram showing the comyp
clements of sandsione.

Q: Quartz, I Feldspars, and R: Rock fragments.

Three common types of clay minerals are known 10 be important for their sorptive
properties: kaolinite, illies and montmorillonite. Kaolinite is ofien found ia the form of
IMMﬁﬁ. lniiunl aontmorilionits are of similar structure as

uwm.



Figure 2-2. Schematic diagram of the unit cell of kaolinite.

2.1.2 Surface Ferces

discontinwous. Similarly, the field of forces holdiag 8 moleculs in the adjacont gas, liquid
or solid phass is also disrupted. The imbalaace of forces at the interface can be described
88 an interaction betwesa the field of forces of the solid surface and thet of the particles
(in the adjecent phese) being attracted. To sttaia & state of minimum free cnergy for the
eatire system, the surface units are subjected 10 & net inward sttraction nonmel 10 the
surface. In genersl, thess forves of attraction cas be classified as those associsted with
physical adsorption aad chemisorption. wmmrﬁihnﬁhﬁ
a8 dispersion forces (or van der Waals attraction) and electrostati )




ﬁenoﬁﬁmﬁmﬁaﬂm;.:lx&mﬂmﬂadbyhmﬂf
electrons in their orbits (Gregg, 1961), which induces s correspa

neighbouring atom or ion and leads 10 attraction. Fﬂﬂiﬂiﬁlﬂﬂqiﬁ“ﬁn
develop an electrostatic fleld which will be superimposed on the fleld of forces produced
bydrogen oa platinum or tungsten is an example of chemisorption in which each adsorbed

2.1.3 Electrestatic Forces on Clay Surfaces

faces and positive sites along the edges of the particles, see Figure 2-3 (Waymaa, 1965).
ﬁlﬁtdlpe-ﬂdhnﬂm Surface charge may be created by a number of
saisms. [n the case of mineral oxide surfaces, the three most common mechasisms

isomorphous replacement, lattice defects and broken bonds along cryssalline edges.

Isomorphous replacement represents the substitution of Al for 81 in the tetrabedral
layer or Mg for Al in the octabhedral layer, which will produce a negatively charged
surface. The chargs crested due 10 lattics defects comresponds 10 the presence of
characteristics due %0 hydroxylstion aad iouization of the broken bond of silicon or
hydvolyass to form & weak acid, M-Ol. The hydroxyl group then tends 0 adeor or




FACE, NEGATIVE CHARGE

EDGE, POSITIVE CHARGE

Figure 2-3. Dual charge on s kaolinite particle.

H OH L
M-OH — M-OH — M-0" @1

The charge on the surfaces is thus affected by the solution pH, where H°® and OH" are
mhmnmm ﬁﬁﬂhuﬂhhﬁmﬂ“d
mﬂhﬁphﬂdhuﬁmnﬁuihhﬁm
potential developed at the interface, the forces introduced by straction/repe . .
conceatration gradients of lons. m&hﬂﬁs—nﬂmﬁhllhhnn
8 clectrical double layer. A simple represestation of the model is Mlustrated in
bH(MﬂPmlﬂkAwﬂ,lmwcd.lm The
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potential determining ions may be considered as part of the solid lattice, which
corresponds to the metal oxide hydration layer. The locus of centres of all adsorbed ions
mhimﬁﬁimgplma(mﬂmwﬁchmchg;IMi:jmbyq
CmﬁhdvmmgmmhMMu&demhﬂﬁpbnmﬂﬂ

mosphere extending infinitely out from

haﬂrnhmhﬂﬁuyhychmmﬁmlm&udmmwhé,
To obtain an electrically neutral system, o, + @, + 0, = 0 must be satisficd at all times.
The point of zero charge (p.z.c.) refers to the condition at which the nct surface charge
density is zero (o, = 0).

When a pure liquid is placed in contact with a solid, the forces acting on the liquid
molecules at the solid-liquid interface will be different from those in the interior of the
liquid phase. As a result, an increase ia concentration of the liquid molecules near sad
molecules being "adsorbed” at the solid surface (Gregg, 1961); but the adsorption is oftea

molecules is already high, even in froe liquid.
m hﬁiﬂmﬁﬁﬂhﬁﬁbm“nﬂh

w Thdﬂiaﬂnﬁﬂh;:;ﬁ,,ﬁ *ﬁmhhhmd‘
adeorption isotherms derived from the swiace excess meshod.

Lat us consider a solution which contsins two components, viz., solut solvent.
Assumiag the originsl solution contains #,° Hhﬂhﬁ-ﬂﬁﬁ-in. moles of
solvent molecules, the total sumber of moles of molecules, #”, is given by
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. @-2)

ﬂllqmmy it ﬂmhemi’ t adsorbed can then be evaluated ﬁmﬂﬂﬁﬁl&l material

dhmmﬂ&nmﬂm!&mtﬁ:h&ﬂmm.n..mﬂtﬁcgmhmﬁnﬁlﬁ
adsorbed per unit mass of solid, n,*:
n'e n +mn’ 2-3)

can be written as
n' = noemny -4

whun,uhmmﬂﬁﬂumhh&ﬂmmmmhﬁmhum
sad n,’ is the sumber of moles adsorbed per wnit mass of solid.

Equation (24), we obtaia

ma'x, = m'x, - ax @-9)
where x, aad x, are the mole fractions ia the bulk phase, for x, = n, (s, + #,). We can
then multiply Equation (2-3) by x, :

ma'z, = a'xs - ax a6
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m(n'x,-n'x) = n(x'-x,)

R ‘A‘ti 1] . (z_n

— = Ax- X,

for x,° = n,"/n". The adsorption of individual components, #,* snd ,’, can therefore be
mm&m:w:ghiﬂmnﬂﬁlmp;” rations, or mole

mﬂhﬂbyphﬂh.n‘k.hw:,haﬂhﬂ;gﬁamarm
isotherm. It is important 10 realize that the measured #° Ax, does not represent the “true”
adsorption of solute as the values of Ax, will depend on the amount of solveat
(compoasat 2) being adsorbed. Comsequently, this method is in fact & measure of the
mmafhﬂﬁnﬂﬂvﬂ

la dilse solutions, the varistion ia coacestration of solvest is nhn-ly
adeorbiag solwte in Equation (2-7) may be equated 10 2er0 (x, —» 0 aad x, —» 1), 50 that
the apperest adsorption of the solute may be comsidered as equivalent 10 the trwe

b = 24% a9

wim ageiast C,, where w is the amount of solute adsorbed and C, is e solute
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ons of the bulk solution before and

be determined from the measured change in concentra
after the solution contacts the solid:

n' « I = LE)AE 2-10)
where I, is the amount of solute adsorbed per unit mass of solid st equilibrium, AC is
the change in concentration in the bulk fluid from the initial concentration 10 the final

satration at equilibrium (C, - C,), V is the volume of fluid in contact with the solid,
and m is the mass of solid.
soe Figure 2-5. Aa isotherm of Type | is obtained whea the adsorbed solute forms a
behaviour at the higher concentration: 1, 2, 3 aad 4 dependiag oa the sumber of inflection
nhl. ﬁﬁpﬂgim“ﬁmndﬁwﬁhmﬂ;

stinguishebl ﬂthﬁm)mﬁ!ﬂﬁﬁ
m)“ Whh-ﬂﬂ-mbﬁbmﬂ:m
sepresented by B-X ~ O, ia which the molecules are held together via s wesk nce-
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TYPEL TYPEN || TYPEII

s

TYPEV

ADSORPTION
<

" EQUILIBRIUM CONCENTRATION

Figere 2-5. Types of adsorption isotherms according t0 Brunauer
ot al. (1940).

mﬂnhﬂﬁhmmm:hwm(ﬂwﬁ)ﬂh
hwﬁhmmhﬂ_dh“mmm
with water itsslf compared 10 that betwesa water and hydrocarbons. This is commonly
knowa s the hydrophobic effect (Tanford, 1900). In the bulk of a solution, surfactant
molecules will migrate 10 the surface and result ia & decresse in the surface tensicn.
Here, the polar groups will anchor 10 the aqueous medium meintaining the solubility ia
water. The hydrocarbon cheins closest ©0 the polar groups will situste more or less
perpeadicular 10 the surface.

conceatrations. The changs in behaviour is atiributable 10 the sudden cnsst of moleculer




Principal Groups
S L __H C

nas,

EQUILIBRIUM CONCENTRATION

(1960).

Pigure 3-6. General clamsificstion of sdeorption isotherms
scconding to Ciles o ol.
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ggregation or micellization. Surfactant molecules aggregate into micelles in which the
MGMJmhmheﬂcelmbmhfm;hym(ﬁ
bydrocarbon) core and the polar groups maintsin the water affinity on the micelle surface.
Since these surfaces are strongly hydrophilic, hmicellesmninmadyhhhlk
solution and thus do not influence the surface tension. The surfactant concent
mhmﬁmmwnmmnhm
micelle ¢ ration (c.m.c.).
E:hnlﬁcmn;ﬁmmmmemmh:
characteristic c.m.c. value. An extensive compilation of c.m.c. data for many susfactants
over & wide variety of conditions has been published in the book by Mukerjee and Mysels

dﬁq-afnieﬂu.-im&- ’ge unhr(m. !979;!.“.
1984). The decrease of c.m.c. depends maialy on the concentration of counterioas, /.¢.,
the streagth of counterioa binding 10 the iosic micelle ia bulk solution. Such bindiag
provides a balsace 10 the repulsion betweea ionic surfactant molecules by depressing the
sumber increases dus 10 the addition of electrolyte, the shaps of the micelles must be
sliered ia order 10 sllow for a stable geometrical comfiguration. For most iomic
M“Mwﬁhﬁhhhﬂﬂ”pﬁl“
aggregates, which results is a drametic incresss in viscosity. Accosding 10 Gray sad
Wiasor (1974), “If these micelles are in sufficiently closs proximity (Le., the amount of
inter-micellar liquid is not sufficient 10 cause 100 grest a separation of the micelles) and
the temperature is aot 100 high (Le., the disorganizing effect of thermal motion is ast t00
mhqﬁnd;ﬁ "ﬁnﬁnhﬂ-hiﬂl
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micelles appear to be fused together forming a stable mesomorphic phase, two "echeions”
between & periodic arrangement of perfectly ordered crystal structure and perfectly
disordered amorpbous structure, commoaly referred 10 as “liquid crystals”. In the current
study, viscosity measurements were used 10 characterize the surfactant aggregates of
Neodol 25-38 in the presence of sodium chloride. The solution viscosity exhibited a
strong depeadence on the surfactant and salt concentrations, which may be associated with
the formation of a liquid crystal phase (see Appendis A).

Electrolyts also lowers the c.m.c. values of non-ionic surfactants, but the effects
are much smaller thaa .or ionic surfactants. The phase behaviour of non-ionic surfactants
is often characterized in terms of its cloud point, which denotes the temperature st which
the separation of a micellar phase occurs. Maclay (1956) showed that the cloud point is
8 decreasing function of the coucentration of various electrolytes. The increass ia
electrolyte affects the solution in the same direction as the cloud point by reduciag the
solubility of the noa-ionic surfactant monomers and micelles. Doecher ef ol. (1951)
denoted this behaviowr s the salting-out effect. On the other hand, in the preseacs of
multivalest ions such as calcium ions in CaCl,, surfactant precipitates are formed by
complexation, for example, with the ethylens oxide units of polyethoxylated molecule,
CoCY, 30,0 C,H,0. This is known as the salting-in or coagulating effect.

24 Moechanioms of Surfactant Adeorpticn

Adsorption of surfactant is a process of coasiderable complexity. The isitisl force
driviag the surfactant molecules 10 the solid-liquid interface is the same one that leads o
the seduction of surface or interfacial tension, Le., the hydrophobic effect. Subsequently,
the swrfactant molecules near the interfice are attracted 0 the solid surface dus 0 o
combiastion of adeorbate-adsorbate and adsorbate-adsorbent interactions. Thess latter
interactions are highly dependent on the asture of the solid surface and the associsted
suotured weter, and also ca whether the structwre of weter is disrupted by the

hydvocasbon chains.
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In addition to the hydrophobic effects, other interactions of comsiderable
importance are the dispersion forces in the Stem plane originating from the vaa der Waals
sttraction, electrostatic effects iuduced by the unbalanced clectrical charge distribution
wﬁeh&bc&amemmwmuumﬁmamm
(such as aromatic and/or ionic groups), molesuler interactions leading to the formation
of hydrogen bonds between the adsorbed molecules and adsorbent, and interactions
resulting from ion-exchange or ion-pairing (Myers, 1988).

The adsorption process is further complicated by the equilibrium betwesn the
monomeric and micellar surfactant in the bulk solution. Detailed mechanisms bave beea
a subject of scientific interest for several decades. Most theories of surfactant adsorption
fall into one of two categories 10 account for the hydrophobic interactions. Oue of these
models is the hemimicelle model (Gaudin and Fuerstenau, 1955b) in which surfactant
molecules are adsorbed vertically exposing the hydrocarbon tail 10 the solution. The
resulting moaolayer structure resembles a "half" micelle adsorbed om the surface.
mmm.ummumumum
completion of the adsorbed “half” micelle. Harwell e al. (1985), on the other hend,
m.mmummmm.m
structure, called sa admicelle, which is formed ia petches on & heterogencous surface.
A goneral description of the two adsorption isotherms are givea below whereas the
detailed mechanisms are 10 be discussed ia later sections.

mmaummﬂummuww.
sequencs of five adsorption stages as illustrated ia Figure 2-7 (Clunie snd ingram, 1983;
Geo o al.,, 1987). STAGE | represents the region of low surfactant conceatration. Pres
hydrated surfactant monomer approaches the solid-liquid interface and is adeorbed as 2
individual molecule. As the concentration of surfactant incresses, the adsorption isotherm
Mm.-.n.u-.mum«nmumuu
monolayer saturation of molecules adsorbed paraliel 10 the surface, 0. Afler resching
ﬁwmmmmhwdhﬂ
adeorbed alkyl chelas (STAGE HI) aad tiking of the swongly adecrbed ethyleas oxids
segments by & small angle of @ (STAGE IV) as described by Kiimenko of ol. (1974). The
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upper concentration limit is defined as the critical hemimicelle concentration, C,_ .
indicating the onset condition for surface agzregation. STAGE V of adsorption is denoted
byﬁmd&mmafmammﬁeﬁﬂm&amhhqmmumn
adsorbed moaomer due primarily to bydrophobic bonding.

Figure 2-8 shows the schematic representation of the isotherm for the proposed
pseudopbase or admicelle model (Harwell of al., 1985). REGION I is commonly referred
0 as the Henry region. For ionic surfactants, monomers are adsorbed due 10 the

sctrostatic attraction of the charged head groups for the charged surface ia addition %o
ophobic effect. The shape of the isotherm in REGION Il indicates that the
mweﬂmummmh afngﬁeemm in Harwell's
m::::mm&ghnﬂmoudhymm;”" pusly; i

dmmmnmam“mﬁgmwmm
also due 10 depletion of active sdsorption sites available. The platesu shown ia

REGION 1V occurs at the solution c.m.c. such that, according 10 the pseudophase model
ﬂmmmﬁaﬂﬁemﬁeﬂlﬁﬂmﬁehm 50 lgnqhm

mdﬁmﬂhﬂﬂmﬂmﬁMMﬁﬁh

,,,, ﬂl!hl. ISTY). Thlue_nlynﬁlﬂb-hl'_yl“

nﬁ“lﬁycﬂnnhﬂhm
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For ionic surfactants, adsorption results mainly from electrostatic forces between

the surfactant ions and charged surface. The adsorption process can be considered as a

special case of specific adsorption of ions referred 10 in Grahame's treatment of the

electrical double layer (Hough and Rendall, 1983). Surfactant ions adsord at the inner
assumed to be of first order importance (Harwell er al., 1985).

Thmhm:mofﬁcndmpﬁmafnm—m mfmmﬁuveryd;ﬁemﬂm

hm:ﬁmhytmhﬂq@mﬂahmm&wumgfa
m(mnd 1991). Ahydimbmdumm&

surfactant molecule and the water molecule. Thus adsorption may become more
ivourable, especially, for short ethylene oxide chain surfactants. A somewhat different
wdmmm bas boen hinted for the conditions of dynamic
isorption. meﬁmm(lmwm;kmmmm
nhﬂmﬂmiﬂ,,;; 10 antislly as the cthylens
ﬁdﬁéﬁkw-dhmﬂfthQnmqﬂyﬁnhm
ot attached 1o the swrface, but thet surface linkage is caused by terminel ON-growp

In all cases, thess surfacts prisontally
on the swilice, with both the h ,fﬁ,ﬁﬁ[ﬁlmm:ﬂdm
ot al., 1967; Clunie and lngram, 1963). This orientstion was suggested becawse it
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provides 8 minimal loss of entropy during adsorption and allows only a8 minimum
distortion of the water structure near the surface.

Other investigators suggested that the first stage of adsorption must also account
be derived using the surface excess method as illustrated in the previous section. Some
of the carliest work were presented by Koganovskii and co-workers (1976). They
depicted the adsorption process as

i - R - LR

concentrations. The theory takes into account, in explicit terms, both the adsorbete-
081 <

Y.C,K." l—_é%!:—‘fBT @-1)

where C, = C,/(C,+ C,,) is the relative concentration of surfactsnt st equilibrium, C,,

is the concentration of water at equilibrium, K.’ is the oquilibrium ratio expressed in the

aa adsorbed monomer molecule, aad v, sad v, are the activity coefficients of surfactant

Combining Equatios (2-12) with the amalogy of the Hill equation (Hill, 1946),
Koganoskii e¢ el. (1977) sad Klimenko (1978,b) demonstrated the effects of adsorbete-
ﬂmmadowhm)bamm In the flest stage,
surfactant molecules are adsorbed by displacing the water molecules with molecules
adeorbed fist on the surface. Beyond the ssturstion of s monolayer, s gradusl re-
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orientation of the adsorbed surfactant molecules may be involved to expose the active
adsorption sites for subsequent adsorption.

Such changes in molecular oricntation in an adsorption Iayer were first reported
by Daniel (1951). He studied the adsorption process of several long-chain polar
additives in lubricating oils. All isotherms, obtained from the adsorption of octadecyl
alcobol and cthy! stearate on silver, copper, nickel and iron, were found 10 consist of two
distinguishable steps. By calculating the changes in areas occupicd by the adsorbed
molecules from one step 10 another, he suggested that these breaks in the isotherms
corresponded to a transition of the molecular orientation from lying flat o the surface 10
being nearly perpendicular 10 the surface. This re-orientation phenomenon was later
examined by Corkill aad co-workers (1967) for the adsorption of alkyisulphinyl cthanols
oa graphon. During the initial stage of adsorption, they observed a linear increase of the
integral beat of adsorption, AH, as a function of the surface coverage. This messured
increase in AH is primarily due 0 the displacement of water molecules which leads 10 8
smaller. Upon the displacoment of all water molecules from the surface (i.¢., saturation
with aa adsorbed moaolayer), AH of the system decreased drastically, as reported by
Corkill ef al. (1967). Additionsl adsorption beyond this ssturation (as indicated by the
acarly constant AH) was therefors coasidered 10 be attributed 10 a change i the moleculer
orientation.

In addition 10 the re-orientation of surfactant molecules, Klimenko sad co-workers
from the swrface may be accomps ied by a small tik of the stroagly adsorbed ethylens
oxide chains resulting ia & densely packed structure. This miniosum tiking angle of @
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34.2 Formation of Surface Aggregates: Hemimicelles

moiety of the free and adsorbed molecules 10 aggregate on the surface. This concept was
first proposed by Gaudin and Fuerstenau (1955b) in a study of quarts flotation. It was
suggested that individual surfactant molecules are initially sdsorbed as mentioned sbove,
forming a monolayer of “half” micelles or bemimicelles. A hydrophilic surface is
hydrocarbon tails exposed on the adsorbed surface. Rupprecht and Gu (1991) suggested
that the first layer is mostly saturated within £ 20 percent of the maximum adsorbed
layer with molecules of opposite orieatation is thea begun t0 complete the other layer of
“half” micelles.

be identified by an inflection point oa the adsorption isotherm indicating the satursti
of vertically orieated molecules on the surface (Corkill ef o/, 1967). Beyond the h.m.c.,
adeorption occurs dus 10 both the initisl anraction forces and hemimicelle associstion,
causing & sharp increase ia the slope on the isotherm. Whea the adsorbed molecules ia
the first layer is equivalent 10 the aumber of surface sites, the contribution dus 10 initisl
atraction forces disappears, and & further incresss in adeorption will be dus ouly 10 the
(Somesundersa snd Puerstensy, 1966).

The surface aggregates, acconding %0 Geo e al. (1987) and Rupprecit sad Ou
(1991), are two- or three-dimensionsl, haviag an initially adeorbed surfactant molecule
serviag as aa “sachor” or auciews 10 atiract fiee swrfactant monomers flom the bulk
Counterions may alse be stisacted (0 the Stem layer formed by the surfactent head groups




Figere 3-5.  Swuctwes of (s) swrfhce aggregates, (V) aggregates
incorporating counterions, aad (c) bilayer.
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of the m actant aggregates (see Figure 2-9b), reducing the repulsion between the
surfacts sdgroups. The aggregation numbers are calculated from the ratio of the
mmmnmnmgﬁmmmm Aa
Mhhwmhww“qﬂmmhh

gregation number and an expansion of the volume of the surface aggregates. The
mwhemmehndypgkdlﬂﬁnmymmm-
homogeneous bilayer on the surface (Rupprecht and Gu, 1991).

mwﬂlﬁmuﬁﬂ:mmnlmm
MMBE:MMM(GLG).MBME

sotherms produced caa
hmbyimmmﬂhdﬂnm:n
m-ﬂh-ﬁjﬂhiﬂﬂQﬂmj; :

n : ﬁﬂhminiwlyﬂ -:llvﬂalqn
complete bilayer coverage at the c.a.c., see Pigure 2-10. The vertical steps are determined
byhiﬁﬁ-;y ”ﬂfﬁnﬁ” "’ﬂuﬂnﬂhhm” ol portions represent

mﬁhmhﬁnm-ﬂﬂnhm&
lipid membranes, as showa ia Figure 2-9¢ (Scamehora o ol,, 1962). The admicells
mhhmhﬁih““mﬂn“pﬁl
double layers.
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1.5 General Isotherm Equations of Twe-Step Adsorption

A geaeral isotherm equation for adsorption based on an empirical approach for the
above two-step adsorption process has been derived by Zhu and Gu (1989, 1991). The
concept of bemimicelle formation. The early stage describing the adsorption of individual
surfactant monomers due to hydration of the surfactant molecules and surface attraction

ementary and reversible mechanism:

| th} _ {mm} @-13)

% - kﬂl!c.(gi-!r-) ikia-r- ﬂ‘l‘)
where £, and £, arc the rate constants of adsorption and desorption for movomers,
respectively, I, uhmdeMQhﬁnm
concentration ia the bulk of the solution, Q™ is the maximum adsorption capecity for
the concentration of vacast adsorption sites. The adsorption isotherm (for adsorption sot
excosding & mouolayer and swifactant comcestration of below the critical micells
adeorbed, I, against the bulk concestration, C,, at oquilibrium. The shaps of the
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Fa, ¢ C,, which will then be followed by a gradual decrease and a platesu region as the
concentration increases, that is, [, = 0™ as X,C, » 1. The equilibrium ratio for the
adsorption of monomer molecules, from Equations (2-15), may be rearranged 10

ro, @-16)

K = r .

. I%e
where I; is the number of vacant sites. For the second stage, adsorption occurs as a
result of surface aggregation forming hemimicelles (build-up of surfactant monomers on
the monolayer due to sudden condensation from the bulk solution). Each adsorbed
monomer acts as 8 nucleus of a hemimicelle with (»-1) additional monomers where » is

the aggregation number of the hemimicelle. This mechanism can be represented by

(n-1){Monomers} {M} — (Hemimicolte) Q-17

and the equilibrium ratio for hemimicellization becomes

—te -19)
r.c

K, =
where I, is the amount of adsorbed hemimicelle. The total equilibrium adsorption, I, ,
at 8 buk coacentration, C,, and maximum adsorption capacity, 0, , can be determined
by material belance:

r, =T, +nl_,

Q =, +F, +T.) a-19)
r‘ - oc rc

mwmm«ummmma«)
theough (2-19):
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r, K.C,/n + K K, C, @20

0. 1+KC +KK.C

For K., = 0 and n — |, Equation (2-20) reduces to Equation (2-16), the Langmuir
isotherm (L2), such that 0. = O, /n. If K.C, < 1 and n > 1, Equation (2-20) becomes
r, K K. Ck @-21)

Q. 1+xK.C

which is known as the one-step formation of hemimicelles (Zhu and Gu, 1989). Ia
geoeral, various shapes of the adsorption isotherms, such as Langmuir-type (L2),
Sigmoid-type (S2) and two platesux-type (L4), can be obtained in terms of the appropriste
valuesof Q,. K,,. K, and . Accordingly, surface aggregation or hemimicelle formation
occurs only if # > 1. The critical hemimicelle concentration, C,,, can be determined
using one of the following definitions (Zbhu and Gu, 1989): (1) The h.am.c. is the
concentration st which the straight line extended from the maximum T, /0C, oa the
isotherm intersects I, = 0; aad (2) the b.m.c. is the point at which #I,/0C,' = 0. Aa
amalytical expression derived from Equation (2-20), and based on definition (1), is givea
as

« ,
and based on deflaition (2), is given as
]
I(n-2) - (In(n-2)}* 1 F* a-23)
C_ += )
- [ 3In + (3a(n-2))7 K_

m.hhdeMMmmn.w
expressions derived for definitions (1) and (2) are givea by Equations (2-24) and (2-25),
meapectively, as follows:



s

(x‘ K, ) 2-24)

1
o |3-1) - (3(n2-1))"2 1 a-29)
C ® ,
e [3(“1) < (3(x7-0)" KK, |

2.6 Impertaat Factors Affecting the Adsorptien of Surfactants

Adsorption of surfactants at the solid-liquid interface is governed by a number of

ﬂmqn-mmnmmhﬂ—mmmhh
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nhsﬂaﬂuuﬂnﬂy,

Not all electrolyte additives affect the adsorption behaviour the same way as
described sbove. In the preseace of divalent and trivalent cations as well as certain
uaivalent cations such as H', snionic surfactant msy be "salted in” by con
(Figdore, 1982; Schott ef al., 1984). For example, an anionic surfact mehnlso,
will form a cationic surfactant complex in the presence of the calcium ion, Ca(RSO,)".
Both of these species can adsorb on the surface of the clay, allowing the total adsorption
%0 increase drastically. Similar com 'i,”',,mﬂnmmhmdcf'chy
(Glover et al., 1979). Therefore, it is important 10 eliminate the effects of complex

recipitation in order %0 conduct aa accurate adsorption study.

Because of the pi-dependent nsture of the clay surface as described ia
Equation (2-1), silicious rock and clays take oa a negative charge as hydrogen stoms ia
huﬁn“ﬂh&cﬂmﬁﬁhmghhm The
segative charge repels the negatively charged (amiomic) surfactsmts. C .
mmnnmhmmﬂuﬁmmmm
ot al,, 1973; Hurd, 1976; Somasundaraa sad Haama, 1979; Figdore, 1982; Nelson of ol.,
less positive due 10 increasing pH; and, sbove the p.z.c. of the surface the adsorption
surfoctents on kaolinite, noticed thet even & smell difference of pH ia solutions ot
ﬂdﬁh(ﬁhﬂbﬂ)h“ﬁhﬂghmufhnﬂ
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For the polyethoxylated surf ctants, adsorption from aqueous solution is inversely
dependent upon the extent of ethoxylation. Lawson (1978) examined the adsorption of
8 Triton series of surfactants on Beres sandstone, and reported a decrease in the
adsorption plateau value as the number of ethylene oxide units increases. Trogus and co-
Mm(lﬁd)wmm:mmhplm-;hﬂhh:
increase in molecular coverage for the lengthened ethylene oxide chain. Instead these
results are interpreted as a result of increasing water solubility. Lawsoa (1978) also found
an increase in the ares of occuy tion per ethylens oxide group as the number of cthylens
0 a closer packed monolayer. The interfacial characteristics of a polyethoxylated
gives rise 10 a charge reversal oa the adsorbent surface. Thus, clectrostatic repulsion
Eveatually, the adsorption seems 10 be limited by the increasing repulsion between the




Chapter 3

Experimental Procedures and Set-up for
Static and Dynamic Adsorption Studies

3.1 Materials

Berea sandstone blocks with s nominal permesbility of 400-500 mD were obtained
from Cleveland Quarries, Ohio. Berea systems offer certain advantages in the study of
mmmmmammwmmmwm
The sandstone was not fired prior %0 use in order o0 preserve the natural state of the rock
and 10 avoid chemical and mineral changes (Krumrine ef al., 1982; Ma and Narrow, 1991;
Shaw ¢t al., 1991).

The anionic surfactant used was Neodol® 25-38 obtained from the Shell Chemical
Compeny as a 58.3 wt.% active solution. This surfactant is the sodium salt of a C,, - C,,
alcobol ethoxy sulphate with an sverage of three moles of ethylens oxide per mole of
surfactant. Average molecular weight is approximately 440 g/mol (Hill and Thigpes,
1976; Perw and Loremz, 1990). The critical micelle concentrations are 0.000S sad
o.m:n%hsulzn%mmmm.mw
A. Cameron of PRI using the spinaing drop method. The rheological properties of this
surfactent were examined and are summarized in Appendiz A.

