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ABSTRACT

This paper is a state-of-the-art literature review
of pertinent information on the topic of preflush for |
chemical flooding. Three areas of information were
included in the search: 1laboratory studies, patents,

and field applicatibn studies.

Preflush of a reservoir prior to chemical flooding
can be beneficial in several ways. The ultimate economic
benefit which is sought from a preflush can be the result
of reduced surfactant consumption, improved slug performance,
and/or increased reservolr contact.

There are numerous chemical and physical processes
which may occur during a preflush injection. Those which
have been cited most frequently in the literature include
the following: reduction in surfactant adsorption on
reservoir clays, reduction in surfactant precipitation due
to multivalent cations, and added mobility control to
improve reservoir sweep efficiency. Reduction of sulfonate
~losses has clearly been found to be the most frequently
identified purpose of a preflush. This goal is accomplished
by means of fluid displacgment, cation exchange, or other

sacrificial replacement process.

The literature review has shown the laboratory studies
to be the most valuable source of current technology.
Field studies completed to date provide less up-to-date in-
formation presumably because of the greater time lag associated
with a field project. The patents proved to be the least
important source of information. Typically, the descriptions
of processes and/or exact chemical formulations are vague or
omitted completely.



INTRODUCTION

The economics of micellar-polymer flooding are directly
related to two factors: (1) the large investment in chemicals,
which can run as high as 60 percent of total project costs; and
(2) the amount of oil recovered. Preflush treatments can reduce
the amount of expensive chemicals necessary for the same
recovery; or alternatively, for the same chemical costs, increase
the amount of o0il recovered. With the large economic benefit
potentially available from the wuse of preflush in chemical
flooding programs, the chemical and physical processes which

control preflush effectiveness must be thoroughly understood.

PROBLEM STATEMENT

Many experimental studies have been completed on processes
critical to preflush performance. Among these are works on sur-
factant adsorption and cation exchange characteristics with
reservoir clays. Although the published literature in this area
is extensive, few of the studies were specifically directed
toward preflush. Only in the past few years have several
researchers designed experimental programs to help define the
parameters which control preflush effectiveness. Because of the
recency of this work, the information available has not yet been

collected and summarized in a single source.

Although numerous patents describe specific preflush tech-
niques or specific preflush chemicals, process details are gener-
ally presented in a vague or cursory manner. Thus, the value of
this source of published information to promote understanding of

preflush behavior is minimal.



STUDY OBJECTIVE

The objective of this state-of-the-art literature review is
to gather all the available pertinent information and summarize
it In this report, the literature review is divided into three
sections: (1) reports on laboratory studies, (2) patents, and

(3) reports of field application studies.

With this information, an experimental core flooding program
is being developed, and results of this study will be published
soon.  Six-inch radial Berea discs are being used for most of
this study. The objective of this work is to apply the tech-
niques and chemicals discussed in the literature to a single,
integrated core flooding program. In addition to gathering ter-
tiary oil recovery and oil cut data, chemical analyses are being
performed on produced fluids to provide a history of chemical
composition. These data should be useful in analyzing the speci-
fic process details provided from previous works and determining
ultimate preflush effectiveness as measured by tertiary oil reco-
very.

METHODOLOGY

An extensive computer-assisted literature search was
completed to gather all pertinent publications which might be
germane to the preflush topic. After reviewing and categorizing
this first collection of papers, the references from these works
were investigated yielding a second generation of publications
for the review.

All of the papers collected were critically analyzed, and
the portions dealing with preflush were summarized. These sum-
maries were compiled, and they are presented in this report at

three levels of detail as follows:



l. A brief overview of preflush fundamentals as indicated
by the literature survey is presented in the section
entitled, "Process Fundamentals."

2. Slightly more detail is available in the section
entitled, "Literature Review." Here the individual
papers are summarized with their pertinent conclusions
included.

3. The appendix provides extensive detail with excerpts
from selected papers. Mathematical developments as well
as experimental results are also included. Nomenclature
was modified to be consistent among the several publica-

tions included in the appendix.

PROCESS FUNDAMENTALS

Preflush of a reservoir prior to chemical flooding can be
beneficial in several ways. The ultimate measure of preflush
effectiveness is the economic benefit it provides. Total chemi-
cal costs may be reduced due to reductions in surfactant consump-
tion. Tertiary oil recovery may be increased due to improved

slug performance and/or increased reservoir contact.

The chemical and physical processes which may occur during a
preflush injection are numerous: adsor ption, precipitation,
cation exchange, fluid displacement, and mobility control. Some
have been clearly demonstrated in laboratory and field experi-

ments; others have been hypothesized but not proven.

ADSORPTION

It has been demonstrated repeatedly that petroleun sulf-

onates and other surfactants are subject to adsorption in reservoir



rock, especially clays. This loss of surfactant, mostly preva-
lent at the leading boundary of the slug can alter the slug com-
position sufficiently to impair micellar stability and decrease
tertiary oil recovery. Thus, a primary focus of research has
been on the determination of this adsorption and the effect of

numerous process parameters.

Investigators have identified many factors which influence
surfactant adsorption — at least under some circumstances.
Among these are the following: ionic strength, type of ions,
temperature, pH, and surfactant type.

Based on experimental studies®® at the University of
Florida, two mechanisms have been proposed for surfactant adsorp-

tion.

1. The f{first mechanism is believed to be due primarily to
electrostatic attraction of surfactant anions to positively
charged crystal sites. This leads to a well defined adsorption
plateau with the "shoulder" at an  equilibrium surfactant con-
centration near the critical micellar concentration (CMC). This
produces a Langmuir-like adsorption isotherm modified by

hemicelle formation.

2. The second mechanism is believed to be due to the
attraction of surfactant anions to multivalent cations in the
exchange sites. These cations are postulated as "bridges" bet-
ween the adsorbent surface and the adsorbed surfactant. If
calcium is present, this mechanism leads to an adsorption
isotherm with a maximum because the insoluble calcium surfactants
are resolubilized in the presence of excess surfactant.

Research on surfactant adsorption at the University of

Texas®7 has produced a physical model which simulates experimen-



tal isotherms well. The mathematical model envisions lateral
interactions between adjacent adsorbed surfactant molecules and
. the formation of a second layer. Complete coverage is repre-

sented by a bilayer.

Experiments at Columbia University/0 have identified the
importance of many parameters on surfactant adsorption. Among
the most significant was the effect of sulfonate purity and oil
in the surfactant system. Adsorption was discovered fo decrease
as the chain length of the oil increased. These phenomena as
well as many others will be the subject of continuing research by

personnel at Columbia University.

PRECIPITATION

Closely related to surfactant adsorption is precipitation;
in fact,sometimes the two effects may be inseparable. A mechanism
has been proposed based on pfecipitation which involves either
cation exchange with brine or extraction of multivalent cations
from the clay adsorbent to result in surfactant precipitation and
subsequent dissolution by excess surfactant. This mechanism

leads to an apparent adsorption isotherm with a maximum.

Analysis of precipitates showed these materials to be of the
form CaA, where "A" is the surfactant anion. No appreciable
sodium was found in the precipitate although sodium con-

centrations in solution were reasonably high.
The kinetics of precipitation has been studied by Walker,

Somasundaran, and others®870 and found to be dependent on

electrolyte type, concentration, and degree of mixing.

CATION EXCHANGE

Closely  associated with surfactant losses due to

adsor ption/precipitation is the cation exchange potential of most
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clays found in reservoir rock. These clays will exchange monova-
lent cations for divalent ones and vice versa. The direction of
the exchange is a function'of the respective ions involved as
well as their relative concentrations in the fluid and on the
clay. Cation exchange represents a potential threat to micellar
slug performance because of two conditions: '

1. Surfactant systems typically have extremely low divalent
cation concentrations because monovalent cations are

required to maintain sulfonate solubility.

2. Many connate brines have a high divalent cation con-

centration.

Because of these conditions, there is a tendency for cation-
exchange with divalent cations from the clay replacing the mono-

valent cation in the chemical slug.

Preflush can provide a substantial benefit Qnder these cir-
cumstances by reducing the divalent cation concentration on the
clay before sulfonate injection. The cation. exchange which
would have occurred between the sulfonate and clay now is seen
between the preflush and clay. Thus, the preflush is frequently
designated as a sacrificial agent, because the monovalent cations
in the preflush are sacrificed in favor of the monovalent cations
in the slug.

Almost all studies dealing with preflush have investigated
the effect of ion exchange because it is a cardinal factor in
preflush performance. From these studies have come data speci-
fying the cation exchange capacities of the commonly encountered
clays and the equilibrium constants for the various exchange pro-

cesses. Other conclusions of importance follow.



1. At relatively low frontal velocities ( < & ft/day), the
ion exchange processes are rapid enough to ensure local

equilibrium throughout the system.

2. Several ion exchange waves are generally set off by
preflush injection. These waves travel at a lower velo-
city than that of the salinity wave, which is composed
of a concentration variation of nonsorbed anions. This
means that the injected composition will generally tra-
verse only a relatively small distance into the reser-
voir, whereas the new compositions resulting from the

exchange process persist much longer.

3. Preflush may be designed to completely condition the
reservoir clays. This is seldom practical, however,
because of the large volumes of fluid required. If
soluble minerals are present, conversion may be essen-
tially impossible. Alternatively, the preflush may be
designed to suppress cation exchange by ensuring that
the ratios of divalent and monovalent species are

matched for the connate and preflush brines.

FLUID DISPLACEMENT/DISPERSION

The most obvious function of a preflush is to displace the
reservoir brine which presumably is incompatible with the sur-
factant slug. By replacing the connate brine with a more
suitable brine, the preflush acts as a buffer. The amount of
isolation provided by a given size of preflush is a complex
determination, even in the absence of cation exchange con-
siderations, because of the structure of fluid flow through a
porous media. In addition to the diffusion that can be expected
at any interface of miscible fluids of different composition,
there is dispersion resulting from fluid flow. In a reservoir,

the dispersion effects may be greater than diffusion effects.



At moderate flow rates, the porous medium will create a slightly
asymmetrical mixed zone (trailing edge elongated) with the con-
vective dispersion coefficient almost proportional to the mean
fluid velocity. The dispersion coefficients for a reservoir can

be predicted from the physical properties of the system.

The interaction of fluid dispersion with the ion exchange
isotherms can produce a variety of concentration waves in a reser-
voir. These waves may be self-sharpening, indifferent, or non-
sharpening in the absence of dispersion.  With dispersion, the
self-sharpening waves attain a constant pattern as the opposing
forces balance. Indifferent waves would neither sharpen nor
spread in the absence of dispersion. With dispersion these waves
spread proportional to the square root of the distance traveled.
With non-sharpening waves, the spreading caused by variation of
the concentration velocities with composition is added to disper-
sion, and soon the wave becomes so diffuse that dispersion is no
longer significant. In this case, the wave spread is propor-
tional to the distance traversed.

MOBILITY CONTROL

A possible application of preflush to improve tertiary oil
fecovery involves the injection of a polymer solution or other
chemical system which forms a gelatinous precipitate in-situ.
The proposed benefit is a result of improved reservoir sweep
efficiency. The injection of the low mobility fluid preferen-
tially into the more permeable zone of the reservoir creates a
more uniform reservoir environment when the chemical slug is
injected.  Although this technique is completely divorced from
the other processes previously described, it may have merit in
some applications. This concept has been described in at least
four patents32,49’64:65 and one articlel? but there are no known

field applications of the process.



MISCELLANEOUS

Several other preflush techniques are briefly described in
the literature. One patent claims to reduce surfactant losses by
injecting a sacrificial chemical which coats the clay with a
polymolecular layer or film36, As described, the process is
alleged to be distinct from adsorption control techniques, but

details of the process are not given.
Another special preflush technique employs the use of
wetting agents such as polyphosphates and borates to enhance the

performance of other sacrificial agents7.

LITERATURE REVIEW

A comprehensive review of publications dealing specifically
with pretreatment for chemical flooding processes uncovered a
few articles and patents. In contrast, a review of publications
dealing with the processes pertinent to preflush disclosed
numerous sources of information. There are scores of references
on the subject of surfactant adsorption on clays. Likewise, the
topic of cation exchange has been well researched. Because of
the overwhelming number of publications in these and other asso-
ciated areas, no attempt was made to summarize or catalog all of
these works as a part of this report. Instead, only those publi-
cations dealing directly with preflush and the current chemical
flooding research which comes to bear on preflush are included in

this literature review.

These works have been segregated into three groups: labora-
tory studies, patents, and field studies. Brief summaries are
provided for each publication reviewed within the framework. The
most pertinent work has been included in greater detail in the
appendix. These excerpts include some of the theoretical devel-

opments as well as data and figures with a common nomenclature.



Laboratory Studies

This section provides a sunmary of ten laboratory-based
studies dealing with preflush and the processes which control
preflush. Included among the ten are the most recent findings of
the Department of Energy-sponsored programs at the Oak Ridge
National Laboratory, University of Texas, University of Florida,
and Columbia University.

The most comprehensive report published to date devoted to
cation exchange and its effect on preflush performance has been
written by a group of researchers at the University of Texas and
Shell Development Company. G.A. Pope, L.W. Lake, H.J. Hill, and
F. Helfferich collaborated on a three-part presentation??,52,30,

The theoretical development is presented in a two-part paper
which indicates how chemical flood design is affected by multiple
cation exchange, adsorption, and dispersion processes. The third
part of the paper reviews the results of an experimental core-
flooding program and compares them with the theoretical predic-
tions.

This study is summarized below and the mathematical development

and experimental results are given in detail in the appendix.

The performance of a chemical flood is affected by the con-
centrations of the ionic species in the vicinity of the surfac-
tant and polymer.

The theoretical development reveals how changes in com-
position can result from cation exchange, adsorption, and disper-
sion  processes. The theory is based on the concept of
"coherence" and mass-action equilibrium. Experimental evidence

suggests that a divalent cation-surfactant complex may form,
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thereby complicating the interaction of the ion exchange species
in proximity to the surfactant.

Surfactant adsorption in Berea cores was significantly
reduced by lowering divalent cation concentration in the surfac-
tant, dissolving carbonate minerals, and converting clays to the

sodium form.

Numerous conclusions were made from results. of this work.

Among the most significant are the following:

I. Generally, one or more ion exchange waves are set off by
preflush injection. These waves travel at a lower velo-
city than the salinity wave, which is cdmposed of a con-
centration variation .of nonsorbed anions. This means
that the injected composition will generally traverse
only a relatively small distance into the reservoir,
whereas the new compositions resulting from the exchange

process persist much longer.

2. Preflush size may be estimated based on the complete
reconditioning of the reservoir clays. Such a preflush
would seldom be practical. However, if the fastest ion
exchange wave is slow, the composition generated by the
new salinity and old clay composition will determine the
environment of the chemical slug for most of its travel.
Alternatively, the preflush can be designed to suppress
cation exchange by ensuring that the ratios of divalent
and monovalent species are matched for the connate and

preflush brines.
3. When slug sizes are small and dispersion is relatively

large, the effect of dispersion is significant on calcu-

lated conditions.
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4, A fluid which is matched to the reservoir clays with
respect to ratios of divalent and monovalent species
(but different over-all composition) will, nevertheless,
cause cation exchange to occur in the mixing zones bet-
ween injected and in-situ fluids. This phenomenon is

caused by fluid dynamic dispersion.

5. I a displacing fluid has an adsorption isotherm so that
its front would be a self-sharpening wave in the absence
of dispersion, the actual concentration profile tends to
resemble an asymptotic profile that traverses the porous
media without changing shape. Under typical conditions,
this phenomenon is more important under field rather

than laboratory applications.

6. For simple aqueous solutions of sodium, calcium, and
magnesium chlorides, mass-action isotherms adequately
represent the experimental data. With respect to cation
exchange, the calcium and magnesium can be treated as a
single specie. This does not imply that the two cations

are equivalent in their effect on surfactant systems.

7. Preflushing to convert clays completely to the sodium
form may be essentially impossible when soluble minerals
are present. Even in the absence of soluble minerals,
large volumes of preflush are needed for total conver-

sion.
8. Surfactant adsorption in Berea is dominated by adsorp-
tion of a divalent cation/surfactant interaction specie

and/or acid-soluble minerals.

F.W. Smith of Atlantic Richfield Company69 has reported on a

laboratory preflush study involving both Berea and reservoir
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rock.

This study was designed to determine the effects of ion

exchange on preflush efficiency. The effect of precipitation and

complex ion formation was not considered. Test results closely

followed predicted behavior based on mathematical analysis.

A summary of the conclusions reached from this work follows.

A more detailed account is included in the appendix.

1.

The level of salinity of preflush brine is important to
the eificiency of ion exchange conditioning--large volu-
mes of low or moderate-salinity brine may be required
for elution of divalent cations, but the elution rate

can be much higher with more saline brines.

With regard to elution of divalent cations by a preflush
brine, calciun and magnesium ions can be treated as a

single ionic species.

At relatively low frontal-advance rates, of 2 to &
it/day, the ion-exchange processes are rapid enough so

that local equilibrium exists throughout the system.

Studies of increasing and decreasing calcium con-
centrations in the Second Wall Creek core showed no evi-

dence of calciun adsorption hysteresis.

The cation exchange capacities of the Second Wall Creek
cores were considerably greater than the capacity of a

Berea outcrop core.
The affinity of a Second Wall Creek core for calcium

ions was observed to increase substantially with reduc-

tion of brine salinity.

-13-



7. Given experimental information on the cation exchange
capacity, shape of exchange isotherm, and compositions
of connate and preflush brines, idealized estimations of
reservoir preflush efficiency can be made. Either the
described one-dimensional model described in the paper

or its analytical approximation may be used.

C.S. Chiou and H.L. Chang of Cities Service Company com-
pleted an important studyl? of preflush design. Although the
experimental portion of the study was brief, the findings were
significant regarding the Iimportance of ion exchange between
divalent and monovalent cations in the reservoir clays and con-
nate water. The mathematical model which they developed incor-
porating ion exchange and dispersion matched experimental data

closely.

The following conclusions are taken from the report of these
studies. The work is described in greater detail in the

appendix.

1. A mathematical model may be used to predict the ionic
displacement in both laboratory experiments and field

pilot tests.

2. Based on the assumed cation exchange capacity, ion
exchange rate law and dispersion characteristics of the
flooding system, the ionic composition in the effluent
can be simulated for three different types of preflush;
a dilute connate brine, a divalent/monovalent balanced

dilute brine, and a brine without divalent ions.
3. Of all three ‘types of preflush investigated, only the

diluted connate brine will result in an increase in

divalent ion concentration in the front of the chemical
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slug.  This desigh may impair the effectiveness of a
chemical slug.

4. As far as the ion exchange reaction between the flooding
and rock clay is concerned, the divalent ion variation
is emphasized in the flooding process. The divalent
ions have a greater percent change due to ion exchange

than monovalent ions.