Noa-iosic surfactant, Triton X-100°, was purchased from J.T. Beker lnc., New
Jersey. The surfactant was weed as & 100% active agent as received. Triton X-100 is a

polydisperse preparation of p-(1,1,3.3-tstramethyibutyl) phenoxypoly (oxyethylens glycol)
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containing 8-10 ethylene oxide units per molecule (Robsoa and Dennis, 1977; Paradies,
1980). The surfactant has an average molecular weight of 680 g/mol with a narrow
molecular distribution (Doscher et al., 1951). The critical micelle concentration in water
is 0.02 wt.% (Ray and Némethy, 1971; Nutt ¢ al., 1981) and that in 2.9 wt.% sodium
chloride solution is 0.039 wt.% (Mukerjee and Mysels, 1971). The cloud points of this
surfactant are 62 and 30 °C in water and 15 wt.% sodium chloride solution, respectively
(Travalloni-Louvisse and Gonzilez, 1988). In water, the solution viscosity is Newtonian
and increases linearly with surfactant concentration up to about S mPas at 12 wt.%: a
change in the shape of micelles from spherical to cylindrical occurs between 12 and
25.7 wt.%, which is followed by the formation of liquid crystals and exhibition of non-
Newtonian behaviour at 38.2 wt.% (Pal, 1992),

Andio.cdwm ﬁﬁmhﬁehﬁﬁﬁnﬁmﬁﬂnminﬁﬁﬂnﬁﬁg

Ontario.
The solution pH was adjusted using concentrated hydrochloric acid or sodium
Scientific Company.

3.2.1 Analysis of Tracer Concontration

amwlmwﬁn'“&mmdm 'l'h*

Mcwvﬁﬁig—ﬂm“hm“m
with respect 1o different external source ratios (ESR). The counting time per sample was
sot ot 20 minutes and the statistica pﬁeﬁn wxio.z%iﬁﬁ Fﬂliﬁ

obtained.
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Tritium is an isotope of hydrogen 'H containing oae proton and two neutroans, and
is available in forms of tritiated water, T,0. This radionuclide releases its disintegration
coergy by emission of a beta particle (B-emitter). The amount of activity can be
determined by detecting the number of disintegrations per minutes (d.p.m.) which is
proportional to the tritium concentration in s sample. For the LSC method, the emitted
beta particle excites the surrounding solvent molecules which subsequently collide with
lﬂﬂﬂﬂﬁd:@ﬂﬂgﬂiﬂhliquﬁﬁﬁmbm-pm lliﬁ;qm

by 1/50 times with a scintillation cocktail, INSTA-GEL® XF or HIONIC-FLUOR™, prior
t0 analysis. These cocktails were purchased from Packard Instrument Company, Downers
Grove, Nllinois. HIONIC-FLUOR was used for its high salinity and high alkalinity

method (Reid of al., 1967). This method utilizes the reaction betwesn a cationic titrant,
MﬂLMﬂMBM(M)ﬂmHHW(M)
&8 an indicator in sa aqueous-chloroform medium. Anioas in the surfactant molecules
mﬂﬁ“ﬁh“hhhﬂmhﬁ.nmﬁﬂﬁ
is soluble ia chioroform (pink ia colowr). During the titration, the surfact
cationic dye was replaced by the added titrant (Hyamine). Mlmﬂ.hm
layer was gradually discolowred. The end poist of the titration was detected whes aa
md“ﬂﬁiﬁﬂﬂhdﬁh@ihh“ﬂ
mlmmmmmﬁﬁh:: ide/dis :
were purchased from BDH Chemicals Canada, Ltd. Mmuﬂnmﬂvﬂ.'ﬁl
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indicator was diluted to 1/25 with deionized water and acidified with 0.1 M sulphuric acid
(pH = 2). Certified ACS grade chloroform was used.

3.2.3 Analysis of Noa-lonic Surfactant Concentration

The concentration of Tritoa X-100 was determined by ultrs-violet spectroscopy
8t 224 and 276 nm. Standard calibration curves at different sodium chloride
menﬂadm(l.c..diffaeﬁopﬁcﬂhwuiﬂme)mmmduc«dingbbw‘shw
for surfactant concentrations in the range of 0.005 to 0.05 wt.%.

Analyses were performed on an HP 8452A Diode-Array Spectrophotometer using
a Fisher Spectrosil cuvette (quartz, suitable for a range of wavciengths betweea
200-3500 am with a path length of 10 mm). Figure 3-1 shows full spectral scans of
0.001-0.01 wt.% Triton X-100 in deionized water for wavelengths, A = 200-500 nm. Two
distinct absorbance peaks were observed such that A = 224 nm cam be used as aa
analytical wavelength for very low conceatrstion (< 0.01 wt.%) and A = 276 am for
moderste conceatration (0.01-0.05 wt.%), see Figure 3-1. The relstively flat region of
A = 320-500 nm was selocted as the reference sbsorbance to allow compensstion for
baseline shifts.

For solutions of higher surfactant conceatrations (> 0.05 wt.%), a standard dilution
procedure (with deionized water) was performed using s Hamilioa MICROLAB® M
Dilwter/Dispeaser unit prior t0 calibration snd sample analysis.

The effects of added salt and solution pH oa the analytical results were examined.
Sample calibration curves are shown ia Figures 3-2 and 3-3. Zero concentration for the
calibrations was determined from & solution of the same sodium chiorids concestration
dﬂﬁmh“uau&mnﬂubmm Prom
M&Lhmoﬁuﬂhhmmhmm»ﬁlﬂ
*ﬁa“nﬂn‘d&lnbhmhﬂ‘mn
k&nﬂmdbmnﬂumm'hnhm&&h



Triton X-100 in di-water

Pigure 3-1. A Gl scon of the shenbanse spectrum for dilute
Tritea X-100 selutions showing two sbeorbance peaks
st ) =224 snd 276 am.
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changes in solution pH show no effect on the measure absorbance at cither wavelength.
This is important to our analysis because a change in the solution pH is always observed
afler sn aqueous solution was placed in contact with s sandstone sample (due 10 the
dissolution of dolomite). Such insensitivity of the sbsorbance readings can ensure the
solution pH is not & factor affecting the calculated changes in surfactant concentration.

750 equipped with a combined electrode. The analyzer was calibrated for the pH rangs
of inserest 10 within 4 uaits using standard Fisher buffer solutions.

kaolinits and | wt.% of illise. Fine particles of less than 2 um in sine were separated
uifﬁnii:ihm_ﬁﬁhhr—pilﬁni.ﬂi‘ﬁ
disaggregated sendstone samples, ser Plates | and 2, 10 cxaming the couse for an incresse
in surfhce aress 08 & result of the disaggregation process. Thess SEM missophotographs




Table 3-1. Mineralogical analysis of Berea sandstone as
determined by X-ray diffraction.

ib“hwm;ﬂwﬂmmﬁyuwﬂlnhﬁminﬂ
sizes of clay and mineral crystals. The microphot hs preseated were made available
nmmwmmg;mﬂﬁmmm For the whole rock
sample, Plme | (A) at 8 low magnification shows the grains of quartz and feldeper (or
microcline) cemented by quartz overgrowths, clays, aad traces of dolomite. A higher
magnification photomicrograph of thess pore-lisiag and pore-filling coment minerals is
showa ia Plae | (B). Aa SEM phowomicrograph of the disaggregated sample,
th!(ﬁ.ﬂﬂnhhmphhu-nh—i—ﬂu-_idh

ﬁqbﬁdﬁﬂﬁm Sﬁ-ﬂhe—ﬂ.mihwh:hh
“ﬁﬁ;hﬁhﬁlﬂi:ﬁﬁ- nagai ,
hiﬁbl_ﬁ_hﬁ. Mh-ﬂiw

hﬁh:ﬁn:ﬂhﬁﬁﬁbhﬂ“hﬂ(l’ﬂ)ﬂ
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ate 2. Electron micrographs of Berea sandstone ulqle:
(C) Low magnificstion SEM nfﬁ;- disa
samplc. 100x; (D) Higher n ' -
samplc -hmnng a cluster of hnlﬁne h:uklels
between grains, $00x.
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Lawson and Bﬂﬁ'ﬁl (1976) These authors observed a dﬂnbiing in the speciﬂc surface

3.5 Static Adserption Experiments

Small pieces of sandstone were crushed or disaggregated gently using a mortar to
break the cementation. Damage to the grain surface was insignificant as shown by SEM
soalysis. These disaggregated sandstone particles were rinsed with 12 wt.% sodium
chloride solution 10 ioa-exchange the multivalent ions such as calcium and magnesium
with sodium ions. This is similar 1o the procedure followed in the dynamic tests (see
dried in aa oven.

solution of known conceatration were introduced into a vial. The solid and liquid mixture
was allowed 10 equilibrate for a period of 7-10 days at room temperature with intermittent
mixing. The supernatant was thea extracted from the vial, and centrifuged 10 separate the
ﬂnwm Surfactant uptake dus %0 adsorption was calculsted using the
ons messured before aad afler comtact with the particles.
s of 0, 3, 8 and

,i’,hﬁmmdﬂﬁnﬂnﬂmm concentratio

A schematic diagram of the experimental set-up is shown ia Figwe 34. &
G—ﬂiﬂgmhﬂﬁghmm“mm—il
0.5-micson in-line filser. A light mineral oil was used as & tranefervis
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corrosion of the pump. The pressure drop across the core was monitored to determine
the permeability to brine, and to detect possible plugging due to fines migration in the
core.

The cylindrical sandstone cores were 88.4 mm in diameter and 35.0 mm in height
with an injection wellbore of approximately 3.5 mm in diameter drilled through the
centre. An injection tube, 0.18 cm I1.D. aluminum tube pierced on four sides, was inserted
10 provide uniform linear velocity along the injection wellbore. The sandstone cors was
mounted in the core bolder as illustrated in Figure 3-5. The faces of the core were sealed
with pressurized rubber gaskets. An overburdea pressure of 3,000 kPs was applied o
prevent channelling across the top and bottom of the core. Effluent fluid from the core
was first collected in the sanulus between the core and the core holder, and exited
through the spigots. A new core was used for each rua.

3.6.2 Precedure

Prior 0 commencing a rua, the core was mounted and evacusted 0 0.67 Ps
(8 S pm Hg vacuum) for ot least five hours. The pore volume was determined by
imbibiag brine t0 saturation. The calculated pore volume (PV) was 48.5 £ 0.7 cn’, which
corresponds (0 sa averags porosity of 0.226. The core was thea prefiushed with brine of
the same salinity as that of the surfactant solution. This was doas 10 allow ion-excheage
aad 10 casure sodium form at most of the adsorption/enchengs sites (Pere and Lorenz,
tats of 20 miA wsing Darcy’s equation for radisl geometry. The calculated brine
permoshility varied flom 150 10 450 mD. No permeshitity damage dus 10 flnss migration
was chesrved at injection flow rates wp 10 120 miA. However, sigaificant permeshility
thosoughly filered.
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All sodium chloride solutions were prepared using boiled, deionized water, and
filtered several times through 0.22 um filter papers. A surfactant slug was then prepared

fluids were injected at constant flow rates during each run. Efftuent samples were
collected in approximately 0.1 pore volume (PV) intervals. Experiment runs were
conducted at room temperature.



Chapter 4

Propagation and Adsorption of
NEODOL 25-3S (Anionic Surfactant) .

The adsorption of anionic surfactants on the surfaces of clay minerals is governed
by “chemical® (Le., dispersive. hydrophobic) and electrical interactions (Hough and
!Hdlll.lﬂn The chemical forces correspond 10 the contributions of chain-chain

interactions betweea the hydrophobic moisties of the adsorbed ions, chain-surface
interactions due %0 hydrophobic boading and van der Waals dispersive forces, and
Mmmmnmwmﬁhm
: electrostatic and dipolar

interactions. ﬁ%mmhﬁcﬁudmﬂmm
mmhmgrmnm_hmnmmuhm

BCTean: hhlﬂhtﬁﬁiﬁ“ﬂﬁdﬁﬁ:ﬂdﬂﬂihiﬁ

mmdgmmgg 1973; Ehi. !ﬁ“ﬂﬂ
Heane, 1979; Figdore, 1962; Nelson ef al., 1984; Labrid, 1909; Perw and Lorenz, 1990;

o Jﬁiﬁ*h_m W. Kok, BA Nesr-83-Bin and RE. Bepen, 1993,
Jonrnel of Conadion PNeweisnm Toshuslogy, Vel 32 pp. 7900
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The mechanisms giving rise to the effects on adsorption as mentioned above have

been discussed earlier. In this chapter, results from a detailed experimental study on the

radial geometry are preseated. The primary objectives are (1) to study the effects of

adsorption; and (2) to investigate the propagation of surfactant solutions having s liquid
crysta! phase in radial cores.

4.1 Static Adserption Isotherms

411 Liquid-te-Selid Ratles

liquid/solid weight ratios, ¢.g., 1.0 (Perw and Lorenz, 1990), 1.25 (Lawson, 1978), 10
(Figdore, 1982) and SO (Somasuadaraa and Fuerstenau, 1966). Kt is of interest 40 examine
the effect of this ratio on the static adsorption isotherms. Figure 4-1 shows the amount
of surfactant adsorbed as & function of equilibrium surfactant concentration at a sodium
chioride concentration of 3 wt.% using liquid/solid weight ratios of 0.5, 1.0, 2.1 aad 4.0.
1.0. This is because at such low liquid/solid ratios, the particles were act fully wetted
ratio of 2.1 where all the perticles were wetted by the surfactant solution. Incressing the
liquid/solid ratio from 2.1 ©©0 4.0 did not chengs the adeorbed surfactant velues




Equilibrium sufmnt coneentraﬂon wt.%

Figure 4-1. Swatic adeorption isotherm of Neodol 25-38 as »
function of solid-to-tiguid rasio of & sodium chioride
concentration of 3 wt.%.
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4.1.2 Effect of Salinity

The static adsorption isotherms of Neodol 25-38 st various sodium chloride
concentrations are shown in Figure 4-2. At a givea sodium chioride concentration, the
amount of surfactant adsorbed increased with the surfactant concentration and gradually
resched a constant or a pistesu valus. The solid lines shown in Pigure 4-2 represent the
fitted isotherms based on the Langmuir adsorption equation, defined as (Langmuir, 1918);

r . _QXC,
* T+RC

where O, is the maximum adsorptive capacity of the system, K is the equilibrium ratio
for adsorption, T, is the amount of adsorbed surfactant and C, is the equilibrium
surfactant concentration ia the bulk solution. Over the rangs of surfactast snd sodium
chloride concentrations examined, the experimental data can be fitted with the Langmuic
adeorption isotherm. Table 4-1 summarizes the values of the two fitted constants as a
fuaction of sodium chloride coacentration.

Very litle, if any, adsorption of Neodol 25-38 from water onto the Beres
sandetons was obtained. This surfactant has & relatively large water solubility aad is
expected 10 exhibit & small degres of adsorption ia aqueous solution. Thers is however
a tendency for this surfactant 10 precipitate and/or adsord onto the surface in the preseace
of salt. This incresss ia the amount of surfactant adeorption with sodium chioride
conceatration is dus 10 several factors. First, an incresss in the sodium ioa concentration
reduces the repulsive forces betwesn the saionic surfactant monomers and the negatively
charged clay minerals, and compresses the clectrical double layer near the chargod
swface. The solvation power for the surfactant is also reduced at high sodium chioride
concentra ion which mey drive the surfactant molecules 10 the solid-liquid interface.
Asother factor is thet an incresss in sodium chioride comcentration mey decresss
beadgroup-headgroup repulsion ia the adeorbed layer, thereby incressing surfactant
adsorption (Rupprecht and Gu, 1991).

“1)



00 02 04 08 08 10 12
Equilibrium surfactant concentration, wt.%

Figere 4-2. Static adeorption isotherm of Neodol 25-38 oa
disaggrogated Beres sendsions a5 o function of
sodium chioride concentration.
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Table 4-1. Effect of sodium chloride concentration on Langmuir
isotherm parameters.

e .
Sedium Chieride Equilibriem Mazimum

Concontration Ratle, X Capacky, 0, ¥
(%) ) (mg/100g,)
0 9.388 x 10° 11.68
3 1.766 * 10° 987
s 1.51S x 10° 74.58
12 1.086 x 10* 108.60

L

) uanit = grams of solution per gram of surfactant adsorbed, g/g
® uait = milligrams of surfactant adsorbed per 100 grams of rock, mg/100g,
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mmm.mmmmmmm
occurs shified 10 a lower value with iacreasing sodium chioride concentration. This
behaviour is typical for aniosic surfactants and is due 10 the roduction in the critical
Mmmmmmm(mham
Walker ot ol., 1979). The maximum adsorption increased linearty with increasing sodium
chioride concentration. Good agresment was obtained betwoen the maximum adsorption

values obtained in the presest study and those obtained by Lawson (1978).

42 Dysamic Tosts

ummwmmmaum
nmmmmuumumum. Also, S PV
dhb(n‘-eﬂu&)mwphnhwdhmn The

experimental conditions and results are summarized in Table 4-2.



Table 4-2. Summary of dynamic tests. "
.

Lot of Surbaotent
(M%) (M%) (mPas) () (mg/100g)  (mg/1009)

3 0.19 1.0 0.29 174 154

3 0.46 093 0.72 18.1 16.8

3 091 1.08 1.47 288 26.6

8 0.21 1.0 0.34 80 41.5

s 045 2.1 0.71 40.5 433

s 099 5.08 1.60 439 50.1

12 0.17 1.80 027 s9 556

12 049 27.47 0.78 L2 61.9

12 1.06 1784 1.70 49.7 810

12 188 499.1 24 539 100.3

@ s 0.9 1.18 0.74 39.7 370
» s 0.52 10 0.85 293 k¥
“ s 04?7 1.08 0.73 354 326
o g 048 1.0 071 388 46.7

All enporimenss (encopt neies 4 and 5) wem conducted at & flow e of 20 mLA.
Sehuion pH of the injected surfactant siug, pil, = 243,

Selusion pil of the injected surfactant siug, pil, = 12.53.

injoction flow rate, 0= $ mlA.

injoction flow rate, 0 = 120 miA
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4.2.1 Effect of Salinity

The effect of sodium chloride concentration on the static adsorption isotherm of
Neodol 25-38 was significant as shown in Figure 4-2. It is of interest 10 examine its
Mhoﬁmmmﬁhdhmumﬂﬂucﬂi:
sormalized form, C/C,, where C is the concentration of tracer or surfactant ia the core
effluent and C, is its concentration in the injected surfactant slug. The size of the
surfactant slug was approximately 3 PV and contained 0.45 wt.% surfactant snd § wt.%
sodium chioride. The injection flow rate was 20 mL/A which corresponds %0 8 linear
Darcy velocity of 1.25 m/d st the core inlet (7, = 1.75 mm) and 0.05 m/d at the core exit
(7, = 44.2 mm). The surfactant slug was dispiaced by S PV of s brine solution haviay
was displaced using brines of S, | and 0.1 wt.% sodium chloride (negative salisity

CAC, = 1.0, after nearly 1.7 PV of the surfactant slug was injected, then remeined
comstant. Also, after the injection of | PV of the susfactant slug. the cffiuent C/C, of the
tracer was searly 0.5. This value is similar 10 that expected for the propagation of tracers
injection of the surfactant slug, C/C, of the surfactant was lower thea that of the tracer,
indicating surfactant loss due 10 adeorption. Upon injection of the chase brine of the
2PV. At the end of the chase brine, 29 percent of the injected surfactant was retained
mth“muSﬁ’klm&iﬁﬂﬁﬁﬂm
of the adsorbed surfactant wes cbtained. A similer surfactont bank with ¢ higher pesk
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Cumulative core effluent, PV

opagation of surfactant slug containing 0.45 wt.%
Neodol 25-38 sad 8 % sodium chioride a

20 miLA: followed by segative selinity gradient drives.
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was observed when | wt.% sodium chloride brine was injected. A small but significant
amount of surfactant was recovered when 0.1 wi.% sodium chloride was injected.

ﬁlﬂinmdgabmmnFianJhﬁgnm“nliwm
by s brine of coastant salinity, the maximum concentration as measured would be
32 ppm. At this concentration, 130 PV of brine would be required 10 desord all the
surfactant. Hurd (1976) suggested that adsorbed surfactant can be effectively desorbed
by a fresh water drive; this procedure, however, is not recommended. Severe damage
hﬁﬂmme&uﬁun@hhmﬁlﬁenmﬂ(ﬂmIHS).

In EOR, this negstive salinity gradient has also been found beneficial when
mm“ﬂummﬁm:mw
(Friedmana, 1986), alkali/surfactant (Nelson ef al., 1984), or alkali/surfactas
(Nll-El-Dil aad Hawkins, 1991) ﬂmh. pm:mﬂ.

munxmzs-;sm:ﬂmmwas l.—ilim.%.
respectively. All surfactant slugs were injocted at 20 mL/h for three pore volumes. The
mmﬂhmmmmmmmmm
icteristics in the individual cores. Therefore, differcaces in the cffiuent surfactant
pafhnd-né-.uhmﬂy The effect of sodium chioride concentration
on the surfactant profile was dramatic. At a sodium chioride concents ton of 3 wt.%,
memnhmmmmhmauw
092 at the cad of the surfactant siug. The normalized surfactant profile dropped
mﬁh%d-ﬁbﬂWﬂhMﬁ-ﬂﬂnﬁ“
mmmhhammdﬁmm
mmmmmﬂnhddh—tﬂﬁﬂ
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Flgure 4-4.  Propagation of swrfactant slugs comtsining abowt
02wt% Neodol25-33 asad ()3, (b)) 8 and
(©) 12 w2.% sodium chieride at 20 miA.
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Ausodiumchloddceoocenwnionofuwt%.?iml-klhﬂuﬁnmd
the injected surfactant was retained in the core. Surfactant breakthr . od aft
the injection of 2.4 PV of the surfactant slug. The value of C/C, orﬁ-m-m
mammau.mommy.mnmmmmmm
chase brine flood. The effect of salinity shown in Figures 4-4a 10 4-4¢ is similar 1o that
obtained from the static adsorption tests (see Figure 4-2).

Viscosity messurements of surfactant solutions (in Appendiz A) showed
dpiMinmulMgMManmmmnnmmgofﬁdim
chioride concentrations. It is of interest to examine the effect of such aa incresse ia
viscosity on surfactant propagation. Figures 4-Sa and 4-3b depict the tracer and surfactant
normalized profiles for two surfactant slugs containing nearly 1.0 wt.% Neodol 25-38 sad
sodium chioride concentrations of 3 and 12 wt.%, respectively. According 1o the results
shown in Figure A4, the low-shear Newtonian viscosity, u. was 1.5 mPas for the
uhl@unﬂu%mﬁa“nﬁhﬁﬁm“
as explained in Appendiz A. Incressing the sodium chloride concentration from 3 o
um.%MMh-humhhmHMﬁomﬂﬁmm
duriag the injection of the surfactant slug; that is, increasing surfactant loss. This trend
bWuMMuhMMM:ﬁhMH
10 4-4c. However, the increase ia surfactant loss with sodium chioride concentration was
less ovident at the higher surfactant concentration. 'lhdﬁanhﬁi—ﬂlﬂhn
showa ia Figures 4-Se and 4-5b will also affect the amount of surfactant retasined in the
Mhu.hddﬂehhu“ﬁ_ﬂédlﬂgdl
deopped 9 26.6 mg/100 g, at the end of the chess brine flood. This slight drop was de
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to surfactant desorption during the chase brine flood. At the higher sodium chloride
diﬂuﬁqhm:lugmﬂjmymog.. In this case, the adsorption process
0 81 mﬂlmknd\cﬁdofhe””;"

ﬁcﬂﬁrmﬁ:ﬂﬂmwmwnmmm-diwm
Due 10 the unfavourable mobility ratio, the chase brine fingered through the surfactant
solution and caused early breakthrough of the chase brine. Consequently, the tracer and
surfactant profiles dropped carlier with the higher viscosity slug. The development of
viscous fingers also caused a slower rate of change of the concentration of both chemical
species in the cffluent, that is, tailing. These changes in the surfactant profile were the
reasons for the higher surfactant retention observed at the end of the chase brine flood for

To confirm these findings, another experiment was conducted. The surfactant
mghﬁmmﬁdblanmhﬂmm
stion was kept constant st 12 wt.%. The low-shear Newtonian viscosity of this

ﬁmi@ﬂun“n?@A—Q Figure 4-6 shows the tracer and swrfactant
profiles for this experiment. The increasing portion of the tracer profile was similar %0
d‘hehnhin Bﬂmﬁbﬁdﬂhhnv&yhnﬂﬂh The

hﬂvﬁchmmmm mmmmm&
Figure 4-55 sad are due 10 the interfaciel instability (viscous fingering) betwesa the
the core. h#?ﬁnﬁmﬁﬁﬁﬁﬁnihﬁ”ih



SI:;mbn Chase Brine
Sul
i p g ‘Aﬂ
os } ‘s _
Y . q
06 . . .
04 Fr * & Surfactant ]
' 4 ) Surtactant
® ‘., !
o2}t . % e ]
00 u' 4 . elalalalasanassnaegs
’ : ¢ s 8 10

Cumulative core effiuent, PV

Figure 4-6. Propagation of surfactant slug containing 1.85 we.%
Neodol 25-38 aad 12 wt.% sodium chioride o
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containing 12 wt.% sodium chloride and surfactant concentrutions of 0.17, 0.5, 1.06 and
1.85 wt.% were used. At a surfactant concentration of 0.17 wt.% (i, = 1.8 mPa ), the
pressure drop across the core remained low at nearly 1.6 kPa and did oot change
significantly during the run. However, at a surfactant concentration of 1.06 wt.%
(6 = 180 mPas), s significant increase in the pressure drop (up 1o 14 kPa) was

rved. A dramatic increase in the pressure drop was observed with the surfactant slug
naving 1.85 wt.% surfactant (u, = 500 mPas3), where the maximum pressure drop
obtaioed was 69 kPa. The pressure drop in all runs fell immediately once the chase brine
was injected, and was reduced to the same value obtained during the initial brine flood.

4.2.2 Effect of pH

According to Equation (2-1), increasing the pH of the surfactant solution will
change the surface charges of the clay minerals. Consequently, surfactant loss due o
adsorption will be affected. To examine this effect, three core flood experiments were
conducted with surfactant concentration koeping at about 0.5 wt.% in 8 wt.% sodium
chioride. In each experiment, the core was initially flushed with a brine of the same pH
aad sodium chloride concentration as those of the surfactant slug. The chase brins also
bad the same composition as the brine used ia the preflush.

Figures 4-8a 10 4-8c depict the profiles of the tracer aad the surfactant for
surfactant slugs having pH, of 2.4, 6.5 and 12.3, respectively. The term pHi denctes the

(Figure 4-82) ©0 6.5 (Figure 4-80) had 20 significant effect on the smount of surfactant
rotnined i the core. This unexpected result wes dus 10 the dissolution of dslomiee
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As a result, the pH of the aqueous solution in contact with the sandstone was

much higher thaa that of the injected solution as evident from the pH values measured

in the core effluent. The remin‘ng pi-i in the core effluent was not ii@iﬁ::nﬂ,y difYerent

ln,smnng the pH of the injected snluuons to 12.3 (Pngu:e 4-8¢) reduced the area

between the tracer and the surfactant profiles. The surfactant loss as calculated from

material balance on the surfactant indicated a drop in the surfactant loss from

48.3 mg/100 g, at pH, of 6.5 to 34.4 mg/100 g, at pH, of 12.3. At the higher pH values

the surface of the clays particles becomes more negatively charged, see Equatioa (2-1).
monomers, leading %o lower adsorption.

The most important observation from Figures 4-8b and 4-8c¢ is thsat increasing the

PH of the injected surfactant slug from 6.5 0 12.3 resulted in a reduction in the amount

of surfactant retsined in the core by nearly 30 percent. This demonstrates the importance

nfﬂnggllhhhchemcﬂﬁblmmﬂwhﬁexmmmmfmnuidm

The inj 7 propagation of surfactant in many ways.
solution ia the core. To examine the effoct of the injection flow rate in radial geometry,
the experiment described in Figure 4-3 was repeated at flow rates of $ aad 120 miA.
Surfactant propagation st flow rates grester thea 120 mL/h was not studied because of

Figures 4-9a 10 4-9¢ show the normalized wacer and surfactant conceatrations as
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Figure 4.  Propagetion of swisctant siugs comtsining sbout
0.5 wt.% Neodol 25-38 aad § wt.% sodium chioride
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At the lowest injection flow rate, the tracer breakthrough occurred after 0.5 PV and it did
not reach unity even after the injection of two pore volumes. At the highest flow rate
examined, the tracer breakthrough occurred after 0.7 PV and it reached unity after the
injection of ncarly 1.6 PV. These results indicate that increasing the injection flow mate
in radial geometry resulted in a sharper tracer profile, that is, a shorter mixing length.
This is similar to the results obtained with linear geometry.
Fim#%iw&mﬁﬂiﬁm: mﬂlesoh;inediln mjechonﬂow

seen that mereum;ﬂg injection flow rate caused surfactant brukdimu;hﬁuccw carlier.
Increasing the injection flow rate reduced the residence time of the surfactant solution in
the core. As a result, there was less time for surfactant adsorption at the higher flow rate
and surfactant breakthrough occurred carlier. Increasing the flow also reduced the arca
between the tracer and surfactant profiles, that is, reduced surfactant loss due to
adsorption. Calculating surfactant loss at the two flow rates indicated that surfactant loss
nﬁeﬂﬁwﬁnnﬁemmslqmmbynﬁﬂy 12 percent.




Chapter 5

Propagation and Adsorption of
TRITON X-100 (Non-Ionic Surfactant).

Adsorption of non-ionic surfactants on mineral oxide is a physical process which
surfactants are the most mtypeofm—mie‘ nic surfact "fanplayedmldm:pdm'

MﬁﬁmhﬁhﬂhnmkqﬂkmMﬁd. 1975). Al:o.ﬁi;
type of surfactant is very stable in a broad range of pH and in the presence of divalent
ndmulﬁnhnm hlhmnmdy nmﬂuﬁmi‘ﬁm!—l@.m
thﬁamﬁﬂnhmmmm:“
*yhmmnllﬂﬂhMMHb:

ﬁﬁm lmﬂhhcd‘h&upﬂnlﬂ.naiﬂﬂic;
parimng ',,hﬂ“hﬁ*hﬂﬂhmd

publiohel . Bwek, RA Nosr-EZ1-Din, RA. Neyss ond
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hemimicelle formation prope==i = - wé +yerstensu (1955b) and the general
isotherm equation derived bx =~ 939 991),

By conducting static and dy : tests, the effects of salinity, pH and flow rate

on the adsorption and propegs* 1 of Trnton X-100 in Berea sandstone were examined.

S.1 Equilibrium Static Adesrption lentherms

rfactant solutions of kaews concentration (between 0.04 and 1.2 wt.%) were
:ﬂﬁbhﬂﬁﬂﬁelﬂhiﬁﬂwﬂihqud-b-ﬂﬂnmafz As mentioned in
Sectien 4.1.1, lower liquid-to-solid ratios resulted in lower surfactant adsorption values.
Surfactant uptake (st equilibrium) due to adsorption was calculated using the surfactant
concentrations measured before and after contact with the particles.

0 of Errens in Adsorption Isetherms

m“ﬂmmh&uuiﬁhkﬂynlhum The measurement
of non-ioaic surfac

gbwﬁ:mpmﬁuhm hhmmﬂmdiﬂ-

However, adsorption values with the least error were obtained ot low swfactant
groster than that at high concentrations. This generally means that the best results were
dﬁinmﬁnx-ln ,cﬂl-lnlﬂnﬁ.-ihp
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before and after adsorption results in a difference of 25-30 percent in the calculated
adsorption values.

5.1.2 Effect of Salinity

Previous studies considering the adsorption of Triton X-100 on Berea sandstone
are sparse. Lawson (1978) measured static adsorption isotherms of Triton X-100 and
found them 10 e of the Langmuir type. Ramirez and co-workers (1980) conducted a
similar study on fired Berea and asrived at a similar conclusion. The results obtained by
these researchers disagree with those obtained in recent studies on the adsorption of noa-
ionic surfactants, especially those dealing with adsorption of Triton X-100 on silica gel
(Huang and Gu, 1987). To investigate this discrepancy, static adsorption isotherms of
Triton X-100 were measured at sodium chloride concentrations of 0, 3, 8 and 12 wt.%.
Figure 3-1 shows the measured isotherms together with fitted curves based on the general
hﬂenﬁmﬂﬂﬂﬂuﬁﬁu;ﬁnﬂmﬂhmm
mlmmﬁhmafm At lower surfactant concentrations, the

mmuanmm
mﬁ_lﬁunthrﬂhmmf..
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decreased from 3.08 x 10° to 1.40 x 10° L/mol; whereas, for the equilibrium ratio of
hemimicelles, X,, . a very strong dependency was observed (reduced by as much as 10
orders of magnitude). The maximum adsorption capacity, O, increased as a direct
function of solution salinity. The aggregation number, n, however, decreased from 4 10
1.5 as sodium chloride concentration increased. The trends in O, and » suggest that the
increase in salinity favoured and possibly accelerated the aggregation process of surfactan
on the solid surface. Both mechanisms overlap and therefore were no longer :legly
dunnguuhedﬁmtheshpesofthelwthem As a result, the second adsorptioa la
was formed simultaneously with the first layer, which is nfcnedmnnae:mm
of hemimicelle by Zhu and Gu (1989). The critical hemimicelle concentration, Cine « WaS
determined from the definitions given in Equaticas (2-22) 1o (2-25). By aﬂlﬁdeﬁmm
the calculated C,,, values were reduced as sodium chloride concentration was increased
which is similar to the varistion of the critical micelle concentration with salt
concentration.

The increase in total adsorption, 0, , as 8 function of salinity may be attributed %o
the possibility of surfactant desolvation. With the results from turbidmetric and
viscometric measurements, Doscher ef al. (1951) showed that adding sodium chloride
favours an increase in micellar size and causes the surfactant molecules 10 salt out of the
aqueous phase. Although electrolytes such as sodium chioride do not adsorb oa the
micellar surface, they can influeace the size of micelles and the extent of solvation at the
micellar surfaces (Manohar and Kelkar, 1990). As a result, the addition of salts causes
& considerable increase in the aggregation sumber and belps 10 promots the release of the
are more likely 10 adsord on the solid surfaces. This phenomenoa is known as the
salting-out effect (Doscher ef al., 1951; Kuznetsova ef ol., 1976; Imas of al, 1988).

mmummamaumafmx—m

marmx-lwummmmuuz-yln..l_lil
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higher than those obtained in this study because of the difference in specific surface area
(1.4 m¥/g) of the sandstone used. Lawson did not, however, examine the surfactan
concentration ‘ange of below 0.05 wt.%, and as a result the adsorption isotherm obtained
was of the Langmuir type. More recently, Denoyel and Rouquerol (1991) examined the
adsorptioa of Triton X-100 on quartz (S-shaped isotherm) and kaolin (stepped isotherm)
for 0 and 1 wt.% sodium chloride. For both surfaces, the observed critical hemimicelle
concentrations were 0.01 and 0.014 wt.% for 0 and | wt.% sodium chloride, respectively.

ﬁednm’,,,,;;;’afmﬁcmtmmedmdtheymmﬂgdu
a function of pH (initial and equilibrium) at a given sodium chloride concentration in
Figure 5-2. Figure 5-2a shows the adsorption isotherm of Triton X-100 obtsined at
sodium chioride concentrations of 3 wt.%, where the initial pH values were 2.2, 6.0 and
fitted parameters are listed in Table 5-1. Note that the average equilibrium pH measured
hhﬁﬁebweaﬁmﬂpﬂmﬁg(h:ﬁdpﬂvﬂmﬂﬂdim
mx—lmﬁmln%mﬁmehhﬁhmmvﬂmﬂu 6.1 and 119 are
mgnpns-;t. The pH values of the equilibrium solution were 8.0, 8.4 and 11.8,

hh;nﬁ““ﬂmnmmhm
mg.nlhﬁudhﬂ“pﬂmﬂuvd.nﬂnhfﬂ!-l
Such & decrease was, however, a0t observed for the § wt.% sodium chioride solutions.
2&6““&“&*&@&&&*
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saturation, O, decreased from 36.0 to 23.3 mg/100g, (s decrease of 3$ percent) for
3 wt.% sodium chloride, and from 65.5 to 46.5 mg/100g, (s decrease of 29 percent) for
8 wt.% sodium chloride. An increase in pH from 6 to 12, however, seems t0 have no
effect on the monomer adsorption as indicated by the constant values of monolsyer
saturation calculated. The differences in the measured maximum adsorption for increasing
values of pH (especially, for alkaline) must thus be caused by the differences in the
wm characteristics in the bulk solution (micellization) as well as at the solidNliquid

Thiﬁeaofpﬂﬂﬁcmoﬁ‘ﬁm X-100 can be explained as follows,
Adsorption of non-ionic surfactants occurs at the solidliquid interface via hydrogen
bonding between the hydrolyzed solid surface and cthylene oxide segments of the
surfactant. When the pH of the surfactant solution is increased (by means of adding
hydroxide ions), the number of hydroxyl groups (M-OH) at the surface available for

n&ﬁnmﬁanﬂmm&hnﬁ:&mnﬂmﬁ(ﬁ@nd 1983).
Mhmﬁbmmmﬂ,m Whea the pH is
may react sad form a weak acidic group, M-OH,’, which tends 10 ropel the approsching
counterions and apparently promotes the adsorption of the surfactant molecules at the
interface. Ia addition, unreacted hydrogen ions in the bulk phase tend 10 dissolve the
dolomite preseat in the saadstone, thus rising the pH of the equilibrium solution. Under
the expe ,,,,,,,Zennﬂﬁmhchﬁpﬂmbhmﬁﬂhhh

' acentrati h:mhmhmn-ﬁlMﬂ
mhdﬁdﬁhhﬂmcﬁsﬂlﬁﬁ*(ﬂnﬁ)nﬂ—m
concentration at present.
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Surfactant solution was continuously injected until the measured surfactant
coacentration in the core effluent reached the injection level. A chase brine of the same
salinity was then injocted to displace the surfactant slug remained in the bulk phase ia
order to calculate, by material balance, the saturation amount of adsorption during the
injection period. The results are summarized in Table $-2.

The range of sodium chloride concentration examined was 0 80 12 wt.% at s room
temperature of about 23 °C. These conditions are in the region below the cloud point
temperatures of Triton X-100 according to Travalloni-Louvisse and Goazilez (1988).
Any instability during the injection as 8 result of phase scparation is therefore not
expected.

5.2.1 Effect of Saliaity

Flow experiments were performed as described previously usi :
Typical effiuent profiles are shown ia Figure $-3 for a contisuous injection of 6 PV of
8 surfactant solution followed by 5 PV of s chase brine. The injected surfactant solution
contained 0.50 wt.% Triton X-100, 3 wt.% sodium chioride and tritium as a tracer. The
chass brine of 3 wt.% sodium chioride was thea injected 10 displace the surfactant
were plotted agaiast the cumulistive core effiuent, where C, is the concentration of the
S-shaped distribution with C/C, = 0.0 (st 0.6 PV) incressing %0 1.0 (st 1.4 PV). The
sdvective fioat of the Wacer was found ot 1.0 PV o marked by C/C, = 0.5. This
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Table 8-2. Summary of flow experiments on the propagation of
Triton X-100.

Sedium Chioride Flow  Surfactant  Surfactant

Concentration Rate Concentration  Less, Q.
~ (m%) (mLh) ("1*?7 — (lel-)h

20 050 819
0.47 95.81
0.49 109.00
0.51 80.68
0.49 98.10
050 7249
0.50 5426

050 o0

T8Iz s 88

effiuent surfactant concentration curve was not symmetric st C/C, = 0.5. The effiuent
mmmg-mﬁ-ﬁ-uﬂhmmdﬁh.

mw“d-ﬁmmgf ﬁnﬂhhmm
significontly lower then thet obtained ot the same selinity wader stssic condision



0 2 4 6 8 716
Cumulative core effiuent, PV

Figure $-3. Surfactant propagation of 0.50 wt.% Trisos X-100 ia
3 wt.% sodium chioride at 20 miA, followed by o
chase bring of 3 wt.% sodium chioride.
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12 wt.% sodium chloride during the lnmnm of the first 6 PV of the surfactant mluﬁm
The injection flow rate was kept constant at 20 mL/h during these runs. For the tracer,
hﬁmeﬁmmﬂnmmmﬂmmﬂcﬁqmmﬂmh

m“ﬁgmﬂem At a sodium chloride mmnﬁmaf!wh%m
breakthrough occurred after 1.8 PV, whereas at 12 wt.% sodium chloride it occusred after
22 PV. mgmﬁamdehymwfmhnm;hnﬂighiﬁutnlhig

tph:l\n:ﬁmnfm:m chioride concentration (T:hle 5-2). Thismhheﬂdm
with the adsorption plateau values obtained in the static adsorption tests.

The injection flow rate can modify the propagation of surfactant in many ways ss
discussed in Sectiem 4.2.3. Firstly, increasing the flow rate reduces the spread of the
of surfactant ﬂmhhlkligﬁdphncbhﬂidmm nirez of ol.,

uﬁﬂnﬁ;“jﬁmﬂ nﬁm&lﬂﬂlnﬁﬁh&ﬁh
% Q=20 ead 120 miA. lncressing flow rate stightly reduced the spread of the tracer



0 1 2 3 4
Cumulative core effluent, PV

Figure 5-4. Effect of sodium chioride concentration oa surfactant
propagation with sbout 0.5 wt.% Tritoa X-100 ia 3,
8 aad 12 wt.% sodium chioride ot 20 miA.



Normalized concentration, C/C,

"o 1 2 3 4 5 N
Cumulative core effiuent, PV

Figure $-S. Propagation of surfactant solution of sbout 0.5 wt.%
Triton X-100 ia 3 wt.% sodium chioride at flow rates
of 20 aad 120 miA, (s) tracer and (V) surfactant.
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)
flow as observed near the breakthrough point. No tailing was observed for either flow
rates, indicating the absence of dead-end pore volume in the cores.

Figure S-5b illustrates the effect of flow rate on surfactant propagation at the same
conditions given in Figure 5-Sa. Increasing flow rate 10 120 mL/h resulted in early
breakthrough in surfactant (1.5 PV compared with 1.8 PV at 20 mL/h), and a long tailing.
Obviously, these trends cannot be explained in terms of dispersion shown in Figure $-5a,
or tailing. Thess trends (early breakthrough and tailing) indicate that surfactant adsorption
is oot instantaneous, but kinetically controlled; that is, there is a time required for
surfactant to adsord oa the surface. The residence time was 2.4 hours, at the injection
flow rate of 20 mL/h, and 0.4 hour at the higher flow rate of 120 mL/&. This means that
ot the lower flow rate, surfactant bad more time 10 adsorb. As a result, the available
adsorption sites were occupied at surfactant breakthrough and surfactant concentration
rose very quickly to reach the injection level. At the higher flow rate, residence time was
oot sufficient to saturate all available adsorption sites. At surfactant breakthrough, there
were more unoccupied sites available for adsorption and the surfactant concentration rose
at & slower rate snd showed long tailing %0 reach the injection level.

Figure 5-6 shows the effect of flow rate on the surfactant profiles obtained at
salinities of 3 and 8 wt.% sodium chloride, respectively. At the low salinity, increasing
the flow rate resulted in carly breskthrough and long tailing in surfactant. However,
Mbﬂm&emm“htn%mm“muiﬂm
as that in 3 wi.% sodium chloride. With the higher sodium chioride coacentration, time
required for adsorption is less; that is, more surfactant getting adsorbed before the
similer.

52.3 A Comparissa between Static sad Dysamic Adsorpticn

Figure 5-7 compares surfactant loss dus 10 adsorption obtained from dynamic
(Q = 20 miA) and static adeorption tests at sodium chioride concentrations fom 3 o



0 1 2 3 4 8 ¢

Cumulative core effluent, PV

Pigure $-6. Propagation of surfactant solution of shout 0.5 wt.%

Triton X-100 ia (2) 3 and (b) 8 wt.% sodium chioride
ot flow rates of 20 sad 80 miA.
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12 wt.%. A comparison between static and dynamic tests in water (no sodium chioride)
was not possible. This is because of potential fines migration in the dynamic test upon
the injection of water (Mungan, 1965; Khilar et al., 1983). With 3 wt.% sodium chioride,
surfactant loss due to adsorption obtained in dynamic test was 20 percent lower thes that
obtained in the static tests. The difference became more significant as the sodium
static tests may thus be caused by factors other than change in surface ares.
Table 3-2 lists the surfactant loss due to adsorption for various dynamic tests. It
hmnmmmm“mmhlﬂmm“
screpancy between static and dynamic tests. Increasing flow rate increases the shear
ﬁ_nﬁiwﬂlwﬁiﬁmy&aﬂhmm:ﬂqbymxm
for adsorption decreases. A second mechanism is that the shear stress at the wall ot &
hlﬂhiﬂﬁlﬂ. mmmnmmmm—m
for fleld application
Tn“nhhmmm-hﬂﬂﬁ—h
conditions are different, & surfactant solution of 0.49 wt.9% Triton X-100 snd 8 wt.%
resuming the flow 10 displace the surfactaat solution using the chase brine, & 10-pesoent
experiment was conducted but at & low flow rate of 20 mi/ (see Figure 5-9). However,




Figure $-7.

0 5 10
Sodium chloride concentration, wt.%

Comparisoa of ssturation adsorption of Tritoa X-100
under static and dynamic coaditions.

18
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Surfactant
for 2 hours

S "

Normalized concentration, C/C,

Cumulative core effluent, PV

Figure 5-8. Surfactant propagation of 0.49 wt.% Triton X-100 ia
§ wt.% sodium chioride at 80 miA, followed by &
chase brine of $ wt.% sodium chioride.




Cumulative core effluent, PV

Fgure 59, Swrfactant propagation of 0.47 wt.% Trisoa X-100 ia
8 wt.% sodium chioride at 20 miA, followed by »

12
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9%
the drop in surfactant concentration upon resuming the flow was not as significant. This
signifies that the difference between maximum adsorption obtained under static and
dynamic conditions increases as the flow rate is increased.

$.2.4 Effect of pH

FwMemmmhuuijmmﬁZOMmmmu
about 0.5 wt.% Triton X-100 with salinities of 3 and 8 wt.% sodium chioride and
(snriguvs-loxamﬁonofmm“;omiudnhhighepﬂ. This
trend is similar to the results obtained from the static adsorption experiments. In this
mdmkmmmbmvﬂalhﬁulmmﬂhﬁwpﬂlﬁmh
adsorption values than static tests, especially, when non-ionic surfactant was examined
(since relatively small vasiation was expected).
utlnlowulinity(l.c..ln%n&mﬁhﬁﬁ)ﬁ:@nhhﬁﬂﬂhﬁy- In this
case, the (dynamic) saturation adsorption values, 0,’, were reduced by 34 percent for low
salinity (3 wi.% sodium chioride) but culy 20 percent for high salinity (8 wt.% sodium
chioride), see Table S-1. As mestioned cerlier, the tendency of surfactant molecules
low salinity resulted in s minimal adeorption loss.
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Normalized concentration, C/C,

Cumulative core effiuent, PV

Figure 5-16.  Effect of pH on serfactant propagation with 0.5 wt.%
Triton X-100 in (s) 3 and (b) 8 wt.% sodium chioride
ot 20 sl A, piH, are 7 aad 12.



Chapter 6

Dispersion in Consolidated Sandstone
with Radial Flow

In designing s laborstory model for evalustion of the dynamic effects oa the
undersiood and accurately simulated. Since the dispersion mechanism in porous media
mhhﬂwdlwm&yhﬂﬂbmh[ﬁhmyﬂédn;mﬂﬂf
divergiag or converging radial flow, velocity-dependencs oa dispersive transport must first
be considered. Unfortunstely, most of the previous (experimental) studies wers performed
in uncoasolidated porous medis with one-dimensional, linear flow. A precise description
dhﬁmmwwﬁlmﬁlmmuiﬁn&ﬁﬁq
limits the accuracy of lsborastory model predictic

MMMsmﬁmuhmﬂ;' irodynamic dispersion ia
radisl geometry, aad the use of the Gelerkia finite cloment method 0 solve the mass
traneport ia the radial flow equation. The objectives in this chapter are 10 evaluste the
applicability and validity of various dispersion models discussed ia the leerature, 0
wsed, and (0 derive a suitable dispersioa model (or mechenism) for the experimental date
the foliowing chapter 10 examine the offoct of adeorption on the offiuent surfactant
bseaktheough cheerved in the experiments.




6.1 Advection, Diffusion and Dispersien

When one fluid is miscibly displacing another in s homogeneous

Mmhovﬂlmmﬂﬂxhgdﬁenmmaﬂbhﬂﬂemhdn:ﬁhdby
the general advection-dispersion equation, viz.:
& .0 V<DV 6-1)
- ‘! c = V{(Q'Vec) &1

wbercc-c(u)uthesolmecoocenmmthehulkofthelﬂmmnpﬁﬂm;nﬂ
time /, y is the mean pore velocity of the fluid and D is the dispersioa te

Advective transport is due primarily 10 bulk motions of the fluid. ﬁtm
term is commoaly described by the combined effect of molecular diffusion and
mechanical dispersion. Empirical correlations are often expressed in terms of the Péclet
sumber, Pe (Perkins and Johaston, 1967; Fried and Combarnous, 1971):

'bD: . .;:qu- €2)
D, is the molecular diffusion cocfficient in porous media, F is the formation resistivity
factor, ¢ is the porosity, @ is a proportionality constant and a is & constant. Nots that the
defiaition of D,, should be distinguished from the molecular diffusion in bulk liquid, D, ",
which is the result of Brownisa motica ocaly. The diffusion effect, in this case, is
reterded dus 10 the restriction of the pore walls and the leagthened tortuous peth:
D¢ '
o, = )
where T is the tortucsity which is defined a3 & ratio of the leagth of a tortaous peth 10 the
length of & direct poth.
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The Péclet number is defined as the ratio of convective transport to diffusive
Pe = %d (-4)

where v is a characteristic velocity and d is a characteristic length. For unconsolidated

Fried and Combamous (1971) bave summarized a large number of experim
data from the literasture, and categorized the ratios of D/D, mﬂvedhpnmrqlm
according to the Péclet number (see Figure 6-1);

Regime a. Pure molecular diffusion (Pe < 0.6): The limiting case of zoro velocity
(non-flow coamdition) or very high molecular diffusion coefficient,
allows estimation of //F¢, which is commoaly between 0.6 and 0.7.

Regime b Superimposition (0.6 < Pe < 6.5): Both mechanical dispersion and

Equation (6-2) with @ = 0.5 aad & = 1.2 for the longitedinal direction,
and @ = 0.025 and m = 1.] for the transverse direction.

Regime 4 Pure mechanical dispersion (300 < Pe $2.1 » 10’y  The offect of
diffusion is negligible in this regime; dispersion can be expressed as
8 linear function of velocity; thet is, D = au.
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Figare 6-1. Dispersion regimes as & fmaction of Péclet sumber
(Fried and Combaracus, 1971).
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Regime ¢. Mechanical dispersion (Pe > 2.1 x 10°): The flow regime is out of the
domain of Darcy’s law.

Fﬁ;mmﬁmm“mhucmﬂmnthﬂcm
aumber can be defined as
Pe -% 9
ﬁhﬂ;mnhelnjnmomtyﬁcmmﬂd,unhﬂﬁmﬂ:lmﬁh(pmﬁarmm)
Nots that the inhomogencity factor o is s measure of the packing characteristics. The
m:lmimmvﬂuummleekdemm
up of identical spherical beads. A value of (o = 3.5) is typical for random packs, For
solidsted porous media, the inhomogeneity factor has no physical meaning,
,,dmmaﬁnmﬂhmafﬁ,n:ﬁmﬂhwiﬂsmﬂ
porous media, instead of o alone. llhlmmuuafui are in the range of 0.39
10 046 cm for dispersion in consolidsted Beres sandstons (Raimondi ef ol 1959;
Brigham e al., 1961; Perkins and Johnston, 1963; Legatski and Katz, 1967).

hhﬁmhhdh(lﬁnﬂhfqﬂm(lm They
slong the s-axis st r = 0, At a constant volume injection rate 0, the seepage velocity at
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| = Q = d -4
R 1T m = (6-6)
where ¢§ is the porosity, and 4 is the flow coefficient which is directly proportional to Q.
They then re-examined the dispersion term by introducing a velocity-dependent dispersion
coefficient; that is,

D = D, +au €N
where a is called the intrinsic dispersivity (s proportionality constant) and D, is the
D, divided by the

& A&k _ AP, A &
E R = M

S -9
_’_i 4 r& D, ¥c
r o o) iy
where a, and a, are the dispersivity coefficients in the 7 and € jirections, respectively.
m&mm&mu*mmnh“
position 6, heace, a, = 0 and /00 = 0, and letting a, = a, Equatioa (6-8) can be reduced
]

& A& D, aof & —
9 e TaE) “»
mﬂau—:ﬂimbhﬁﬂﬁﬁunhhﬂ-mﬁﬁ
substitution of the spatisl gradients by the temporal derivatives (Raimondi of al, 1959:
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o . .rod 610)
r A v 19

Introducing Equation (6-10) into the dispersion and diffusion terms of Equation (6-9)
leads to the following expression

0 A& _ | r or|d¥ (6-11)
TH [“7"-TJEI
F@rmtﬁminjecﬁonn:ﬂeﬂymwithmmﬁﬂimf_nr:mtﬁegeneﬂl

solution is given by

c . lgﬁ(dﬂf’*"’) €12)

subject 10 the following conditions
c(rd) =0 ot t=0 (initial),

c(rd) =C, ot r=0 (line source)
wod c(ry) =0 o rew (exit)

(D » D,) the diffusion term, D, , in Equation (6-11) can be set equal 0 3er0. Hoopes
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a = %.-y (6-13)
where 5 is the standard devistion obtsined. The new function y is defined as
X = 24(¢ - t5,)/r* and ¢y, is the time at which C/C, = 0.5, Note that C is defined as the
measured or calculated solute concentration at the position denoted by ». In their
sxperimental work, dispersivity data were obtained by injecting a sodium chloride solution
into & recharge well of a sand pack model. ﬁemtmmmmmm
conductivity probes located at different radial positions. Dispersivity cosfficients, a
HﬂuﬂdﬁmEqnm(G-lz)md(ﬁ-B)mMnhmmhm
of radial distance. A finite difference spproximation (Shamir snd Harlemaa, 1967) of

ustion (6-9) was used t0 compare with the oximate 3¢
was resulled for large dimensionless time, t = Ava? > 1000,
Bentsen and Niclsen (1965) also used the above approximate
Equation (6-12), 10 examine the effect of viscosity on dispersion. Cﬂeﬂmdcm
were performed using fluids of having viscosities ranging from 0.4 10 3.4 mPas and
injecting at different mobility ratios (0.25 - 1.02) in circular, consolidated Beres ssndstone
slabs. A very close agreement between exp iment and theory was observed except near
the entrance and exit. The dispersivity coefficient, a, was shown 10 be indepeadent of
velocity, and 10 be a linear function of favoursble mobility ratio; that is, mobility ratios
of less than one.
Gelhar and Collias (1971) extended Raimondi |
the cases of uaiform, radial and spherical flows. M“hhc&mﬂh
m“hﬂyﬂhmﬂhwﬁihm“ﬁh
-ﬁﬂﬂqﬁhﬂ-dnﬂ-jmm“!“ﬂS“h—.
sctively, thinner then that of linear flow. In the case of radial flow, Q-yﬂﬁiil
mtﬂnﬂmhlfgbjﬁhﬂm that is, the boundary condition
of




c(rt) =0 at t =0 (initial),

c(rt) =C, ot re=r, (well bore)
and c(rt) =0 at rew (exit)

The results were also compared with numerical solutions. Good approximatioas can be
mﬁmvﬂﬂmmmmm;ﬁveﬂdbymemjmﬁﬁtugmIOO
times greater than the dispersivity coefficient.
Anemndmﬂmimﬁrmemmmmpmblemwnﬂmdmvdby

Tang and Babu (1979). They considered s simplified form of Equation (6-11):

& Ao _ A¥ c

' ® Qe 614

E PF urar ¢ )
for DD, and D = au. The problem is solved by applying the Laplace transformatioa
(@) in the r-variable; that is, multiply Equation (6-14) by ¢* and then integrate the
resultant term with respect 10 ¢ from 0 to :

rn:'*d%! « anll 19

&ra) = Blern)} = [e<ecrarar
K ]



and Ai(Y) is the Airy function, which is defined as
A(D) = u-ng]“ K,»(5) 17

where { = 2/3 ¥*? and K,,({) is the modified Bessel function of the second kind. The
inverse Laplace transform (§') can be obtained by methods of complex variable theory.

c(rt) = R'(c(rs)}) = ﬁ:[‘r" c(rs) ds (6-19)
where / = (-1)'? and y is chosen 30 that all the singular points of R7.5) lie 10 the left of
the line Re(s) = y in the complex plane (s-plans). Tang and Babu derived the solution

Haich (1986) later presented a simpler form of the exact snalytical solution for
Bﬁiﬂ-(i-ld)h(i-ls)bywﬂulqhuyhdﬁhmaf-w
1964):



AN & —a exp(<) EC-1Y ¥, ¢ (&19)

2yr Yt

@)@ N-(6k-1) . . 2umm
V. = o - s __Y*
: 216" k! wd  § =gl

improves the accuracy of the results and reduces the effort of computation. Very good
and Harleman (1967). For the case of finite injection radius, » = r_ > 0, Hsich also
travelled by the injection front is 1S times (rather than 100 times) grester than the
inversion formula for Equation (6-18) developed by Stehfest (1970). Alough the
mﬂhmﬂuhlﬁiﬂﬁmﬁﬂhmmﬁﬁkmmﬁn.ﬂ
caa be programmed oa a hand-beid calculastor. For small dimensionless times, t = Av/a’
£ 1800, ﬁymunhnllmhhnvmhMihmﬂkhbdﬂ
results in close agreement with Hoopes and Harlemaa's (1967) finite-diff; 8 solution.