5. The preflush performance in a chemical waterflooding
process should be determined by the following factors:
a. types of preflush design
b. size of preflush
c. cation exchange capacity of reservoir rocks
d. dispersion characteristics of porous media

e. lonic composition in the chemical slug

Thomas Campbell of P.Q. Corporation recently published the
results of his brine-displacement studies using Berea coreslO,
Alkaline  systems  including  sodium  orthosilicate,  sodium
hydroxide, sodium silicate, and sodium carbonate were tested.
These were compared to plain sodium chloride solutions. Results
show that the alkaline systems were effective in removing the
divalent cations from the connate brine. These observations are
generally consistent with the findings of other investigators
referenced in this report.

The specific conclusions drawn by Campbell are included
here. A more detailed description of his work is included in the
appendix.

1. Highly alkaline preflushes pH >11 are very effective in

reducing hardness ions to very low levels in reservoir

brine prior to injection of surfactant solutions.
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2. High salinity preflush solutions are less effective in
reducing hardness ions to low levels due to continued .

ion-exchange from the clays in the Berea cores.

3. The less alkaline sodium silicates, such as 2.0 ratio
sodium silicate, are not as effective as sodium orthosi-
licate, mainly due to the lower alkalinity of the solu-
tion.

4, The use of sodium carbonate as a preﬂush chemical is
very inefficient due to the high ion exchange peak

induced by some action of the carbonate anion.

5. Dilute surfactant solutions had minimal effects on the

elution of hardness ions from Berea cores.

Several inves’tigan:ionsl’L2 pertinent to preflush are con-
currently in progress at the Chemistry Division of the Oak Ridge

National Laboratory. Among these are the following:

l. Bleach plant effluent from pulping of wood by the Kraft
process is being evaluated as a competitive adsorbate
for petroleum sulfonate surfactant on minerals.  The
solids studied were montmorillonite and crushed Berea
sandstone.  Surfactant loss from solution was substan-
tially less if the solid was contacted with dilute
bleach plant effluent prior to contact with surfactant-
containing solutions. Somewhat less diminution of sur-
factant loss was observed when the effluent was
contacted with the solid simultaneously with surfactant.
Bleach plant effluent displaced surfactant from mont-
morillonite when contacted with the solid subsequent to
contact with the surfactant solution.

-16-



2. The effect of multivalent cations, particularly calcium
and magnesium, on the performance of surfactants is an
important factor in the design of a micellar system.
Montmorillonite has been the primary clay tested because
of its high ion exchange capacity. The concentration
quotient for the sodium/calcium sorption reaction has
been found to remain relatively constant for solutions
containing various ratios of sodium to calcium except at
very low sodium concentrations. Concentration quotients

~of this type are needed for use in predicting the
sodium/calcium ratios in brines in contact with reser-

voir clays.

3. A theoretical study has been made of adsorption on mix-
tures of ion exchangers. The effect of variables such
as the concentration of the ion being adsorbed, the con-
centration of the supporting electrolyte, loading, the
values of the capacities and equilibrium constants for
the various exchange processes, and the fraction of each
adsorber in the mixture on the observed distribution
coefficient has been investigated. A computer program
has been written to facilitate the calculation of
distribution coefficients for the adsorption of an ion
on a given mixture of ion exchangers under a specified

set of conditions.

Research at the University of Texas®/ on tertiary oil
reéovery processes has been directed in several areas. The
investigation of direct interest to preflush studies is concerned
with surfactant adsorption.

Work in surfactant adsorption was focused on a model that

can explain maxima and minima in adsorption curves. The physical

assumptions are that adsorption is a function of the con-
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centration and composition of monomers in solutions, but not of
concentration and composition of micelles; and that in mixed sur-
factants the micelles first formed are rich in the more hydropho-
bic component. Above the CMC (critical micellar concentration)
the total monomer concentration increases and it gets richer in
the hydrophil. The first effect tends to increase adsorption
while the second tends to decrease it. These two competing
effects are believed to lead to an adsorption maximum. The
quanitative model was based on ideal equilibrium for micelliza-
tion and adsorption, and it mirrors the complex behavior of
experimental adsorption curves. An analysis showed that this
adsorption behavior has a major influence on surfactant transport
in flow through porous media. Under certain circumstances,
effluent could contain surfactant at higher concentration or

higher molecular weight than that injected.

Monoisomeric surfactants had simple Langmuir-type adsor ption
curves, but the plateau started at the CMC. Because this is not
directly related to adsorption constants, the isomer that was
most strongly adsorbed at low concentration did not necessarily
have the highest plateau adsorption values. In a new dynamic
model, rate effects in adsorption are expected to depend on

micelle formation, not surface coverage.

A new physical model for surfactant adsor ption has been pro-
posed, and the resulting mathematical simulations have been shown
to represent experimentally determined adsorption isotherms
extremely well. The physical model envisions lateral interac-
tions between adjacent adsorbed surfactant molecules and the for-
mation of a second layer. Complete coverage is represented by a

bilayer.

The surfaces were assumed to be heterogeneous, and the sur-

face energies were assumed to be distributed in accordance with a
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Gaussian distribution.  This model will be subjected to further

testing to confirm its validity.

Dinesh Shah and Robert Walker, Jr.6® at the University of
Florida are the principal investigators for a series of research
projects dealing with enhanced oil recovery. Extensive work has
been completed in the past four years, some of which is concerned
with the phenomena associated with preflush processes. The
experimentation with rock/fluid interaction is of special

interest and a summary of their findings in this area follows.

» Elementary analysis of calcium salts of several anionic sur-
factants confirmed that these materials can be represented by the
formula CaAj when "A" is the surfactant anion. No appreciable
amount of sodium was found in the precipitate even though some of
the precipitates were formed from micellar solutions. The preci-
pitation behavior of calcium lauryl sulfate has been studied for
four constant concentrations of calcium. Precipitation was first
observed; this was followed by precipitate dissolution when
excess surfactant was added. On the basis of estimates of the
CMC of the surfactant at the electrolyte concentration noted, it
appeared that precipitate dissolution began for each calcium con-
centration before the CMC was reached.

Mechanisms have been postulated for both surfactant precipi-
tation and precipitate dissolution.  These emphasize surfactant

dimerization and complex ion formation.

Distilled water extracted no appreciable amount of calcium
or magnesium from cation exchanged kaolin, but that 1 wt-pct NaCl
did. Moreover, earlier work with other clays suggested that brine
can- continue to extract multivalent cations from apparently well
cation exchanged materials. The amounts of multivalent cations

extracted by 1 wt-pct NaCl are sufficient to cause significant
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surfactant precipitation. This suggests that ordinary saline
preflushes may not eliminate surfactant losses due to multivalent

cation precipitation.

On the basis of these and related observations, three

adsor ption mechanisms have been proposed as follows:

The first adsorption mechanism results in a Langmuir-like
adsor ption isotherm modified by hemimicelle formation. It is
believed to be due primarily to electrostatic attraction of sur-
factant anions to positively charged crystal sites. This
mechanism leads to a well defined adsorption plateau with the
"shoulder" at an equilibrium surfactant concentration near the
CMC.

The second adsorption mechanism is based on the attraction
of surfactant anions to multivalent cations in the exchange
sites.  Multivalent cations are postulated as "bridges" between
the adsorbent surface and the adsorbed surfactant. Owing to the
solubility of calciun surfactants in excess of surfactant, this

mechanism results in an adsorption isotherm with a maximum.

A third mechanism for apparent adsorption but actually based
on precipitation involves either cation exchange with brine or
extraction or multivalent cations from the adsorbent to result in
surfactant precipitation and subsequent precipitate dissolution
by excess surfactant. This mechanism would lead to an apparent

adsor ption isotherm with a maximum.

A recent paper written by P. Somasundaran of Columbia
University covers surfactant losses in porous media’l, A summary
of the findings from this paper which are pertinent to preflush

are included below.
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Experiments have shown that the extent of sulfonate adsorp-
tion on reservoir rock is dependent on pH, temperature, ionic
strength, and type of ions. Adsorption isotherms exhibit a maxi-
mum near the CMC under certain conditions. In this work, adsorp-
tion is considered to include losses due to precipitation,
entrapment, etc. The adsorption losses depend markedly on
" pretreatment to the rock and surfactant. Because the adsofption
phenomena is so complex, it was decided to study well charac-

terized systems, and simplify the analysis.

Adsorption experiments using purified and as-received
sulfonates show purification to reduce the adsorption maximum.
The surfactant loss due to precipitation also varies with degree
of purification. The maximum loss due to precipitation cor-
relates with the total loss maximum. The adsorption isotherm
obtained by isolating precipitation from the total losses still

exhibited a maximum although less sharp.

The effect of oil was investigated and found to decrease
both the adsorption and precipitation of surfactant. The reduc-
tion was more pronounced as chain length of the hydrocarbon
increased. Because this effect may be one of the most important
in controlling surfactant losses in field applications, it will

be studied in detail by the investigators at Columbia.

When surfactant was added to solutions of divalent inorganic
electrolytes, the surfactant precipitated. Continued addition of
surfactant caused redissolution. In contrast, the precipitate
formed from monovalent electrolytes did not redissolve with con-

tinued surfactant addition.
The kinetics of precipitation was studied as a function of

electrolyte concentration. The rate of formation is dependent on

the type of ions and degree of mixing. Sodium and potassium have
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a lesser tolerance than ammonium and lithium salts, indicating

the effect of the size of the ion.

It is postulated that the redissolution is due to solubili-
zation by the micelles. This is supported by surface-tension
data with calciun chloride because precipitation occurs before
micellization. On the other hand, with aluminun nitrate,
surface- tension data exhibit an apparent micellization region
before precipitation. More detailed studies are being completed
to verify these observations. Other possible mechanisms
suggested for redissolution include aggregation of charged
micelles and their redispersion and redissolution by complexa-
tion.

PATENTS

A review of the U.S. patents covering preflush processes and
sacrificial chemical agents has revealed some useful information
for this study. The specification of numerous chemical agents to
be used in preflushes clearly has been the most valuable of the

knowledge learned irom the patents.

Typically, the descriptions of processes and/or exact chemi-
cal formulations are vague or omitted completely. Thus, the use-

fulness of patents for this type of information is minimal.
A brief description of the pertinent patents follows.

Harold Hill, et al of Shell Oil Company have received a
patent (No.4,074,755) to control the ion exchange between the
reservoir clays and injected fluids in a chemical flood32. The
ionic composition of each injected fluid is arranged to provide a
constant ratio of monovalent cation concentration to the square

root of the divalent cation concentration among the several
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fluids to be injected (refer to equation 6, appendix). As an
example, by adjusting the composition of a preflush to yield the
same concentration ratio as is found in the slug, any ion
exchange which may occur will be substantially completed between
the reservoir and the preflush, minimizing the ion exchange be-

tween the reservoir and the slug which follows.

Several U.S. patents consider the effect of adsorption in
chemical flooding processes. One of the earlier patents
(No.3,384,171) was issued to Harry Parker of Phillips Petroleum
in 196896,  Although the description of this patent does not spe-
cify adsorption per se, it claims to effect a benefit by
injecting a clay-coating material which forms a polymolecular
layer or film on the surface of the clay particles. Such a film
acts to minimize deposition of surfactants in the slug on the

clay. They also render the clay inert to water swelling action.

Numerous metal lignosulfonates are provided as examples of

effective additives, as well as several other compounds.

Another patent which was issued shortly thereafter in April,
1969, was developed by Carl Brandner, et al of Mobil Oil Corpora-
tion (No.3,l+37,141)7. This improved method of oil recovery
employs an aqueous solution of sacrificial inorganic additive to

cover the majority of the adsorption sites in the reservoir.

Among the chemical additives specified are sodium carbonate,
sodium polyphosphates and sodium borate. The polyphosphates and
borate are wetting agents which are beneficial in reservoirs con-
taining larger amounts of clay. These wetting agents are used

in conjunction with the carbonate, the actual sacrificial agent.

In September 1969, another patent was issued to Mobil Oil
Corporation38. This patent (No.3,469,630) which was an invention
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of Billy Hurd, et al, is substantially identical to No.3,437,l4]
described above. The same chemical additives are referenced in
this patent as well as the same purpose of reducing the number
of available adsorption sites.

Still another patent concerned with adsorption was issued to
Joseph Reisberg of Shell Oil Company in April 1970. This patent
(No.3,508,612) explains the use of a synergistic mixture of an
organic sulfonate and a sulfated oxyalkylated organic surfactant
as preﬂush62. It is claimed that the wuse of this preflush
substantially reduces the degree of surfactant adsorption in the

slug as well as several other benefits.

The synergistic mixture contains dissimilar anionic surfac-
tants, one of which is an alkali metal or ammonium or amine salt
of an organic sulionate and one of which is an alkali metal or

ammonium or amine salt of a sulfated oxyalkylated organic
material.

The most recent patents which utilize a preflush to reduce
adsor ption of sufonate from the chemical slug were issued’ in
1977 and 1979. The inventor of a block of four patents is George
Kalfoglou of Texéco. The first of these patents, No.4,006,779
illustrates the use of a lignosulfonate salt in a preflush solu-
tion as a sacrificial agent to inhibit the deposition of surfac-
tant in the microemulsion portion of the chemical flood on the

reservoir matrix¥?.

The second patent, No.4,133,385 extended this technology to
include the use of an oxidized lignosulfonate salt#6, The third
patent, No.4,142,582 named a chrome lignosulfonate complex as the
sacrificial agent47 while the fourth patent, No.4,157,115 reverts
to the original sacrificial agent, a lignosulfonate salt48,
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In December 1968, George Bernard of Union Oil Company of
California earned a patent (No.3,414,054) which claimed to reduce

surfactant adsorption by use of a pyridine solution preflush5.

Several patents describe beneficial results from preflushes
due to complexing or precipitation of divalent ions in the reser-
voir. The earliest of these is a patent by Lawrence Treiber of
Pan Canadian Petroleum Corporation, issued in December 1968.
This patent (No.3,414,053) describes the use of water soluble
carbonate, such as sodium carbonate and an alkali metal
hydroxide, such as sodium hydroxide, to inactivate the multiva-
lent ions by precipitation76.

A portion of the carbonate solution is injected first to
precipitate any calcium ions. The hydroxide which follows is
useful in precipitating magnesium because magnesium hydroxide is
less soluble than the carbonate.

The remaining two patents which make direct reference to the
benefit accrued from precipitation have been issued to Amir Sarem
of Union Oil Company of California. Patent No.3,805,8936% was
issued in April 1974 and No.3,871,45265 followed in March 1975.

In the first patent, Sarem explains the use of a preflush
consisting of alternating slugs of an aqueous alkaline metal
silicate solution and an aqueous solution of a chemical which
reacts with the metal silicate solution to form a gelatinous pre-
cipitate. A small quantity of water is used as a buffer between
the alternating slugs to prevent precipitation reaction from
occurring too close to the injection well where injectivity might
be restricted. Sodiun orthosilicate and calcium chloride are

given as examples of the two chemical agents.

The theory suggests that the reactant solutions tend to move

to the more permeable zones where the resultant precipitate
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reduces the permeability of that zone. The improved tertiary
performance is a result of improved conformance and areal sweep
efficiency rather than the chemical benefit afforded by most

preflushes.

The second patent by Sarem adds another step to the alter-
nating slug injection by including an alkaline metal hydroxide
solution such as sodium hydroxide to the injection cycle. The
addition of the caustic solution is claimed to provide the added

benefit of divalent ion precipitation to the previous theory.

L. W. Holm, also of Union Oil Company, was issued a patent in
March 1977 which is similar to Sarem's first patent. Holm, in
patent No.4,011,908, describes the use of an alkaline metal sili-
cate solution as a preflush36, Although Sarem's patent predates
that of Holm, Sarem's explanation of preflush performance is the

more compr ehensive.

In October 1974 a patent was issued to Bruce Knight and J.S.
Rhudy of Marathon Oil Company. The concept for this patent,
No.3,844,350, is similar in effect to Sarem's first patent; that
is to improve tertiary performance by isolating the divalent
cations in the more permeable zones thereby minimizing their

interaction with the chemical slug which follows%?,

FIELD STUDIES

Included in this section are the reports of preflush work
completed or contemplated for the numerous field demonstration
projects of the past few years. Sometimes, preflush was designed
to do no more than displace connate water ahead of the micellar
slug, and sometimes the preflush design was more complex, with
consideration for cation exchange, adsorption, precipitation and

other factors relevant to ultimate tertiary oil recovery. Note
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that preflush considerations have been attracting much more
attention in the chemical flooding program recently. Research
has shown the potential importance of preflush, and as a result
the more recent field studies display a much more sophisticated

approach to reservoir conditioning than some of the earlier field
studies employed.

Bell Creek Field

A patented preflush system is a part of the UnifloodR pro-
cess being used at Bell Creek Field2%:27, This high pH silicate
preflush is designed to efficiently remove Ca**, Mg**, and Fe*+
from the portions of the reservoir to be contacted with slug.
The preflush employs several mechanisms in displacing the multi-
valent cations: displacement of reservoir brine, ion exchange
with reservoir rock, and inactivation of clays by removal of

bound wate.

In addition, the preflush provides other benefits. It tends
to make the reservoir rock water wet and provides favorable
salinity and pH for the micellar-polymer system which follows.
Occasionally it increases the volume of the reservoir contacted

by the surfactant and polymer slugs.

During the evaluation of water-external micellar systems,
several preflush compositions were evaluated. However, none were
found which provided the multivalent cation displacement mechan-

isms described above at a reasonable cost.

In addition to the laboratory studies involving preflush
systems, a field test was conducted in the Bell Creek reservoir.
The purpose of this test was to confirm the mechanisms which pre-
vail in the reservoir and determine chemical requirements for the

sacrificial agents. The test consisted of: injecting 1,000
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barrels of the high pH silicate preflush containing a methanol
fracer into a well immediately outside the pilot area, allowing
the solution to react in the reservoir for 56 hours and back
ﬂowing‘to produce the preflush solution. Samples of this pro-
duced fluid were analyzed for total alkalinity, methanol, and
silicon concentrations. From this fest, these conclusions were

- drawn:

1. 7.5 barrels of preflush was consumed per 100 barrels of

pore volume contacted.

2. Reservoir carbonate minerals did not convert any of the

preflush silicate to carbonate in solution.

3. Total silicon in solution increased due to dissolution

of clays and sand.

4. Dilution of the preflush solution with reservoir water
containing bicarbonate did not result in precipitation
of silica.

Union Oil and Gary Energy Corporation have provided the
following detailed account of the field test?22,

A key part of the UnifloodR process is the alkaline silicate
preflush., This preflush reduces adsorption of surfactant on clay
minerals by disabling the reservoir's divalent cations that attack
surfactants and by creating a high pH environment hindering the
surfactant adsorption reaction. The use of a preflush slug can
increase the efficiency of the UnifloodR process by as much as 60
percent when calcium is present and by as much as 40 percent in
 calcium free systems for reservoirs with rock and fluid proper-
ties similar to Bell Creek. Therefore, using enough preflush
solution to condition the entire effected reservoir will increase

the amount of oil recovered by the process.
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For these reasons, it is necessary to know how much preflush
will be consumed in the reservoir as it does its job as a sacri-
ficial agent. Although preflush consumption tests have been con-
ducted on Bell Creek core material in the laboratory, the
variability of the rock in the reservoir and the time consuming
nature of the core tests have made it desirable to measure
preflush consumption in the field. The following gives the
results of the test conducted at Bell Creek.