M(lﬂﬂhm&m&hmm:hmiﬂ
aa aquifer. Coasider the boundary condition at the exit, C = 0 at 7 — ; this suggests
surface by advection and dispersion st the same rase as the rate of fluid flowing across
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4c + PVe = yC, + p-VC, (6-20)
for VC, = 0. Since the velocity is high near the wellbore, dispersion is assumed 1o be
dominated by advection and mechanical dispersion: therefore, the Cauchy boundary
condition can be expressed (using D = au) as
at rep, (6-21)
A solution of Equations (6-14) and (6-21) was obtained using the Laplace transform and
the inversion technique as applied in Hsich (1986):

c L. [F-r] ~ 2Ai(D (6-22)
! |

[ I W TR T AR TR YT A)

where ¥ and ¥, are defined same as in Equation (6-16). The Airy functioa Ai(Y) is the
MnlmhhA:quﬂmﬂahMm Ai"(N) = Y A,
m'(nmm-(nmmmnﬂmmmmﬂunmw
prne mmmmmmwhmw
pﬁi. For example, st the dimensionless time of t = 0.01 (= At/a’) with 7, = a. the
Dirichlet condition (C = C, st r = r,) predicts the concentration front at s distance 1.4a




1o
techniques. As the physical system becomes more complicated, for example, the Cauchy
boundary condition at the entrance, or the presence of reaction or adsorption, analytical
solutions are complicated by the added parameters and variables. In sddition to the
drawbacks and limitations of the boundary condition and the evaluation of complicated
integrals, the analytical solutions found are only available for the simples dispersioa
models, viz., a linear relationship between the dispersion coefficient and velocity, D = au.
Development of aumerical methods is therefore cssential for describing more complicated
physical systems.

In core flood experiments, loss of surfactant due to adsorption was estimated from
the difference in the integrated arcas between the surfactant and tracer profiles
propagate through the porous medium at the same rate in the absence of adsorption, asd
n if,,fj' ’oﬁﬁmmmddiﬂlmmmhliqmd **** comparable. It is obvious
hhmmm“hmﬁdmmm:iﬁiq
ﬁaﬂlm)gimm:ﬁnﬁﬂu:lmﬁmmné
smaller volumes. The following experiment is thus performed 10 examing the
fir solution contained 0.52 wt.% Triton X-100 and 0.02 wt.% tacer. The second
ﬂdﬂﬂﬂﬂh“ﬁhiﬂnb“ﬂfﬂﬁcﬂ“ﬁ
m--m-mdhm; ﬁbﬁm
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injection level of 0.26 wt.% (assuming maximum adsorptive capecity achieved). The
higher concentration solution was then injected. Propagation of surfactant in this step is
presumedly due 10 the effects of dispersion and diffusion only in the absence of
brine in order 10 verify material balances.

Figure 6-2 shows the complete profile (two-step injection) of tracer and surfactant
as 8 function of cumulative effluent pore volume. In Figure 6-3, the upper portion of the
profiles in Figure 6-2 is replicated in terms of the normalized concentration, C,/C,,
versus the corrected effluent volume, ¥, /¥, , for
C C-C, A V-V,

??7""?,;;

where C is the messured concentration of tracer or surfactant in the effiueat, C, is the
refereace comcentration which is equal to the difference in injection concentrations
between the first and second solutioas, C, - C,, snd V is the volume of liquid collected,
nhmwmmm-nﬁah&umwmnh
of injection snd levelled at C,/C, = 1.0 after 1.4 pore volumes. Almost identical
ia their dispersion chncl-ﬁiﬁ —i—- the flow m considered ia this
investigation; that is, the sssumption of similar retes of propagation for both componeats
may be valid, at least for the rangs of flow rates ueed. Adeorptive l0sess estimeted fom




o R s 2
Cumulative core effiuent, PV

Figere 6-2. Swfictant propagation in Beres seadstone core of
0.26/9.52 wt.% Tritcoa X-100 (two-step injection) with
3 w1.% sodium chioride &t 20 miA.
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Suﬂactam injccﬂon
0.52 wt.%

Figare 6-3. Dispersioa of wacer and surfactant in Berea sandetons
in the shesnce of adsorptics.
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64 Mathematical Description of the Experimental Data

Assuming that the flow field is symmetric with respect to the angular position, the
velocity distribution along the radial distance is one-dimensional and can be obtained
directly from the coatinuity equation, Vy = 0, as in Equation (6-6); that is, velocity
varies inversely with the radius, ¥ = A/r.

For the experiment described in Figures 6-2 and 6-3, the measured core dimension
was 88.38 mm in diameter and 35.10 mm in height with a wellbore diameter of 3.50 mm.
The pore volume and porosity were 49.47 cm’ and 0.23, respectively. Using
Equation (6-6), 4 = 1.095 x 107" m*/s for the injection rate of 20 mL/h, and the calculated
sespege velocities at the entrance and exit were 6.082 x 10° and 2.478 x 10° nvs,
respectively.

Figure 6-4 shows the relationship of the seepage velocity of the displacing fluid
(normalized by the injection velocity at the entrance, u,, ) 83 a function of pore volume
and radial distance. The fluid velocity is inversely proportional 10 the radial distance as
described by the mathematical equation. This plot suggests that, after the first 0.1 PV of
injection, the front of the displacing fluid would have advanced for sbout 14 mm away
from the wellbore (~32 percent of the core radius) and the velocity would have beea
reduced by about 88 percent. The velocity thea decreases slowly for the sext 0.9 pore
volumes of travel. Using sa estimated valus of the molecular diffusion coefficient for
tritium ia water of D, = 6.25 x 10” m’/s, the calculated Péclet numbers were about 38.0
 the entrance sad 1.55 at the exit with od, = 0.39 cm (Brigham o ol., 1961). The
reduction in the seepags velocity represents a traasition of dispersion characteristics from
Regime ¢ 10 Regime b ss defined by Fried and Combaraous (1971).

6.5 Nemerical Simalations of Dispersicn with Radial Flow

The solution of the general advection-dispersion equation, Equation (6-1), cas be
spproximeted by applying the Gelerkin finits eloment method. The governing equation
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in the form of a weighted variational equation:

L“’T *WgVE - VRV dA = 0 23)

unknown concentration C can be estimated using a trial value C as a linear combination

c & éxt) = iv‘(g)c‘(n -24)

isl
mﬁnchgmmemmmmnhﬂmm;lﬁmrnﬂ
n is the total aumber of nodes in the finite element network.
:ﬂﬁmhhmdﬂlmﬂweﬂlwmhmﬂmmﬁaihﬁg

6.5.1 Numerical Appreximations and Errers

Assuming the effect of molecular diffusion is negligible compared 10 mechanical
dispersion D »D,, Equation (6-1) cam be re-written as Equation (6-14) with
D = an = ad/r (Hoopes and Harleman, 1967; Tang and Babu, 1979):

ad e
o

wlh

“ \|\

& A&
F R T

i--(“")
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A numerical solution was determined using the following initial and boundary conditions:

c(rt) = 0 stt=0 (initial),

c(rg) - uéc(r.l) C, stre=r  (well bore)

0 atr o (exit)

and c(rs)

Very good agreement between the experimental data and the numerical simulation was
MHMmﬁméﬁSMﬁﬁjmlﬂlmmmﬁIMEmm
the simulation using a = 5.0 x 10* m,
by varying the time step Ar and the mesh size A (approximate leagth of a side in the
trisagular clements). The results are shown in Figures 6-6 and 6-7 using the same
parameters as in Figure 6-5. At a flow rate of 20 mi/h, a time step of 20 seconds is
sufficient %0 provide a relisble approximation. Ou the other hand, s mesh size of st most
Iﬁmﬂum&dﬁﬁMhﬂMdemm
from the wellbore 10 the core exit for the core radius of 44.2 mm.

Based on the smalysis in Figure 64, it is rocognized that sharp velocity (and
intorest 10 examine the use of sos-uniform mesh ncar the wellbore. As illustrased ia
r = 4.75 mm, correspondiag 0 1/100 of the total pore volume). No sigaificant differeace
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6.5.2 Comparison of Numerical Solution with Analytical Solutions

The validity of the numerical model is established by comparing the numerical
solution with Chen’s (1987) solution. The complete solution for Equations (6-14) subject
to the Cauchy condition at the wellbore is given by Equation (6-22). For small
dimensionless time, t = Av/a’ < 1, the Airy function and its first derivative can be
approximated by

AN & — ¥ exp( )
ZJ; (6-25)
= " exp(<)
2yx

The inverted form of Equation (6-22) can then be expressed as

& w{TH [ [T “’] 20

14 1 1|4
-W[T ;i 4¢:}ﬁ[§ i*? g’u]]

where m = 2/3(p" - p.2") forp = r/a snd p, = 7./a. On the other hand, the solution for
the Dirichlet boundary condition is (Taag and Babu, 1979)

gl e

which is always equal to usity stp = p,_ . Comparisoas of Equations (6-26) aad (6-27)
uﬂhmm&gil(lg.risc)ﬁ!tio_ol,omﬂtzﬁw:
solutions.

Ai'(N =




8: '

Figure 6-10.

(Chan, 198T)
(- Dirighist
&  Cauly
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6.5.3 Beundary Condition at the Injection Wellbere

As illustrated by the results obtained in Section 6.5.2, which are based oa Chen
(1987), the boundary coadition at the injection well appears to play aa important role in
eﬂiﬁu;mﬁcﬂﬁcﬁ upnenl ly.fwimﬁnmn“ﬁnﬂ‘m(m

m:hﬂh‘himﬁﬁﬂﬁdﬂaw Chm(lﬂ?)emtlm
(ssalyticsl) solutions for large T (dimensionless time) in & semi-infinite core. The two
solutions converged t0 the same profile as time and radial distance incressed. No
generalized or conclusive correlation was offered. Gelbar and Collins (1971) found

mmm:mhwﬂlnl-um hmmm
mnﬁmﬂbm-dcqlﬁhmdh“i
boundary condition under the curment experimental set-up.
!ﬁuélli“é—ll:ﬁthhﬂﬁmﬂﬁm
results for various radial distances, r = 4.75, 14.08 sad 44.2 mm, with & wellbore radius
r. of 1.75 mem and a flow cosfficient 4 of 1.095 x 10" m'/s (for @ = 20 miA). The
ﬂ-:ﬁnilhﬁﬂ.rﬁi!ﬂ.hhmm&a
condition applied at the entrance may result in aa equally valid solution under the current
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r=14.00 nm

KT T TN ] 29

Cumulative core effluent, PV

with radial flow for cors radii of (a) 4.75 mm,
O®) 1408 mm sad (c) 44.2 nm,



6.5.4 Beundary Condition at the Core Exit

In the experiment, the effluent solution was first collected in the annulus between

the sandstone core and the core holder (thickness < 0.5 mm), and then transferved 10 s

iﬁiplm.mhﬁ:mllym. The condition across the core-annulus boundary defined in

sthematical modelling is therefore important for proper interpretation of the measured
(cﬂlm)mmm

aﬁm;hmmnmwﬂ thg;ll;lzﬁnﬂux(x
concentration gradient) condition is imposed at the exit:

% - _;-0 & rer, (-28)
where 7, is the (exit) radius of the ssndstone core. This condition is however not
aecessary 10 provide a good description of the physical system. As illustrated ia
Figure 6-10, for the Cauchy condition, the requirement of mass conservation across the
boundary leads 10 a discontinuous concentration distribution at the wellbore, which seems
0 contradict the necessity of having a coatinuous concentration distribution st the exit
(especially, applicable 10 physically well-defined finite cores used ia laboratory studies),
hmmmhmmkumﬂnﬁlﬂ: ﬁnh.-wlll
a0t be conserved. hﬁmﬂﬁmdﬁs;,”' g
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In the literature, because of the relatively small influence of the imposed boundary
conditions, analytical and numerical solutions are often derived from one of the above
boundary conditions. It is, bowever, clear that if the requirement for the continuity of

4c +PVe = gC, + D."VC, (-30)

snnulus (= Q/nr,’A = ¢y , discharge per unit cross-sectional area normal 10 the direction
dﬂow)mdﬁ-hﬁeﬁspmhnﬁm(m&eﬁmﬂlmnﬁqun
vessel). Previous investigations of this boundary condition have been sparse mainly dus
hhMﬁmﬂmnﬂmMumﬁfuﬂnuMuumm
Equations (6-28) and (6-29) are comsidered. For the condition described ia
detail ia Appendiz B. The situstion of R, - ® for applying Equation (6-29) can be
core desoted as R,. This value should be much larger than the radius of the "physical®
core, 7, , such that the approximate solutions obtained at (» = ,) in the simulated core
should be relatively insensitive 10 the conditions st the fictiious boundary, R, .

Figure 6-12 shows the effect of the boundary conditions at the exit on the effiuent
conosatration profiles estimated at 7 = 7,. Solid and dashed lines ropresent the resulting
coafirmed by comperiag the integrated aress, for 0 —» | PV sad | ~ @ PV, on the
but they are a0t as the ares 10 the left (0 — | PV) is larger. The material balence is not
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preserved. In the case of R, — =, the resultant effluent profile was found to be
symmetric about C/C, = 0.5 at | PV, that is, mass was conserved.

In addition, as the core dimension (or radius, 7,) increased, the resulting solutions
from using these two boundary conditions will eventually converge to a single solution
(see Figure 6-13).

6.6 Moedels of Dispersion Coefficient

To evaluste the most suitable mathematical fomulation for the dispersion
coefficient under the experimental conditions employed in this study, the effect of flow
rate on dispersion was studied by examining the cffluent tracer profiles obtained in the
previous chapters, Chapters 4 and 8. Figure 6-14 shows the measurod profiles obtained
m&emmdudeOZm%ﬁnmm!uKMHehhﬁenm
flow rates of 5, 20 and 120 mL/h. At an injection rate of S mL/h, the tracer breakthroug
m:&osw;ﬂndﬂmmhmmmﬂﬁewﬂm'ln
volumes. At the highest flow rate examined (120 mL/h), the tracer breakthrough oce
after 0.7 PV and it reached unity after the injection of nearly 1.6 PV. mm
indicate that increasing the injection flow rate resulted in & sharper tracer profile; that is,

huh:ﬂ#(&mg“hlhpgﬂﬂﬂ_(lﬁn
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Pore volume, PV

Figure 6-13.  Effect of bowadary comditions at the exit on the
prodicted breakthrough curves at 7, = 442.0 mm. The
C-tyeu“uv-ﬁdnh-h.
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Figure 6-14.  Effect of injection flow rate on the experimental
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seen that the dispersion coefficient is in fact a non-linear function of the diffusion
coefficient where D x D', For the case of m > 1, the resulting equation implies that
a minimum may occur at certain critical value of D,. Beyond this minimum point,
decreasing D, (small or negligible molecular diffusion) may result in an increase in the
calculated dispersion coefficient. In the current study, oaly a unity power constant, m,
will be considered in detail; otherwise, the dispersion model will be slightly modified to

First, by assuming the effect of molecular diffusion is negligible as compared %o
the mechanical dispersion D » D,,, Equation (6-1) can be re-written as Equation (6-14)
with D = au

1|\:..

t & ¥e
X R

”’l\w
wlh

oo (6-14)
As shown ia Figure 6-5, a value of a = 5.0 x 10* m for the dispersivity cosfficient
provides a good sumerical approximation 10 the dispersion process at 20 mL/A. It was
mhﬂﬁnnmalhﬂmuhm&nrmg(nh
Sectien 6.6), while kecping the value of a uachanged, causes no varistion in the
simulsted efftuent profiles (see Figure 6-15 plotted in terms of the normalized
Bquation (6-14), the estimated comcentration at amy ~ is, in fact, a function of the
dispersivity cosfficient a culy sad indepeadent of the flow coefficient 4 (« injection rate,
@ This may explaia the discrepencies cbserved in this study as compared with the
(@ = 0.12 cm by Bentsen and Nielsen, 1965; and a = 0.0081 om-&y McCoy and Kelkar,
velocity, D = an, may not be 3 valid model for radisl geomerry.
“hhﬂﬂhﬂﬁﬁhihdmﬁﬁ-hﬁﬂ
stionship. la this case, rather thea expressing the dispersion
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coefficient in terms of the Péclet number, a generalized power function for dispersion as
D = au" (6-31)

where m is a constant, was used. A linear relstion of D = aw, as sbove, is a special case
ofd=asdms=], It is thus possible to perform a panallel study oa the parametric
lmiﬁviyﬁthpwm in Equation (6-2) without interference from the

Figure 6-16 shows the results of the least-square fit numerical solutions %o the

rimental data for m = 0.8, | and 1.2 with & = 3.7 x 10° m's*2, 5,0 x 10* m, and
60![0" m**s*’, respectively. All three power constants were able to provide a
reasonably good approximation 10 the experimental data. The effect of injection flow rate
on the dispersion profiles is shown in Figures 6-17a and 6-17b for m = 0.8 and 1.2,
respoctively. For m = 0.8, an increase in the injection rate reduced the dispersive front
as & result of lesser dispersive mixing. The opposite behaviour was observed as m = 1.2
was used. Comparing 10 the experimental data obtained in this study, Figure 6-14, the
mmmummummmhwh
fomeof D " form < |, This behaviour however has not been reported previously
by othe researchers. Nevertheles neither of these models alone was able 10 predict

As indicsted in the previous section, & simple form of velocity-dependent
mmnﬁnp:-ﬂnnf “—lhninﬁﬁhw
cﬂhﬂ-ﬂ.ﬁuﬂlﬁ-ﬁh#mgiﬂhﬂbﬁﬂ
aad Combaraows, 1971) ﬁhmmbiﬂg‘-@/ﬂ



Figure ¢-16.  Comperison of experimental deta snd numerical
simulation wsing dispersion model: D = & for
m=081ad12

136
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Figure 6-18 shows the predicted effluent profile simulated using D, = 2.0 x 10 m¥/s, and

its comparison with the experimental data. An increase in the injection flow rate results
in & decrease in the length of mixing zone, which is consistent with the data presented in
Figure 6-14.

6.7 Dispersion with Mechanical Mixing and Diffusion

dispersion problems with radial flow have been reviewed. It was found that use of the
simplified linear dispersion model, D = ax, was not suitable, despite the wide acceptance
of such s model in many published results. The dispersion term, on the other hand, was
analyzed using a different prototype of the generalized dispersion model mentioned ia
Perkins and Johnston (1963), and Fried and Combamous (1971), in an attempt %0 examine

Under the current experimental conditions, it was found that & dispersion model

D =D, +au" (6-32)

of which the effects of diffusion and advection can be treated scparately. This model is
similar 10 the general dispersion model as in Equation (6-2) (Fried aad Combamous,
1971), replacing the Péclet aumber by the pore velocity. Figure 6-19 shows the simulsted
profiles for the thros injection flow rates studied using D, =1 x 10° m's, & = 6
obtained. These results will thus be used i the next chapter 10 predict the dispersion
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Ch apter 7

jisplaces ;i,mmadvmmm dugﬁdnpﬁm.Mhm
mmﬂmwm A classical spproach in describing such s delay in
the acoment is 10 assume that the adsorption process is represented by s first-order
mmlﬁnmmﬂmmz Bear, l?ﬁ). Aa
*f",,’hhnﬂﬂunmmhiuhhm mwh
mﬁmhjjﬁdﬂbmhﬁmﬂ’j””
mulation, primarily for solute transport at very low coac mmm
ﬁtu_l-.f atarninsti byuﬁemthmﬁ-m Methods of
iavestigators, for example, in Bear (1972), Gupta aad Gresakorn (1974) sad, more
recently, Valocchi (1985, 1989). Of specific interest is & recent publication by Ci-Qua
and Jie (1990). They extended the solution of Chea (1987) for the radial advection-
dispersion snd first-order nos-equilit ;,,mh:rﬂjhp—y

For -:h_ m -iy qﬁm bave h_ dovoted ® p-h -

14
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Researchers have focused on representations of the adsorption equilibrium isotherm, and
its implications on the mechanisms underlying adsorption. Several publications, such as
Scamehom et al. (1982), Clunie and Ingram (1983), Hough and Rendall (1983), and Zhu
sad Gu (1991), bave provided a comprebensive survey of the detsiled adsorption
mechanisms for surfictants on various adsorbent surfaces. They focused on the initial
forces leading to the adsorption of individual surfactant molecules on the solid surface,
10 surface aggregates. Coansidering the large number of adsorptios ndrmmdﬂi
that have been formulsted, it is surprising that there have been 50 few investigations into
the dynamic nature of these surface aggregates.
mmﬁmmmwiﬂmﬁm commoaly examined
' : -dispersion equation coupled with cither instantaneous equilibrium or
b mechanism. Trogus ef al. (1977) showed that the mechsmism of
mdehmw;mwkmmﬂh

wdﬁmmmMﬁﬁf
mm-ﬁadm:ﬁﬁunmwm-aﬁm
of surface adsorption was first coasidered by Ramirez of o/. (1980). They suggested that
the dynamic effects of adsorption can be evalusted by compering the relative importance
of adeorpti ﬁi—ﬁwﬁﬂmmm‘iﬂrhmﬂﬁﬁ
lled, mase-transfor costrolled, or a combination of both. Six dimension
“mdﬂdbéﬁ“hmym&mm
adeorption, desorption, adsorptive capecity sad mess-transfer characeeristics. o e
wdﬁﬁavﬂaﬂnﬂﬁyﬁ—iﬁ-ﬁ:miﬁhnh
velocities nor adsorption kisstics at high velocities dominstes the adsorption dynamics.
Thus & new dynamic model was developed showing the importance of both kinetic
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Foulser et al. (1989) examined the dynamics of surfactant adsorption in
dllplﬁémmt uperimenu ﬁeydtmmdﬁilppliclﬁan ofeqmlihﬁmkm:nd
wuﬁncﬁﬂ:ﬂmﬂh concentration. Ahnhe_m,g..mm:nmm
concentration must remain constant. Various Langmuir-type models were found to be
provided a better fit 1o the experimental data and more consistent rate parameters between
In this chapter, several previously proposed adsorption models are examined in sa
sttemnpt 10 match the experimental effluent concentration profiles obtained ia Chapters 4
and S. The trends of which model parameters vary in relation 10 the injected surfactant
stion, salt concentration and flow rate are studied. The effects of molecular
mihm-duﬁunndnhiﬂﬂ-lwmnmm

The governiag transport equation for an adsorbing species in a porous medium is
equation is (Bear, 1972):

% + 4%Ve - V(D Vc) tl‘!% -0 1)

where ¢ = o(x ) is the concentration of surfactant is the bulk solution st position 1 sad

The waits of I” ase defined a8 below. The wnit for the rate of change i the bulk

poncentratic Mh“ﬁhmd’ﬁiﬂnd—ﬂnﬂ-ﬁgpﬂ
ﬁﬂﬂnghhmﬁ.-ﬂq’t ‘l'hﬂhh mltiplic
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Note that the subscripts of L and R denote the quantities of the fluid phase and of the
solid phase (or rock), respectively. When the amount of adsorption, T, is reported
terms of the nmhﬁéfﬂﬂﬂﬂflﬁgﬂmMP&?mﬂmjﬂfﬂﬂﬁﬁlﬂUﬁ.-
equivalent quantity for I’ in mol/(my’-m,’) can be evaluated as follow:

where p, is the bulk aensity of solid in the mass per unit volume of solid or g/m,’, and
1/(1-4) is expressed in my’/(my'-m,’). Similarly, the amount of maximum adsorptios, Q,",
can be expressed in the units of mol/(my’-m,”). For the sake of convenience, the uait of
ﬁh"m;’ was abbrevisted to m,’.

7.2 Approximate Selution of Adserption in aa Advective-Dispersive System

Fﬁ:&hi!ﬁ:ﬂlﬂmw&emc—-ﬂhmﬂdmdu,mh
ximated using Heary's law:

instantaneous such tht = ," sad c=C. The rate of
adsorption can be re-written as O/ = x Oc/&, sad Equation (7-1) thus becomes
%qvc-v-(g-vcn%‘ix% -0 0-30)
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RE + u¥e - V(W) = 0 (7-30)
W‘hﬂilil*ﬂl-’y.“cﬂld@mmm since it retards the appearance of
the breakthrough curve (Bear, 1972). Analytical solutions for several one-dimensional
Imﬂnwpﬂhmhwhamﬂby@dnudmmu?ﬂ).:ﬂﬂﬂ
(1972). For the case of one-dimensional radial flow problems, an analytical solution can
be derived following the analogy of Raimondi ef al. (1959). Equation (7-3b) can be
written in cylindrical coordinates for D = D, + au and ¥ = A/r, where D, is the effoctive
diffusion coefficient, a is the intrinsic dispersivity and 4 is the flow coefficient as defined
in the previous chapier:

&k A& ol Pc _a'a:'
A TE " 0Tt _T(?] 4

approximated by (Ogata, 1958), similar 10 Equation (6-10),

& Jac a!;- ”.5
) [u; *D'QT 202 *9
| §

¢ | Avr® - R2 :
(") «e

subject 10 the initial and boundary conditions of
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c(rt) =0 at (=0 (initial),

c(rd) =C, at r=0 (line source)
and c(rd) =0 at rew (exit)

The term A7) is expressed as

4a O,

=37
In this case, the retardation factor can be determined directly by tracking the retarded
advective froat; that is, the value of R is equal 10 PV,,, which is the cumulative effiucat
pore volume at C/C, = 0.5. The concentration, C, is defined as the measured solute
concentration at the exit of the core, 7 = 7, sad C = ¢(r, /). Equation (7-6) is kmown as
Fﬁi'lili m s m of the mlyﬁr.il ' m mati Bi‘q

Iﬂﬂmbllsm" lg.u-s-lo*m.a-loss-w‘n'lu-omnglﬁ.'
adr=s, =442 mmm“mwhmmm
hamﬂd dvection- 2q p,,,,;dheuudhAppnﬁl. The effiuent
m&rmﬂ-ﬁ-naﬂdwhmiﬁnmwmdm-q
ot r = 0, in the analyticel approximation.

matched with experimental data flom 0 0 7 PV. The swrfactant slug consisted of
0.19 wt.% Neodol 25-38, 0.02 wt.% of witkum (tracer) and 3 we.% sodium chioride and
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Very good agreement between the experimental and simulated tracer profiles
during both the injection and displacement of the slug was observed. A detailed
ﬂmﬁmhﬁmhofmﬁ&nﬁﬂﬂwmmmﬁhmm
clupnr For the effluent surfactant profile, experimental data showed s "sharp”
through near 1.1 PV (increased linearly and instantaneously from C/C, = 0.0 %0 0.65
h-hvinlIbll!ﬂ.wbmhcmhdueﬁhdhyhmmsﬁwﬂﬁ(ﬂ
is, the simulated curve). After the initial breakthrough continuous injecti
mnmmhmﬁmmnh;m&whﬂwuﬂﬁ
cﬂlumpmﬂh Upnthﬂonofﬁechmbﬁuﬁcm pacentration of
surfactant , neously with the effluent tracer concentration; ﬁni;.liuhw
umm Smﬁ:hwmhﬁemmul_—
and reversible, a step decrease in the injected concentration will result in simultancous
durpﬁuafﬁudﬂhd“m. ﬁuheﬂlunmﬁhmuhndmﬂth

mmumpdnmh;ﬂnwmmheaﬁﬁﬂn;m
process: (1) mass transfer by diffusion of the adsorbing species from the bulk solwtion 10

haqﬂiwﬁhﬁmmhmeu!ﬂd.hm
of changs in adsorption, I, can be determined by

H o bimenm) '
_Ffb_(ce,) o-n

whare £_ is the mass transfor coefiicient snd ¢, is the concentration adjecent 10 the surfhace
ia the fluid phase. Adsorption is assumed 0 be intrinsically fast relative 1o the rate of
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mass transfer. The amount of solute adsorbed on the surface can thus be evaluated using
an equilibrium Langmuir-type relation:

e, QaKe, .
B 7> -8

where 0, is the maximum adsorption capacity snd K is the equilibrium ratio.
appesr 10 be insignificant or virnually negligible. The rate of the overall sdsorption,
ot al., 1980), assuming c = ¢,:

%E - keo(Q-T) - kT 09

seme a0 thet neer the surface; that is, ¢ = c,. The rate of adsorption can be determined
Grosakorn, 1974; Ramirez of al., 1900; Satter o¢ o/., 1900; Badakhshan snd Bakes, 1991).
aAa _drx | QK o 010

10 obtain the samns equation form as Equation (7-3b). In this case, the retasdation factor
m:hﬁndhum:ﬂhm-
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1. 1o QK -11)
¢ (1+Kcy

~
]

Figure 7-2 shows the experimental data and the best possible matches of the
surfactant breakthrough curves using Equation (7-10). For the experiments, the injected
solutions coasisted of 0.19, 0.46 and 0.91 wt.% of Neodol 25-3S prepared in 3 wt.%
sodium chloride. All surfactant solutions were injected at & flow rate of 20 mL/h for
same salinity). At s low surfactant concentration (0.19 wt.% Neodol 25-38), the
normalized surfactant conceantration reached nearly 0.92 at the end of the surfactant slug
injection of 0.7 PV of the chase brine.