Alkaline silicate preflush solution was prepared for the
preflush consumption test at the micellar-polymer project injec-
tion plant by Gary Energy Corporation personnel. The composition
of the preflush is as follows:

volume percent

Bell Creek Produced Water ............. 98.6

Caustic Soda (50 wt-pct NaOH) .......... 0.66
Sodium Silicate (37.5 wt-pct) ............ 0.53
NTA 150 (40 wt-pct NTA¥*) ..... PP 0.10
Methanol ... . ............ I 0.10

* Trisodium salt of Nitrilotriacetic Acid

The tank used for mixing the preflush ingredients was made of
carbon steel with no internal coating and had a capacity of 1,000
barrels. An electrically driven stirrer was used for rapid

mixing of the preflush solution.

Total alkalinity loss was determined by comparing the total
alkalinity predicted from the methanol tracer concentration to
that measured in the produced preflush solution. These two quan-

tities are plotted on Fig. I vs. the total barrels produced.
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The loss is determined by calculating the area between the
total alkalinity curve derived from the methanol concentration
(no base consumption) and the curve representing the measured
total alkalinities. The area between the curves is equal to
3,217 gm-equivalents of base. To calculate the total alkalinity
loss per unit of reservoir pore volume, it is necessary to know
the volume of reservoir contacted by the preflush solution.
This is determined by the volume of fluids injected, the dilution
of the injected fluids by the water in place, and the drift rate
of the reservoir fluids during the test. A computer simulation

of the test was made to determine this contact volume.

The computer program uses finite difference methods to simu-
late a single well tracer test in two dimensions. The program
was used to simulate the produced methanol concentration, which
was then theoretically converted to total alkalinity. The base
consumption reactions were represented in the program by a first

order reaction occurring in the aqueous phase.

The best match of produced fluid concentration was obtained

using the following input parameters to the program:

Porosity x Thickness = 3.0 it.

Drift Rate = 2.5 ft./day

Radial Dispersion Coefficient Constant = 0.66 ft.
Angular Dispersion Coefficient Constant = 0.66 ft.
Reaction Rate Constant = 0.5 day-!

Total Preflush Injected = 900 bbl.

The simulated produced fluid concentration curves are
plotted in Fig. I, along with the measured values. The match
is quite close, and the simulated curves are fairly sensitive to
different input values of dispersion and drift rate. The input

value of 900 bbl of total preflush injected gave a much better
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match than 1,000 bbl, which is the amount of preflush intended
for injection. This discrepancy could be due to an inaccurate
measurement of the total amount of preflush in the mixing tank or
to a production rate which was actually higher than the set
value of 518 bbl/day.

The measured total alkalinity curve was modeled by assuming a
constant reaction rate dependent only on the base concentration.
This indicates that the reactions which occur are slow relative
to injection rate. (If local equilibrium existed during the
injection phase, most 6f the consumption would occur in the first
fluids injected). Since the average flooding velocity during
injection was 60 ft/day, the absence of local equilibrium during
injection is reasonable. Also a contributing factor is the time
it takes for the hydroxide and silicate ions to diffuse to the
adsorption and cation exchange sites located in the less

accessible pores.

It is unlikely, however, that the base consumption reaction
is dependent only on the base concentration. After the adsorp-
tion sites are satisfied and the cation exchange sites are
occupied by sodium, no further reaction should occur. The only
possibility for a continued slow reaction would be if slightly
soluble minerals such as gypsum or anhydrite were present in the
formation. Since these minerals were not detected in any of the
core samples which were analyzed and only low concentrations of
sulfate were measured in the produced preflush solution, it is
unlikely that they are present. Therefore, it will be assumed
that after sitting in the formation for 56 hrs., the preflush and
rock are in equilibrium and no further base consumption will
occur.

In determining the volume of reservoir contacted by the

preflush solution, we must know the following:
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1. Minimun preflush concentration at which reaction still

OCCuUrs.

2. Total volume which preflush solution contacts (with

greater than the above minimum concentration).
3. Additional volume contacted due to drift.

The total alkalinity at which no further reaction occurs
between preflush and reservoir rock is estimated to be 0.030
meg/ml. At this dilution of preflush with reservoir brine, all
of the silicate and hydroxide will be converted to carbonate.
This is supported by the produced preflush alkalinities plotted
in Fig. I, which show little or no base consumption in produced
fluids with total alkalinities less than 0.030 megq/ml.

The reservoir volume contacted by a solution with this con-
centration or greater was calculated to be 1,683 bbl by using the
simulator with a zero drift rate and equal radial and angular
dispersion coefficients of 0.66 ft. The additional reservoir
contacted due to a drift velocity of 2.5 ft/per day was calcu-
lated to be 240 bbl. Therefore, the total reservoir pore volume

contacted during the consumption test was 1,923 bbl.

The total alkalinity loss is therefore equal to 1.67 gm-
equivalent of base per barrel of pore volume, which is the same

as 7.5 percent of a pore volume of the design preflush solution.

Because silicate and hydroxide ions are more effective than
carbonate in preventing sulfonate adsorption, reactions which
convert silicate or hydroxide in solution are detrimental to the
preflush. It has been shown in batch contacting tests that both
siderite (FeCO3) and dolomite Ca,Mg(CO3); react with high-pH

silicate solution.  The reactions which occur are as follows:
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FeCO3(s) + NapSiO3 (aq) —~ FeSiO3(s) + NapCO3 (aq)

Ca,Mg(CO3)2(s) + 2Na3SiO3(aq) = CaSiOs(s) + 2 NapCO3 (aq) +
MgSiO3(s)

These reactions take place because the iron, calcium, and
magnesium silicates are less soluble than their corresponding
carbonates. Since the siderite and dolomite are slightly
soluble, the divalent cations go into solution and immediately
react with the silicate to form insoluble precipitates. This
results in a conversion of the silicate ions in solution to car-

bonate ions.

The extent of reaction of preflush solution with carbonate
minerals was determined by measuring the hydroxide, carbonate,
and bicarbonate concentrations in the produced preflush solution.
The amount of carbonate and bicarbonate expected with no conver-
sion of carbonate minerals can be calculated from the methanol
tracer concentration and the concentrations of carbonate and
bicarbonate in the preflush and in the water in place. Fig. II
shows the predicted carbonate plus bicarbonate concentrations
along with the concentrations actually measured in the produced
preflush solution. (Also see Fig. III).

As can be seen from Fig. II, the measured HCO3~ + CO3= con-
centration follows the predicted concentration very closely and
is actually lower than the predicted concentration throughout
most of the preflush production. This indicates that there is no
significant reaction between the preflush solution and carbonate

minerals in the formation around well 14-1.
Although no core samples from well 14-1 are available,

examination of thin sections from nearby wells 14~2 and 14-3 indi-

cated that siderite cement was present only in small amounts.
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Therefore, there may be little or no siderite in well 14-1, but
in the pilot area where larger amounts of siderite are known to
be present, the reaction of silicate in solution with carbonate

minerals may occur.

The apparent contradiction between the batch contacting
tests and the core flow tests stem from rock compositional dif-
ferences used in the test. The batch contacting test used a
finely ground rock containing 50 percent siderite, whereas the
core flow tests used Bell Creek core containing spotty distribu-
tions of very low siderite percentages. Additionally, the batch
contacting tests had many orders of magnitude higher surface area
per unit volume available for reaction than did the core flow
tests resulting in the conclusion of a probable siderite reaction
with high pH silicate solutions while the core flow tests, which
more closely represent true reservoir conditions, reveal no prob-

able silicate/siderite reaction.

In addition to the loss of silicate caused by reactions with
carbonate minerals, it is possible that dilution with reservoir
brine containing bicarbonate could cause a reduction in pH and
precipitation of silica.  The reaction which leads to the pre-
cipitation is:

2HCO3~ (ag) + SiO3—=2 CO3= (aq) + SiOp (s) + H0

The extent of this reaction depends on the concentrations of the
various ionic species of silicate and carbonate which are in turn
related to the pH of the solution. Calculations of the pH of
this system were made based upon the literature values for dis-
sociation constant of silicic acid and carbonic acid. In addition,
the solubility of silica as a function of pH was obtained from
the literature. To determine if precipitation of silica occurs

when preflush is diluted with reservoir brine, the pH of the
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system was calculated and measured in the laboratory for the full
range of dilution ratios. The measured pH was then used to
determine the solubility of silica at these dilutions.  Fig. V
shows the hydroxide concentration as a function of the volume
fraction of preflush solution in the preflush-produced water mix-
ture. Since the actual silicate concentration is always lower
than . the total solubility, we can say that no silica precipi-

tation will occur due to dilution with reservoir brine.

Silicate loss was determined by measuring the silicon con-
centration and comparing it with the concentration which would be
predicted from the methanol concentration. These two con-
centrations are plotted against the barrels produced in Fig. IV,
As can be seen from the plot, the measured concentration of sili-
con is actually greater than that predicted with no loss. This
means that sand and clay is being dissolved by the preflush solu-
tion in the reservoir, and there is a net gain of silicon in
solution. This increase in silicon concentration is largest at

the higher preflush concentrations as would be expected.

North Burbank Field

A fresh water preflush, followed by a saline preflush was
used by Phillips Petroleum Company in the tertiary recovery pilot
test at the North Burbank Unit/5. Based on laboratory design, a
0.4 PV of 15,000 ppm sodium chloride solution was scheduled for
injection preceding the slug. The stated purpose of the preflush
was to "condition the reservoir." However, no specific goals
were designated in the field report, so the anticipated physical

or chemical mechanisms can only be speculated.
Actual injection of the saline preflush in the North Burbank

pilot unit was reduced from 0.4 to 0.2 PV. However, the preflush

phase of the program was initiated about six months later than
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planned at the time of the laboratory design. -This delay in the
injection schedule may have influenced the decision to reduce the

size of the preflush.

El Dorado Field

Two distinct micellar-polymer floods were tested by Cities
Service Company in their El Dorado fieldé3. The test in the
Chesney lease consisted of an aqueous' surfactant followed by a
biopolymer. A small alkaline preflush was recommended from
laboratory studies. Shell Development Company was the vendor for

this portion of the test.

The test in the Hegberg lease was an oil-external surfactant
slug followed by partially hydrolized polyacrylamide. A 0.76
PV saline preflush was used before slug injection. Phase I of
the preflush contained 14,000 ppm sodium chloride in fresh water.
Phase Il increased the sodium chloride concentration to 29,000
ppm while adding more than 400 ppm of Ca** and 250 ppm Mg**. The
ionic concentrations of Phase II were adjusted according to ion
exchange theory to account for the effect of the Phase I injec-

tion where no divalent ions were added.

In both the Hegberg and the Chesney, the purpose of the
preflush was to condition the reservoir water so that it could be
better tolerated by the chemical slug. The efficiency oi the

chemical slug was realized to be dependent on the preflush.
Logging of several observation wells provided the necessary

data to monitor the vertical and areal conformance of the

preflush injection.
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Ranger Zone--Wilmington Field

Based on laboratory core flood studies, a 1 wt-pct sodium
chloride preflush was chosen by the City of Long Beach for use in
the caustic flood in the Ranger Zone of Wilmington Fieldll.
This salt concentration matched the level found to be most
effective in oil recovery with the caustic floods. The preflush
water was softened Colorado River water. The total quantity of
preflush was designed to be 0.20 PV.

A mini-injection test was completed in 1977 employing the
same fluid systems chosen for the main project. Analysis of back
flow samples was limited to alkalinity so evaluation of preflush

performance was not possible.
Salem Field

A joint Texaco-Mobil test was completed in the Benoist
reservoir in the Salem Field’3:82,83, The tertiary process used
was the low-tension waterflood from Mobil. The {irst phase of
the injection program was a three-part preflush. The first part
was a softened fresh water injection equal to 0.22 PV. This
water was injected to initiate displacement of the high salinity

formation brine.

The second part of the pretreatment consisted of 0.103 PV of
softened fresh water containing 6000 ppm sodium carbonate. The
purpose of this slug was to facilitate removal of the remaining
divalent ions by precipitation and to continue the displacement

of formation brine.
The third part of the sequential preflush consisted of 0.196

PV of softened fresh water containing 6,000 ppm sodium carbonate,

6,000 ppm sodium chloride, and 1,000 ppm sodium tripolyphosphate.
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This injection was designed to precondition the rock surfaces and
to provide the saline environment to be used in the surfactant
injection phase.

During this test periodic samples were drawn from producing
wells for chemical analysis. Included in the analytical study
were four different tracers used to monitor the flow patterns

from each of the four injectors toward the center producer.

During the test, it was necessary to acidize the producer on
several occasions to maintain adequate production rates. It was
postulated that the mixing of various fluids near the well bore
resulted in calciun carbonate precipitation. It was determined
that calcium and magnesium levels were not lowered to near zero

levels as expected.

Clearly, the preflush volume was insufficient. However, it
has been recognized that the degree of insufficiency varied with
permeability and length of flow path. Therefore, the sub-
sequently injected surfactant was exposed to a variety of ionic
concentrations, some of which were not optimum. This reduced the
effectiveness and availability of the surfactant to mobilize oil
and diminished the recovery of tertiary oil. The inadequacy of
the oil mobilization was the result of one or a combination of

the following:

1. Sacrificial chiemicals used in the preflush did not

satisfy formation adsorption requirements.

2. Adsorption requirements were greater than anti-

pated.
3. Conversion of the sodium sulfonate to a calcium or

magnesium form, resulting in reduced surfactant per-

formance.
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Analytical studies clearly confirmed the conversion of
water-soluble sodium sulfonate to oil-soluble calcium sulfonate.
The mixing of streams with different compositions could have been
responsible for the sulfonate conversion as it was theorized to
have been responsible for the slugging of the producing well. On
the other hand, the conversion could have occurred elsewhere in
the formation. This theory is supported by the observation of
calcium sulfonate at locations where the preflush had apparently
adequately swept out the calcium ions. It is possible that some
relatively inaccessible pores contained connate water and oil,
neither of which was displaced during the preflush. Subsequent
flooding with low-tension surfactant may have enabled some
penetration and displacement, thereby providing the environment

for the sulfonate conversion.

Mobil-~-Four Field Tests

The Mobil Research and Development Corporation completed
four field tests involving displacement of reservoir brine by

preflushes of various types72.

The first of the four tests was conducted in a mid-continent
Pennsylvanian Age reservoir. The injection program was divided
into two phases. The first phase involved displacement of reser-
voir brine with fresh water. Eight production wells were
sampled, four each on opposite sides of a line of injection
wells.  The concentrations of calcium, magnesium, and salinity
(as sodium chloride) were monitored. Initially, the reservoir
brine contained 18 wt-pct sodium chloride, 12,000 ppm calcium,
and 2,000 ppm magnesium. As the fresh water injection
progressed, the ratio of calcium to salinity remained constant;
likewise, the ratio of magnesium to salinity remained constant.
These results indicate that with fresh water injection there was
no source of divalent ions from the reservoir rock. Dilution

resulted in proportional reduction of all ionic species.
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The second phase of this program involved a single injection
well and an observation well. Injection was as follows: 0.44 PV
of softened fresh water, 1.93 PV of 5,400 ppm NaCl with bromide
tracer spike, and 3.33 PV of unsoftened fresh water.

When the softened fresh water broke through at the obser-
vation well, the concentration of sodium, calcium, and magnesium

dropped sharply as expected.

When the controlled . salinity brine broke through, two
significant observations were made. First, the bromide tracer
was delayed by almost 20 percent, indicating significant adsorp-
tion of the sodium bromide at the leading edge. In addition, a
large spike of calcium and magnesium .was produced in spite of
very low divalent ion concentration in the injected brine. The
reservoir may have been functioning as a water softener in the
regeneration cycle. The increased concentration of sodiun with
very low levels of calcium and magnesium in the injected fluid
allowed a partial exchange with some of the divalent ions on the
reservoir rock and clay. Another possible explanation of the
high concentration of calcium and magnesium seen at the obser-
vation well at the time of brine breakthrough is a result of
increased solubility of some calcium and magnesium salts as the

sodium concentration increases.

After the production spike of divalent ions, the con-
centration slowly declined. A nearly constant concentration was
reached by the time the softened fresh water broke through at the

observation well.

The second of the four tests was completed in a Gulf Coast
reservoir. A single injection well and a single observation well
were used to determine the efficiency of reservoir brine dis-

placement by a controlled salinity preflush. Reservoir brine
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contained 6 percent sodium chloride, 1,000 ppm calcium and 200
ppm magnesium. The controlled salinity preflush contained 6,450
ppm sodium chloride. This fluid averaged approximately 20 ppm
calcium and 4 ppm magnesium. Preflush injection amounted to 1.81

PV based on a radial flow pattern..

Chemical analysis of the produced fluids confirmed the
efficient displacement of reservoir brine.  Proportional reduc-
tions of sodium, calcium, and magnesium were realized. There was
no evidence of any ion exchange phenomena or dissolution of diva-

lent ions from the reservoir.

The third test was completed in another mid-continent reser-
voir of Pennsylvanian Age. In this case, the reservoir brine
contained 16 percent sodium chloride, 9,000 ppm calcium, and
2,000 ppm magnesium. This brine was displaced by 8 PV of fresh
water. The fresh water contained less than 600 ppm total
dissolved solids, including less than 50 ppm each of calcium and

magnesium.

As observed in the previous tests, the preflush provided a

proportional reduction of all ionic species.

The last test was a near duplicate of the third. The
preflush was conducted in a mid-continent reservoir.  Connate
water contained 7 percent sodium chloride, 3,000 ppm calcium and
1,000 ppm magnesium. This brine was displaced by 9.2 PV of sof-

tened fresh water.
Again, the chemical analyses of the samples from the obser-

vation wells indicated a proportional reduction of salinity and

divalent cations.
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Louden Field

A surfactant pilot test was conducted in Louden Field,
Ilinois during the period 1969-71. Laboratory studies had
revealed the need for a preflush ahead of the surfactant injec-
tion60. The high-salinity reservoir water had to be isolated
from the surfactant system because of the low-salinity tolerance
of the sulfonate. Therefore, the use of fresh injection water in

the surfactant and a low-salinity preflush was indicated.

High chemical costs precluded the use of complexing agents
for the divalent ions in the reservoir. The only practical
approach found was to precipitate the divalent ions using sodium
car bonate. While the precipitation resulted in reduced per-
meabilities, the losses were not expected to be excessive.
Ammonia was used with the sodium carbonate to help satisfy the

base consumption of the reservoir.

The preflush was completed in two parts. Initially, 1.3
PV of a relatively fresh water (4,700 ppm sodium chloride, 5,000
ppm total dissolved solids) was injected to displace the highly
saline reservoir water (64,000 ppm chlorides, 104,000 ppm total
dissolved solids). The base preflush which followed was 0.098 PV
of 8,100 ppm sodium carbonate and 4,300 ppm ammonia dissolved in
softened fresh water. Sodium carbonate and ammonia were also
added to the surfactant system, although at a reduced con-

centration.

Insoluble calcium carbonate gradually formed around the
production well bore as a result of undisplaced high calcium
brine mixing with injected sodium carbonate. This caused pro-
ductivity losses that necessitated a minifracture stimultation
and several subsequent acidizings. Permeability reductions

elsewhere were not as severe.
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The degree of divalent ion protection given the surfactant
by the preflush was estimated from the calcium and magnesium con-
centrations found with the bases in the produced fluids.
Surfactant samples taken from the production well contained less
than 5 ppm calcium. At the leading edge of the surfactant, the
magnesium concentration was as high as 150 ppm but quickly dropped
to less than 40 ppm. These conceniration levels were judged to

be low enough for proper surfactant function.

Despite the effective protection of the surfactant from the
resident divalent ions, tertiary oil recovery was less than anti-
cipated. The probable cause for the disappointing performance of
the surfactant was the high salinities found in the surfactant
bank.  Assuming a unit-mobility displacement, substantial reduc-
- tions in salinity were expected with the preflush and again with
the surfactant. Produced chlorides dropped from 64,000 ppm to
13,000 ppm with the preflush. However, instead of reducing
further behind the leading edge of the surfactant, chlorides
actually increased. It is theorized that because of the reduced
mobility of the surfactant bank, the fluids invaded portions of
the reservoir that were bypassed by the low salinity preflush.
These pockets of high salinity connate water were mixed with the

surfactant system.

Benton Field

Shell Development Company completed a series of tests in
support of their pilot surfactant flood in the Benton Field,
Illinois 22, As a result of these tests, Shell recommended a
small preflush with 9,000 ppm sodium chloride in fresh water
followed by 5,000 ppm sodium tripolyphosphate in the sulfonate
slug. .
An experimental survey of several multivalent ion sequest-

ering agents indicated that 0.5 wt-pct sodium tripolyphosphate
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doubled the sulfonate system's tolerance for reservoir brine.
With the sequestering agent the sulionate slug remained effective
with up to 25 percent reservoir brine. The ability of sodium
tripolyphosphate to prevent the precipitation of multivalent
cations was demonstrated by monitoring the pressure drop in core

flood tests. The efficiency of the additive was clearly shown.

While the tolerance for brine was helpful, it was decided
that further precautionary measures were necessary. Thus, a
small preflush was injected to displace reservoir water from the
surfactant. Sodium chloride concentration in the preflush

matched the salinity of the surfactant slug.

Pembina Field

Mobil Oil Canada and Mobil Research and Devlopment engin-
eered a polyacrylamide polymer flood for use in Pembina Field,
Alberta, CanadaZ?8, Polymer injection was started in November
1971, and completed in September 1973.

Although no preflush was used, an extensive evaluation of
the polymer-flood performance indicated the possible benefits of

a preflush had it been used.

Several factors were identified as contributing to the
limited and temporary production response. Water-rock inter-
action as well as formation water comingling reduced the polymer
solution viscosity by 75 percent. Significant polymer adsorption
was also realized. Tertiary process design should consider
possible interactions between rock and injected fluid and take
the necessary precautions to minimize the detrimental interac-
‘tions.  Preflush application is a logical candidate for this type

of problem.
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Lawry Farm, Bradford Field, Phase II

The Pennsylvanian Grade Crude Oil Association in conjunction
with the Department of Energy has been conducting a micellar-
polymer field test on the Lawry Farm in Bradford Field, Pennsyl-
vanial®,

In Phase I of the field test, only a fresh water preflush was
used because the primary goal of this phase was to determine
injectivity characteristics of the process fluids in the low-

permeability sands.

During Phase I, which was a 24-hour field test, a 5C,000
ppm sodium chloride preflush had been used. The effectiveness of
the preflush brine to condition the reservoir fluids for slug

injection was demonstrated in a series of core floods.

Tertiary oil recovery was compared for tests involving no
preflush, 20,000 ppm sodium chloride, and 50,000 ppm sodium
chloride. Qil recovery consistently improved with increaasing

salt concentration over the range studied.

The recommended volume of preflush was 0.10 PV. Actual

fluid injection was 0.17 PV.

Loma Novia Field

Mobil Research and Development personnel designed a low-
tension waterflood program for use in a watered-out section of
Loma Novia Field, TexasZl. The low-tension flood consisted of
three injection phases. The first was the protective slug or
preflush. Although specific chemical compositions were not
listed for the field test, typical concentration was noted. For

most applications, the sodium chloride concentration would be
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between 1.0 and 2.0 wt-pct. This slug would normally be about
0.1 PV except with low salinity reservoir brines which are more
compatible with the surfactant. In this case, the volume
injected could be reduced. The primary purpose of this slug is
to screen the low-tension surfactant from the reservoir brine and
to base exchange the reservoir solids, replacing the magnesium
and calcium with sodium ions. The rear portion of this slug will
usually contain sodiun tripolyphosphate and/or sodium carbonate
to reduce surfactant adsorption and increase the water-wet con-

dition of the reservoir.

Detailed analysis of the field test was not reported, and

the effectiveness of the preflush can only be speculated.

Big Muddy Field

A saline preflush is anticipated by Conoco as one phase of
the low-tension flood to be completed in the Big Muddy Field %,

The stated purpose of this preflush is as follows:

"To establish the oil production base line and to achieve

the desired pattern balance"

At this time, details regarding the preflush size and com-

position are not available.

No preflush fluids have been injected yet; however, the
injection plant is being assembled. From flow sheets of this
facility, it appears that the preflush will be simple saline
solution rather than a more complex system employing sacrificial

agents.
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Higgs Unit

A field test of the UnifloodR process was conducted?V at the
Higgs Unit, Texas, beginning in 1969. A very small (0.03 PV)
preflush of polymer solution was designed to promote a more uni-

form sweep by the soluble oil.

No analytical study was conducted to determine the
effectiveness of the preflush. With no additives to condition
the reservoir, little benefit could be expected beyond displace-

ment of reservoir water ahead of the soluble oil injection.
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Vei

NOMENCLATURE

cross sectional area, L2
function in Equation 45
parameters in Langmuir isotherm

solubility product constant

fluid phase concentration of ith component, meg/ml V,
stationary phase concentration of ith component, meg/ml Vp
generalized chromatographic retardation term,
vol. aqueous phase
Vp v
surfactant retardation term

fractional flow

rate of advance of concentration level "i" relative to

overall fluid pore velocity

ratio of asymptotic mixing-zone length to maximum no-adsorption
mixing-zone length

ion—-exchange equilibrium coefficient
longitudinal dispersion coefficient, L2/t

total system length (linear)
characteristic dispersion length

number of nonionic species in the system

number of ionic species in the system
inverse Peclet number (o/L)

volumetric flow rate, L3/t
cation exchange capacity, meg/ml Vp

Gapon ratio
phase saturation
time

concentration velocity, dimensionless
step velocity, dimensionless

slug size of fluid A, B, fraction VP
pore volume

preflood slug size, fraction V.
cumulative injection, fraction Vv
chemical slug size, fraction Vp
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N

Q>»><D> ®w mwme

fractional concentration of divalent cations in fluid phase,
meqg/meq ’

fractional concentration of divalent cations in stationary
phase, meq/meq

linear position, L

dispersion parameter, L

separation factor; relative affinity for divalent cations
dimensionless position

porosity

difference

exponents in ion exchange equilibrium equations

eigen value
reciprocal characteristic velocity
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SUBSCRIPTS

A, B, C successive fluid injections

£ final concentrations

fy formation water

g Gapon

max maximum

m mixing-zone or mass~action

n nonsorbed ion

o initial concentrations

or residual oil saturation (after waterflood)
orc residual oil saturation after chemical flood
pd polymer drive

pf preflood

s surfactant

w water

1 calcium ion

2 magnesium ion

3 sodium ion

4 total anion

5 complex

6 surfactant

SUPERSCRIPTS

stationary phase concentration

moving spatial coordinate

excess calcium ion concentration

asymptotic quantity

a no-ion exchange or no-adsorption quantity

A

O m *
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An extensive study of the phenomena controlling preflush
performance was completed by G.A. Pope, L.W. Lake and F.
Helfferich at the Univeristy of Texas and Shell Development
Company 52’5? This theoretical development was presented in a two-
part paper: "Cation Exchange in Chemical Flooding." Significant

portions of the papers are included for reference.

INTRODUCTION

A key requirement for a successful chemical flood is to
provide an adequate ionic environment for the surfactant to
ensure that the desired interfacial activity, phase behavior, and
 mobility control are maintained. Aside from the inplace and
injected ionic compositions and mixing through dispersion,
crossflow, etc., this environment may be affected deeply by
cation exchange with clays, solubility of minerals, and adsorp-
tion on rock.

The authors describe a fundamental theoretical analysis of
cation exchange and adsorption phénomena in reservoir flooding.
The treatment is applicable to multicomponent systems with any
kind of equilibrium relations, specifically including inter-
actions between components, but presumes idealized behavior with
respect to fluid dynamics, absence of dispersion, immiscibility
of aqueous and oleic phases, and conservation of local
equilibrium. The ftreatment is an adaptation of multicomponent
chromatographic theory to practical problems of chemical and
related floods.

The basic problem is that the components involved in a
chemical flood (water, cations, surfactant, polymer and oil)
are coupled with respect to their transport properties, and only
a theory of coupled, multicomponent systems can adequately

describe their dynamic behavior. At first glance, one may be
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inclined to assume that a mixture injected as a slug might trans-
verse the reservoir as such, changing its composition a little by
mixing with fluids ahead and behind or by loss to, or gain from,
the rock over which it travels, but otherwise conserving its
integrity.  Multicomponent theory shows this idea is too naive.
Rather, an injection sets off a set of "waves" (composition
variations) that advance at different speeds and between which
new compositions arise that bear little resemblance to the
injected and previously present compositions, or any that could
be formed from these by mixing. Moreover, the wave patterns
generated by successive injections of different fluids may
overlap and interfere and, thereby, modify injected compositions.
Injected components thus generate their own environment through
dynamic interactions. To be sure, it is not impossible, in prin-
ciple, to operate under conditions ensuring that an injected
active surfactant slug retains its favorable environment and thus
its activity through most or all of the reservoir, but this often
may prove impracticable. The task then is to design the flood so

that a favorable environment is generated in situ.
THEORY
Definitions
The definitions, concepts, and theory presented in this sec-
tion form the basis for the calculations and illustrations that
follow. These ideas are abstracted from other works, which are

the foundation for this application of multicomponent chromato-

graphic theory to reservoir engineering.

Composition

K the fluid or stationary phase in a porous medium contains

several components or species, then the complete set of

-A2-



concentrations in the phase constitutes a composition. For n
components, the composition is a n-dimensional vector, whose ele-

ments are the component concentrations.

Stationary Phase

The stationary phase in a porous medium constitutes the part
of the rock matrix into which the dissolved species of the
flowing phase may transfer. Therefore, a stationary-phase com-
position can be defined.

Profiles & Histories

A composition vector can describe the concenfration of each
species in the phase at every point in time and every location.
When presenting the composition of the mobile or stationary phase,
however, it frequently is more. convenient to hold either the
position or time variable constant, and vary the other.
Composition (or concentration) plots that hold time constant are
known as profiles. Similarly, composition (or 'concentration)
plots holding the position constant are known as histories. A
history with the constant position at the production well is a
production or effluent history. '

Waves and Their Sharpening Properties

A wave is a variation in composition advancing through the
porous medium in the direction of fluid flow. Alternative terms

used for wave are front, boundary, and transition.

Coherent chromatographic waves can be grouped into three
classes that differ in their sharpening properties. In
"nonsharpening waves," the concentration velocities are higher in

the leading than in the ftrailing portions of the wave, and the
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wave accordingly spreads in propagation. In "self-sharpening
waves," the concentration velocities are lower in the leading
than in the trailing portions, and the wave sharpens on propaga-
tion. Waves with uniform concentration velocities are

"indifferent" with respect to sharpening behavior.

In nonsharpening waves, the spreading caused by the
variation of the concentration velocities with composition is in
addition to that caused by dispersion, and soon dominates. The
wave eventually becomes so diffuse that dispersion is no longer
significant, and the wave then spreads in proportion to the

distance traveled ("proportionate" pattern).

Self-sharpening waves in the absence of any dispersion
effects would become ideally sharp shock fronts. In reality, a
steady-state width is attained in which the sharpening effect of
the sorption isotherm and the spreading effect of dispersion
balance one another ("constant" pattern).

Indifferent waves in the absence of dispersion would travel
with constant width, that is, would neither sharpen nor spread.
In reality, dispersion effects not combated by sharpening effects
will cause spreading in proportion to the square root of traveled

distance, according to linear dispersion theory.

Distance-Time Diagrams

A convenient representation of the propagation and inter-
ference of waves is the distance-time diagram. This diagram,
with (normalized) distance and (normalized) time as coordinates,
shows  '"frajectories" traced by given concentrations or
compositions as they are propagated. A shock or step appears as
a curve in the distance-time diagram, while a nonsharpening wave
appears as a divergent trajectory bundle. Examples of distance-
time diagrams can be found in Figs. 1 through 6.
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FRACTIONAL DISTANCE
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’

FIG. 3- Schematic composition-route and distance-time
diagram for the two-cation, three-fluid case,
calculated  for the conditions in Table 1.
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Composition Space

A coordinate system whose axes are the concentration of all
species is called composition space (also known as hodograph
space). A composition is a point in such a space, and a wave is

a curve connecting any two points.

If there are n components in a chromatographic system, the
complete composition space has two n dimensions, one for each
mobile-phase and stationary-phase concentration. However, if
there is equilibrium between the mobile and stationary phases,
the n dirnensional, mobile-phase (or stationary phase) composition
space suffices for a complete description. Mor eover, conservation
of electroneutrality requires the total concentrations of cations
and anions (measured in equivalents) to be equal. This removes one
degree of freedom and confines the physically possible com-
positions to an (n =~ 1)-dimensional hyperplane, called a
"simplex". This study uses mobile-phase composition simplexes
for representation of composition-path grids and composition
routes.

Composition Paths & Path Grids

We shall see that the concentration velocities of all
species are equal along certain curves in composition space.
This condition, known as coherence, will be discussed more fully
later. For the present, it is sufficient to point out that
 coherence is a condition of stability that the system tends to
attain, and that the requirement of coherence, along with the
sorption equilibria, uniquely determine curves in composition
space called composition paths. Moreover, the space is covered
by families of such curves, so that each point in the composition

space is at the intersection of two or more composition paths.
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These families of curves, therefore, determine a grid (a "path
grid") in composition space. Examples may be seen in Figs. &4
through 7.

Composition Rules

In contrast to a composition path, the composition route is
the curve (in the composition space) representing the sequence of
compositions in a particular system under given initial and
injection conditions. We can distinguish between profile routes
and history routes. Profile routes have sequences in space at
given time, and history routes have sequences in space at given
location. This study uses history routes, shown as arrows that,
by convention, point in the direction of flow. Thus, the route is
a sequence of arrows from the last injected composition to that
present initially.

In a fully coherent system, the route will follow a sequence
of paths, switching from one path to another at intersections.
However, routes may contain noncoherent segments that do not
follow any path, at least temporarily. In a sense, the path grid
is a road map for the system, which by virtue of its tendency
toward coherence, will seek to adapt its route to the paths.

Composition routes are wuseful adjuncts to distance-time
diagrams because they show directly the concentrations of the
species. The combination of a distance-time diagram, and a com-
position route diagram completely specifies all concentrations in

a system at every position and time.
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ASSUMPTIONS

The theory is based on the following assumptions and idealizations.

1. The theory is presented in one-dimensional form.

2. The porous medium is quasi-homogeneous, uniform, and
isothermal.

3. The fluids are incompressible.

4. The phases are in local equilibrium everywhere.

5. Effects of fluid-dynamic dispersion, capillarity, and
gravity are neglected. '

6. Oil is a separate, variant phase completely immiscible

. with the aqueous phase and displaced in a "piston-like"

fashion by the surfactant.

In the calculated examples, the following additional
conditions pertain.

7. Initial saturation and composition of the reservoir is
uniform.

8 I several fluids are injected in succession, the
injected composition of each is varied stepwise.

9. The cation exchange capacity of the reservoir clays is
uniform and constant.

10. Inorganic anions are not sorbed.

1. Calcium-sodium cation exchange obeys the Gapon equation;
(Eq. no. 5) calcium-magnesium-sodium cation exchange
obeys the mass- action law. ,

12. The ionic contributions of surfactant and polymer are
negligible.

13. If surfactant is sorbed, its isotherm is linear or has

negative curvature (Langmuir type).
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SUBSCRIPT CONVENTION

The system can have up to n + m aqueous phase components,
where n - 1 is the number of cationic species present. The nth
species comprises all nonsorbing anions. Species n + I, n + 2,
etc., are surfactant (designated by a subscript s), polymer,
etc., and may be sorbable. For specific examples, the subscripts
1 through 3 will refer to calcium, magnesium, and sodium,
respectively.

GENERAL EQUATIONS

Electroneutrality

The requirement of solution electroneutrality is

n 1

Ci = Cn (1

o~

i 1

and for the stationary phase

1 .
Ci = Qv (2)

n

[ e

i 1

where Qy is the cation-exchange capacity.

Equilibrium Relations

The general equilibrium relationship applicable to inter-
fering species is

The theory is generally applicable to such equilibria. For

noninterfering species, Fj is a function of Cj only.
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a broadly applicable formulation for

For ion exchange,
binary exchange equilibria of cations i and j in multicomponent

systems is A
. -
Ciul =Kij Ci 1
~ . _——_—V-
C; J Cj J (4)

J
where K, v, and nare empirical constants. .

For the two-cation (calcium/sodium) examples, we specialize
Equation 4 to

3 g
I\31 C 0.5

an equation originally proposed by Gapon (r is termed the "Gapon
Based on Bolt's data, we take K3 = 0.88 (ml aqueous

T
(5)

>
(@]
w
I
=~
[N}
(-

ratio").
phase/meq)".
For the three-cation (calcium/magnesium/sodium) examples, we

specialize Equation 4 to the mass-action equilibria with vand p

being reciprocal valences.

C
3 - 3 T
= K - (6)
~ 0.5 31 75 - K51
C C
1 1
C
2 C
Ky 2 ?
1 Cl

with K3; = 015 and Ky = 0.5 from ven der Molen.

The electroneutrality conditions used to eliminate C3 and 63
from Equation 5 enable él to be written explicitly as a function

of C; and Cj for the two-cation cases.