As the injected concentration increases, it was observed that the breakthrough of
the surfactant profile occurred more rapidly. The total adsorption of surfactant ia the core
teads 10 reach its saturation as the measured C/C, approsches uamity. For all three
surfactant concentrations, the adsorption process appears 10 be slow and irveversible as

The dashed lines in Figure 7-2 represent the simulated results obtained from the
da'hm&ﬂijn%nﬂmeﬂnﬁbMEZH!lo‘m‘n
M“ﬁnhﬂﬁ:ﬂyh“ﬂk“bl“ﬁ
3010 concentration, similer 10 the delayed or shifted breakthrough curve (of surfactent)
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o 1 2 3 a8 7

Cumulative effiuent volume, PV

Mgure 7-2. Effivent profiles calculated wsing m oquilibriem
_mmnm&;
h“ﬁjilnﬂiﬁm
and injected at & flow rate of 20 mlA.
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terms of C/C,; therefore, the detailed features of the adsorption process were less
apparent. Hence, in order to provide an unambiguous interpretation for the dynamics of
adsorption in a flow system, it is necessary t0 examine both the slug injection and
displacement profiles (to characterize the desorption kinetics), and t0 use 8 lower
coacentration for injection.

Table 7-1. Summary of model parameters obtained using the
equilibrium Langmuir adsorption model.
Surfactant
Concentration K
(We.%) (L mol’)
0.19 70.0
0.46 350

For the use of the kinetic Langmuir model, Equation (7-9), a slight improvement
hhhuchmumnhﬂﬂcmm“(m?m?—!). Siace
hmyd&hwmﬁuh ﬁgvﬂmhhrﬁmmm

&ummmnymnl!lO";'(;nlelekZ)mshwﬁge_nf
mummdbhnndm mﬁﬁiii_lt,@bﬁndmcf

hul&dybmhhhﬁ:uimnﬁummdm

Another important aspect for the application of this model is the estimg
in the adeorptive capacity. Ia order 10 provide a close approximati
mhmmyﬁ&ﬂﬁ“dmhh-ﬁim
Equation (7-9) was re-writtea as follows:
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oSt
.

(b) 0.46 wt.% Neodol 28-38)|

oS}
.

1 2 R R
Cumulative effiuent volume, PV

concentrations in 3 wt.% sodium chioride and injectad
&t a flow rate of 20 miA.
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Table 7-2. Summary of model parameters obtained using the

Concontration k, k, x10t 0.0,
(Wt.%) (L mol' s") =)

0.19 0.180 10 0.30
0.46 0.150 10 0.28
091 0.080 10 0.36

O« ke(Q 1) - &I 7-12)

such that 0, is used in place of Q," 10 denote the difference in adsorptive capacity under
dynamic conditions. The estimated values (see Table 7-2) in terms of 0,"/Q,’ are in the
range of 0.28 - 0.36 indicating that oaly & portion of the available adsorptive sites were

Prom the results in Figures 7-1 10 7-3, it is obvious that ncither an oquilibrium
model nor & simple Langmuir kinetic model can provide aa acceptable fit 10 the
well a8 during chase-brine injection. Also, it appears that a changs ia the overall
adsorption rate may bave occurred as the bulk sad/or adsorbed concentration acroes the
core increases, perhaps dus 10 & changs in surface charge as surfactant ions adeord or the
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In this case, the sorption can be considered to be governed by two independent

types of adsorption kinetics occurring on a heterogenous surface, where the overall
adsorption rate expressed is replaced by a two-site non-equilibrium model;

or,

K-8

or;
rIe

kﬂf(gﬂ: "r!-) = kﬁrl.
(7-13)

kyc(Qa-T3) - k1y

where Q,," snd Q,," are the adsorption capacities of each type of adsorption site such that
the maximum adsorption of the system and the total rate of change in adsorption are
given by

* e 0’0’ g Or .00 05
gi le'gd and F*T Fl

were fltted 10 the same set of experimental runs as sbove by error minimizstion. The
model parametors obtained are summarized in Table 7-3. Significant improve
the simple Langmuir models was observed. mmmhhﬁmﬂ
adsorption decreased as the injected concentration increases, which is due 90 aa incresse
in each rua were calculated as k¢ (Q,,- I')") and kye (Q,,- I, By comperiag the

hmhhm“hmmgghﬂ:dhw
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—

(c) 0.91 wi.% Neodol 23-38

10} isots
os}
L 2 3 7
Cumulative effluent volume, PV
Figere 74.  Effivent profiles caiculsted using the two-sits model
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two-site model.

Concontration k., koot kgm0t kgmitt Q70
 (m%) Lmol's!) () (L mol' ¢') "
019 0.147 13857 3340 4108 0263
0.46 0.114 14.21 1.028 1000 0262
091 0062 685 0.029 028 0374

Mration. [n our experiments, all three sandstone cores used were subjected 10 the
mnmmmafmmtyﬂudﬂawm The distribution of adsorption
sites and attractive forces om the surface; that is, the adsorption kinetics, as well as the
mass transfer characteristics should therefore be very similar for all core samples. The
model parameters obtained, bowever, are inconsistent with this theory. If the proposed
mﬂhvﬂﬂ.lmmdmhmmw,,,,,,,',

75 Effscts of the Selutien Characteriet

(c.mc.). Above the c.m.c., it is believed that the surfactant moaomers tead 10 be relensed
Qﬁﬁnﬂuﬁmhhﬁeﬂniﬁh&ﬁmmnhw The
' contration will remaia constant, whereas the concentration of micelles will
hﬂ:ﬁm‘vﬁhﬁﬂfﬁ,,,, tion (Scamehora o ol,, 1962). The total amount
capacity and the c.m.c. of the surfactant solution. [a other words, the effoctive surfactant

satration in the bulk solution, ¢, is limited 10 caly the concentration of monomers
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available and bound by the solution c.m.c. (Trogus er al,, 1977, 1979; Foulser ef al.,
1989)

¢ foor c<C_,
C for c2C,

§ the monomer and micelle equilibration is very rapid compared to the rate of
Foulser and co-workers (1989) presented a modified form of the two-site model
in terms of effective concentration, which is suitable for surfactant concentrations both

—— - &i é(Q:l 'r:)
ot ' 7-14)

%? = k(04T - kM

sumption of aa irreversible adsorption process was adopied 10 minimize the sumber
ﬂmmﬂvﬂmhnﬂmhﬁﬁuimm;ﬂuﬂﬂhﬁ
AMmmﬂﬂnmhﬂﬂﬂM(ﬁimw
velocity of 1.048 * 10”° nvs). The values of Q,," sad Q. mﬁ_ﬁdh—h
overall mass balance in the cffiucat profiles (where 0, /0.’ ~ 0.18). The expe
results were fitted 10 the aumerical simulation by error miai’ mﬂl.. kd.t,.
and C,, 88 the model parameters. By incressing the injected concestratioa from | o 10
hh“emﬂﬁqm&nhvﬂmﬂtﬂﬁﬁnﬂym&,
Ihﬁﬁ-lm:h_—.n. &mmihm-nﬂm
mwﬁhmﬁdb’qﬂh—cﬂ ROSSUIements hhﬂ-_hh
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overall concentration of monomers observed may be associsted with a decrease in micelle
concentration in the moving fluid.

In the current study, the experimental data were fitted using Equation (7-14) by
Vﬁhjhﬁnt;;fﬁ;cﬁ.,.tﬂnjk, and the ratio of 0,,"/Q,". The limiting
concentration for ¢ was fixed at 0.1 wt.% (or 2.274 = 10? mol/L) which is about two
orders of magnitude higher than the solutioa c.m.c. of 0.00075 wt.% (extrapolated from
&ﬂmmﬂb&émﬁ?ﬂuﬁghsﬁmﬁ.iﬂpmﬂ) ﬁ-

c.msmfNeadalZSéSuv&thnmﬁhhmjxﬂmgm In this
case, the second-order adsorption equation becomes first order at all time as ¢ = C., ;
that is,

ar, e

5= ° LCu(@i-r) 7

o (7-19)

or;

3 * £,C(Qa-T)) - &,y

whiﬁt_.f sad i, C.. ﬁﬂmvﬂu Thmmﬂnﬂhh

',’*,',ﬁ;mdmmwmmmﬁ-umnh
lll-via-uciﬂ.
mentioned models were as accursie & metch 10 the experimental dats as the results of
lﬁthﬂ.hﬁﬂihmdhﬁmﬁhihmﬁﬁi
mnm«--ﬁivﬂnhﬂihmmih
Mmﬁiﬂzﬁhﬂ-#mdm“bﬂh xperime




(8) 0.19 wt.% Neodo! 25-38|

(D) 0.46 wi.% Neodol 28-38|

Cumulative effluent volume, PV

Effiuent profiles calculated using the two-sits model

for swrfactant shugs

of differest conceatrations ia

3 W% sodium chioride and injected ot 20 miA,

¢50.] m%



(0) 0.48 wt.% Neodol 25-38|

'.o

Normalized concentration, CC,

oS}
:

°.° a e e -
0 1 2 3 4 S ¢ 7

Cumulative effluent volume, PV

Figure 7-6. Effiuent profiles calculated using the two-site model
(common perameters) for different concestrations ia
3 W% sodium chioride and injected at 20 miA,
¢ 0.1 wmt.%.
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Table 7-4. Summary of (a) individually fitted and (b) a common
set of model parameters obtained using the two-site
model, for ¢ € 0.1 wt.%.

b 0,0 e

bal kﬂ ] 4

(W1.%) , (L mol's') (L mol's?) oY
® 019 0.154 5965 4590 0260 | 004034
0.46 0.140 30400 7997 0337 | 0.02608
B 091 0213 0240 1618 0412 | 003127
®) 0.19 0.134  S965 4590 0260 | 0.04034
046 0.154 5965 4590 0260 | 0.03298
091 0.134 3965 4590 0260 | 0.07228

the lowest injected conceatration (0.19 wt.% Neodol 25-38) were applied 10 generate new
simulation profiles, as shown ia Figure 7-6, for the runs of higher injected conceatrations
(0.46 aad 0.91 wt.% Neodol 25-3S). Although, by comparing the calculsted sums of
error squared (see Table 7-4b), the curves obtained with 3 commoa set of model
paraneters were obviously less satisfactory in fitting the experimental dats than those
obtained from individually fitted profiles, the simulated profiles provide s good match 1o
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7.6 Bliayer Adsorption Model

ehnhbihycrm Bqumﬂm&hmhmﬁm
hﬁﬁhﬁwhmﬂlﬂﬁNﬂMthmm

or, e .
T'l, - kilé(gil = l!.I)

% !ké(gﬂi‘rz)’k r;

(7-16)

These equations are very similar 10 the two-site model discussed in the previous sectioa.
in the bulk phase of the solution. Figure 7-7 shows the least-squares fitsed profiles
0.1 wt.%. The model parame T’:mliﬁ-!h’hhlﬂ-s

, nstants of adsorption, it appears that the first layer forms
ﬂl“mﬁhhﬁmm The degres of first-layer seturation;
that is, the ratio of I',"/Q,,", will therefore reach unity very rapidly oa all active sites. The
mathematical formula for bilayer adsorption is thus reduced %0 & form 10 thet ideatical 0
that of the two-sits model. Mlﬂﬂhm“dﬁinﬂ
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(8) 0.19 wt.% Neodo) 28-38

(5) 0.48 wt.% Neodo! 28-38

I B S e
Cumulative effiuent volume, PV

-

Figure 7-7. mmmﬁ“l%-ﬂh
surfactant slugs of differeat conce alwm%
sodium chioride and injected ot 20 miA, for
501l m%
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Table 7-5, Summary of model parameters obtained using the
bilayer model, for ¢ £ 0.1 wt.%.

Concontration k,, kg =100 kay =100 Q..
(we.%) Lmol's') (L mol's’) ")
019 0166 6474 53,92 0.283
046 0.163 3.948 65.20 0.333
091 0215 0438 4132 0414

7.7 Dymamic Adsorption at Higher Saliaity

coasisted of 0.21, 0.4 and 0.99 wt.% Neodol 25-38 and 8 wit.% sodium chloride, injected
chioride as chase brine. Fﬂﬁcmmuﬁmm.hm
kinetics and mass-transfor characteri ics are expected o be ideatical for all core samples.

Fh?anhﬂﬁmuﬁﬁmmmﬂ
The limiting concentration for ¢ was arbitrarily fixed at 0.1 wt.%, as before, which is 200
times higher than the measured c.m.c. of 0.0005 wt.%. Very good fits ware obtained for
88 §ood an estimate as those simuleted for the runs ia 3 wt.% sodium chioride. This is
mﬁnhhh“ﬂh“mmmm&
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Table 7-6. Summary of model parameters obtained using the
two-site model, for ¢ < 0.1 wt.%. Surfactant slugs
were prepared in 8 wt.% sodium chloride.

Concentration k,, k, =10 kgm0 Q,%0,
(wW.%) (L mol's') (L mol's) o)

021 0128 7370 1382 0341
0.45 0.118 8818 7.16 0.327
0.99 0.118 4.107 3.44 0.417

brine of slightly lower viscosity may have channelled through the ssndstose core,
displacing & lesser amount of the remaining surfactant solution in the bulk phase. This
phenomenoa is known as viscous fingering.

At the low surfactant coacentration (0.21 wi.% Neodol 23-3S), this fingering effect
tracer profile. The viscosity measured for this surfactant solution was very closs % that
of the solutions ”’ﬁfiﬁxﬂﬁm "’ﬂﬁu(ﬁ:?ﬁ&i). F“’”'"“ nqh:w

would have dissipated quickly due 10 diffusion or mechanical mixing in the porous rock.
mmmmmmmmhmum
“fiagering” during initial injection, resulting in an increase in the residence time for a
-ﬂlpﬁhﬂhmm At higher surfactant concentrations, the effect
ﬂmum;munmmmn

srimental and simulsted tracer profiles. Alhough the isreversible adsorption
mHﬂHHMhﬁmhh%dlm
dqhﬂl-.ﬁﬂn fynamics mmgm




167

(8) 0.21 wt.% Neodol 25-38

) 1 2 3 4 [ ¢ 7

Cumulative effluent volume, PV

Figure 7-8. Effiueat profiles calculated using the two-sits model
for different concentrations in 8 wt.% sodium chioride
end injected ot & flow rate of 20 miA, for
¢<0.1 mt%.



168
study, assuming transport of soluble mass in miscible flows, is therefore no longer valid
in describing the displacement of 8 viscous surfactant slug by chase brine.

Consequently, investigations into the effect of surfactant concentration at higher
lnlinily (ii wt.% sodium chia‘ide) is not panibie at this itiis The p’rg:encc ofa liquid

hqmd mmﬁee and the mass-transfer characteristics in the bulk phuc As observed in
the experiments, this liquid crystal phase causes problems of fingering during the injection
of chase brine as discussed above, which may further complicate the mechanism
associsted with desorption. Rather than representing the transport process as a miscible
displacement problem, the mathematical formulation for 8 multiphase, immiscible flow
model is required, which is beyond the scope of the current study.

78 Effect of Flow Rate

Neodol 25-38 and 8 wt.% sodium chloride. The injection flow rates were S, 20 and

At the lowest injection rate of S mL/h, the breakthrough curve appears 10 consist
of three regions as illustrated in Figure 7-9. The initial region shows s linear increass of
effiuent concentration with surfactant breakthrough beginaing at 0.3 PV and gradusily
incressing uatil 1.2 PV. The second region, from 1.2 - 2.0 PV, seems %0 approximete &
portion of a retarded advection-dispersion curve. The cad regioa shows & sudden drop
hhﬂhmmpﬁﬁb-mhhphm Ines
previous study, Bae aad Petrick (1977) suggested that the shepe of such s breskthrough
curve is & result of ¢ lographic scperation of the surfactant components resubling
hﬁnnh“@ﬂ)vﬂ:ﬁﬂﬂmd&lﬂ% Hﬂ
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concentration, C/C,

N R T St R -

Cumulative effiuent volume, PV



]|
region scems to disappear accompanied by a decrease in time (or pore volume) required
for the breakthrough of surfactant to occur. The decreasing final or maximum values of
C/C, in the effluent surfactant as a function of increasing flow rate indicated an increase
in the extent of adsorptive saturation, even though the measured amount of adsorption
varied insignificantly. An increase in flow rate also results in higher rate constants for
both the first and second types of adsorption kinetics; that is, higher rates of adsorption
for surfactant slugs having the same injected concentration. This observation is important
since it indicates a higher rate of adsorptirn must have occurred near the injection
wellbore. This sharp drop in surfactant cre..cntration near the injection point has been
& major concer in EOR applications as whether the effectiveness of surfactant maintains
at a distance far away from the wellbore (Chung, 1991). This may explain the lower oil
recovery efficiency resulting from using radial corefloods compared to that obtained using
linear corefloods (Krumrine, 1982b).

Table 7-7. Summary of model parameters obtained using the
two-site model, for ¢ < 0.1 wt.%, showing the effect

of flow rate on dynamic adsorption.
—7 _ — _ 7, -
Flew Rate k,, k, =10 kg =100 0.0,
(mL/h) Cmol's') (L mol's") ") o )
s 0.038 2.3) 2 642 0.395
20 0.118 8.82 7.156 0.327

120 0.323 41.08 0.326 0.347

Recalling our carly discussion of kiaetic adsorption, Equation (7-9) states thet the
rate of adsorption depends on the maximum adsorption capacity of the adsorbent and the
solute conceatration (more specifically, the conceatration at the surfice, ¢, ). As the flow
rats increases, compaction of the stagaast boundary layer reduces the mass-transfor
resistance from the bulk solution (0 the surfice, and eveatually the solwts concentration
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at the surface becomes the same as that in the bulk solution at high enough flow rates,
In contrast, the surface and bulk concentrations may be significantly different at low
injection flow rates. Although this may explain the increase in the adsorption rate
constant observed in the fitted model parameters, the increase in adsorption rate constants
scems to be too drastic for mass transfer by molecular diffusion to be the only

Let us consider the “effective” concentration employed in the kinetc equations.
Both Trogus et al. (1977) and Foulser eral. (1989) have considered the effective
conceatration of monomers in solution as limited by the c.m.c. of the solution, assuming
the monomer-micelle cquilibration is relatively rapid. The kinetics and dynamics
micelle formation however were not mentioned. Whenﬁemhﬁanmmbjec&edhhngb
shearing due to the increasing flow velocity against the pore wall, micelles may be
distorted and the monomers tend to escape from the micelles to the solution. This may
coincide with the shear-thinning behaviour of the surfactant solutions as in Figures A-1
and A-3. Memmdmmmmem&ﬂummmhhﬁe
than that calculated using instantancous monomer-micelle equilibrium. As indicated in
Foulser ¢f al. (lﬂ?).im#vﬂnﬁt&-‘lm:; c.m.c. was required in order to
obtain a good fit t0 the experimental data.

In order %0 provide a good estimate for effective monomer concentrations in the
MmmMﬂﬁmHlmMMllﬁh
porated. The rate of change in the monomer concentration can be expressed as (Hall
:i'l‘iddy 1981):

Bt hateo) + by fe-0) 17
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Detailed experimentation on the dyna= - «s of micelles is essential; that is,
in order to confirm our hypothesisof »... nomer concentration as a result of the
increase in velocity of a bulk fluid. ad to cvaluse independently the rate constants of
K w and &, . as 8 function of flow -

7.9 Dynamic Adsorption of Non-lusik “urftant

As an illustration, the effect of flow rate ou the adsorption of Triton X-100 ia
3 wt.% sodium chioride was studied. The surfactant slugs consisted of approximately
0.5 wt.% Triton X-100 and 3 wt.% sodium chloride injected at flow rates of 20, 80 and
120 mL/h. Details of the experimental conditions are summarized Table 5-2. Figure 7-11
shows the fitted effiuent profiles calculated using the two-site model with the effective
conceatration bound by the c.m.c. of 0.039 wt.% (see Table 7-8a). All three simulated
profiles fitted well with the experimental measurements Adimn[mhhleehmghﬂu
slope of the cfflueat profiles was observed, which may represent the sudden condensa
of mooomers on the adsorbed layer forming a bilayer or hemimicelles.
model with the effective concentration defined by (a) ¢ < C..,and b)é< 10 C .
As the limit of the effective concentration of monomers rises, the accuracy of the fits was
Figure 7-12),

7.10 Kinetic Adosrption of the Hemimicelle Modol

In Chapter S, the static adsorption behaviowr of Tritoa X-100 on Beres sendetons
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001 2 8 & 8 8 7 oaarRTTN

Cumulative effluent volume, PV

Figure 7-11.  Effiuent profiles calculated using the two-site model
for injection of 0.5 wt.9% Tritoa X-100 and 3 wt.%
sodium chioride, injected at 20, 00 sad 120 miA,
¢ £ 0.039 wm.%.
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Figure 7-12.

K 2 3 s ¢

Cumulative effiuent volume, PV

Effiueat profiles calculsted using the two-site model
for injection of 0.5 wi.% Tritoa X-100 sad 3 we.%
sodium chioride, injected st 20, 90 sad 120 miA,
é$039 m%.

7 8 9 10
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Summary of model parameters obtained using the
two-site model, for (a)¢<0.039 wt%, and
(b) ¢ £ 0.39 w1.%.

Table 7-8.

Flow Rate k,, k, ko 0.0,
(mL/h) L mol's") (Lmol's") ")

(a) 20 0.359 136 x 10" 1.07 x 10* 0.798
80 0.999 488 x 10" 9.66 x 10* 0.476

120 1.852 1.24 x 10" 1.28 x 10* 0.629

®) 20 0.099 1.29 x 107 1.29 x 10* 0.785
80 0.198 1.42 x 107 1.23 x 107 0.687

120 0.409 9.36 = 107 3.40 x 10" 0.584

L

(Langmuir-type with two pisteaux, according 0 Giles ef al.. 1960) in the ranges of
salinity and pH studied. From the static experimeants, the maximum adsorption capacity
was 3.881 x 10* mol/m,’, the equilibrium ratios tor monomer and hemimicelle adsorption
were 7.38 x 10° L/mol and 7.38 x 10" (L/mol)™', respectively, and the aggregation
asumber a was 4.36. The measured adsorption isotherms were fitted with the general
isotherm equation, Equation (2-20), and the fitted model parameters wers summarized in
Table 5-1. Kt is of isterest 10 examine further this two-step adsorption model under
dysamic conditions, and 10 compare the results with thoss obtained using the two-site
adsorption model.

As discussed in Zhw sad Gu (1989), the L4-type isotherm as in Figure 2-7 can be
ropresented by a two-step or hemimiceils adsorption process: (1) adsorption of monomers
uumms--w.ua)mmuuw
interactions forming small, isolated aggregates on the adsorbed "sachor” mosomers. The
mﬂM&mﬂMthn



m
or.

ol
K28

= k0(Q - To-nTL) - kT,
(19)

= k'L -k

where £, and £, are the rate constants for ption and desorption for the adsorbed
monomers, respectively, £, and &, are the rate constants for hemimicelles, and » is
the aggregation number. Figure 2-9 shows the detailed structure of the surface aggregates
as proposed by Gao et al. (1987) and Harwell er al. (1985).

Figtn 7-13 shows the fitted effluent proﬂles obtained uiiﬁj the bemiﬁieella

nmulﬂd pmﬂlﬂ were obtained using the solution c.m.c. (0.039 wt.%) as a lmnnq
concentration for ¢, At the injection rate of 20 mL/h, effluent surfactant breakthrough
began at about 2 PV with & very sharp increase in slope, and gradually increased to
experimental data and the fitted simulation was achieved. From Table 7-9s, it was found
that the estimated sumber of aggregation for all throe flow rates were much smaller than
that calculated from the static adsorption isotherms, for which & = 4.36. That is, for
1 £ n £ 2, adsorption beyond the initial mon lsyer was unsaturated (less thaa a bilayer).
MHMWWHWEFML&(@HQL 1987),
surfactant molecules adsorbing as bemimicelles were shared by more thaa one moleculs
mnmm

& ﬁh.éhq-lhhﬁil,,,, stion of surfactant in the bulk solwtion. The
fitted model parameters are summarized in Table 7-9b. Similar 10 the simulstion results
calculated using the two-sits model, a better fit 10 the experimental data was obtained
whea ¢ was bound by the c.m.c. By limiting the maxinmum rates of adeorption, the model
was sble 10 produce 3 good fit 10 the sharp increass ia the initial slope on the effiuent
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Normalized concentration, C/C,

0001 2 8 48 e YN,

Cumulative effiuent volume, PV
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Table 7-9. Summary of model parameters obtained using the
kinetic adsorption model for hemimicelle formation.
(8) ¢ < 0.039 wt.%, and (b) ¢ = ¢,

Flow ﬁﬂe k,. k;,,; =10 ks n10° | n

(mL/Mh) Lmol's"y (L*"mol™ ") "

® 20 0.517 2489 0213 1362
80 1.014 41 0.128  1.516
120 2,070 7.628 0337 1667
®) 20 0.106 0703 1667  1.533
80 0.209 0.788 0048 1475
120 0470 3.423 0.160 177




Chapter 8

Conclusions and Recommendations

8.1 Prepagation and Adserption of Neodel 25-38

An experimental study was conducted 10 examine the propagation and adsorption
of the anionic surfactant, Neodol 25-3S, in unfired Beres sandstone cores. This
investigation has found that many parameters, /.., sodium chloride concentration, pH,
concentration and the presence of a liquid crystal phase, affect the

rate of surfactant propagation in the following ways:

{

At low surfactant concentrations, the effect of sodium chloride
m:—mm-:dmwnpim
pmhﬁ-m“mﬂm Eﬁhmﬁ,

as the pH was decreased from 6 10 2. lncreasing the pH of the surfactant
slug from 6 10 12, on the other head, reduced surfactant loss by nearty 30
percest. This demostrates the importance of adding an alkali to chemical



] At & given sodium chloride concentration and surfactant concentration,
surfactant loss was found to decrease as the injection flow rate was
increased.

v At high surfactant concentrations and over a narrow range of sodium
chloride concentrations, & liquid crystal phase was formed. The presence
of this phase resulted in a higher apparent viscosity, a dramatic increase
in the pressure drop across the core and significant retention in the core.
The latter was due to the formation of viscous fingers at the tail of the
surfactant slug.

8.2 Prepagation and Adserption of Triten X-100

Similarly, an experimental study was performed to study the propagation sad
adsorption of the non-ionic surfactant, Triton X-100, oa consolidated Beres sandstone.
Static tests were also conducted t0 study the adsorption mechanism. The effects of
sodium chloride, pH and injection flow rate were examined. The results are summarized
as below:

| Static adsorption isotherms were of the stepped Langmuir type (L4), with
the value of second platesu significantly highor than the first. The
adsorption mechasism could be described by the hemimicelle model.

[} An iacresss in adsorption for increasiag sodium chloride concentration was
observed, which is dus (0 the “saltiag-out” effect.

i A reduction ia adsorption for incressiag pH (flom 6 10 12) aad incressing
flow rate (from 20 10 120 miLA) was cbesrved. More significant varistion
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or pronounced trend was reported at low sodium chloride concentration
(3 wt.%) than that at high sodium chloride concentration (3 wt.%).

lower than that obtained from static tests. This discrepancy increased as
the flow rate was increased. Increasing the pH from 7 to 12 reduced the
adsorption.  This effect was also more significant under dynamic

83 Dispersion in Berea Sandstone Cores with Radial Flow

mmmwwun.anmmm vection
MMWMMEMMMhthH

182

A sumerical moddmduivdbdem’hhm ion processes uaeuﬂﬂg in

besn re-examined in the current study for the evaluations of model validity snd

The boundary coadition employed at the injection wellbore, viz., Diisih
aad Cauchy conditions, was not important for the core dimensi .
raage of flow rates tested.

The simulsted results showed that s semi-infinite core, by deflaing o
fictitious radius for the simulsted core, is required ia order 10 provids &

Mqﬁhdh-dD-D+w'uﬁmﬁﬂhﬁ-ij
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pattern and regime examined (for Regime b, both the effects of mechanical
dispersion and diffusion are important).

84 Dymamic Adsorption

sthematical modelling of the propagation of the anionic and non-ionic
mm:mmmlymmpmdms is presented. Numerical
mlmafﬂumlad ldvecﬁve-dxmvg transport and adsorption equations were
adsorption models, such as equilibrium and kinetic

lle models, were examined. The following

an two-site, bilayer and hemimi

i Lincar (Henry's law) and noo-lineasr (Langmuir-type) equilibrium
mnﬁrhhmmm&m:ngmuntmﬁlﬂﬂ
surfactant propagation under the experimental conditions employed.

[7] For the dynamic adsorption of Neodol 25-3S on Beres sandstons core
kinetic Langmuir model, which assumes a homogencous surf f
ﬁpﬁudmmmmhmd

i  Two-site sad bilayer adsorption models provided a good approximatioa

[ 7 For the bilayer model, the rate of first-layer adsorption was found 10 be



study, the simulated curves (and the fitted model parameters) obtained by
the bilayer and two-site models were virtually indistinguishable.

mﬁkhmyhlmw»nmhmemmm
inthhulkmluﬁan ﬁiiﬂbﬁﬁﬂiﬂiiﬁﬂpﬁﬁmﬁﬂiﬁiﬂéiﬁll

m&gﬁsﬁmﬁmmgmhmnm:udim
far away from the wellbore. As a result, the oil recovery efficiency in
radial corefloods is lower as compared with that in linear corefloods.
Hm;hﬂ:ﬂﬂﬁmhﬁemm?ﬂmmhﬁl

The kinetic homimicelle model appears 10 provide a better descriptioa for
the effiuent profiles than two-site model for the injection of noa-ioaic
surfactant, Triton X-100. The motivation for this hemimicelle formati

i adsorption in & dynamic system. It is possible
aggrogates) becomes more proscunced at higher flow rae.