&1 = Qu/l + K3r) (8)
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Material Balance

Under the listed assumptions, the differential material

balance for species i is

3
st 5S4

+ 6) + -4 a(fwci) =0 )
i’z A - 2z t

In terms of dimensionless distance and time variables £ and
Vpd, defined as

E = % = fractional length

and
jt
V., = o qdt = cumulative injection in
pd AL P pore volumes
Equation 9 reduces to
0 (10)
9 (chi i Ci) Nk (fwci) -0
oV &
d
P £ Vp a

Assumption 6 implies that S, and Fy, will be constant between

step changes that are given by fractional flow calculations.

Concentration & Step Velocities

A useful concept is that of the 'concentration velocity",
defined as the speed with which a given concentration value is
propagated in the direction of flow. Mathematically, the nor-
malized concentration velocity, v¢j, of a given aqueous-phase

concentration C; of an arbitrary species is defined as
Vei = (BE/BVpd) G (11

Note that Equation 11 gives the change in fractional length

per change in pore volume injected.
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As expression for the concentration velocity is obtained

from Equation 10 the differential material balance,

VCi = fw/ (Sw + Di), (12)

where the 'retardation term," Dj is given by

~

A~ dcC.
D; = OCi/aVpg)E / @Ci/oVpa) ; = __dg% 13)

dg = 0

The concept of concentration velocity is not applicable to
propagation of a sharp step, in which concentrations are discon-
tinuous.  The step velocity can be obtained from an integral
instead of differential balance, and obeys Equation 12 with a

retardation term

D, = AC; [ &G (14)
where the operator A indicates the difference in the values of

the respective variable across the step.

The term D; embodies the chromatographic retardation of the
concentration or step velocity relative to the flow of the
aqueous phase. For nonsorbed species (such as the anions), the
stationary-phase concentration is and remains zero, so that Dp=0

and

Ve = fw/Sw (15)
n

a velocity equal to that of aqueous phase flow. In contrast,
waves of any species whose variations in mobile-phase con-
centrations are accompanied by variations in stationary-phase

concentration incur retardation because Dj>0.

Equation 12 also provides a distinction amorig the three

types of waves mentioned above. In an indifferent wave, vqj is
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not a function of Cj. In a self-sharpening wave, v.j decreases
in the direction of flow ( £ increasing), while the opposite
applies to a nonsharpening wave.

Salinity Waves and lon Exchange Waves

The preceding analysis has shown that concentration
variations of the nonsorbed anions are propagated at a different
velocity than concentration variations entailing re-equilibrium
of the stationary phase. We may, therefore, distinguish between
“salinity waves", involving variations in anion concentration
(salinity), but not in composition of the stationary phase while
traveling at the velocity of aqueous phase flow, and ‘'ion
exchange waves" (or ‘sorption waves"), involving composition
variations of the stationary phase, but not of the anions while

traveling at lesser velocities.
Coherence

The solution to sets of first-order hyperbolic differential
equations (such as Equation 10) may be obtained by any of several
solution techniques, such as the method of characteristics.
Here, however, we take advantage of the property that the bulk of
chromatographic phenomena fall into what is referred to else-
where as "coherent" waves. As is shown below, this property

simplifies the calculation of composition profiles and histories.

The state of coherence exists much like the state of ther-
modynamic equilibrium for closed systems in that it is the state
toward which all perturbations tend. As will be discussed below,
the advantage of this ‘is that compositionpaths may be calculated
for any equilibrium relationship independent of the particular
initial and boundary conditions. After the composition paths are

calculated, it may be shown further that any variation in com-
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position space, other than along a composition path, is non-

coherent and reverts to the composition path.

Restricting the mathematical treatment exclusively to
coherent waves is not possible in all cases because there may be
regions of noncoherent waves in the time-distance space. The
location of regions, however, may be inferred from the intersec-
tion of coherent waves. In each noncoherent region, the method
of characteristcs or a more involved application of the theory of
coherence must be used to determine the composition. For the
specific cases in this paper, we show that, granted assumptions 7
and 8, coherent waves will be attained immediately on the initia-

tion of injection of any new composition into the system.

Coherence is a condition when the concentration velocities
of all species at any given point in space or time are equal.
This statement does not exclude the existence of several waves in
a system, but does state that, if the waves are coherent, the
concentration changes of all species must advance "in phase" in
any single wave. Accordingly, the condition for coherence is for
a nonsharpening wave,

Ve, TV for i = luecessead + M (16)
i

where v is the composition - velocity common to all concentrations
at the respective point in space and time. An analogous con-
dition pertains for a coherent composition step. Coherence thus
requires all retardation terms, Dj, to be equal in a particular

wave,
D} = D2 =Dpyn =D a7)
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Calculation of Composition and Coherent Step Velocities

The retardation term, D, of a composition in a coherent,
diffuse wave can be obtained by solving an eigenvalue problem.
The velocity of any given composition in such a wave is

~

V = £, /(Sy+A) (18)

where A is the eigenvalue associated with that composition.
Comparison with Equations 12, 17, and 18 shows that A=D. In an
n + m component system with one constraint (electroneutrality),
any composition has n + m - | eigenvalues and thus can be propa-
gated with n + m - 1 different eigenvelocities in coherent waves.
If one species is not sorbed (anions), one eigenvalue is zero and
corresponds to the salinity wave, with velocity given by Equation
15.

For cases with only two exchanging cations and nonsorbed
anion (n = 3, m = 0), there is a salinity wave and only one ion
exchange wave. Since this last wave travels at constant salinity
Cp, its retardation term can be obtained directly by differen-
tiation of the respective equilibrium equation. For the Gapon
equilibrium Equation 5, one finds

acy _ QK31 (G + Cp)

T @ T 2032 1+ K, )2
! ac =0 ! 31

(19)

The velocity of a coherent step is obtained directly from
Equation 12 with Dj given by Equation l4. Coherence requires all
Dj for the step to be equal. For evaluation of the step
velocity, the compositions on both sides of the step must be
known.  This usually requires prior construction of the com-
position route, described next.
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Construction of Composition Path Grids

Composition paths are defined as curves (in the composition
space), representing composition variations compatible with the
coherence condition (Equation 16). Generally, their directions
in the composition space are given by eigenvectors. In an n + m
component system with one constraint, there are n + m - | eigen-
vectors (number of components less number of constraints) for any
composition, so that any point in the composition space is at an
intersection of n + m - | paths.

In a system with n + m - 1 exchanging cations and nonsorbing
anions, one eigenvalue corresponds to a salinity wave with
variation of the anion concentration, but not of the stationary-
phase composition. The other eigenvalues correspond to ion-
exchange waves with variations of the stationary-phase

composition, but not of the anion concentration.

In systems with only two exchanging cations, the composition
paths are lines of constant salinity (ion-exchange paths) and
curves of mobile-phase composition in equilibrium with constant

stationary-phase composition (salinity paths).

In the general multi-cation case, the grid of the ion-
exchange paths must be constructed by numerical integration in
the eigenvector directions. For ion exchange equilibria obeying
Equation 4, this procedure can be abbreviated using the
relations,

dc; wA/C, - vy /c

— = ~ (20)
dC, A/C: - v./C.
3 ujk/cJ v/ j

valid for any pair of cations i and j. After elimination of the
stantionary-phase concentrations with Equations 2 and 4 and

substitution of the respective nonzero eigenvalue for A, the
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exchange path corresponding to that eigenvalue can be calculated
by integration of Equation 20.

Construction of Composition Routes

In general, a noncoherent composition variation acts as the
source of a set of coherent waves. Such noncoherence may induced
by injection at the injection well or arise from interference of
waves in the reservoir, as applications of the theory will show
later. A

The coherent waves originating from a common distance-time
point of noncoherence are necessarily in the sequence of
increasing velocities (counted in the direction of flow), for the
fastest waves will have traveled farthest from the origin in any

given time interval.

The construction of a composition route in a given path grid
is illustrated schematically in Fig. &  For simplicity, a two-
dimensional grid of two sets of paths has been chosen. The
"slow" and "fast" paths correspond to composition variations with
Jow and high-composition velocities, respectively, and therefore,
_to slow and fast waves. The initial noncoherent wave is a com-
position variation from Points A (upstream side) to I (downstream
side). The evolving route, representing the two coherent waves
into which the initial wave is resolved, is points A to A' to L
This is the only route entirely along composition paths that
meets the requirement that composition variations with high velo-
cities (fast paths) are entirely downstream of those with low
velocities (slow paths).

To be exact, the composition-path grid is calculated with
the "differential" coherence condition that the derivatives

dé/dCi be equal and is strictly applicable to diffuse coherent
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waves, but not to coherent steps. The last steps obey the
“‘integral" coherence condition that the {inite-difference ratios
' Aai/ACi be equal; pairs of points meeting this condition may not
fall exactly on the same path if that path is curved. The
sequence of waves is unaffected by this complication, but an
exact route construction requires a correction so that the
integral instead of differential coherence condition is met for
those waves that are steps.

For complex initial or injection conditions, the composition
route may change during the operation as faster waves interfere
with slower waves of different origin from those preceding them.
Examples of such behavior will be found below when applying the

theory to cases with three or more fluids.

Construction of Distance-Time Diagrams, Composition Profiles

and Composition Histories

Quantitative constructions of distance-time diagrams, pro-

files, and histories are based on the fundamental relation

v = dE/de d for the normalized velocity. For any composition in
a diffuse coherent step between constant compositions, the velo-
city is constant and the trajectory in the distance-time diagram
(&, Vpd Plane) is linear. Along such a trajectory, distance and
time are related to one another by

E—E = vV - V') (21)

where v is the velocity of the respective composition (or step)
and E' and V'pd are the coordinates of the point of origin of the
trajectory. . This origin may be at the injection well (E' = 0)
and onset of injection of a particular field, or at a point of

wave intersection in the reservoir. For construction of a
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profile at a given time V* pd? the location E* of a concentration,
composition, or step w1th velocity v and origin (€Y, V'pd) is,
from Equation 21,

E* =E% v (Vpd - Vipd) (22)

Similarly, for a history at a given distance &%,

Voa = Vipd + BBy o (23).

Construction starts from the initial and injection conditions
which specify all points of origin of frajectories on the axes
E=0 and Vpg=0. Coordinates of points of wave interference
through crossover, etc., acting as origins of new trajectories,
are found by either graphical construction in the distance-time

plane or as solutions to Equation 21 for multiple injections.

In interference of a step with a diffuse wave, the step
remains coherent, but the composition on either or both sides
vary, thus, its trajectory is curved where it traverses the dif-
fuse wave (unless the step is a salinity wave). The slope of the
step trajectory at any point in terms of the compositions on its
two sides is given. by Equations 12 and 14 Of these two com-
positions, the one before intersection obeys its trajectory
Equation 21, and the other can be obtained from it with the
coherence conditions for step and diffuse wave. Substitution of
these compositions in the step-velocity equation yields that
velocity as a function of distance and time. The step trajectory
then can be obtained by numerical integration of that equation,
starting from the distance-time point of the first intersection
with a composition trajectory of the diffuse wave. At the same
time, this calculation defines the points of origin of the com-
position trajectories of the diffuse wave after intersection, so

that these trajectories can be calculated with Equation 21.
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If the routes of the interfering sharp and diffuse waves are
on the same composition path (they are then necessarily in
'opposite directions), the step trajectory terminates the com-
position trajectories when intersecting them, and the composition
on the other side of the step remains constant. Otherwise, the

calculation of the curve-step trajectory remains the same.

If the step is a salinity wave, its slope remains unchanged.
Points of origin of the new trajectories of the diffuse wave
after intersection then are obtained, without integration, by
simultaneously solving the trajectory equations for the step and

the respective compositions before intersection.

Fig. 5 shows examples of such interferences. The ion-
exchange waves of preflood and chemical slug, both on the same
composition path, merge into a coherent pulse with a sharp front
and diffuse rear and eventually degenerate into a single coherent
step. While still interfering with one another, the waves are
intersected by the salinity wave of the drive and change their

trajectory slopes accordingly.

Interference of two diffuse waves generates a finite area of
noncoherence in a distance-time plane. While such noncoherence
eventually is resolved into coherent waves in the same way as a
noncoherent step, its quantitative calculation requires numerical
integration.  The method of characteristics appears particularly
suitable for this purpose. The same is true for gradual, non-
coherent composition variations of the injected or connate fluid.
This topic will be taken up later.

Two-Phase Flow

Two examples here involve formation of and two-phase flow in
an oil bank. The relevant basic equations, adapted from a pre-

vious work, are summarized here for ease of reference.
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By assumption, the surfactant advances with a sharp front,
reduces residual oil saturation at that front from Sor 10 Sprcs
and thereby accumulates an oil bank with oil saturation, Se (Fig.
9).

The velocity, vs, of the surfactant front (and oil bank

rear) is given by Equation 12 with the appropriate substitutions,
vg = 1/(1 - Sgpc + Dg with D9 = C/Cq (24).

Material balances for the oil give velocities at the front and

rear of the oil bank,

v = £ | (S5 = Sore) | (26).

Mor eover, from Equations 24 and 26,

(27).
s* - S .
(e} orc _ f

l_801"c:+Ds °

The fractional flow of oil in the oil bank, fg, is a func-
tion of the oil bank saturation, S§  For given values of Sorc,
Dg, and given the fractional flow dependence on saturation, S¥ thus

can be found as the value satisfying Equation 27.

RESULTS

The theory outlined in the preceding section is applied to

several sample cases with increasing complexity.
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Two Exchanging Cations, No Mobile Oil
And Two Fluids

The simplest case of interest is that injection of a binary .
aqueous salt mixture into a reservoir at residual oil saturation
having connate water that contains the same salts at different
concentrations. Since no surfactant is present to mobilize the
oil, the aqueous saturation and fractional flow, Sy and fy,

remain uniform and constant at their initial values.

The preceding theoretical treatment has shown that com-
position variations under such conditions are propagated in the
form of two types of waves: (1) salinity waves that travel at
the velocity of aqueous-phase flow and entail a concentration
variation of the nonsorbed anions, but not of the reservoir
clays, and (2) slower ion exchange waves that entail a variation
of the cation composition of the clays, but not of the con-
centration of the nonsorbed anions. The salinity waves are
indifferent for sharpening behavior, whereas the ion exchange

waves may be self-sharpening or nonsharpening.

In general, the injected fluid differs in salinity (anion
concentration) from the connate water and will not be in
equilibrium with the reservoir clays. Injection then produces
two waves, a new composition is generated with salinity at the
injected level, but within which the clays remain in their origi-
nal state. The mobile-phase concentrations of the exchanging
cations in that zone can be calculated from the equilibrium equa-
tions, given the injected salinity and the initial cation con-
centrations. Specifically, for calcium and sodium with Gapon or
mass-action type equilibria, one finds for the calcium con-
centration in the zone between the salinity and ion exchange

waves that

¢,y 1 (28).
= - e C -
Ciar = B ™ m ) (€31 + 4Cp C1) 7 - Gy
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A composition-path grid for the system (Fig. 7) has two sets
of paths, one each for the salinity waves (constants 61 and AC3)
and the ion exchange waves (constant C,). The paths in the
figure have been calculated for Gapon or mass-action type
equilibria, for which constancy of &1 and C3 demands C3/C1y2 to be
constant, so that the salinity paths are given by

2 2
Ci = 3171 C3 = aCj (29)

where "a" is a constant with different value for every path. The
general behavior of the paths, however, is independent of the
specific form of the equilibrium relations; the ion exchange
paths are always lines of constant salinity. All salinity paths
originiate from the zero apex of the diagram and will show posi-
tive curvature if the preference of clays for the ion of higher
valence (Species 1) increases with dilution, as is normally the
case.

As noted earlier, the salinity waves are indifferent for
sharpening behavior. The front of the injected salinity there-
fore is propagated as a set (fluid-dynamic dispersion being
assumed negligible), regardless of its level. The ion exchange
waves are usually self-sharpening (if the concentration of the
cation preferred by the clays decreases across the wave in the

direction of flow) and are nonsharpening for the opposite case.

The distance-time diagrams, composition routes, and produc-
tion histories of two cases with NaCl, CaCly, and no oil are
shown in Figs. 1 and 2. In the first example (Fig. 1), the
injected salinity is lower than that of the connate water.
Theory predicts the formation of an indifferent salinity wave and
a self-sharpening ion exchange wave in between which exists a new
zone where the calcium concentration is lower than in both the

connate and injected fluids. In the second example (Fig. 2), the
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TABLE 1

COMPOSITIONS OF TWO EXCHANGING CATIONS
(THREE FLUIDS) EXAMPLE

zZone Description of Composition

I Initial connate water

Al Salinity A with clays in
equilibrium with initial clay

B" Salinity B with clays in
equilibrium with initial clay

A Injected Solution A

B' Salinity B with clays in

B Injected Solution B

Qy = 0.0262 meg/ml

Concentrations (meg/ml)

G
0.010
0.005
0.001
0.01

0.002
0.004

C3

0.050
0.035

0.014
0.030

0.013
0.011

Cn
0.060
0.040
0.015
0.040

0.015
0.015

C1
0.0185
0.0185
0.0185
0.011

0.011
0.031



injected salinity is higher than that of the connate water.
Theory predicts the formation of an indifferent salinity wave and
a non-sharpening ion exchange wave with an intervening zone in
which the calcium concentration is higher than in both the con-
nate and injected fluids.

Regarding quantitative detail, agreement is excellent for
intermediate calcium levels and mean wave velocities, but not for
sharpness of waves. A calculation neglecting fluid-dynamic
dispersion, an important effect (especially in short-core labora-
tory experiments) cannot be expected to give a good match.
Dispersion can produce diffuseness of self-sharpening and indif-
ferent waves and can add to the diffuseness of nonsharpening
waves, as indicated in the experimental production histories in
Figs. 1 and 2. The effect of dispersion removes the last dis-
crepancy between theory and experiment in the two examples above.
This is discussed later.

Two Exchanging Cations, No Mobile
Oil And Three Fluids

This example illustrates the type of response that arises
from two successive injections of fluids of different com-
positions. For ease of comparison, the conditions are identical
with those in Fig. 1 except that injection of the first fluid,
instead of being continued indefinitely, is followed by injection
of a second. |

The composition route and distance-time diagram of this case
are shown in Fig. 3, and Table 1 lists all occurring compositions.
As with the start of injection of Fluid A, the change-over to
injection of Fluid B produces two waves; a faster salinity wave
and a slower ion exchange wave. The salinity wave from the

second injection overtakes the ion exchange wave from the first
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- injection, as is apparent from the distance-time diagram. (Of
course, if injection of the first fluid continues for long enough
time, this will not occur before the production well is reached).
Where these two waves meet, a simultaneous noncoherent variation
of salinity and clay composition momentarily exists. Like non-
.coherence at the injection point, this noncoherence in the
reservoir acts as the source of two noncoherent waves, of which
the faster salinity wave now is downstream of the ion exchange

wave. One might say the two waves have 'crossed-over."

The composition variations generated by such a crossover of
coherent waves can be recognized in both the distance-time and
composition-paths diagrams. The distance-time diagram reflects
the superposition of the patterns of injected salinities
(propagated at the velocity of aqueous-phase flow) and of clay
compositions in equilibrium with the injected fluids (propagated
at the lesser velocities of the ion exchange waves). The new
composition B" that occurs when the waves cross has the salinity
of injected Fluid B, but is in equilibrium with clays in their
original state.

The schematic composition-route diagram in Fig. 3 traces the
evolution of the response. DBefore crossover, the routes are pro-
duced by the two injections and are constructed as in previous
examples. The composite route B-B'-A-A'-l, reflecting the com-
positions before crossover, cannot persist because it contains a
faster wave (B'-A) upstream of a slower wave (A-A'). As these
two waves cross, they eliminate the intermediate zone of com-
position A, and the composition variation from B' to A' momen-
tarily becomes a éingle, noncoherent step. This noncoherence is
resolved into two new coherent waves, of which the slower ion
exchange wave is now upstream of the salinity wave. Accordingly,
the new route from B" to A'is through B", and B" corresponds to

the composition of the new zone between the waves.
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In the example in Fig. 3, both ion exchange B-B' and A-A'
are self-sharpening. In such a case, the ion exchange waves B-B'
and B'-B" will eventually merge into a single, coherent, self-
sharpening wave, B-B".

Fig. 3 also shows that the ion-exchange wave of the first
injection changes its velocity (trajectory slope) as it crosses
the salinity wave of the second injection. Such a velocity
change is the rule because the wave occurring after crossover is
between different compositions than it was before.

Two Exchanging Cations, Surfactant And Mobilized
Oil And Three Fluids

For the next complication, the authors introduce a surfac-
tant contained in the second injected fluid that reduces oil
saturation, thereby producing an oil bank. As stated in the
initial assumptions, oil is considered to be a completely
immiscible separate phase. Under Assumption 13, the surfactant
front is self-sharpening and propagates as a step when the waves
cross. Only two new effects then have to be accounted for: (1)
the variation in pore space available for the aqueous | phase,
caused by displacement of oil and formation of oil bank, and (2)

two-phase flow within the oil bank.

The first two examples including mobilized oil will show how
a preflood can be sized so that it will just suffice to
precondition the reservoir ahead of the surfactant front all the
way to the production well. For this purpose, only the response
behavior ahead of the surfactant front need be considered. A
distance-time diagram for such a case is shown in Fig. 4. The
ionic compositions of the preflood and surfactant slug have been
taken to be the same as in Table 1. The following additional

conditions were selected: (1) residual oil saturation at the
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start of the flood (Sor = 0.3); (2) complete oil displacement by
surfactant (Sgrc = 0); (3) Equation 27 satisfied at an oil bank

saturation (Sg = 0.6); and (4) no surfactant is sorbed (Dg = 0).

The distance-time diagram shows the following three waves to
be of concern: (1) the surfactant front (also rear of oil bank)
with velocity vg, (2) the oil bank front with velocity v¥, and
(3) the ion-exchange wave with velocity va while ahead of the
front bank and v} while within the oil bank. With reference to

Fig. 4 and with the general Equations 12 and 24 through 27,

1
Ve = 30
S 1-S __ +D (30)
orc S
S - S
v¥ = o) ore (31)
(So - Sor) (1—801"(: * Ds)
1
- 32
Va 1T-5 _ +D (32)
or 1
*
vy = 1 - So* Ds (33)

. *
(1—801”C + DS) (1-S5 + Dl)

Fig. 4 has been constructed with these equations and the
respective data for saturations and retardation terms, Dj. The
size of the preflood, Vpa, has been so adjusted that the ion-
exchange wave, which preconditions the reservoir clays, is not
overtaken by the surfactant front until it arrives at the produc-
tion well (E= 1).

The minimum size of preflood required for such complete pre-
conditioning is

(VA)min = Dj - Ds (34)

Should the ion-exchange wave be nonsharpening instead of

self-sharpening, the calculation would be exactly the same,
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except that the retardation term, D), now is evaluated for the

rear of that wave,

Dy = dCy/dC; (35).
€1 = Cip
In the presence of any number of additional exchanging

cations, the calculation would be the same, with Dj now referring
to the slowest ion-exchange wave or, if that wave is nonsharpen-

ing to its rear.

Complete reconditioning of the reservoir clays in accordance
with Equation 34 may be impractical. Alternatives that then may

be considered are as follows.

1. Suppress the ion-exchange wave or waves by choosing a

- preflood that is in equilibrium with the clays in their
original state (e.g., matched Gapon ratios of connate
water and preflood).

2. Adjust conditions so that the surfactant quickly over-
takes the ion-exchange wave or waves of the preflood and

then travels in a favorable ionic environment.

In both instances, the surfactant would travel during most
or all of its traverse in an ionic environment with salinity of
the injected chemical slug and in equilibrium with the clays in
the original state. The salinity of the slug therefore would
have to be chosen so as to produce an active environment under
these conditions. k
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Two Exchanging Cations, Surfactant And Mobilized Oil
And Four Fluids

An actual chemical flooding sequence usually contains at
least four fluids: preflood, chemical slug, and polymer drive,
in addition to the connate water. A distance-time diagram for
such a case with four fluids is shown in Fig. 5. The diagram has
been calculated for the conditions listed in Table 2 and with the
same methods as in previous examples. Table 2 also provides the
compositions of the various zones that appear in the diagram.

The following new features are apparent from Fig. 5.

I. The salinity wave of the preflood is overtaken by the
front of the oil bank and changes its velocity because

of altered fractional flows and saturation in the oil
bank.

2. Surfactant sorption retards the surfactant front (and
oil bank rear) relative to the salinity wave of the
chemical slug.

3. Because oil is not completely displaced (Sgrc>0), the
salinity waves in and behind the oil bank travel at

greater-than-unit velocity.

4. Injection of the chemical slug produces a nonsharpening
ion exchange wave, whose merger with the slower ion
exchange wave of the preflood creates a curved boundary

in the distance-time diagram.

In the example shown, the preflood was not large enough for
complete reconditioning of the reservoir. The surfactant travels
most of the time in an ionic environment dictated by the salinity

of the injected chemical slug and by the reservoir clays in the



TABLE 2

COMPOSITION FOR TWO EXCHANGING CATIONS
WITH OIL (FOUR FLUIDS) EXAMPLE

Concentrations (meg/ml)

Zone Cy Cs Cn

I - 0.244 0.904 1.148
A , 0.0204 0.0738 - 0.0942
Al 0.0025 0.0917 0.0942
B 0.0268 0.01368 0.1536
B! : 0.0445 0.1091 0.1536
B" , 0.0065 0.1471 0.1536
c 0.0065 0.0184 0.0249
c! 0.0005 0.0244 0.0249
c" 0.0002 0.0247 0.0249

Qy = 0.042 meqg/ml, Sgre = 0.05, Dg = 0.015, Sor = 0.32, S* = 0.485.
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original cationic compositions (Zone B"). Under the conditions
selected for the calculation, this environment contains much less
calcium than the injected slug, the initial connate water, and
the environment early in the flood when the surfactant travels

over preconditioned clays (Zone BY).

The only additional major complexity involved in Fig. 5 is
the curved boundary of the surfactant slug's ion exchange wave
after this wave intersects the preflood ion exchange wave.‘ We
therefore describe only how this curved boundary is calculated,
leaving the calculation of other waves to other methods. If the
preflood ion exchange wave intersects the leading edge of the
slug's ion exchange wave at (V'pd, £ "), after this point a shock
front will continue across which the calcium concentration
changes from B" concentration to a concentration given by

. ac; \ -1

={ 1 - +

=2 (36)
V.-V orc  dC,

from Equation 22. From Equation 19, this defines C; as a func-
tion of & and Vpg in the shaded region S*. The velocity of the
shock for £'<£<E" and V'pd<vpd<v"pd is, from Equation 14,

~ ~ " _1
TR FUN Y ] - (37)
dv orc C "o C
pd 1B 1

where the subscript B" refers to €| and Cj evaluated at com-
position B" (Table 2). - Integration of Equation 37 subject to
the boundary condition E(V"pd) = &' will yield the curved boun-
dary of region S*. This must be done numerically as C; and Cj

are functions of £ and Vpq from Equation 36.
A similar calculation will yield the curved boundary of the

slug's ion exchange wave after it crosses the polymer-drive

salinity wave.
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While Fig. 5 gives a good general idea of the type of
response generated by a chemical flooding sequence of this kind,
its quantitative detail will be only as good as the reservoir
satisfies the original assumptions. The highly complex media of
real reservoirs have not been considered, and even in an
idealized medium, the following additional effects must be
considered.

lI. In the presence of more than two exchanging cations,

each injection sets off more than one ion-exchange wave.

2. Surfactant adsorption and cation exchange are usually
interdependent and therefore produce coupling of the

respective waves.

3. Fluid-dynamic dispersion makes all waves more diffuse

and may generate additional perturbations.

4, A surfactant may produce complete solubilization par-
tition between water and oil or form more than two

fluid phases.

The first two effects can be accounted for in the general
theory presented here. The third, dispersion, is discussed
later. The fourth, partitioning between fluid phases and more
complex phase behavior, requires an extension of multi-component
chromatographic theory used here to multiphase flow and is not

considered here.

Three Exchanging Cations, No Mobile Oil
And Two Fluids

We consider only a case with three cations (calcium, sodium,

and magnesium) and two fluids. More complex cases, however, are
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handled readily with a combination of the general methods applied
here and in the preceding examples.

As theoretical treatment has shown, injection of a fluid
different from connate water in such a three-cation system
generally produces three waves; one salinity wave and two ion
exchange waves. As in simpler cases, the salinity wave travels
at the velocity of aqueous phase flow and is indifferent to shar-
pening behavior, whereas the ion exchange waves are slower and

may be self-sharpening or nonsharpening.

Fig. 6 shows the composition route and distance-time diagram
of a sample case. The compositions of the connate and injected
fluids and of the various newly generated zones are listed in
Table 3. The composition route is drawn in a path grid for
constant, injected salinity and thus represents only the two ion
exchange waves. In the reservoir, these waves are upstream of a
salinity wave across which the salinity changes from the injected
value to the connate value, while the clay composition remains
unaltered. The end point "A" of the route in the diagram thus is
the composition having injected salinity and being in
equilibrium with clays in their original state. Once A" has been
calculated and plotted in the composition-path grid, the
construction of the composition route from A- (injected
composition) to A" with the principle outlined previously is
straightforward: the route takes a slow then a fast path and
therefore goes through A". The respective wave velocities are
obtained with Equation 12 and the appropriate substitution for
the retardation term Dj. In the sample case shown, both ion

exchange waves are nonsharpening.

In response to more complex injection conditions, the
crossovers of ion exchange waves from different injections occur
in essentially the same manner as the crossover between an ion

exchange and a salinity wave, discussed previously.
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TABLE 3

COMPOSITIONS OF THREE EXCHANGING CATIONS EXAMPLE

Zone

I (initial)
All

Al

A (injected)

Concentrations (meqg/ml)

&1

0.120
0.467
0.300
0.134
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c2

0.132
0.335
0.200
0.360

3

1.304
0.198
0.500
0.506

Cn

.556
.000
000
000

o



The general formulation of the eigenvalue problem makes the
approach outlined here applicable to systems with any number of
exchanging cations, as well as systems which also contain other
species (such as surfactant and polymer) whose sorption interacts
with cation exchange. With a greater number of interfering
species, one loses the convenience of working with simple, two-
dimensional composition diagrams. Also, care now must be taken
with the definition of salinity waves, as the only waves
uncoupled from others and advancing at the velocity of aqueous-
phase flow are those of species neither sorbed nor partitioning
into oil. If the surfactant is ionic, sorbable, and interacting
with cation exchange, the ion exchange waves will have variations
of total anion concentration (but not of concentrations of non-

sorbed, inorganic anions).

CONCLUSIONS

1. A method has been presented for calculating several
first-order effects of multicomponent cation exchange
and sorption in a chemical flood using the concepts of
chromatography with interference. Specific examples of
the coherent resolution are illustrated for the cases of

two and three exchanging cations.

2. In general, one or more ion exchange waves are set off
that travel at lower velocity than the salinity wave,
which is composed of a concentration variation of non-
sorbed anions. This means that the injected composition
will generally traverse only a relatively small distance
into the reservoir, whereas the new compositions

resulting from the exchange process persist much longer.

3. A method is presented for estimating the size of a

preflood required for completely reconditioning the
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reservoir clays. Such a preflood probably seldom will
be practical. However, if the fastest ion exchange wave
is slow, the composition generated by the new salinity
and old clay composition will determine the environment
of the chemical slug for most of its traverse. This
composition then would indicate an active chemical slug.
In many cases, this composition can be designed given

the assumptions of this study.

Alternatively, it may be possible or desirable to adjust the
injected compositions so that cation exchange is suppressed, or
at least minimized. All that is required for a typical brine
preflood is that the ratio, CiVi/CjVj » be matched for the con-
nate and preflood brines. Second-order effects not considered
here may cause some exchange to occur even in this case. For the
surfactant and polymer solutions, additional interactions must be
taken into account.
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Lake and Helfferich followed with a paper which included the
effects of dispersion on the theoretical model described above.
Thus, the interaction of cation exchange, polymer/surfactant
adsorption and fluid-dynamic dispersion in a porous media was
studied.  Again, substantial portions of the report are repro-
duced for reference 2.

INTRODUCTION

Assumptions

The assumptions used here are similar to those used earlier,
except that (I) fluid-dynamic dispersion is not neglected, (2)
all material-balance relations are restricted to single-phase
flow (there is no oil in the system), and (3) the system can have
no more than five components; calcium, (C1 - meqg/ml) - a divalent
cationic component; sodium (C, - meq/ml) - a monovalent cationic
component; chloride or total salinity (C3 - meq/ml) - nonad-
sorbing anionic component; surfactant (C, - meg/ml) - an
adsorbing component; and polymer (Cc- ppm) - a nonionic adsorbing
component.  Note that all concentrations for C; through
(including the  stationary phase concentrations) are in
milliequivalents per milliliters of pore volume.

The foregoing assumptions restrict somewhat the usefulness
of the following results when predicting the behavior of real
systems. Nevertheless, these results effectively illustrate the
combined influence of dispersion, cation exchange, and

polymer /surfactant adsorption on a chemical flood's environment.
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STATIONARY PHASE, PROFILES, AND HISTORIES

The stationary phase may be the clay (cation exchange) or
rock (polymer/surfactant adsorption). We designate stationary

phase concentrations with a superscript .

GENERAL EQUATIONS

Material Balance

Subject to these  assumptions, the  one-dimensional
convective-diffusion equation describing transport of species "i"
in a porous medium is

o+ C. . 3 3C.
3(C; + C,) q 3G . i (38)

ot +Aﬂ 9z T 2z L 752

where KJL is the longitudinal dispersion coefficient.

. K, AP
The inverse Peclet number = Npg-l = £ = &
qL L
With this, Equation 38 reduces to
3 (C; + C; 3C; > [ 1 8¢\ (39).
+ - Npeg — J=0
3 Vp 4 3& o€ 9g

Note that this definition of the Peclet number is not the same as
that defined earlier. The definition used in Equation 39,
however, is the more convenient in scaling dispersion to systems
of different lengths. This Peclet number may be converted to the
earlier one by multiplying Npe_l with the ratio system length to

characteristic particle diameter.
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Equilibria Relations

Here, the equilibrium isotherm between sodium and calcium on
the clays and in the flowing phase is assumed to follow a rela-
tion first proposed by Gapon and later investigated by Bolt,

G C
£k 2 —x.r (40)
C1 21V—C_1'_ 21

where r is the Gapon ratio.

Equation 40 is only one of several relationships proposed in
the literature to represent sodium-calcium exchange on formation
clays. Its use here presumes no superiority of this equation
over other isotherms. Subsequent work and the work of others
elsewhere has shown isotherms of the "mass-action" or "Kerr" type
to be slightly more accurate when representing sodium-calcium
exchange. Equation 40 is, nevertheless, entifely adequate for
most purposes and considerably simpler to implement in the
mathematical development.

For adsorption of surfactant and polymer species, we assume
that a Langmuir isotherm applies,

c, = 14 i=4‘or5 (41)

There is some question about whether the surfactant-polymer
adsorption is completely reversible. For the illustrations in this
report, we use Equation 4l only for single-step changes
(concentration increasing) in the polymer or surfactant influent
concentration, so there is no need to include an irreversible
adsorption term in Equation 4l. Since we use this equation for
both surfactant and polymer adsorption, many of the conclusions
deduced below will be applicable to either.
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If Cfi is the concentration of surfactant or polymer in the
injected fluid (the final concentration) Equation 41 may be writ-

ten as

C. = COpg 1+ Cgbid €

i (42).
Cpg (T + D564y

i =4 or 5

Electroneutrality

Following Assumption 3, solution electroneutrality is

C3=Cj + Cy (43)
and stationary phase electroneutrality is

Qu=Cp +Cy | (44)
where Q is the cation exchange capacity.

In view of Equations 43 and 44, Cy, Cp, and C3 are no longer
independent species. We arbitrarily choose to solve for calcium
and chloride concentration so that Equation 39 now may be written

generally as

JA, 3C. 5C.
1 + i) 32 N-l 1 -0
- av%d“ yE ot Pe BE (45)
a Q i=1,3,4,5
A =Cp ¥ v =C * 17 —
1+ K,y (G576 21
\/‘C_l- a,C; (46)
Ai= C R + e
Ag = Cq S

where the first of these equations follows from eliminating Co
and &2 between Equations 40, 43, and 44, and the second follows

from the chloride anion being nonadsorbing.

To solve for Cj;, we integrate Equations 45 and 46 numeri-

cally using finite elements (Galerkin's method) Equation 45 for
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Cy is coupled to C3 making it necessary to solve for C; and
C3 simultaneously. Here, we use an analytic solution for Cs,
since chloride is nonadsorbing, to couple the chloride and

calcium equations.

Analytic Solution For Chloride Concentration

The approximate solution for Equations 45 and 46 with i = 3
and the following boundary and initial conditions C3(O,Vpd) = C3f
is C3 (E, ) = CBO

C, - C \ (47)
5 50 = 21 erf pd

C C 2 *
3 - 730 wPe pd

The solution for the complete sequence of formation water,

preflood, slug, and polymer drive can be found by superposition

Cang ™ Catw |1 - eer
. .
V Pep

Cs (€, Vpd) - Cwa

'+C35_C3pf ,1—erf€_(vpd pf) +Cp
2 2
ANps (Vg Vg
-1—erf€-(vpd_vpf—vs)

nyv—l (48)
Npe (Vpd B fo ) Vs)

for a linear system. Equation 48 applies only for Vpd > Vpf + Vs.
For Vpg<Vpd< (Vpg + Vg), the last term should be omitted; for
0 <Vpd<Vps, the last two terms should be omitted, making Equation
48 the same as Equation #47.

The boundary conditions selected for the numerical solution
are the total fluxes specified at the inflow and outflow end of

this system.

5 " Npe - C. i# 3 (%9)
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1 =0 . (50)

Accuracy of Solutions

These are three sources of error in the above procedure.