184
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8.5 Recommendations

In summary, future studies must fully address the numerical simulation of the
detailed mass transport characteristics in the flow regime where both mechanical
dispersion and molecular diffusion are important. A wide range of injection flow rate and

Furture experimental work should employ sandstone cores of various radii %0
and the dynamics of adsorption closer to the injection wellbore. The sandstone samples
order %0 determine the distribution of adsorption across the core (/.e., as a function of
fluid velocity). It may be then possible 10 establish useful relationships between the rase
current work, the amount of monomers is assumed 10 be bound by a constant limiting
conceatration, similar 10 the critical micelle concentration, which determines the driviag
potential for adsorption. Mldﬂmlm{'f be kinetics of
micelle formation or monomer-m '
0 provide aa unambiguou tatic mmmm
using the existing proced ,’:ﬂm-qwhmmmmmmyh
mdhmmh ‘i:ﬁ;;;ﬁumh.ilh,,,,,,,;,,
which can bs extended 10 describe multiphass flow problems and 0 model the flow
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Appendix A

Investigation of the Electrolyte Effect on
Surfactant Aggregation

In this appendix, the viscosity of Neodol 25-38 solutions is examined st different
salinities (sodium chloride concentration). The objective is %0 provide s better
understanding of the aggregation phenomenoa of the anionic surfactants and, subsequently
in Chapter 4, 10 examine the propagation of surfactant solutions having a liquid crystal
phase ia porous media.

Al Viecesity Messurements

The viscosity of surfactant solutions was measured using s co-axial rotstional
rheometer (Contraves AG Zirich, Low-Shear 30) with & rangs of shesr rates from 0.01
©© 130 5'. Apparent viscosity was approximated usiag the power-law equation:

B = Klpl* (A1)

whaere K is a proportionslity constant aad a is the power-law intan. In the method of
Coustis cyliadical viscometry, the shear rate § for power-law fluids can be determined a8
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20 -
.- " (A-2)
! E(I‘SE)
where w, is the angular velocity of the outer cylinder and s is the ratio of the inner and
outer radii of the cylinders.

Figure A-1 shows the apparent viscosity, u, as s function of the shesr rate, 7, of
”',MhmDS“ﬁNﬂﬂﬂ-JSﬂm:Mﬁm
IOnKhmmmMﬂhlﬁgm that is, Newtonis
behaviour. mmmmmmmnth
viscosity significantly increased with increasing sodium chioride concentration and i
m-mm:mlauxm_m At sodium chloride
:mﬁnl!ﬂ%hmmm:idﬂm
ﬂﬁeﬂuﬂnij centration. The solid lines shown in Pigure A-2 represent predictions
ﬁwﬂﬂﬁhﬂﬂ. rm&lhmummm

H;h-i-m Tﬂ:A—Ihﬁuhwﬂsﬂﬁmm-ﬂ
power-law index, a, was unity indicating & Newionisa fluid. The power-lew index
decrensed with sodium chiloride concentration and resched a minimum of 0.43 ot 8 sodium




&dlu um Chloride 7
Concentration, wi%

8.0
D 100
11.0
13.0
p 140




of 05wm%



Table A-1. Effect of sodium chloride concentration on the power-
law constant, X, and index, n, of surfactant solutions
containing 0.5 wt.% Neodol 25-38,

the solution viscosity increased gradually 10 a maximum of 40 mPas at 13 wt.% sodium
chioride. A slight increase ia sodium chloride concontration beyond 13 wt.% caused the
solution 10 separate into two phases (one lean and the other rich in surfactant: similar 40
mmm:mmmmnmhm
dﬂdyh (EH)Mﬂhmm

Ma:hﬂeﬂﬂﬁﬂmmmﬁx lmcﬂgd. mz.
Liadmen, 1987). According 10 Celik o ol. (1962), sa snionic surfactast (Nalk) ionizes
ia water s follows:
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NaR — Na‘' +R" (A-))

where R’ represents the surfactant mooomer and Na® is the counterion. Increasing the
conceatration of the surfactant above the critical micelle concentration, c.m.c., leads to
the formation of micelles above the Kraf temperature:

aNs® « bR~ — Na R** (A4)
where Na R, is the ionic micelle, a is the number of counterions attached 10 the
micelle and b is the number of surfactant monomers in the micelle. The surface charge
of micelles is balanced by a diffuse atmosphere of counterions in the eloctrical double
repulsion, which acts as the stablization force of the micelles in solution. An increass ia
the counterion concentration reduces the clectrostatic repulsion, leading to:

(b-a)Na* + Na R;*® — (NaR), (A-5)

where (NaR), is & micelle with & compact diffuse layer of counterions.

Chiu (1982) found that the size of micelles or aggregates increased as sodium
amangement), or form s liquid crystal phase; that is, transform from spherical 10 rod-like
aggregates (Lindman, 1987; Rosenblatt, 1987; Mishic of ol., 1990). The aggregates are
chioride comcentration further, the micelle size comtinues 40 incresss giviag rise
stroager van der Wasls interaction forces ustil they become largs enough 10 seperats into
two immiscible liquids, as follows (Chiu, 1982):
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N . ) e[ . 7
¥

The viscosity of the surfactant solution dramatically decreases once the phases
separate. Equations (A-4) to (A-6) indicate that the formation of surfactant aggregates
is also a function of the surfactant concentration. Therefore, it is of interest %0 examine
shows the flow curves of surfactant solutions prepared in 12 wt.% sodium chloride at
mindependauofﬁuhwm As the surfictan mh:ﬁnd.h
mwwmﬂymmmﬁnhmﬂh It should
be mentioned that the shear thinning behaviour st surfactant concentrations of 2 and
10 wt.% could not be measured. This is because of the limitations of the viscometer
used.

Figure A-4 summarizes the effects of surfactant and sodium chloride
concentration. This critical surfactant concentration was found 10 decreass at higher
sodium chloride concentrations.
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Pigure A4 Low-thear Newtonisa viscosity of Neodol 25-38
solutions ia 3, § snd 12 wt.% sodium chiloride brines
a8 & fanction of surfactant concentration.
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Appendix B

Mathematical Formulation of the
Governing Transport Equations

B.1 General Description

Mhmwﬂ&mﬂnsﬂﬁkmhmmﬂumh
described by the general advection ion equation, viz.,

%+ uVe - VQRVe) = 0 ®-1)

where ¢ is the concentration of solute in the bulk solution, y is the pore velocity, D is the
dispersion tensor and ¢ is time. An approxima ;m:—umumh
flnite cloment method through temporal and spatial discreti
mm“hhtvﬂnhuﬂimmnmnmg
eloments, (7', a3 shown ia Figure B-1. The unknown value of ¢ can thea be estimated

cuegn = gv.(x)c.(t) @)

hﬁthm:ﬂvﬁnhmnmxdhgﬂ
& is the total aumber of nodes in the flaite cloment network. Kaowing thet ¢ is ma
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Figure B-1. Domain discretization in finite element.
10 be exact and, hence, results in an eror or residual denoted by e:

%“. + 4V - VRV = & ®-3)

With the principles of varistional calculus, the sbove governing equation can be

expressed in a functional form such that the weighted integral of the residual over the
solutioa domain is set %0 zevo:

Lorg «wywe -wo-@ee1aa = 0 @4

where W is the weighting function which is selected ia such & way thet the residusl is

the mknowns ¢, fori= 1, 2, ... a.
For the Galerkia method, the weighting factor is chosen 10 be identical 10 the basis
shepe function; that is, W = y, and Equation (B-4) can bs re-written as
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. o
[ w3 < vuwe -yv@ver)an = 0 (-5

The order of derivatives in this equation can then be reduced by applying Green's
theorem (integration by parts) to the second-derivative term, such that:
[teg - vas )¢
""5 * yyvVe Vv-g-Vé] a0

-ngid! 0

where g is the normal vector on boundary S. Upon substitution of Equatioa (B-2),
Equation (B-6) becomes
. e, : o
[ wwg c wuTve vy RVvc1dn

7 7 ®-n
- J; ng-%q ds = 0

expression caa then be simplified and written in a matrix form for the unknowns ¢, :

M, a-u;%'%‘ -0 (B-8a)

(MKl - [M*[%] .0 @)

where M, sad M,* are the cosfficients for the /-th equation applied 10 the /- sode i
the coefficient matrices (M and [M*]L respectively. This is & system of fiess-order
discusend in Sectien B.2.5.
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On the other hand, since the integrals in Equation (B-6) contain oaly the first order

derivatives of ¢, the requirement of continuity across the element interface will be
possible to write the total functional as

[ - [(as - ;[ Lo - L(-)ds-] «0

That is, Equation (B-6) for the entire solution domain can be reduced 10 form an clement
varistion equation:
(v + Wy Ve « Vy R ve) day

f o9
-LVE'%JS' -0

subject to

Yoo (8-10)
]
writtea for [c])’

D) - [H‘l‘[%] - (o) ®-11)

The finel step is then 10 assemble the contributions of all the clement equations into the
coaditions.
Equation (B-6) will be discussed, Section B.2, snd subsequently applied t0 obtain o
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B.2 Numerical Apprezimation

B.2.1 Interpolation Functions for One-Dimensional Eloments

in Schwarz (1988, pp.54-36) and how to describe them in terms of the nodal variables.
In the next section, this technique will be applied 10 evaluate two-dimensional elements.
R is assumed that the function ¢(§) is 8 quadratic approximation of the form
¢®) = B, + B8 +B¥ ®-12)
nodal values of the end-points (c, sad c,) and the mid-point (c,) of the interval. For
§ = 0, where ¢, = c,, the interpolation fuaction about can be given as

Gvc e crar e, d ¢ e g,

aad inversion of these linear expressioas leads o
P, e | o
B, = -3 4 -1}]|¢ ®-13)
Bl 124 2]ls

Substitution of Equatios (B-13) iato (B-12) gives AR) ia terms of nodal besis fusctions

viQ) &

¢(§) =, (1-35+28") + c,(45-48) + ¢,(-2+28)
| 3 =-16)
¢, ¥(8) * ;¥ f8) * c,w(8) = gt,vg(%)
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B.2.2 Interpolation Functions for Twe-Dimensional Elements

Figure B-2a shows a general quadratic triangular element. Nodes are numbered
in an anti-clockwise direction, first vertices to0 outline the geometry at P,(x.y), P,(x.y) and
Py(x.y), sod then midpoints of the sides st P,(x.y), Ps(x.y) and Pi(x.y). This geaeral
Mmhmawdmiqulym.wanfmimluﬁmﬂhw
in the §,n-coordinates or 2", Figure B-2b, by means of a linear transformation:

X ® x +(x-x)8 «(x,-x)n

(8-19)
Yy = 3 s(=-y)8 +(y,-y)n

with 8 short side leagth of unity. Similar 10 the one-dimensional geometries described

Mamquwﬁcmximaﬁouofmc(&n)mhmm
by a fuaction containing six coefficients, B, , B;. ..., B, :

¢(8n) = B, + P8 +Bn + B3 +P3n + B’ (8-16)
mmuuwmm..«ammm
the valus at cach node as summarized in Table B-1 (Schwarz, 1988, p.75). The
coefficients in Equation (B-16) can thus be determined by using the inverse form of these
linear relationships

(81 = [A)ie) ®-17

where [B] = (B, B, ... B,)' is the coefficient vector, [£] = [¢, &, ... &]" is the vector for the
waknowa functions, and [A] is the transformation metrix. For Equatioa (B-17), the
mw«g.q)e-hm&mdhﬂnlu&q.c,.m.c.
for any givea location at (§.n) withia the standard trisngle:



(a)

QGeneral
Triangle

(b)
Reference

Triangle

Figure B-2. (i)Aqﬂgﬂemd_ni(b)h
ormation 10 8 reference triangle.
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¢(8m) = ‘!‘Ec.v,(%.n) (8-18)
v, = -A(1-22), v, = 4%,

v, = -3(1-2%), v, 4in, (3-19)
v, =-n(l-2n) v, = 4n)

are called the interpolation or basis functions, and A = 1 - & - n,

Table B-1 Interpolation results from Equation (B-16).

& n - i
1 0 o |, B
2 1 0 B, +B,+ B,
3 0 1 B, +B,+ P
4 % 0 B, + 4B, + %P,
3 % % B, + %P, + %P, + YUP, + UP, + %P,
6 0 % | B +%uB+%B,

The domain integral in Equation (B-9) can thus be transformed (0 reference
&.n-coordinates (in the standard trisagle, ") by multiplying
ar - J o (8-200)

or, for two-dimeansional domaia,
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ox Ox
3% I
Oy oy
% On
Similarly, other integrals and/or derivatives can be transformed from x)- to
§.n-coordinates by the chain rule.

dx dy = det d& dn (B-20b)

B.23 Numerical Integration

From Equation (B-9), the local integral of the clement varistion equation,
Ioo ()4CY, in the two-dimensional domaia can be evalusted using the Hammer Gaussian
integration method (Dhatt and Touzot, 1984, p.259) in the reference coordinates, (¢.n):

[ Jaen azan 3 W gin) ®-21)
e @ =]

where (3, .1, ) is the value of the function g at the integration point k, w, is the
weighting cosfficicnt for the inegration point k, and »* is the number of integration
points. Figure B-3 sad Table B-2 show the locations of integration points snd values of

Ia the current study, the function g(§, .1, ) for the local integral of Equation (B-9)
can be expressed as

g&m) = J.(v-fé .-] ®-2)

where ¢ is evaluated 28 (%, .1, ) accordiag 10 Equation (B-18), and J, is the determinent
of the Jacobian matrix at poist £ from Equation (B-200).
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1-22 0.111690794839003
« 1-20  0.111690794839005
b b 0.054975871827661

1-2 b 0.054975871827661
b 1-20  0050975871827661

@ = 0.44594849091 5963, b = 0.091576213509771
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B.24 Apprexzimation of the Time Derivative

The time derivative term in Equation (B-6) or (B-9) was approximated using an
implicit second-order Gear scheme (for ¢ 2 2A/) or the Euler method:

(
3"..'%?:‘ & fr a>1 (Gear Scheme)
& _ |
& "";'lc' for nel (Euler Method)
or
PV v 0, . 0,6° + 0, & (3-23)
& At

where 0,,, 6, and 0, are the time coefficients having values of 3/2, -2 and 172,
respectively, whea using the Gear scheme and 1, -1 and 0 when using the Euler method;
and a is the oumber of time steps.

B.2.5 Beundary Conditions

In obtsiniag the solustion of Equation (B-6), boundary coaditions must be specified
dW“uMMMh&MW

fveg o ®20

Three types of boundary coaditions are of practical interest: prescribed concentration
(Dirichiet), prescribed material flux (Neumann), and prescribed coscentration snd material
flux (Cauchy).



217

For the Dirichlet boundary value problems; that is, prescribed c along the
boundary 8, the boundary integral is simply set to zero. When the Neumann boundary
condition is specified, prescribed values for c/dy ., the boundary integral may be
mwwyuawm(mmmmmemmﬁﬁuﬁmdé).

The Cauchy condition can be represented by
o
4¢ - Do~ = uC,
] (329
25 = u¢-¢)
such that the boundary integral above can be expressed as
f. vg~.§§ ds = [wy(e-C)ds (8-26)

which can be substituted directly into Equation (B-6).

B.3 Mothed of Selutieon

From the estimate for the time derivative term in Equation (B-23), both the values
for &* sad ¢ are cither specified by the initial condition or evalusted from the previous
time step. The new unknown values, &', can be approximated by expead
Equatioa (B-18):
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LR D I CARRY Vouy
(327
’
Ve s E Yy (& + A

iol
where ¢™' is the initial (guess) value at the /-th node, and Ac,™' is the residual of the
solution at the i-th node. Upon substituting into Equation (B-6) or (B-9), the residual
values of Ac,™' can then be solved by, in matrix form:

[M](ac*) = (F) 29

where [M] is the global coefficient matrix and [F] is a global vector which is a function
of the known values of & and &' st all nodes determined in the previous time step(s).
The solutions of Ac™' obtsined can then be combined with &™', and iterated (if
This method is similar to Newton's iterative scheme for a noo-linear functions.

B4 Adeorption Medels

Fwnmdwbmhmmmhmmmh
represented by the general equation for advectios :

<+

where § is the porosity and I is the amount of adsorption.
WWM@.&M“&““&
using a retardation factor, R (Bear, 1972). For example, ia s dilwte solution (c —» 0), the

adsorption process can be approximated by Heary's law; that is, I” = xcc, where « is &

x ('00r'.!-v¢_v-(2-v¢)-o ®-29)
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proportionality constant. Substituting /3t into Equation (B-29) results in 8 "retarded"
advection-dispersion equation:

RS +4¥e - V(@) = 0 (8-30)

where R = | + x(1-4)/§. and the solution can be obtained by solving the following
variational form as described earlier:

L[vk%:- *+wyVe - yV+(DVc)] dQ = 0 (8-31)

Similarly, for the case of an equilibrium Langmuir-type adsorption, the amount of
adsorption, I, can be determined from the adsorption isotherm; that is,

ro o ke (8-32)
1+Kc
where X is the equilibrium ratio and Q,” is the maximum adsorption capacity, and a1*/&y
can be expressed usin the chaia rule as

ara _ QK

o o rx & (8-33)
U & o (1+Kcy o

mmm.hmmm.mammmc.
such that

. ].1¢ Q.K 3-34)
R B TPy

For a kinetic adsorption procesa, the advection-dispersion equatioa is coupled with
the adsorption rate expression. An iterstive method may therefore be required. With »
uwmm;mhmdmmhw
by a reversible second-order rate expression:
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ore e _ b

v T k(Q, -T) -k, (B-35)
where &, and £, are the rate constants of adsorption and desorption, respectively. In this
case, the transport equation and the adsorption rate equation can be rearranged to the
weighted residual forms:

a _ (1-¢)a
frvs - v[ + wyVe - yV(RVe)] da = 0
& UV @36

Lo - wior-t9e - wrtyan = 0
Fan = 3w @37
]

Solutions for the coupled equation are obtained by (1) solving the traasport
oquation and adsorption kinetic expression independently using the iterative scheme
mentioned above; that is, by assuming &' and '™'; and then (2) itersting between the

transport equation and kinetic adsorption expression.

Kh&uﬂumﬂhaeﬂhﬁudwhmmm;ﬁ
example, two-site or bilayer model), the equations for the adsorption kinetics must be
solved as & coupled equation. That is, the solutions for I,", I,", ..., I, must first be
evaluated and combined as:

r-ér;

where N is the sumber of adsorption kinetic expressions. The obtained valus of [ cen
then be substituted into the trameport equation. The solutions for ¢ sad [ are then
MWMWMﬁmme-‘
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Appendix C

Summary of Experimental Data

Detailed experimental conditions, core characteristics and measured concentration
profiles of the radial corcfloods arc summarized in this appendix.
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Total injection:

CoRt CHARACTENSTICS

Core 1D:

Pore volume:

0.194 wt.% Neodol 25-3S
30  wt% NaCl
6.40 pH (injected)

20 ml/h

29 PV




Effiuent Tracer Surfactant

I"v (;NS. Cyt;
0.009 0.0001 0.0000
0.1232 0.0003 0.0000
0.220 0.0002 0.0000
0.33¢ 0.0003 0.0000
0.441 0.0004 0.0000
0.546 0.0006 0.0000
0.653 0.0068 0.0000
0.759  0.08S8  0.0000
0.065 0.2026 0.0000
0.971 0.4317 0.0000
1.077  0.63%8 0.0042
1.183  0.8000 0.0399
1.290  0.0097 0.1390
1.396 0.9420 0.2407
1.502 0.9646 0.3634
1.600 1.0016 0.4237
1.714  1.0010 0.522%
1.020 1.0036 0.5931
1.926 1.0166 ,
2.03) 1.0244 0.7001
32.138  1.0076¢ 0.73%6
3.246  0.993)  0.706)
2.352  1.0095 0.0200
3.458  1.0057 0.041)
3.56)  1.026S  0.0556¢
3.670 1.0120 0.9734
2.77¢  1.0259 0.874)
2.003 0.9068 0.9072

1.0247  0.0968

. 1.0207 0.9132
3.202 1.0049 0.9384
3.307  1.0067
3.413  0.9791 0.9271
3.310  0.999¢  0.920¢

3.62) 1.0060 0.9202
3.729  1.0208

834 0.9649 0.0001
3.940 0.0170 0.7651
4.045 0.6050 0.6576¢

L1851 0.3968  0.4397
4.25¢ 0.2)89 0.2972
6.362 0.1340 0.2296
4.468 0.072¢ 0.1730
6.374  0.0400 0.12¢0
4.679 0.023S 0.1008
4.788 0.0146 0.0924
4.091 0.0092 0.0778
4.997 0.0061 0.063%
$.10) 0.0040 0.052)
$.209 0.0031 0.0492
$.313 0.0023 6.0490
$.421 0.0010
$.527 0.0013 0.0412
$.633 0.001)
$.739 0.0018 0.0412
$.045 0.0000
$.951 0.0009 0.0277
6.080 0.0000
6.164 0.00080 0.0270
6.270  0.0007
6.376 0.0288

Effuent Tracer Surfactant

PV c/C, cC,
§.402 0.0009

6.509 0.0197
6.69% 0.000¢

§.001

6.907 0.0007 0.0176
7.014

7.1320 0.0004

7.227 0.017)
7.3 0.000)

7.440

7.547 0.0002

7.653 o 0.0127
7.760 0.0001

7.066

7.973  0.0002

8.000 o 0.0133
9.186 0.0001

0.292

0.406 0.000) 0.011)



EXPERIMENTAL SPECIFICATIONS
Solution contents: 0.483 wt.% Neodol 25-3S
30  wt%NaCl

7.08  pH (injected)

Total injection: 307 PV




Effiuent Tracer Surfactant Effiuent Tracer Surfactant

PV CC, cKC, PV c/C, C/C,
-0.062 -0.0001 0,0000 7.702  0.0002 0.0076¢
0.041 -0.0000 0.0000 7.997 0.0060
0.145 -0.0000 0.0000 $.211  0.0002 0.0068
0.249 0.0000 0.0000 9.368 0.0047
0.352 -0.0001 0.0000 .471 0.0046
0.455 0.0002 0.0000 9.579  0.000%5 0.0042
0.596¢ 0.0215 0.0015 5.607 0.0038
0.760 0.0509 0.0021 0.794 0.0044
0.040 0.1060 0.0062 0.902 0.0030
0.914 0.3182 0.033) 9.009 0.0002 0.0033
1.023  0.5441 0.1316 9.116 0.0042
1.130  0.7299  0.2097 9.224 0.0004
1.236 0.8726 0.452% 9.331 ~0.0386
1.344 0.921)  0.6037 9.438  0.0001 0.1129
1.452  0.9697 0.7120 .54 0.1937
1.560 0.974)  0.7049 9.652 0.2049
1.668 1.0018 0.0600 9.759 0.1006
1.776  1.0039  0.864) 9.066 0.0004 0.145¢
1.064 1.0063 0.9004 9.973 0.097)
1.992 0.9216¢ 10.080 0.0704
2.100 0.9984 0.9049 10.107 0.0434
2.200 1.0242 0.9434 10.294 0.0003  0.0303
2.317 0.9708 10.401 0.0330
2.425 1.0371  0.9736 10.508 0.0147
2.93)  1.0086 0.9660 10.6321 0.0121
2.640 0.9846 0.9715 10.734 0.0004 0.0127
2.749 0.9957 0.9715 10.041 0.0096¢
2.857 1.0205 0.9740 10.949 0.0094
2.965 1.02)9 1.0062 11.058 0.0070
43 09990 10003 11.162 0.0003 0.0079
T.18%  1.0000 o0.9%0¢ 11.269 0.0064
3.295  1.0069 0.990) 11.376 0.0102
3.403 1.0467 0.9778 11.403 0.0240
3.511 1.0295 0.9979 11.590 0.0002 0.0461
3.619 1.0091 0.9910 11.696¢ 0.0583
3.727 1.0130  0.9646 11.00) 0.0591
3.634 0.9644 1.0021 11.910 0.0509
3.942  0.9679 0.9362 12.017 -0.0000 0.0401
4.049 0.9123  0.0466 12.123 0.0303
4.157 0.7300 0.6530 12.230 0.0218
4.264  0.3338 0.4962 13.337 0.018$
4.372  0.3459 0.3209 12.443 -0.0000 0.0147
4.400 0.1979 0.2009 12.5%0 0.0107
4.507 0.1082 0.1631 12.657 0.0078

4.693 0.0720 0.103%
4.003 0.0297 0.0788
4.910 0.0161 0.0540
$.017 0.0094 0.0470
$.128 0.0037 0.0420
$.233 0.0040 0.0436

$.410 0.0274
$.640 0.0000 0.0220
$.084  o0.019
6.060 0.000¢ 0.0144
¢.202 0.0120
6.49% 0.0003 0.0117
6.710 0.0096
6.923 0.0002 0.0076
7.138 0.0074

7.383  0.0002 0.0071
$68
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Solution contents: 0.910 wt.% Neodol 25-3S
30 wt.% NaCl
6.18 pH (injected)
injection rate: 20 ml/h

Welibore diameter: 3851 mm

Pore volume: 4703 cm’
Poroaity: 22.03 %




L d
N
-]

Effluent Tracer Surfactant Effiuent Tracer Surfactant
PV c/C, C/C, PV (;K: cC,
-0.037 0.0002 0.0000 7.99%4 0.0001 0.0045%

6.07) -0.0001 0.0000 8.151

0.180 -0.0001 0.0000 0.309 0.0035
0.287 0.0001 0.0000 3.54) 0.0001 0.0039
0.319¢ 0.0018% 0.000§ 8.743

0.506 0.0037 0.0019% 8.871 0.003)
0.617 0.0154 0.0059 9.032

0.727 0.0585 0.0158 9.188 -0.0001 0.0031
0.838 0.1834 0.0497

0.949 0.3924¢ 0.1439

1.061 0.646) 0.303

1.172  0.0185 0.5124
1.204  0.9450  0.660)
1.396¢ 1.0020 0.9043

1.732  1.0560 0.9549
1.045 1.0629 0.9029
1.959 1.0723 0.9878
2.074 1.0661 0.9909
2.108 1.0507 1.01%0
2.303  1.06800 1.0197
2.419  1.0702 0.9742
2.538  1.076¢7 1.0201
2.651 1.0381 0.99%7
2.769  1.0359  1.0006
2.006 1.0622 1.0038
3.005 1.0445 1.0331
3.123  1.0631 1.0217
444 107 1008
9 ¥ 1.0367 1.0141
3.43)  1.0249  1.0476
3.543  1.0233  1.0400
3.655 1.0146  1.060%
3.766  1.0568 1.0098
3.070  1.0079 1.025%
3.991  1.0033  0.9005
4.106 0.9201 0.8700
4.220 0.7899 0.713)
4.3)7  0.5534 0.492)
4.454 0.3419 0.3172
4.873  0.1961 0.1064
4.696 0.0090 0.1029

4.822 0.0392 0.0756
4.949 0.0174 0.0492
5.07% 0.0078 0.0371
$.200 0.0041 0.0209
$.340 0.0022 0.0209
$.473  0.0014 0.0165
$.600 0.0010 0.0140
$.020  o0.0121
€.102 0.0002 0.0106
6.390 0.0079
€.688 0.0003 0.0064
€.913

7.069 0.003)
7.22)

7.377  0.0001 0.00%51
7.832 ,
7.608 0.0037
7.839
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CA Experimental run no. 91-046

EXPERIMENTAL SPECIFICATIONS
Solution contents: 0.209 wt.% Neodol 25-3S8
8.0 wt.% NaCl
6.00 pH (injected)
injection rate: 20 mlL/h
Total injection: 2901 PV




230

EMuent Tracer Surfactant Effiuent Tracer Surfactant
PV cC, cC, PV c/C, C/C,

0.017 -0.0001 0.0000 6.097 0.0314

0.127 -0.0001 0.0000 §.19¢

0.220 -0.0000 0.0000 6.29% 0.0004

0.328 -0.0001 0.0000 §.39% 0.0361

0.426 0.0001 0.0000 6.49%4

0.5%26 0.0005 0.0000 §.59) 0.0002

0.625 0.00%¢ 0.0000 $.692 0.0260

0.734 0.05%49 0.0000 §.791

0.824 0.1693 0.0000 6.991 0.0002

0.923 0.3513  0.0000 6.990 0.0234

1.022 0.5414 0.0000 7.090 0.0002

1.121  0.7011  0.0000 7.189

1.220 0.8412 0.0000 7.289 0.0002 0.0187

1.319  0.9094 0.0000 7.308

1.418  0.9300 0.0000 7.408 0.0002

1.517  0.9590 0.0000 7.587 0.0204

1.616 0.9635 0.0165 7.607

1.71%8 0.9917 0.0337 7.788

1.014 1.0007 0.0579 7.006 0.0140

0.
1.914 0.9863 0.1001
2.013 1.0083 0.
2.112  1.0142 0.2227
2.3212 0.9932 0.3102
2.311  1.0078 0.3701
2.410 1.0206 0.4201
3.510 1.0136 0.4006
2.609 1.0108 0.5620
3.709 0.99780  0.6044
2.000 0.9920 0.661)