1.

2’

3.

Errors in the analytic solution, Equation #47, resulting
from the disagreement between the boundary conditions
for the analytic solution and those used by the numeri-
cal solution, Equations 49 and 50. These errors should
be greatest at small Vpd and large Npe'l. For Vpq>0.1
Npe'1<0.5, the average error caused by using Equation
47, instead of the more complicated exact solution, is
usually less than the error in the numerical solution of
Equation #6. This level of accuracy is acceptable in

the current application.

Time truncation errors that arise because of the finite
differencing of the time variable. There are, in addi-
tion to time ftruncation errors, errors originating from
the spatial truncation. These errors are much smaller
than time -truncation errors in the finite-element
methods we are using (nonsmooth cubics as basic
functions). In general, time-step sizes were chosen to

keep the total average numerical error below 3%. |

Errors caused by oscillations result from the inability
of the finite-element program to solve Equation 45 if
the various waves or fronts become too sharp. For
single-phase problems, this occurs when the second-order
term becomes much less than the other terms (the
equation loses its parabolic character). This problem,

in principle, can be surmounted by choosing more node
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points. In practice, computing time and core storage
requirements limit the maximum number of node points.
As before, however, we are able to use enough node
points for Npe'1>0.0005 to reduce the average error to
less than 3%.

These precautions keep the accuracy to the analytical and
numerical solutions at an acceptable level. The current
analytical-numerical approach, therefore, will vyield results
similar to those reported earlier using a completely numerical

solution scheme to solve the material-balance equations.
RESULTS

Throughout this section we will refer to inverse Peclet num-
bers of 102 and above as "laboratory" scale dispersion. Inverse
Peclet numbers of 103 and below are termed "field" scale disper-
sion. The laboratofy scale Npe'1 is that which we have found
exhibited by surfactant slugs in 0.5 to 2-foot long laboratory
cores. The 10-2 value is somewhat larger than that, but still in
approximate agreement with, values quoted in the literature for
inert tracers in outcrop sandstone cores. The field scale value,
on the other hand, is somewhat arbitrary, being based on values

obtained from the Esso Tracer test method.

History Match on Ion-Exchange Experiments

Figs. 10 and 11 show data from experiments in a 2-foot long
Berea core with no oil present that are suited ideally to the
assumptions. In Fig. 10, the concentration of chloride in the
brine initially present in the core was 0.04 meq/ml; the chloride
‘concentration in the injécted fluid was 0.06 meg/ml. Fig. 11
represents the reverse experiment of Fig. 10, with initial and

injected chloride being 0.06 and 0.04 meq/ml, respectively. In
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both experiments, the calcium concentration in the initial and

injected fluids was 0.0103 meg/ml.

Figs. 10 and 1l also show the effluent history match of the
solutions to Equations 45 and 48 (Vpf = Vg = 0), with the experi-
mental results. Both figures show good agreement between theory
and experiment, even though they required slightly different
inverse Peclet numbers. This is somewhat surprising since these
two figures represent sequential experiments run on the same core
with the same fluids. Both Npe~! and Ky are best fit numbers,
however, and this difference probably is within experimental
uncertainty.

The effluent history matches Figs. 10 and 1l provide a use-
ful comparison between the results of the no-dispersion theory,
and the dispersion theory described here. The no-dispersion
theory gives correct mean-wave velocities and intermediate zone
compositions, but gives waves that are too sharp. The dispersion
theory, on the other hand, predicts correct intermediate com-
positions, but also accurately reproduces the relative spread of
the waves. The implication is that dispersion theory is needed

if the extent of spread is important.

Entire Chemical Flooding Sequence

Fig. 12 shows the calculated calcium concentration profile
at Vpq = 0.7 cumulative injection for an entire chemical flooding
sequence. The slug sizes and injected concentrations are given
in Table 4. Fig. 12 shows the profiles calculated at laboratory
and field-scale dispersion levels and also shows the no-

dispersion limit.

The main concern in Fig. 12, regarding the effectiveness of

the chemical slug, is the loss of calcium cations to the reser-
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TABLE 4

INJECTED AND INITIAL CONCENTRATIONS AND SLUG SIZES FOR

FIGURE 12
Formation Chemical Polymer
Water Preflood Slug Drive
Total salinity, meqg/ml 1.153 0.0942 0.153 0.0249
Calcium, meq/ml 0.244 0.0204 0.017 0.0065
Sodium, meg/ml 0.909 0.0738 0.136 0.0184
Slug size, fraction Vp Initial 0.10 0.12 —_—
TABLE 5

INJECTED AND INITIAL CONCENTRATION AND SLUG SIZES FOR

FIGURE 15
Chloride Slug Size Polymer
(meg/ml) (fEraction V,) (ppm)
Formation water 1.6 Initial ——
Preflood 0.3 0.5 —_—
Chemical slug 0.2 0.1 800
Polymer drive 0.5 — 1000

Polymer adsorption: 65 = (0.05 + C32) Cs
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voir clays. Based on the no-dispersion curve, this can result in
a calcium concentration of 0.0064 meq/ml, which is lower than
what was injected (0.0l7 meg/ml) and lower than that required for
an "optimal" célcium concentration in the slug's presence. With
field-scale dispersion, the situation is even worse, as the
dispersion erodes the locally high calcium concentration at & =
0.51. With laboratory scale dispersion, the mixing is so large
as to completely obliterate this local maximum, but mixing with
formation water ahead of the preflood will restore the slug's
calcium concentration to the optimal region. Thus, it appears
that under some circumstances, dispersion can compensate for the
detrimental effects of cation exchange. It is not possible to
make a general statement in this regard, but clearly the inclu-
sion of dispersion in the calculation can modify results calcu-
lated from methods that assume no dispersion, particularly when

dispersion is large and/or slug sizes are small.

Dispersion Induced Ion Exchange

When a fluid is displaced by another fluid with different
total salinity and calcium concentrations, but with the same
Gapon ratio, the no-dispersion methods predict no change in the
concentration of component i on the clay (610 = élf)' Dispersive
mixing between the two fluids, however, causes the fluids to mix
and to alter r. The result of this mixing is a change in the
concentration of component i on the clay in the mixing zone bet-
ween the two fluids, even though the clays have equal com-
positions ahead and behind the mixing zone. Such a phenofnenon
has been observed in laboratory experiments, and is the result of
a linear mixing phenomenon, dispersive mixing, occurring simulta-
neously with nonlinear adsorption, as evidenced by the term r in

Equation 40.

The basis for this section is an experiment where C3 = 1.66

meq/ml, C; = 0.28 meq/ml solution was displaced by C3 = 0.166
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meq/ml, C; = 0.0039 meg/ml solution in a Berea core. For both
solutions, r was about 2.6, The calcium concentration eiffluent
history of this experimnet is given in Fig. 13 along with the
simulation at two dispersion levels. Npe~l = 0.0041 was the
experimentally observed dispersion. Fig. 13 shows the simulation
result was only a quantitatively good fit. Adjusting Qy and Kjpj
would probably improve the fit, but experimental uncertainties in
this particular experiment would render parameters thus obtained

of questionable value.

Shown also in Fig. 13 is the dispersive effluent history
with no ion exchange. The calculated solution less the no-ion
-exchange solution is a measure of the importance of the

dispersion-induced ion exchange.

ES

This difference, termed the excess calcium concentration, is
shown in Fig. l4, for one of the cases in Fig. 13, as a function
of position and cumulative injection. The most important
question addressed by Fig. 14 is whether deviations caused by the
dispersion-induced cation exchange grow or decay with time. The
largest effects apparently occur ahead of the point £ = Vpg and
are calcium deficiencies (C¥*; negative). These differences evi-
dently grow with time. Of more importance in chemical flooding,
since the slug usually would be adsorbing, are the effects behind
the point £ = Vpq. These differences are actual calcium excesses
(C*l positive). The maximum excesses in the £<Vpd region evi-
dently also grow {fairly fast at first and then grow much slower
later on. Moreover, the region over which the non-zero excess
extends also grows with time. Differences such as these occur
over a region that easily could contain a typically small chemi-
cal slug, but the maximum excess calcium concentration is only

about 0.006 meg/ml, which is within the tolerance of many surfac-
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tant formulations. Because this mixing-zone effect is dispersion
induced, the effect is less predominant at small Npe'l (actually)
vanishing -in the limit of Npe~! + 0). The converse of this is
that the dispersion-induced, cation exchange effect should
decrease with increasing Npe"l. This is true until dispersion
becomes so large as to completely override all other effects.
The denominator of the error function argument in Equation 47 is
a measure of the dispersion of a front. Because this quantity
contains Vpq, in addition to Npe'l, it follows that the effect
should grow with time. Moreover, since it also follows from
Equation 47 that the mixing-zone length grows as the square root
of Vpd, it is consistent that the region over which the effect is
important also should grow. The excess concentrations become
negative again in the region Vpg> & (Fig. 14). This is the
result of small oscillations in the numerical solution that do
not alter the basic conclusions in Fig. 14.

Simulation of Polymer Behavior With a

Chloride-Dependent Isotherm

One of the first uses envisioned for a low-salinity preflood
was to lower the surfactant and polymer adsorption on the rock.
Another ' study has shown that the adsorption of these large mole-
cules increases with the total salinity of the fluid. This sec-
tion demonstrafes the effect of this dependency on the effluent

history of the polymer concentration.

Table 5 shows the injected concentrations and slug sizes
used in this set of simulations. The adsorption isotherm for
this case is linear in polymer concentration and quadratic in
chloride concentration and quadratic in chloride concentration
(Table 5). Fig. 15 shows the results of the two simulation runs
and one purely dispersive (no adsorption) analytic solution for
polymer effluent history. With the preflood, the effluent
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EFFLUENT CALCIUM CONCENTRATION (MEGQ/ML)

1.OT—
05—
0.1
Q, =0.05 meq/mi
Kp,20.88 (mi/meq)'/2
~ | ® EXPERIMENTAL PT.
005 —
0.0l —
0.005 p— [ ]
[ ] ° P
® 09
= \__ e ———
L \_'_
pe=0.0043
{NO ION EXCHANGE)
0.001 | | | | 1 |
0 1.0 2.0 3.0 4.0 5.0 6.0

CUMULATIVE INJECTION, FRACTION Vv,

FIG.I13—Effluent calcium concentration and sensitivity to Peclet
number for demonstration of dispersion-induced ion exchange.
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history is only slightly different from the  analytic solution
effluent history. This is because the preflood keeps the polymer
front's total salinity environment low enough so that the adsorp-
tion is small. For the no-preflood case, the situation changes
considerably. Now the front is sharper than before because the
mixing with the more-saline formation water causes the lower
polymer concentrations to adsorb much more than when the slug was
preceded by a preflood. Because the slug and polymer drive them-
selves have low chloride concentrations, a substantial portion of
this adsorbed polymer desorbs back into the solution. This
causes the effluent polymer concentration to be actually greater
than .the injected polymer concentration, a phenomenon occa-
sionally observed with both the chemical and the polymer in
actual practice. Usually some material remains on the rock, even
at low-fluid polymer concentration and total salinity. If this
effect is pronounced, the effluent polymer concentration may not
necessarily exceed the injected polymer concentration, but the
total polymer lost would almost certainly be much larger with no
preflood.

Asymptotic Mixing Zones

Self-sharpening waves in homogeneous porous media experience
two competing physical phenomena. Dispersion tends to spread out
the wave in proportion to the square root of time, and the effect .
of the adsorption isotherm, on the other hand, tends to sharpen
the wave, causing a discontinuous shock in the absence of disper-
sion. These phenomena tend to balance each other producing, in
an asymptotic sense, a wave that does not change shape with time
and one that is independent of the system's initial conditions.
That is, an initially sharpened wave will spread to this limit
while an initially dispersed wave will sharpen to this limit.
This section explores this asymptotic wave through the extended

example of a Langmuir isotherm and the numerical scheme described
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above. Although for simplicity we restrict ourselves to a
Langmuir isotherm, the technique and results apply equally to any

chromatographic process with a self-sharpening wave.

This study follows earlier work on general self-sharpening

waves caused by adsorption isotherms.

If the simplest type of displacement occurs, that of one
miscible fluid of unit concentration displacing another in a one-
dimensional, linear, homogeneous porous medium, solutions to
Equations 45 and 46 would give the concentration of the displacing
fluid at all positions and times. If, however, the balance bet-
ween dispersion and adsorption is attained, and the isotherm is
one that would produce a shock in the absence of dispersion, the
shape of the wave will become constant, and the wave itself will
progress through the porous medium in simple translation. When
this happens, the wave (viewed in a coordinate system that moves
with the average position of the displacing front) will be inde-
pendent of time. Transforming Equations 45 and 46 into the spa-
tial coordinate £=§ - ACVpd’ where vAC is the dimensionless step
velocity, yields,

ac 3C ac
L+ =3 . L= Vae — 1
& (52)
(_a_c_) S O O e -
g’ Pe |3 ()%
v Viod
pd , P

The step velocity is the velocity the shock would have in the

absence of dispersion. Note that v has meaning only if the

c
wave is self-sharpening. The subscriApt for C (4 or 5) will be
omitted because this section deals with one-component systems
only. The quantity v ACVPd’ termed the adjusted cumulative
injection, is the position the fluid front would have if there
were no dispersion and no displacing fluid initially in the

system. From these remarks, we assume that the wave is moving
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by simple translation and, therefore, that the first term of
Equation 52 will be zero. This results in the following dif-

ferential equation for the asymptotic concentration profile.

~ 2 X
oD vy a0l (d C ) -0 (53)

AC TdCT| TE" Pe \ g2

Integrating once with the boundary conditions that (dC/dgWg + +
o = 0 and C(+» ) = 0 yields

A a1 fac\
Vac € F (Vpo = 1) €+ Npg (_df'—> =0 (54)

Since the displacing fluid's injected concentration is unity, a
second integration of Equation 54 will occur between the limits
of C = 0.9 and C = 0.1. |
0.9

0.1 (55)
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The quantity AZg3, defined as the asymptotic mixing-zone length,
is a measure of a front's length. This is the limit that self-

sharpening dispersive waves approach with time.

Further wuse of Equation 55 must involve the specific
isotherm, Equation 42 with C; = 1.0. Substituting Equation 42

into Equation 55 and integrating yields

~

-1 1+Cf 2

s&R T Npe |77 [ {1+ 5 (56)
f

Equation 56 has used the definition of vy = 1/(1 + éf).

The mixing-zone length for a nonadsorbing dispersive wave is

from Equation 47
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0 _ — = =z -
AEm T - = 0.1 £Cc=0.9 5.625 VNPé Vpd (57)

Note that Agf is time-independent, while AES is proportional to

the square root of time.

Fig. 16 shows the behavior of the transient mixing zone,
AEm, as a function of the adjusted cumulative injection calcu-
lated by the numerical technique described above. The middle
curve is that of a nonadsorbing mixing zone that obeys Equation
57. The lower curve is that of a self-sharpening front that is
initially sharp and becomes more dispersed with time. The upper
curve is that of an initially dispersed front that sharpens with
time. Both of the latter cases tend to (but do not attain within
the finite system) the limit described by Equation 56.  The
adsorption isotherm, nevertheless, causes the mixing-zone length
to be smaller at the end (v ACVpd = 1) of the displacement than

would be anticipated from pure dispersion.

From Equation 57, the maximum value that the nonadsorbing

mixing-zone length can attain is a Vpd = 1.0.

(A Mmax = 3.625WNpe-1) (58)

We shall use Equation 58 as a reference quantity for
Equation 56. The ratio of asymptotic mixing-zone length to maxi-
mum nonadsorbing length is

_1 ~
Fe=  agh VMg 1+ Cg

0 = 3.625 N 111(9) 1+ ? (59)

This quantity is a function of the three parameters Npe 1
H

éf, and b. Fig. 17 presents Equation 59 graphically. Over much

of the range of parameters, particularly low éf or high Npe'l,
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the asymptotic mixing-zone length is greater than the maximum
purely dispersive mixing-zone length (AER/AER) max>1.0). On the
other hand, for low Npe“l, high Cg, or high b, the asymptotic
mixing-zone length is less than the maximum purely dispersive
mixing-zone length.  The implications of this are difficult to

see from Equation 59 because it is a comparison of a mixing-zone

length (AE fi) evaluated at Vpq= < with a mixing-zone length

(A max} evaluated at Vpd = L.
If we let (AEp)z=1 be the mixing-zone length of an initially

sharpened adsorbing front when it reaches the effluent end, then
for. ngl,

(hEm) =] €BERmax ¢F ¢ GEQmax (60)
and for FE{l,

@ Em)gzl »‘Fg @& Dmax € (A&Rmax (61)
Dividing inequalities in Equations 60 and 61 by the maximum nonad-

sorbing mixing-zone length (which is always positive) and keeping

only the first (the strongest) inequalities yields

(A U
EZ)E =1 <1 for FE > 1 (62)
(Agm)max
and
(AEm)E =l < F for F_ <1
(MEQ) .. & 2 (63)

The inequality in Equation 62 yields no new information since the
maximum adsorbing zone length is always less than the maximum
nonadsorbing mixing-zone length. The inequality in Equation 63

along with Equation 59, on the other hand, provides insight into
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how much the adsorption of the mobile-phase component will
decrease the mixing-zone length over that expected from nonad-

sorbing dispersion theory.

Fig. 18 schematically illustrates the situations described
by the inequalities in Equations 62 and 63. In the upper plot,
the asymptotic mixing-zone length is greater than the maximum
nonadsorbing mixing-zone length (F E}1). In the lower plot, the
converse is true (Fg{l). The difference between the actual
mixing zone length (A ) of an adsorbing front and the mixing-
zone length of a nonadsorbing front (AE ?n) will be greater when
Fg{l (Fig. 16). We now attempt to deduce which situation described

in Fig. 16 applies to laboratory and field-scale displacements.

Typical values of the three parameters in Equation 59 are
éf = 0.05 for surfactant or polymer adsorption 0.001 (field scale)
Npe-1€0.01 (lab scale) 90¢X20013. The limit of Equation 59 for
large b is -

-1
I N

k2 U (64)
(2E2) 3,625 C; In(9)

Equation 64 is a useful result since b usually is poorly known and
large enough to justify the approximation. Physically, what
Equation 64 implies is that as the isotherm becomes more nonli-
near (b +«), there is a point beyond which the wave will not
sharpen further. These numbers yield

F¢ (lab scale) = 1.27

Fg¢ (field scale) = 0.4 (65)

or for the inequalities in Equations 62 and 63,

(ag )

(laboratory scale) g= 1 <1 (66)

(Agl%) max
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FIG. 18— Schematic illustration of the behavior
of mixing zone lengths in finite systems.
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A
( gm) g= 1 < 0.4 (67).