§**§* 0.9722  0.6095
008  1.0070

3.105 0.9987 0.7291
3.205 1.005) 0.7319
3.304 1.0110 0.7608
3.404 0.9928  0.7666
3.504 0.9946

3.60)  0.9778  0.7434
3.703 0.6645
3.00) 0.8312 0.3018
3.902 0.6751 0.4087
4.002 0.4712 0.2970
4.102 0.2901 0.2130
4.202 0.1679 0.1006
4.301 0.0940 0.1538
4.401 0.0499 0.1230
4.501  0.0273 0.1000
4.601 0.0162 0.0901
6.701  0.0099 0.0799
4.001 0.0062 0.0702
4.900 0.0041 0.0631
$.000 0.0029 0.0642
$.100 0.0023 0.0624
$.200 0.0019 0.053)
$.300 0.0014 0.048)

$.500 0.0443

$.600 0.0010

$.700 0.0402

$.000 0.0007 o
.89 0.0366¢
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C.S Experimental run no. 91-045

EXPERIMENTAL SPECIFICATIONS
Solution contents: 0.453 wt.% Neodol 25-38
80  wt% NaCl
6.00 pH (injected)
injection rate: 20 mUh
Total injection: 201 PV




-
[

Effiuent Tracer Surfactant Effuent Tracer Surfactant
PV c/C, c/C, PV c/C, c/C,

0.005 -0.0001 0.0000 6.132 0.0147

0.096 -0.0003 0.0000 6.233 )

0.197 -0.0001 0.0000 6€.334 0.000%

0.298 0.0000 0.0000 6.434 0.0112

0.398 -0.0001 0.0000 6.538

0.499 0.0012 0.0000 6.83¢ 0.0005%

0.599 0.0156¢ 0.0000 6.737 0.0096

0.700 0.0871 0.0000 §.038

0.800 0.1774 0.0000 6.95%7 0.0002

0.901 0.3344 0.0000 7.093 0.0087

1.001 0.501¢ 0.0187 7.227 0.000)3

1.102  0.657% 0.0760 7.360

1.202 0.7760 0.133% T7.4%4 0.0002 0.0074

1.302  0.9627 0.2401 7.620

1.402 0.9207 0.3164 7.761 0.000)

1.503 0.9703 0.4179 7.098 0.0071

1.603 0.9703 0.5187

1.703  0.9910 0.5901

1.804 1.0221 0.6392

1.904 0.9819 0.684)

2.004 0.9964 0.7451

2.108 1.027% 0.7627

2.205 1.0112

2.306 1.0192 0.0093

2.406 1.0181 0.0164

2.507 1.0331 0.0164

2.607 1.0055 0.0474

2.708 0.9909 0.8631

2.800 1.0160 0.8787

igis} 1.0176 0.9079

3.008 o0.9978 0.0619

3.110 0.9804 0.9164

3.211 1.0406 0.8851

3.311  1.0102 0.0051

3.412  1.0119  0.990%
3.513  1.0129 0.9799
3.614 0.9706 0.8198
3.7114 0.6772
3.914 0.7502 0.3366

4.92) 0.0078 0.034)

$.02¢ 0.0081 ,
$.128 0.0040 0.0200
$.225 0.0020

$.326 0.0031 0.020¢
$.426 0.0018

$.827 0.0184
$.620 0.001)

3.7

$.029 0.0009 0.0172
5.930

6.001 0.0006



C.6 Experimental run ne. 90-010
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EXPERIMENTAL SPECIFICATIONS
Solution contents: 0.991
8.0
6.36
injection rate: 20
Total injection: 2.96
CORE CHARACTERISTICS
Core 1D: WK-17
Weight: 435.34
Thicknees: 35.30
Diameter: 88.18
Wellibore diameter: 3.0
Pore volume: 49.308

wt.% Neodol 25-3S
wt.% NaCl

PH (injected)

1 333°




Effiuent Tracer Surfactant

Effiuent Tracer Surfactant

234

PV CC, Cf, PV CC, CK,
-0.044 0.0000 0.0000 7.470 0.0002 0.0067
0.060 0.0000 0.0000 7.67% 0.0061
0.171 0.0000 0.0000 7.800 0.0001 0.007%
0.274 0.0000 0.0000 9.08% 0.0057
0.377 0.0011 0.0000
0.401 0.0043 0.0013
0.504 0.0129 0.0034
0.607 0.0460 0.0070
0.790 0.139% 0.0311
0.094 0.3044 0.0630
0.997 0.4014 0.1481
1.099 0.6908 0.2040
1.202 0.8420 0.4502
1.306 0.9412 0.5812
1.409 1.0112 0.6699
1.513 0.9890 0.7410
1.61% 0.9607 0.7602
1.718 1.0043 0.0315
1.821 0.9766 0.8539
1.924 0.970) 0.86012
3.037 0.9706 0.0966
3.130 0.9872 0.9114
3.3 0.9502 0.9306
3.3 0.908¢ 0.9273
3.440 0.9909 0.9321
3.544 1.0008 0.9609
3.647 1.0167 0.9477
3.7%0 1.0139 0.9056
2.8%) 1.0043 0.952)
§‘*§} 0.9879 0.9629

. 0.9932 0.9817
3.166 0.9960 0.9566
3.269 1.0065
3.372 0.9904 0.9797
3.47¢ 0.9777 0.9382
3.97 0.9662 0.8092
3.6023 0.9208 0.7720
3.788 0.807¢ 0.679%
3.000 0.6430 0.5490
3.991 0.6070 0.464)
4.09%4 0.4701 0.3803
4.197 0.3029% 0.3100
4.301 0.2032 0.2440
4.408 0.2266 0.2082
4.508 0.16%7 0.1%30
4.611 0.1249 0.131%
4.714 0.0691 0.097¢
4.817 0.061) 0.0723
4.920 0.040) 0.066¢
$.02) 0.037¢ 0.083%
5.19¢ 0.0443
$.421 0.0070 0.0247
5.627 0.0208
$.032 0.0016 0.0109
6.037 0.01%
¢.242 0.0002 0.0130
6.447 0.011}
¢.6%2 0.0003 0.011¢
6.0%¢6 0.0090
7.06} 0.0001 0.0000
7.36% 0.007¢



C.7 Experimental run no. 90-021
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Solution contents:

injection rate:
Total injection:

CORE CHARACTERISTICS

EXPERIMENTAL SPECIFICATIONS

0.173 wt.% Neodol 25-38
120  wt.% NaCl

599 pH (injected)
20 ml/h
288 PV
WK-30
43504 ¢
498 mm
8832 mm
353 mm
4703 om
2242 %




Effluent Tracer Surfactant Effivent Tracer Surfactant

PV CC, CC PV CC, Cf,
0.041 -0.0002 0.0000 7.217 0.0000 0.01%%
0.0%7 -0.0001 0.0000 7.414 ) 0.0120
0.1%80 -0.0001 0.0000 7.61) -0.0001 0.0111
0.260 0.0000 0.0000 7.01) 0.013%

0.360 0.0005 0.0000
0.460 0.0017 0.0000
0.561 0.0046 0.0000
0.660 0.0274 0.0000
0.761 0.1050 0.0000
0.961 0.2405 0.0000
0.962 0.440% 0.0000
1.062 0.6097 0.0000
1.163 0.730% 0.0000
1.261  0.822%  0.0000
1.361 0.08%0 0.0000

1.4¢41 0.0000
1.560 0.9011 0.0000
1.640 0.0000
1.740 6.0000

1.060 0.9650 0.0064
1.961  0.9821 0.0070
2.062 0,952 0.0087
2.164  0.964) 0.0007
2.266  0.9736  0.0187
2.3¢9  0.964) 0.0157
2.471  0.9809  0.022%

2.7 0.0319
2.674 0.9710 0.0451
2.775  0.9539 0.0579

B3 0310 o060
g 0.9645 0.0919
3.089 0.9732 0.1066
3.160 0.9887 0.1348
3.262  0.981%5 0.1509
3.364 0.9316 0.1079
3.466 , 0.2198
3.560 0.0092 0.2274
3
)
)
3
¢

669 0.007¢ 0.207%
3.771  0.0626 0.15))
).872 0.1364

974  0.3441 0.1064
1.075  0.393%  0.0830
4.176  0.2434  0.0696¢
4.277  0.1430 0.054)
4.370  0.0822 0.0477
4.480 0.0441 0.0462
4.581 0.02%50 0.0371
4.603 0.0142 0.036)
4.70)  0.0000 0.0409

4.884 0.0034 0.0)38
.02 0.0292
$.231 0.0014 0.0167
$.430  0.028
S.631 0.0007 0.0260
.02 0.017)
6.03) 0.0002 0.0200
6.23 0.0101
6.420 0.0001 0.0143
6.62¢ 0.0172
6.02) -0.0002 0.012)
7.020 0.0073
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C.8 Experimental run ne. 90-006

Solution contents: 0.485 wt.% Neodol 25-38
120 wt.% NaCl
6.12 pH (injected)




EMluent Tracer Surfactant Effiuent Tracer Surfactant

PV CAC, c/C, PV c/C, (o7, o}
0.030 0.0000 0.0000 7.193  0.0002 0.0092
0.069 0.0000 0.0000 7.391 0.0072
0.167 -0.0001 0.0000 7.509  0.0001 0.0093
0.267 0.0017 0.0000 7.708 0.0006
0.367 0.0060 0.0000
0.467 0.0125 0.0035
0.567 0.013% 0.0047

.666 0.0503 0.0000
0.76¢5 0.1451 0.009%

0.864 0.2885 0.0196
0.963 0.4516 0.03214
1.062 0.5961 0.0)64
1.162  0.7366 0.0504
1.261  0.039)  0.099)
1.361 0.9002 0.15)4
1.462  0.9597 0.2)68
1.561 0.9947 0.309%
1.661  0.9810 0.3046
1.760 0.9939 0.4874
1.060 0.9768 0.5306
1.959 1.0034 0.6157
2.056 0.9909 0.6666
2.150  1.0156¢ 0.7541
2.287  1.015¢ 0.771)7
2.387  0.9557 0.7929
2.457 1.0437 0.7720
2.950  1.0009 0.0309
2.657  0.9939 0.7910
2.787 1.0%08 0.0201
44 100 o.mm

. 1.004)  0.066)
3.072 0.9924 0.0300
3.172  1.0081 0.9171

3.372 1.0014 0.7797
3.373  0.9342 0.7460
3.47)  0.0834 0.7006
3.574 0.02%0 0.6521
3.674 0.7606 0.5640
3.77¢  0.72%9  0.5049
3.073  0.6322 0.4160
3.971  0.57%8  0.)660

.070 0.493¢ 0.31)2

.160 ©0.3993 0.2730

.367  0.3123  0.1994
4.366 0.2300 0.1664
4.46% 0.1624 0.1314
e.564 0.

$.209 0.0120 0.7
$.406 0.0302
$.603 0.0042 0.0210
5.001 ~e.0101
6.000 0.0006 0.01354
6.190 0.013)
€.39¢ 0.0003 0.0111
6.998 0.0107



C.9 Experimental run no. 90-018
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EXPERIMENTAL SPECIFICATIONS
Solution contents: 1.058 wt.% Neodol 258-3S
120  wt.% NaCl
6.07 pH (injected)
injection rate: 20 mL/h
Total injection: 290 PV
CORE CHARACTERISTICS
Core 1D: WK-27
Weight: 43460 ¢
Thicknees: 498 mm
Diameter: 88.08 mm
Wellbore diameter: 343 m™m
Pore volume: 48 em’




Effiuent Tracer Surfactant

PV CC, CAC,
0.064 0.0001 0.0000
0.037 0.0003 0.0000
0.13¢ 0.0000 0.0000
0.241 0.0006 0.0000
0.343 0.002¢ 0.0010
0.444 0.010) 0.0065
0.945 0.0401 0.0121
0.646 0.1079 0.0232
0.747 0.199) 0.001)
0.849 0.3043 0.0879
0.950 0.4268 0.1369
1.081 0.5774¢ 0.3021
1.193 0.7062 0.32910
1.25¢ 0.040) 0.40%)
1.387 0.9309 0.354)3
1.4%9 0.9742 0.726¢9
1.562 1.0101 0.002%
1.664 1.0001 0.8292
1.767 0.9098 0.04)9
1.071  0.992¢ 0.88)9
1.974 1.0046 0.9010
a.07¢ 0.9226
3.179 0.9863 0.921)
3.203 0.9077 0.9200
2.306 0.979%4 0.9154
3.407 0.9045 0.942)
2.590 1.0303 0.95¢0
3.693 1.0142 0.93%45
3.795 0.9966 0.942¢

0.9730

1.0333 0.9472

3.079 1.0232 0.979)
3.101 0.0964 0.7321
3.20¢ 0.0964 0.5692
3.306 0.5337 0.4417
3.409 0.5099 0.307
3.992 0.463) 0.30)
3.69% 0.4044 0.3014
3.797 0.3041 O0.2807
3.900 0.3436 0.2430
4.003 0.3302 0.2)08
4.106 0.293¢ 0.210)
4.209 0.201) 0.1914
4.311 0.2630 C.19)9
4.413 0.2%30 0.176¢8
4.514 0.2333 0.1760
4.614 0.23%7 0.1632
4.718  0.2190 0.153
4.01¢ 0.3090 0.142)
4.917  0.100¢ 0.1241
$.068 0.1193
$.270  0.144) 0.1008
$.472 0.0040
$.678 0.1194 0.0060
$.070 0.0778
6.082 0.092¢ 0.0730
¢.207 0.0703
$.491 0.072) 0.0669

.698% 0.0827
¢.009 0.0363 0.0370

PV CC, CAfC,
7.308  0.0437  0.0516
7.500 0.0499
7.712  0.0344  0.0443
7.916 0.0421



C.10 Experimental run no, 90-025
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12,0
6.33

Total injection: 2.97

wt.% Neodo! 25-38
W% NaCi
PH (injected)




242

Effiuent Tracer Surfactant Effiuent Tracer Surfactant
PV Cc/C, cC, PV c/C, cC,
0.040 0.0000 0.0000 7.50% 0.0668 0.05%02
0.050 0001 0.0000 7.714 . 0.0447
0.1¢0 0000 0.0000 7.924 0.0600 0.04130
0.26) 000¢ 0.0000 .13} 0.0423
0.366 0018 0.0020 0.343 0.052) 0.0304
0.470 0030 0.0022 8.552 0.0377
0.974 009% 0.005%) 0.762 0.045%4 0.0378
0.470 0359 0.0144 0.972 0.034)
0.702 118) 0.0389 9.181 0.03%0
,,,,, 0. 9.391
0.990 502} 0.17%4 9.587

3.162  0.9%7 0.9266
3.269 0.7096 0.5508
3.375  0.4777  0.)814
3.401 0.370% 0.2350
3.505 0.)144 0.1917
3.690 0.2720 0.1917
3.798  0.2%42 0.16)4
3.900 0.2436

4.008 0.2132 0.1390
4.110 0.1080 0.1)07
4.215  0.1000 0.12)

6.529 0.1434 0.099)
6.634 0.1377  0.0099
4.740 0.129% 0.0064
4.045  0.1210 0.0004
4.950 0.1160 0.0703
$.08¢ 0.1134 0.0636
$.212 0.0617
$.420 0.097%  0.0387
$.630 0.0609
$.037  0.0912 0.0318
6.043 0.03854
€.254 0.0932 ¢.0%61
6.462  0.0486
6.670 0.0001 0.04%4
6.07 0.0499
7.008  0.07290 0.050¢
7.29¢ 0.0402



C.11 Experimental run no. 90-014

Solution contents: 0.485 wt.% Neodol 25-38
8.0 wt.% NaCl
2.37 pH (injected)

Total injection: 289 PV

CORE CHARACTERISTICS
Core 1D: WK-38
Weilght: 435.65
Thiocknees: 35.08
Diameter: 88.32
Wellbore diameter: 3.568

Pore volume: 47.95
Porosity: 22.37 %

g 333°




Effuent Tracer Surfactant Effiuent Tracer Surfactant
PV CC, CK, PV cCc, CC,

-0.053 -0.0001 0.0000 7.407 0.0001

0.0 0.0001 0.0000 7.611 0.0160

0.13¢ 0.0000 0.0000 7.81%5 0.0002 o

0.23 0.0000 0.0000 8.018 0.0151

0.341 0.0000 0.0000

0.44) 0.0000 0.0000

0.5%44 0.0000 0.0000

0.64% 0.0295% 0.0000

0.74¢ 0.1102 0.0000

0.540 0.2380 0.0310

0.9% 0.4151 0.0630

1.081 0.%001 0.096¢7

1.153  0.7302 0.1471

1.253 0.83262 0.2344

1.3%7 0.9272 0.322%

1.459  0.9576¢ 0.413%6
1.561  1.0114  0.4769

1.66) 0.549)
1.764 0.619)
1.066 0.6532

1.967 1.0238 0.7077
2.069 0.994) 0.7378
2.171  0.9988 0.77%4
2.273  1.0196 0.8106
2.376¢  0.9000 0.9309
3.470  1.0307 0.8498
2.500 1.0003 0.0630
3.602 C0.0940
2.763  1.0157 0.9046
$4§ 10240 o.%009
50T o0.9027 o0.9131
3.177  0.983) 0.9131
3.200 0.9942 0.905)
3.303  0.968%  0.946)
3.406 0.9571  0.8996
3.500 0.902)
3.691 , 0.8270
3.793  0.0511 0.7764
3.098 0.7269 0.6762
3.997  0.5601 0.3479
4.100 0.3784 0.4041
4.202 0.3168
6.304 C0.2207
4.407 0.0009 0.1653
4.510  0.0440 0.149)
4.613  0.0223 0.1233

4.718  0.0120 0.0927
4.010 0.007¢ 0.0068
4.930 0.0083 0.0713
$.02) 0.0036 0.0638
$.17% e.0890
$.370  0.0013 0.M432
$.500 0.040)
$.703  0.0007 0.033
5.908 0.0200
6.109 0.0003 0.027)
6.2 0.0290
6.59% 0.0003 0.022)
6.790 0.020
7.001 -0.0002 0.0307
7.304 0.0100
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C.12 Experimental run ne. 91-043

Solution contents: 0.520 wt.% Neodol 25-38
80 wt.% NaCl
1253  pH (injected)

Total injection: 3.08 PV

Diameter: ﬁ:éé
Pore volume: 48.92
Poroslty: 203%

5. 333°




Effluent Tracer Surfactant Effluent Tracer Surfactant

EE.

s33s333ask
L™ X" 1 - ] -
ol B~ N B N R |

PV CAC, (o7, o PV cyc; Cﬂf;
0.000) 0.0000 €.374 0.0017
0.0002 0.0000 6.470 0.0139
0.0002 0.0000 6.501
0.0008 0.0000 6.684 0.0013
0.0003 0.0000 6.707 0.0117
0.0012 0.0000 6.090 B
0.0138 0.0000 6.993  0.0010
0.0704 0.0000 7.0958 0.0100
0.2519 0.0000 7.199
0.4%03 0.0401 7.301 0.0008 o
0.6930 0.2035 7.404 0.0096
0.0505 0.3029 7.506 )
0.9001 0.5374 7.610 0.0008
0.9860 0.634) 7.713
0.9040 0.6909 7.016 0.0001
0.9976¢  0.7510 7.919  0.0006
1.0211 0.9013 $.022
1.0145 0.8217 .128
0.9076¢ 0.8509 $.220 0.0005 0.0070
1.0072  0.974)

1.0074 0.9937
1.0070  0.9190
1.0002 0.918)
0.9862 0.9334
1.0093 0.9387
1.0002 0.9348
0.9933  0.9269
0.9951 0.9299
1.0117  0.9410
1.0200 0.9377
0.9095 0.0910
0.9459  0.0061
0.0664 0.6500
0.7244 0.5269
0.565S 0.)9%4
0.4311  0.3201
0.2926 0.2406
0.1003 0.1647
0.1211 0.1407
0.0013  0.108)
0.0578 0.097%
0.040¢ 0.072)
0.0270 0.0574
0.0196¢ 0.0454
0.0134 0.0306
0.0099 0.0308

 0.0291
0.0089
0.0213
0.0030 0.023%
0.0190
0.0023

e.01%)
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C.13 Experimental run ne. 90-020

EXPERMENTAL SPECIFICATIONS
Solution contents: 0.471 wt.% Neodol 28-38
80  wt.% NaCl
6.44 pH (injected)
injection rate: S mL/h
Totsl injection: 280 PV
Cong CHARACTERISTICS
Core ID: WK-32
Weight: 43485 ¢
Thicknees: 38508 mm
Diameter: 8821 mm
Wellbore diameter: 35 mm
Pore volume: 487 om
Porosity: 22.80 %




L od
[ ]

Effiuent Tracer Surfactant Effiuent Tracer Surfactant
PV c/C, ccC, PV cC, ce,

0.049 0.0000 0.0000 6.029 0.0230

0.051 0.0002 0.0000 §.127 0.022%

0.18% 0.0020 0.0027 6.22¢ 0.0008 0.0200

0.263 0.007¢4 0.0142 €.32¢ 0.0302

0.369 0.0204 0.011% 6.425 0.0181

0.477 0.043% 0.02%0 6.53%

0.587 0.0962 0.0360 6.624 0.0004 0.0143

0.69¢ 0.2163 0.040¢ §.723

0.808 0.3017 0.0659 6.021 0.0160

0.910 0.4370 0.0791 §.91%

1.014 0.5958 0.0978 7.018 0.0147

1.117  0.6714 0.1198 7.118

1.210 0.765% 0.1309 7.218 0.0122

1.318 0.0065 0.1%01 7.318

1.417 0.9471 0.2618 7.418 0.0002 0.0128

1.516  0.0936 0.3672 7.520

1.613 0.952) 0.4350 7.822 0.0107

1.710 0.9300 0.517 7.734

1.007 0.9493  0.6065 7.826 0.0001 0.010S

1.904 0.95%2 7%

2.002 7347

3.101 0.9508 7769

3.300 1.0038 207%

2.300 0.9299 434

a.399 0.9534 0676

2.499  0.9049 (1371

2.999 1.007) 2958

3.445 0.0079

3.643  0.8077
3.742  0.6938
3.040 0.5691
3.937  0.4579
4.033  0.3070
4.132  0.307%
4.230 0.2353 0.1820
4.320  0.1917 0.1348
4.4236 0.1437 0.1345

4.626 0.00080 0.0934
4.726 0.0660 0.0788
6.827 0.0468 ©0.0360
4.920 0.0603
$.031 0.0370 0.0510
$.133 0.0101 0.0400
$.232 0.0403
$.331 0.0113 0.0391
$.430 0.0000 0.03e4
$.530 0.0063 0.0312
$.631 0.0048 0.037)
$.731 0.0032 0.030)
$.831 0.0027 0.027%
s.9 0.0250



C.14 Experimental run no. 91-044
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EXPERIMENTAL SPECIFICATIONS
Solution contents: 0.453 wt.% Neodol 25-3S
8.0 wt.% NaCl
6.00 pH (injected)
injection rate: 120 mlL/h
Total injection: 294 PV
Cone CHARACTERISTICS
Core 1D: WK-51
Weight: 434.71 g
Thicknees: 3490 mm
Diameter: 8830 mm
Wellbore diameter: 33 mm
Pore volume: 4931 om
Poroelty: 23.11 %




EMuent Tracer Surfactant Effiuent Tracer Surfactant
PV CC, CLC, PV cC, CKg,
-0.001 0.0000 0.0000 ¢.1085%
0.098 -0.0001 0.0000 §.208
0.199 0.0002 0.0000 §.300 0.0000 0.0104
0.300 0.0001 0.0000 §.490
0.402 0.0001 0.0000 §.591
0.%0) 0.0002 0.0000 §.69) 0.0008
0.604 0.0041 0.0000 6§.794 0.aone
0.708 0.0347 0.0000 .09 )
0.0806 0.1358% 0.0020 Q.DD? 0.0006
0.907 0.3080 0.0346 7.099
1.000 0.5167 0.1017 7.200 0.005%9
1.109 0.697) 0.1871 ?;392 0.0006
1.3210 0.01158 0.2590 7.404
1.312 0.9104 0.373% 7.5%0%
1.413 0.9630 0.4720 7.607 0.0004 0.0054
1.514 0.9000 0.%62) 7.708
1.618 0.9091 0.59909 7.810
1.717 0.90%7 0.6560 7.911 0.0004
0.01)% 0.0069

1.810 0.9654 0.7269
1.919 1.0011 0.731)
a.021 1.0107 0.7440
3.123 1.0010 0.7590
a.334 1.02%3 0.7910
3.32% 0.9954 0.0019
3.427 0.9907 0.806)
3.530 1.0192 0.8317
2.6)0 0.9951 0.8071
2.731 0.9792 0.0)310
2.0 1.0038 0.0310
*.!ii 0.99%0% 0.0440
. 1.0107 0.8414
3.13¢ 1.02) 0.0653
3.230 0.9900 0.8627
3.340 0.9970 0.0750
3.442 1.0160 0.0459
1.543  0.9990 0.8049
3.64% 0.95%79 0.69¢)
3.746  0.0440 0.579S
3.048 0.7000 0.4354
3.949 0.59¢¢ 0.3600
4.081 0.4209 0.303¢
4.152 0.3310 0.2231
4.2%54 0.243) 0.178)
4.3%¢ 0.1651 0.141¢
4.450 0.1081 0.0961
4.9%9 0.0677 0.07¢9
4.660 0.0427 0.0607
4.762 0.0204 0.0824
4.06) 0.0192 0.039%4
4.965 0.014%5 0.0362
$.067 0.0107
$.168 0.000)
$.370 0.0067 0.0201
$.372 0.0082
$5.474 0.0044 0.0161
$.978 0.0034
$.67¢ 0.0029
$.770 0.0032 0.0134
$.000 0.00)
$.901 0.0019
6.003 0.001¢ 0.009)



C.18 Experimental run neo. 91-036
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EXPERMENTAL SPECIFICATIONS
Solution contents: 0.501
3.0
5.80
injection rate: 20
Total injection: 5.99
CORE CHARACTERISTICS
Core ID: 08-03
Welght: 432.22
Thicknees: 35.10
Diemeter: 88.38
Wellbore diameter: 3.60
Pore volume: 40.82

Porosity: 271 %

wt.% Triton X-100
wt.% NaCl

PH (injected)
mU/h

PV




[ ]
Lr
~

Cc/C, ce,

0.031 0.0001 0.0054
0.071 -0.0002 0.00%7
0.173 0.0001 0.0052
0.274 0.0000 0.00%4
0.376 -0.0001 0.0040
0.479 -0.0001 0.0046
0.500 0.0007 0.0047
0.682 0.0117  0.004%
0.784 ©0.075%  0.0047
0.986 0.2)60 0.0044
0.988 0.4713  0.0048
1.089 0.6992 0.0048
1.191  0.8524 0.0052
1.2%4  0.9277  0.0061
1.39¢ 0 %4%0 0.005%
1.497  0.9992  0.0067
1.599  1.0097 0.0077
1.701  1.012) 0.0084
1.003 1.0076¢ 0.0121
1.906 1.0135  0.0299
2.007 1.0004 0.081)
2.109 0.9020 0.188)
1.212 0.3325
2.314  1.0108 0.4715
2.416 0.502)
2.518  1.0119 0.6774
2.420 0.7511
2.721  0.9870 0.0021
2.02) 0.839)
2.925 0.9971 0.064)
3.027 0.0091
3.120  0.9500  0.907¢
3.230 0.9202
3.332  1.0142  0.931)
3.434 0.9406¢
3.536 0.9001 0.946%
3.6)9 0.9585
3.742  0.9940 0.9601
3.045 0.9653
3.940  1.0091 0.9704
4.051 0.9771
4.153  0.9894 0.9770
4.2%6 0.9779
4.359  0.9996 0.9819
4.461 0.9863
4.559  0.9068 0.9065
4.657 0.9004
4.760 0.9802 0.9943
4.062 0.993%0
4.965 0.9751 0.9949
5.067 0.9901
S.169 0.9741 0.9945
5.272 T 0.9922
$.374 0.9653 0.99%4
$.476 0.9954
$.579 0.9601 0.9951
s.601 0.9904
$.704 0.9626 0.9900
S.008 0.996)
*Q‘.* 0.9616 1.0002

. 0.979% 1.007%

Effuent Tracer Suriactant
(4] cC, c/C,
6§.19%7 0.95%7% a.2008%
§.301 0.9723 0.9203)
§.404 0.982) 0.9047
€.500 0.9090 0.9024
§.611 0.98010 0.904)
§.714 0.9098 0.990)
§.017 0.9607 0.9%%7
$.%20 o.e070 0.86)%
7.02) 0.711) 0.5008
7.1326¢ 0.49%44 0.5348
7.229 0.2680 0.391%
7.331 0.140)3 0.2041
7.434 0.073% 0.2141
7.537 0.0410 0.1679
7.640 0.0242 0.137
7.743 0.014% 0.1024
7.8046 0.00%) 0.0%1)
7.94% 0.0061 0.003)
8.052 0.004) 0.07¢7
8.154 0.0711
8.2%7 0.0021 0.068)
8.360 0.0821
0.462 0.0012 0.0500
0.56% 0.0550
8.660 0.0011 0.05M
9.771 0.0514
6.874 0.0009 0.049%4
0.976¢  0.047)
9.079 0.0008 0.0442
’.182 ~ 0.0448
9.204 0.0007 0.0440
9.307 . 0.0426
.40 0.000% 0.0418
9.591 0.0407
9.69) 0.0006 0.0398
9.798 0.03%)
9.098 0.0004 0.030%
10.001 0.037%
10.103 0.0002 0.037¢
10.206 0.037¢
106.308 0.000% 0.03487
16.411 0.0342
10.514 0.000) 0.03)5%9
10.614 7 0.03%)
10.719 0.000) 0.0349
10.021 ) 0.0347
10.934 0.000) 0.0342
11.01¢ 0.0348
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C.16 Experimental rua no. 91-034

Solution contents: 0.472 Wt.% Triton X-100
8.0 wt.% NaCl
6.00 pH (injected)
injection rate: 20 mbL/h
Total injection: 639 PV

Pore volume: 425 om
Porosity: 20.54 %




\IU

Effiuent Tracer Surfactant Etfivent Tracer Surfactant
(4] c/C, c/C, (4] cC, cC,
-0.012 -0.0000 0.0000 €.934 0.94%0 0.968)
0.103 0.000f 0.0000 7.037  0.9798 0.9690
0.21¢ 0.0001 0.0000 7.14) 0.%484 0.9%342
0.328 -0.0000 0.0000 7.2%6 0.8766 0.81%4
0.441 -0.0002 0.0000 7.369 0.60%0 0.6667
0.9%) 0.0007 0.0000 7.402 0.49%48 0.5240
0.666 0.0162 0.0000 7.594 0.3624 0.4107
0.779 0.107¢ 0.002) 7.709 0.2416 0.31%2
0.092 0.2949 0.002) 7.022 0.1645% 0.2434
1.004 0.%506% 0.0022 7.93%  0.1142 0.1927
1.117 0.6817 0.0023 8.040 0.07.. 0.1532
1.230 0.7975 0.002) 8.161 0.05:0 0.1269
1.34) 0.0932 0.0024 8.174 0.041¢ 0.109%
1.458 0.9399 0.002% 8.30/ 0.032% 0.0%4¢
1.%67 0.98%83 0.0026 9.500 0.024) 0.0803
1.679 0.999¢ 0.0029 §.61) 0.019¢ 0.07)%
1.791 0.9731 0.00%4 §.726 0.0165 0.0668
1.904 1.04%59 0.0204 8.83% 0.0131 0,0607
a.017 1.049%9 0.0961 §.951 0.0111 0.054%%
3.130 1.02)39 0.1061 9.064 0.05%1%
.20 0.1712 9.177 0.0077 0.0474
2.3% 1.0052 0.2506 9.290 . 0.048)
3.469 0.3341 9.40) 0.0058 0.0417
2.%502 1.0074 0.4120 9.51¢ 0.0402
2.69%6 0.4830 9.629 0.0042 0.03)77
3.009 0.987¢ 0.5440 9.742 0.03%%
3.971 9.054 0.0032 0.0342
3.162 0.9909 0.6750 9.947 0.0329
3.2%9 0.7467 10.000 0.0024 0.031)
3.32¢ 1.02%1 0.7766 10.19} 0.030%
3.4) 0.800)3 10.308 0.0018 0.02%
3.5%2 1.002% 0.933) 10.419 0.028%
3.66% 0.055%0 10.%31 0.0015% 0.027%
3.770 0.9724 0.873¢ 10.642 0.0289
3.091} 0.007¢ 10.75%) 0.0010 0.0382
4.00) 0.9749 0.0980) 10.0¢) 0.02%8
4.116 0.9130 10.97) 0.0009 0.024¢
4.329 0.9799 0.919) 11.003 0.0244
4.342 0.9321 11.1% 0.0007 0.0237
6.4%% 0.9866 0.935%8%
4.560 0.9424
4.601 0.9920 0.951¢
4.798 0.93%0¢
4.900 0.9011 0.9613
$.02} 0.96%7
$.13¢ 1.0109 0.9664
$.240 0.9602
9.361 0.906% 0.9742
$.427 0.97%0
9.49¢ 0.9632 0.9000
$.607 0.900%
$.720 0.9946 0.9009
$.03) 0.90%4
$.94¢ 0.9051 0.90%0
6.059 0.900)
6¢.17) 0.9719 0.9079
6.206 0.9900
"*'* 0.9848 0.9900
. 0.9784
6.597 0.9000 0.9%07
6.767 0.97%4 0.9%01
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C.17 Experimental run no. 91-038

EXPERIMENTAL SPECIFICATIONS
Solution contents: 0.490 wt.% Triton X-100
12.0 wt.% NaCl
7.32 pH (injected)
injection rate: 20 ml/h
Totsl injection: 8.21 PV
Conre CHARACTERISTICS
Core 1D: DS-02
Weight: 43018 ¢
Thickness: 4.7 mm
Diameter: 6833 mm
Welibore diameter: 330 mm
Pore volume: 49.75 om’
Porosity: 21.98 %




256

Effiuent Tracer Surfactant Effiuent Tracer Surfactant

PV cC, (o7, o (4] c/C, c/C,
0.016 0.0000 0.0000 6.421 0.9320 0.9569
0.088 0.0000 €.529 0.9931  0.9647
0.111 -0.0001 0.0000 6.637 0.9321 0.9641
0.219 -0.0000 0.0000 €.74% 0.9%32 0.9712
0.32% 0.0000 0.0000 6.052 0.9674 0.9782
0.431 -0.0002 0.000% 6.960 0.9302 0.942)
0.5 0.0002 0.0011 7.088 0.9607 0.0949
0.642 0.005%6 0.0011 7.175% 0.8421 0.75%540
0.748 0.0%22 0.0010 7.20) 0.6378 0.5759
0.855% 0.2001 0.0010 7.390 0.4340 0.4300
0.962 0.4249 0.0009 7.496¢ 0.2625 0.302%
1.069 0.637) 0.0007 7.602 0.1498 0.2100
1.17% 0.7064 0.000% 7.70% 0.0811 0.1510
1.202 0.80%0 0.0009 7.817 0.0417 0.1118
1.309 0.9385 0.0009% 7.934 0.0238 0.094)
1.497 0.9710 0.001) $.032 0.0124 0.0784
1.604 0.99)5 0.0011 2.1} 0.0070 0.0661
1.710 1.0068 0.0016 8.246 0.0046 0.0372
1.01¢ 0.0014 9.354 0.0026 0.0499
1.92) 1.0319 0.0015% §.4632 0.0444
2.029 1.0164 0.002% D;Sj! 0.001) 0.040)
2.1% 1.0204 0.010% 0.677 0.037)
1.24) 1.0134 0.041% §.7904 0.0000 0.033
2.34% 1.0031 0.0%86 9.092 0.0312
2.456 0.997¢ 0.1720 9.000 0.000% 0.0291
2.56) 0.9834 0.2707 $,107 = 0.0274
2.671 1.0030 0.3718 9.215 0.0005 0.0260
2.770  0.9980 0.4699 $.32) 0.0246
2.006 1.0090 0.5524 9.430 0.0005 0.0234
2.99) 1.0120 0.629% 2.5 0.03a3
3.100 0.695% 9.646 0.0004 0.021)
3.207 0.9776 0.743% 9.7%) 0.03207
3.31% 0.7912 9.861 0.0008 0.019Y
3.422 0.9872 0.0202 9.968 0.019%
3.529 0.0444 10.076¢ 0.0008 0.0106
3.637  0.9019 0.0669 10.10) 0.0180
3.744 0.0 10.291 0.0008 0.019)
3.052 0.9787 0.903 10.399 0.0160
3.9%9 Q.Qlll 10.5%08% 0.0008 0.01¢8
4.066 0.9240 0.9260 10.612 0.0164
4.174 0.9340 10.719 0.0004 0.0157
4.201  0.9414 0.9442 10.927 0.0152
4.300 0.9463 10.9%¢ 0.0004 0.0152
4.495  0.9647  0.9541 11.041 0.0150
4.60) , 0.9601 11.148  0.0003 0.0146
4.710  0.9%67 0.967) 11.256 0.0140
4.010 , 0.9700 11.364 0.000) 0.0140
4.926 0.9792  0.9659 11.471 0.0138
5.0}) 0.977%
S.141 0.935035 0.9004
S.240 2 0.981)
5.386 0.9207 0.9040
5.464 0.9077
S.S71  0.9645 0.9900
5.679 ) 0.900)
$.707 0.9578 0.9930
$.098 0.9931
6.002 0.9934 0.99)7
6.110 0.994)
‘ii** 0.9431 0.9904

314 0.9642 0.972)
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C.18 Experimental run ne. 91-041

EXPERIMENTAL SPECIFICATIONS
Solution contents: 0.505 wt.% Triton X-100
30 wt.% NaCl
6.00 pH (injected)
injection rate: 80 mb/h
Total injection: 6.68 PV

CORE CHARACTERISTICS
Weight: 4428 ¢
4.9 mm
Dlemeter: 8843 mm
Welibore diameter: 328 mm
Eﬂ:

Pore volume: 48.08
Poroeity: 21.50 %




258

Effluent Tracer Surfactant Effiuent Tracer Surfactant
PV t:ﬂ:. CH(;, PV ce, cC,
-0.0326 0.0001 0.003s 6§.640 0.99%9 0.9716¢
0.004 0.0001 0.003? §.755% 0.975%
0.195 0.0002 0.003) {i*g* 1.004) 0.9768
0.305% 0.0001 0.003%0 . ¥ 0.9470
0.414 0.0029 7.003  1.0302 0.96))
0.524 0.0023 0.0020 7.191  1.025) 0.9634
0.634 0.0205 0,002% 290 1.0126 0.9681
0.744 0.1192 0.0025% 7.40% 0.9973)  0.9704
0.054 0.2755 0.002% 7.188 1.0001 0.9551
0.964 0.4464 0.002% 7.296 0.9998 0.2000
1.073 0.6087 0.0027 7.7320 0.9911 0.8116
1.1932 0.7406 0.0029 7.03%% 0.753% 0.4009
1.292 0.8541 0.0070 7.943 0.5%00 E;SC@C
1.402 0.0809% 0.0339 9.049 0.4362 0.4474
1.511 0.9313 0.0603 8.156¢ 0.3102 0.3%49
1.621 0.966%5 0.1102 9.264 0.20%¢ 0.200%
1.731  0.9853 0.1608 $.371 0.1374 0.2220
1.040 0.9935  0.231) 0.470 0.0920 0.1779
1.950 1.0042 0.3008 9.505 0.0606 0.1459
2.059 0.9944 0.3709 8.691 0.0419 0.1201
2.149 1.006% 0.4390 9.797 0.a208 0.1019
2.27% 1.0198 5.90) 0.01%4 0.0%49
2.388 1.0161 0.577% 9.010 0.014) 0.0840
2.497 0.9998 0.635%4 9.116 0.0768
2.607 0.6850 $.232 0.0084 0.0704
2.717 0.99%4 0.728) 9.320 0.0840
2.026 0.7652 9.434 0.00%8 0.0610
2.9  1.0140 0.793% 9.541 0.0567
3.045% 0.9199 9.647 0.0041 0.0%37
3.155  0.9893 0.842) 9.783 0.0509
3.264 0.0571 9.059 0.0033 0.0408
3.374  1.0001 0.869) 9.965  0.0468
3.40) 0.902) 10.071  0.0027  0.0451
3.592  0.9901 0.0907 10.178 0.0438
3.702 B 0.9031 10.204 0.002) 0.0420
3.012  0.9807 0.914) 10.391 0.0409
3.921 0.9201 10.497 0.0019 0,0399
4.031 0.9920 0.93264 10.60) 0.0306
4.141 0.9322 10.709 0.0017 0.0377
4.250 1,005 0.9360 10.015 0.0368
4.359 0.943% 10.921 0.0013 0.0360
6.469 1.0014 0.944) 11.027 0.0354
4.579 0.9450 11.133  0.0013  0.035)
4.600 1.0050 0.954) 11.23 0.0341
4.798 C 0.9%84 11.346  0.0010 0.0337
4.907 1.0002 0.9577 11.4%2 0.0332
5.017 0.962¢ 11.559 0.0010 0.0330
$.126 0.9927  0.9657 11.665 0.0324
.33 0.96%2 11.771  0.0009% 10,0317
$.346 1.0216 0.9664 11.877 0.0314
5.458 ] 0.9713 11.983  0.0007 0.0310
$.564 1.022) 0.9727 12.090 0.0306
S.674  0.9746 12.196¢ 0.0010 0.0304
$.783  0.9937  0.97%6 12.302 0.0300
S.09) 0.9779
€.003 1.0101 0.979)
6.111 0.9706
6.219 0.9900 0.9640
6.3326  0.9667
.40 0.9978 0.9704
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C.19 Experimental rua no. 91-033

EXPERMMENTAL SPECIFICATIONS

Solution contents: 0.488 wt.% Triton X-100
80 wt.% NaCl
6.00 pH (injected)

injection rate: 80 ml/h
Total injection: 687 PV




PV CA, Cc/C,
0.025 0.0001 0.0000
0.199 0.0000 0.0000
0.318 0.0001 0.0000
0.462 0.0008 0.0000
0.562 0.0089 0.0000
0.671 0.9372 0.0000
0.701 0.1311 0.00%9
0.06) 0.2%46 0.0056
0.925 0.376¢ 0.005)
1.029 0.5469 0.0054
1.150 0.7658 0.0074
1.256  0.0093 0.0109
1.366  0.9608 0.0157
1.474 1.009) 0.021%
1.501 1.0200 0.03277
1.609 1.0006 0.0307
1.797  1.0466 0.0627
1.905 1.0319  0.1057
2.012  1.0254¢ 0.1626
2.121  1.0197 0.2321
2.229 0.909% 0.3061
2.337  0.9026 0.3056
2.44%5  1.0099 0.459¢
2.55) 1.0119 0.52)1
2.661  0.9094 0.5064
2.760  0.9761 0.6427
2.075  0.9%0 0.6852
2.903  0.9966 0.7217
3.090 1.0260 0.7531
3.198  1.0003 0.7799
3.306 0.7989
3.414  1.0040 0.01%7
3.523 0.0332
3.633  0.972%  0.8)9S
3.740 0.0518
3.040  0.9803 0.0772
3.958 0.9726¢
4.06) 0.9092 0.0007
4174 0.90909
4.205 1.0000 0.0966
4.392 C e.s011
4.500 0.9094 0.9044
4.600 0.9041
4.716  0.9904 0.9166
4.924 C O 0.9a11
4.932  0.982¢ 0.92%0
S.040 0.929)
S.147 0.9905 0.9327
$.258 0.9358
$.36) 1.0066 0.9420
$.470  0.9406
$.878 0.9788  0.942%
S.68S 0.9471
$.793  0.9842 0.9479
$.900 0.9490
6.007 1.007¢ 0.935)
6.114  0.9504
€.221 1.0097 0.9340
6.329 0.9560
6.437 0.9788 0.9572

0.9440

EMuent Tracer Surfactant
PV c/C, ce,
6.652 0.9984 0.9%92
6.760 . 0.9602
*‘*g* 1.0072 0.9603
576 0.9737 0.9372
7.001  0.9806 0.9150
7.189  0.9814 0.9117
7.297 0.9894¢ 0.9127
7.408 0.995%0 0.9214)
7.514 1.0209 0.908)
7.622  0.9067 0.0662
7.730 0.9131 0.7777
7.037  0.7048  0.6407
7.945  0.6312 0.4944
0.053 0.4345 0.3037
0.161 0.2638 0.2049
8.269 0.1476 0.2108
0.376 0.0830 0.1592
0.404 0.0456 0.1259
9.591 0.0205 0.1018
8.699 0.0192 0.0061
8.807 0.0134 0.0747
8.914 0.0093 0.0656
9.022 0.0064 0.0580
9.130 0.0048 0.0522
9.237 0.003) 0.0473
9.345 0.0027 0.04))
9.452 0.0016 0.0402
9.560 0.0015 0.037¢
9.660 0.0010 0.0381
$.778% 0.0331
9.00) 0.0000 0.031)
9.991 0.0299
10.090 0.0007 0.0200
10.206 ] 0.0273
10.313  0.0006 0.03263
10.431 0.0252
10.538  0.0006 0.0343
10.636 ©0.0237
10.744 0.0003 0.0239
10.082 0.0224
10.960 0.0003 0.0317
11.060 0.0212
11.178  0.0004 0.0206
11.29 , 0.0202
11.391  0.0003  0.0197
11.499 0.019)
11.606 0.0004 0.0109
11.716¢ 0.0187
11.822 0.0002 0.0104
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C.20 Experimental rua ne. 91-039

EXPERMMENTAL SPECIFICATIONS
Solution contents: 0.498 wt.% Triton X-100
3.0 wt.% NaCl
6.00 pH (injected)
injection rate: 120 ml/h
Total injection: 719 PV
Cong CHARACTERISTICS
Core 1D 0S-04
Weight: 43000 ¢
Thicknees: 38.17 mm
Diameter: 8843 mm
Wellbore diameler: 346 mm
Pore volume: 4847 om
Poroeity: 2247 %




Effluent Tracer Surfactant

PV  CC, cC,

262

-0.029
0.07)
0.170
0.20)
0.309
0.494
0.599
0.70S
0.010
0.91%
1.032
1.129
1.338
1.340
1.443
1.550
1.653%
1.760
1.865
1.969
2.074
2.179
4.204
3.389
2.49%¢
2.999
a.704
a.809
a.9%14
3.019
3. 124
3.229
3.3%
3.4)
3.544
3.649
3.754
3.059
3.964
4.060
4.173
4.200
4.308
4.49)
4.598
4.70)
4.008
4.912
$.017
$.123
$.226
.33
$.436
$.541
$.646
$.7%0
$.0%3
$.960
6.063
6.169
6.274

0.0002
0.0001
0.0002

-0.0000
-0.0001

0.0001
0.0027
0.026¢6
0.1091
0.2029
0.5567
0.7734
0.9197
0.967)
0.9739
1.0080
0.9791
0.9802
0.9982
1.0077
1.0080
0.9918
1.0072
1.0072
1.0198
0.9021
0.9095
0.9071
0.906)
0.9970
1.0133
1.0090
0.97¢6
1.0106
1.0081
1.0001
1.0109
0.9911
0.9084
0.9979

0.9078

0.0078
0.0074
0.0069
0.0060
0.0054
0.0048
0.0045%
0.0042
0.0030
0.0036
0.0033
0.003¢
0.0040
0.0089
0.02%1
0.0559
0.1009
0.208)
0.3414
0.4502
0.9379
0.6167
0.6792
0.7302
0.756¢8
0.7944
0.0262
0.8431
0.0349
0.0751
0.809)
0.0%00
0.9086
0.9144
0.9232
0.9313
0.9284
0.9343
0.949%4
0.9467
0.9538
0.93%9
0.9530
0.9506
0.9638
0.95%¢0
0.9672
0.969¢8
0.9703
0.9701
0.9766
0.90)3
0.9046
0.907%
0.9798
0.976)
0.906¢
0.9064
0.9088
0.900)
0.963)

Effiuent Tracer Surfactant
PV c/C, c/C,
6.378 0.9978 0.9%08%
6.483 0.9896
6.500 0.908) 0.9902
6.69) 0.9922
6.797 0.9911 0.99230
6.902 0.986%
7.007 1.0181 0.9951
7.111 ~1.0029
7!§;; 1.0217 0.9970
. 1.0123  0.9656
7.389 1.0322 0.9326
7.495  1.0095 0.9179
7.601 1.0203 0.9392
7.707 0.9391 0.9422
7.812 1.0506 0.90532
7.910  0.9800 0.930)
0.024 0.9806 0.9557
§.129 0.0952 0.72%2
8.235 0.6663 0.5638
0.340 0.4359  0.445)
0.446 0.2406 0.3178
0.551 0.1213 0.2346
8.657 0.0617 0.1782
8.762 0.035) 0.1416
9.868 0.0224 0.1156
0.973  0.0156¢ 0.1038
9.07% 0.0112 0.0916¢
9.184 0.0081 0.0820
9.290 0.0064 0.0745
9.398  0.068)
9.501 0.0041 0.0633
9.606 0.0593
9.711 0.0031 0.0558
9.016 0.052¢
9.922 0.001% 0.0%01
10.028 0.0479
10.133  0.0021 0.0460
10.239 0.044)
10.344 0.0016 0.0420
10.450 , 0.0412
10.588 0.0013 0.0402
10.661 0.0391
10.76& 0.0011 0.0301
10.872 0.0
10.977  0.0009 0.0362
11.083 0.038$
11.180  0.0008 0.0348
11.29%4 , 0.0340
11.400 0.0009 0.0334
11.50%  0.0320
11.611  0.0000 0.032%
11.717 0.0321
11.023  0.0007 0.0316¢
11.920  w.0310
12.034 0.0007 0.0308
12.13  9.0303
12.244 0.0007 0.0290
12.329 0.0297



C.21 Experimental runa no. 91-040
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EXPERIMENTAL SPECIFICATIONS
Solution contents: 0.504
3.0
12.00
injection rate 20
Total injection: 6.38
CORE CHARACTERISTICS
Core 10: DS-05
Weight: 430.07
Thicknees: 34.89
Diameter: 88.39
Wellbore diameter: 3.28
Pore volume: 47.48
Poroeity: 221 %

wt.% Triton X-100
wt.% NaCl
PH (injected)

mU/h
PV

333°

i




Effiuent Tracer Surfactant Etfiuemt Tracer Surfactant

PV  C/C, C/C, Fv C/C, C/C,
-0.035 -0.0001 0.0027 %‘%*% 0.9895 0.9955%
0.06S -0.000) 0.0027 . 0.9064 1.0116
0.171 -0.0002 0.0029 6.55%7 0.9705 0.9929
0.276 0.0001 0.0027 6.662 1.00%5 0.9960
0.301 -0.0002 0.0027 6.768 0.9671 0.9898
0.486 0.0000 0.0020 6.874 0.9822 0.9976
0.592 0.0020 0.0020 6.979 0.991) 0.9922
0.69%7 0.0306 0.0027 7.00% 0.970) 0.9806
0.002 0.1246 0.0027 7.191 0.956) 0.9190
0.907 0.3030 0.0032 7.297 0.839%> 0.0239
1.01) 0.52680 0.0036 7 43 0.6627 0.6660
1.118 0.7066 0.0043 7.508 0.4575 0.5111
1.22) 0.8339 0.0051 7.614 0.2874 0.3790
1.329 0.9121 0.0007 7.720 0.1766 0.2752
1.434 0.9382 0.0263 7.826 0.1022 0.2026
1.539 0.9574 0.0794 7.932 0.0610 0.1551
1.649 0.9573s 0.1742 9.030 0.0366 0.1238
1.750 0.973% 0.3008 8.145 0.0225 0.1048
1.856 0.994) 0.4434 9.251 0.0146 0.0927
1.961 0.9664 0.5564 0.356 0.0014
4.067 0.9764 0.6560 8.462 0.0097 0.0727
2.172 1.0019% 0.7348 8.560 0.0659
2.370 0.9671 0.7085 8.674 0.0071 0.060)
3.304 0.9905 0.8320 8.700 0.0563
3.409 0.0708 9.885 0.0040 0.0525
3.998 1.0008 0.0996 0.991 0.0497
2.701 0.9151 9.097 0.0027 0.0471
3.807 0.9046 0.933 9.20) 0.0449
2.91) 0.940) 9.310 0.0017 0.0430
3.019 1.0042 0.9451 9.416 0.0416
3.1328 0.9592 9.521 0.0010 0.0405%
3.231 0.9932 0.962¢ 9.627 0.039)
3.3 0.972% 9.73) 0.0010 0.0380
.40 0.9872 0.9721 9.03 0.0369
3.540 0.9741 9.94% 0.0000 0.0359
3.65¢ 0.995¢ 0.9007 10.050 0.0351
3.760 0.9061 10.155 0.0004 0.034)
3.067 0.993) 0.9847 10.361 0.033¢
3.97 0.9047 10.3¢66 0.000S 0.03)1
4.001 0.9721 0.9910 10.471 0.032¢
4.190 0.9012 10.577 0.000¢ 0.03)9
4.290 0.9693 0.9905 10.60) 0.032)
4.404 0.99%¢¢ 10.788 0.0006¢ 0.0307
4.511 0.9674 0.9947 10.09% 0.0302
4.617 0.9930 11.000 0.0004 0.03299
4.72) 0.9820 0.99%) 11.108 0.029%
4.02 0.990S 11.311 0.0002 0.0292
4.938 0.9901 0.9934 11.316 0.0209
$.041 0.9961 11.397 0.0002 0.0204
S.148 1.0050 0.9997
$.29%8 0.9940
$.360 0.984) 0.99%2
5.466 0.99%0
5.572 0.9092 0.9912
5.677 0.9827
$5.782 0.9078 0.99%0
$.000
$.99%4 0.979% 0.99)3

¢
:.30! 1.0083 0.9%8¢
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C.22 Experimental run no. 91-038

EXPERIMENTAL SPECIFICATIONS
Solution contents: 0.498 wt.% Triton X-100
80  wt% NaCl
12.00 pH (injected)
injestion rate: 20 mU/h
Total injection: 6.79 PV
Conre CHARACTERISTICS

Weight: “ur4 g
Thickness: 40 mm
Diemeter: 8830 mm
Wellbore diameter: 30 mm
Pore volume: 43.18 om'

Porosity: 19.94 %




Effiuent Tracer Surfactant

PV CC, CIC,

-0.042 0.0001 0.0161
0.075 -0.0000 0.01M
0.191 0.0000 0.0117
0.307 0.000¢ 0.0097
0.423 0.0001 0.0115
0.540 0.0000 0.0091
0.658 0.0164 0.0074
0.773 0.1014 0.0070
0.890 0.4900 0.0066
1.006 0.5260 0.0063
1.122 0.7202 0.0060
1.238  0.8384 0.0060
1.383 0.9325 0.0061
1.469 0.9437 0.0070
1.588 0.9891 6.0110
1.701 0.9880 0.0267
1.817 0.9701 0.0649
1.932 1.0074 0.1265
32.074 0.9910 0.3139
2.219% 0.999S 0.3491
2.331  0.9916 0.4632
3.447 0.9701 0.557¢
2.562 0.9650 0.643¢
2.679 0.9938 0.7124
3.79%¢ 0.7532
2.909 0.9709 0.0006¢
3.038 0.815)
3.141 0.9719  0.9650
3.3%7 0.089)
3.37) 0.9747 a.09%84
3.4680 0.9155%
3.603 1.0350 0.229%
3.719 0.%400
3.038 0.9870 0.%41%
3.981 0.9444
4.066 0.959¢ 0.9503
4.182 0.9443
4.290 0.9822 0.%622
4.414 0.947)
4.%530 1.0050 0.9334
4.646 0.9462
4.752  0.979S 0.9704
4.061 0.9439
4.901 0.9691 0.%460
$.097 0.9686
$.213 0.9947 0.9762
5.320 0.97¢9
$.444 0.9696¢ 0.9674
$.560 0.979%
$.678 0.9622 0.97%)
$.791 0.%812
$.907 0.973¢ 0.9829
6.022 0.9008
6.138 1.017% 0.97M8
6.235) 0.5014
€.369 0.9971 0.9930
6.40% 0.301%
6.601 0.9712 0.97TTHS
6.690 0.99)1
9.9008 0.%07¢

. . . ’"' . = ““

Effiuvent Tracer Surfactant
PV c/C, C/C,
7.034 0.99012 1.0001
7.149 0.9522 0.9997
7.265 0.9048 0.9947
7.380 1.0028% 0.9772
7.495% 0.9600 D.919&
7.610 0.8821 0.8071%
7.725 0.6699 0.625%0
7.6840 0.45%61) 0.47%0
7.956 0.2929 0. 3495
8.071 0.1808 0.25%31
#.106 0.1121 0.1899
9.302 0.06613 0.143)
8.417 0.0402 0.1134
.53} 0.0217 0.0949
8.640 0.0113} 0.0804
0.764 0.008) 0.0709
8.879 0.0055% 0.062)
8.995% 0.0038 0.05%64
9.110 0.0029 0.0514
9.22% 0.0472
9.341 0.0017 0.0466
9.4%7 0.0406
9.572 0.0009 0.0381
9.688 0.03%1
9.804 0.0009 0.0342
$.920 0.0325
10.013S% 0.0006 0.0310
10.151 0.0298
10.247 0.0008 0.0200
10.383 0.0277
10.499 0.0006 0.02680
10.615 0.0262
10.731 0.0003 0.02%)
10.047 0.0246
10.96) 2.0004 0.0241
11.079 0.023)
11.196¢ 0.0003 0.0229
11.312 0.0225
11.427 0.0002 0.0219
11.543 0.0214
11.860 0.0002 0.0231
11.775 0.0208
11.891 0.0001 0.020)
12.007 0.0198
12.12¢ 0.0003 0.019¢
12.240 0.0191
12.356 0.0002 0.0187
12.458 0.010%