(field scale)
O
(Agm) max

Hence, on the field scale the Langmuir isotherm will sharpen
the dimensionless mixing-zone length (AZ,) more than it will on
the laboratory scale, relative to the respective no-adsorption,
mixing-zone lengths (AEQ). Conversely, laboratory measurements
of dispersion of surfactant solutions are not likely to be
affected greatly by adsorption effects, provided the &f value is
not much greater than 0.05. This conclusion is true for one-
sided (or continuous) chemical fronts.  For {inite slugs, the

adsorption remains the important, regardless of Npe‘1 value,
because of the depletion and possible chromatographic separation

of the surfactant and polymer.

We have found that the actual mixing-zone length approaches
the asymptotic limit exponentially.  This is another departure
from nonadsorbing dispersion theory with a mixing-zone that grows
proportionally to the square root of time. It appears, moreover,
that the time constant of this growth rate increases as the
asymptotic rrlixing;-zone length decreases. This implies that a
small Af § will be attained at a smaller Vp4 than a larger

asymptotic mixing-zone length.

CONCLUSIONS

1. The scheme of coupling a finite-element numerical simu-
lation for calcium concentration to the analytic solu-
tion for chloride concentration is satisfactory for
modeling the effects of disbersion and two-cation

exchange reactions in chemical flooding.
2. When slug sizes are small and dispersion is fairly

large, the inclusion of dispersion can modify results

calculated by methods that assume no dispersion.
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3.

.,

A fluid with a Gapon ratio that is in equilibrium with

the reservoir clays (but with a different over-all com-
position), nevertheless, will cause cation exchange to
occur in the mixing-zone between the injected and in-
situ fluids. This phenomenon is caused by fluid dynamic
dispersion and can be an important effect in systems
with moderately large dispersion where a highly calcium
sensitive slug is used.

If a displacing fluid has an adsorption isotherm so that
its front would be a shock in the absence of dispersion,
the actual concentration profile (including dispersion)
tends to resemble an asymptotic profile that traverses
the porous medium without changing shape. This phenome-
non is new to the petroleum literature in that it pre-
dicts  asymptotic = mixing-zone lengths . that are
independent of time and inversely proportional to the
Peclet number. Moreover, it appears that, given reaso-
nable values of the parameters involved, this phenomenon
is more important under field than under laboratory con-

ditions.
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In continuation of the theoretical study described above,
H.J. Hill and L.W. Lake of Shell Development Company completed an
experimental study in cores 30 The results of their efforts are

reported below.

DISCUSSION OF EXPERIMENTAL DATA

Most flow experiments were conducted in Berea cores, except
for one experiment that was conducted in a sand pack prepared
from disaggregated Berea sand. X-ray diffraction analysis of
these two disaggregated sands showed that both contained quartz,
feldspar, dolomite, and clay. The Berea sand also contained
siderite (FeCOaj). Clay fractions contained illite, kaolinite,
and chlorite. About 50% of the Tar Springs clay fraction was

chlorite and 70% of the Berea clay fraction was kaolinite.

Cation-exchange capacity, Q, certain other core data, and
experimental cohditions are summarized in Table 6-B, where
experi- ments are identified with a letter or number code. Table
7-B gives analytical data for solutions used in the floods. In
Table 7, the primary identification code marks the solution with
which the rock was equilibrated before the first displacement.
Solutions used in successive floods are identified by successive
letters of the alphabet.

Experimental results are illustrated in the figures and sum-
marized in Tables 8 and 9. For each solution pair used in a
displacement experiment, the net gain or loss of calcium and
magnesium from the solutions was determined by material balance.
Since gain by the solutions represented loss by the core and vice
versa, the solution material balances measured AE:l and A&z,
These values of AC were used with the independently determined
value of cation-exchange capacity, Qy, and the known values of

the appropriate solution concentration ratios to obtain values
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TABLE 6

CORE DATA AND EXPERIMENTAL CONDITIONS

Core Data
Identity
Dimensions, in.
Orientation
Porosity
Permeability, md
Oy s Mmeg/ml
Temperature, ©F
Frontal rate,

**ft/day
Comments

* Cylindrical

EXPERIMENT
R 1230 1094 1095 E-1

Berea Berea Tar Springs Berea Berea

2 x 24 2x2x 24 1 x 24 1l x 24 2x 2x22

Vertical Vertical Vertical Vertical Horizontal
0.22 0.38 0.38 0.23
180 1,020

0.034 0.039 0.019 0.017 0.039

77 85 85 85 168

2.0 2.0 1.0 1.0 2.0
Acidized Sand Pack Sand Pack

** Frontal rate = qL/Vp.
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SOLUTION DATA FOR FLOW EXPERIMENTS
(Concentrations in meq/ml at Temperature of Experiment)

catt Mg++
Experiment (Cj) (Co)
R 0.0103
RA 0.0103
RB 0.0103
1230 0.1147 0.0000
1230Aa 0.0625 0.0000
1230B 0.1003 0.0000
1230C 0.0000 0.0000
1230D 0.0000 0.0000
1230E 0.0000 0.0000
1064 0.1720 0.0953
1094A 0.0127 0.0074
1094B**
1094C**
1094D
1094E**
1094F**
1095 0.0172 0.0953
1095Aa 0.0127 0.0074
E-1 0.142 0.159
E-1A 0.0051 0.0056
E-1B 0.0117 0.0115
E-1C 0.0278 0.0241

M++
L12)

0.0153
0.0055
0.0000
0.0000
0.0000

TABLE 7

c1-

0.040
0.060
0.040

0.1147
0.5563
1.655
0.2497
0.0796
0.300

1.257
0.0932
0.0730
0.0220
0.1310
0.073
0.040

1.257
0.0932

0.576
1.576
0.2537
0.0976

Surfactant™

0.0118

0.0569

0.0592

8074

0.0000

0.0256

0.0265

*Solution RA displacing Solution R constitutes Experiment RA.

convention for all experiments.

Volume
Injected
(v.)

3.00+
1.8
1.58

3.00+
3.32
3.86
4.33
2.94
3.95

4.85
4.43
3.78
2.60
21.25
1.20
2.93

4.70
7.96

2.07
1.098
2.14
2.09

Similar

**g5olutions contained 600 ppm Dow Pusher 700 (TMy . No other solutions
contained polymer. g
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TABLE 8

ISOTHERM CONSTANTS - EXPERIMENTS WITHOUT SURFACTANTS

(Calculated for Concentrations Expressed in meg/ml at Temperature of Experiment)

RA
RB

1230A
1230B
1230C

K K K Best

g3l g2l 2 - :

Experiment Kp3i (ml/meq)¥ Kpop (ml/meq)E Km321 (me fihx N;l  Root Fit
0.0053 0.470 0.0015 Small Either
0.0053 0.470 0.0015 Small Either
0.0102 0.832 0.0025 One Ky
0.0155 No Root 0.0020 Large Kp
0.0072 1.078 0.0030 One Either
0.0110 0.955 0.0025 Kn

1230
average

1094A

1095A

E-1C

0.0143 No Root 0.900 No Root 0.011 No Root 0.0013 One Kp
0.0540 1.094 0.58 0.44 0.064 1.01 0.0030 Large Ky

0.0037 0.530 0.95 0.77 0.0037 2.4 0.0050 sSmall Ky

TABLE 9

ISOTHERM CONSTANTS -~ SURFACTANT EXPERIMENT (1094 B-C)
(Calculated for Concentration in meg/ml @ 85°F)

Figure
15 16 Source

Mass action, Kp321 0.011 0.011 From 1094A
Inverse Peclet, Npl 0.0013  0.0013 From 1094a
Langmuir, a 0.293 3.5 History match
Langmuir b, ml/meq 30 800 History match
Mass action, Kps51 0.048 History match
Mass action, Ko, ml/meq 120 History match
Mass action, K3j3 '

Curve 2 10,000 Assumed

Curve 3 0.011 Assumed

Curve 4 0.0010 Assumed
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for the constants in the isotherm Equations & through 7. There
are generally two K values for each applicable isotherm equation
and each set of data. Where this was the case, Table 8 indicates
which of the two roots (K values) gives the best fit of the

experimental data. It is this value that is tabulated.

Table 8 also gives values of the inverse Peclet number
Npe~l, which best describe dispersion observed in experiments.
These values were obtained by history matching the experimental
chloride-ion waves. In some displacements there was evidence of
viscous  instability, gravity  instability, or  heterogeneity
effects. We chose to represent these effects in the model as

dispersion, i.e., with higher inverse Peclet numbers.

Two-Cation Displacements, no Surfactant

For Experiment R, the Berea was saturated and equilibrated
with a solution containing 0.04 meq/ml NaCl and 0.1 meq/ml CaCl».
After the effluent concentrations became constant, the core was
flooded with the original solution.  This last displacement is
designated Experiment RB in the tables. Experimental data (Fig.
19) show that cation exchange occurred and was reversible without
obvious hysteresis effects. Model curves shown in Fig. 19 were
calculated from the mass-action equation, but Gapon's equation
describes the data equally well (Table 8). Lake and Helfferich
used these same data and Gapon equilibria in the preceding sec-
tions.

In preceding and other flow experiments at low temperatures
(60 to 959F), it has been observed that steady-state con-
centrations of calcium and magnesium in effluent samples are
usually slightly above the injected level. As shown later,
experiments at higher temperatures yield much larger excesses that
are associated with mineral dissolution. To eliminate, or at

least minimize, interference from soluble minerals, Experiment
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1230 was conducted in a Berea core after preconditioning floods
designed to dissolve all minerals soluble in 0.1 N HCl and
finally to restore core surfaces to a condition of equilibrium
with near neutral pH (6.5 to 7.5) solutions. All preconditioning
floods contained CaCly, but no sodium or magnesium salts. The
final equilibrating solution was 0.115 meg/ml CaCly and Cj should
have been equal to Qy. From this totally Ca** form of clays, the
core was displaced incrementally (1230A, B, and C) to the totally
Nat form.  Sodium-calcium mass-action solution ratios, C%/Cl,
varied from zero to « and total salinity as chloride-ion con-
centration varied from 0.115 to 1.665 meg/ml. Total excess
calcium produced during the three displacements equaled 0.038
meq/ml of pore volume. This compares favorably with the value of
0.039 meqg/ml obtained when the core in the sodium form later was
subjected to a single displacement with CaCly solution. On
completion of the flow experiments, Q, values were obtained for
four small samples taken from the core. Values varied from 0.034
to 0.038 and averaged 0.036 meq/ml.

Material balance determinations of the excess calcium pro-
duced in each incremental displacement were used to determine the
best fit value of the particular isotherm constants as given in
Table 8. Since C3 = 0 for displacements 1230A, and C; = 0 for
displacement- 1230C, only one value of K is obtained for each
displacement.  This eliminates choosing between two values by
history matching procedures. Individual displacement values for
isotherm constants were averaged and used to calculate the model
results given in Fig. 20. As indicated in Table 8, the Gapon
isotherm would not yield a solution for displacement 1230B and
the known value of Qy. For this case, Kg3) values obtained from
1230A and 1230C were averaged, and this average Kg3] was used to
calculate all three displacements. Considering all three
displacements, the mass-action isotherm describes the experimen-
tal data somewhat better than the Gapon isotherm. However, the

results are essentially identical for Displacement 1230C.
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This last displacement can be viewed as a preflood under-
taken to reduce Ca*t concentration and total salinity before
injecting a chemical slug. Displacement of total salinity was
efficient, but Ca** ion concentration in effluent after 2 PV
injéction was still 0.0004 meqg/ml (80 ppm). Model results are
lower, but model history shows that the long tailing of Catt is
the result of the "mixing-zone" efiect described by Lake and
Helfferich.

Three-Cation Displacements, No Surfactants

Solutions containing both Ca*t and Mg** were used in experi-
ments in sand packs prepared from disaggregated Tar Springs
(1094) and Berea sand (1095). Isotherm constants for the three-
cation system (Table 8) could not be calculated for Gapon
equilibria in the Tar Springs sand pack.' Mass-action constants
could be calculated for both packs and gave a slightly better fit
of experimental data for the experiment yielding a Gapon solution
(1095A). Model calculations for this last experiment (using the
mass-action isotherm) are compared with experimental data in Fig.
21.

The isotherm constant, K21, for the Tar Springs sand pack
was 0.95, indicating within experimental error that the clays in
this pack exhibited zero selectivity between calcium and magne-
sium.  Accordingly, the displacement was calculated as a two-
cation displacement using the sum of Ca*+ and Mg** concentrations
as one divalent cation, Cy]. The resulting Kp32] value is given
in Table 8.  Although the Berea sand pack gave both Gapon and
mass-action constants, indicating the cla);s had about a two-fold
preference for Cat** over Mg**, calculation as a two-cation
displacement gives a good representation of the experimental data

(Fig. 22). Experiment E-1C in a Berea core at 1680F gave a
Km21 value of 0.95 and a Kgp) value of 0.77, both indicating that
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ION CONCENTRATION, meg/ml

MAGNESIUM

o.t4

o.i12

0.08

0.06

0.04

0.02

0.0l

1095 A

Co**, CALCULATED
~—= Mg'*,CALCULATED
® EXPERIMENTAL DATA

0,18

0.08

0.04

0.02

0.0l

ION CONCENTRATION,meq/mi

CALCIUM

CUMULATIVE INJECTION, Vp

FIG. 21— Experiment 1095A as three-cation exchange
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ION CONCENTRATION, meq/mi

CHLORIDE

0.4

0.2

< 1095 A

Ca** + Mg" ", CALCULATED
———CI~™, CALCULATED
® EXPERIMENTAL DATA

0.8 0.9 1.0 (] L2 1.3 1.4

CUMULATIVE INJECTION, Vp

FI1G. 22—
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Experiment 1095A as two-cation exchange.

0.28

0.24

0.16

0.12

0.08

0.04

0.03

0.02

0.01

ION CONCENTRATION, meq/ mi

CALCIUM + MAGNESIUM



this experiment also can be treated as a two-cation displacement.
These results thus support Smith's conclusion that calcium and

magnesium can be treated as a single divalent cation.

Smith's data were for Second Wall Creek and Berea sand-
stones. Considering these results, three different sandstones
are shown to contain clays that do not exhibit enough selectivity
between calcium and magnesium to be of practical significance in
preflood considerations. Clay types are predominantly chlorite
and kaolinite, but illite and small amounts of montmorillonite
are present in at least one sand. These results essentially
agree with those reported by others for natural soils and mont-
morillonite clay.

Cation Exchange at Elevated Temperature;

Mineral Dissolution

In low temperature experiments, effluent solutions usually
reach a constant divalent-ion concentration of 0 to 20 ppm above
the injected level. We have (as did Smith) attributed this to
mineral dissolution. For these increased concentrations, we
found that the model does not require addition of a solubility
equilibrium expression if the steady-state concentrations for
- both the initial and final solutions are used in the exchange-

isotherm calculations.

At elevated temperature (168°F), the discrepancy for Berea
cores can be much higher, particularly when the solution salinity
is high. In Experiment E-1, we observed produced divalent-cation
concentrations that were as much as 0.035 meg/ml (700 ppm) higher
than we were injecting. Total chloride-ion concentration of this
solution was 1.58 meq/ml (56,000 ppm Cl-). Average divalent-ion
effluent concentration after more than 2 PV was only 0.003 meq/ml

(60 ppm) higher than injected, but during the {first part of
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Experiment E-1A (Fig. 23) individual samples varied widely from
the average. Later displacements (E-1B and E-1C) at lower sali-
nity showed decréasing average discrepancy and less variation
between samples. After more than 8 PV, near the end of E-1C,
average effluent, Cjyp, was 0.0015 meq/ml (30 ppm) higher than
injected solutions, Cj. Concentrations in Table 7 for E-1 and
E-1A are actual injection solution data. Calcium and magnesium
concentrations for E-1B and E-1C are steady-state effluent aver-
ages that were used to calculate the K values given for this
experiment in Table 8. Model results shown in Fig. 23 were
calculated from the mass-action, two-cation isotherm using the
tabulated values of solution concentration and Kp321. Simulation
for the last displacement (E-1C) was good considering that
chloride data showed that heterogeneity or instability effects

were rather pronounced.

We Dbelieve these results indicate mineral dissolution.
Adequate prediction of ionic concentrations in actual reservoirs
will require knowledge about minerals present, their solubility
as a function of temperature and total solution composition, and
their abundance. Given this information, appropriate solubility

functions can be incorporated into the model.

Displacements With Surfactants

Fig. 24 gives experimental data for a surfactant displace-
ment in the Tar Springs sand pack. The displacing solution con-
tained a mixture of two petroleum sulfonates. Nominal average
equivalent weight of the two was 460 and 330, and these were used
in proportions to provide an over-all average equivalent weight
of 410. The displacing solution contained 0.047 meq/ml of this
sulfonate mixture, 0.011 meq/ml NEODOL 25-3S, and 0.6% isobutyl
alcohol, in addition to the other components listed in Table 7.

Surfactant was delayed about 0.1 PV, peaked at about 1.1 times
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injected level, then returned to injection level. Divalent-
cation concentration peaked slightly ahead of the surfactant peak
and at a value about 3-4 times the injected level, then slowly
declined to the injected level at 1.6 PV.

Qur first efforts to simulate production history for this
experiment also are shown in Fig. 24. We assumed that the
cation exchange isotherm constant and inverse Peclet number
determined for the previous displacement in this pack applied to
the present displacement. We further assumed that adsorption of

surfactant followed the Langmuir-type isotherm,

f: ) aC6 _
6 =2 ——— (68)

1 + 6C 6
where Cg is surfactant concentration and 66 is adsorbed surfac-
tant concentration in meq/ml of pore volume. This relation, with
the values of a and b given in Table 9, yields the calculated
surfactant curve in Fig. 24. The history match is good, except

for the "overshoot" in experimental surfactant concentration.

To calculate divalent-ion concentration, additional
knowledge is required regarding distribution of cations between
adsorbed surfactant and the equilibrium solution. Curves |

through 4 were obtained from various assumptions as follows:

Curve |
Adsorption is chemical. The surfactant anion exchanges for
an anion at the adsorbent surface and anion concentration in

the flowing solution remains constant.

Curves 2 through 4
Adsorption is physical, anion is lost from the flowing solu-
tion. Electroneutrality then requires an equivalent loss of

cations. We assumed that the cation associated with
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adsorbed surfactant then could undergo exchange reaction as
follows:

(M surfactantp)aqs + 2Na* 5 2 (Na surfactant)yqs + M**

and, that mass-action isotherm applies. Thus,

C c%
3 = 3
Coq 321 C21

where M** represents Ca** + Mg**, and 7 indicates counter ions of
the adsorbed surfactant.

Curves 2 through # are calculated for the values of
K321 given in Table 9. Curve 2 is for the case of essentially
all adsorbed surfactant in the sodium form. For Curve 4, about
65% of the adsorbed surfactant is in the calcium form. Actual
divalent-cation effluent concentration reached a peak level later
than calculated and about 20% higher than the maximum con-

centration predicted from any of the four assumptions.

Results of these simulations show that a different set of
mechanisms leading to delayed but increase divalent-cation con-
centration is required to describe the experimental data. For

the simulation given in Fig. 25, the following assumptions were
used.

1. Langmuir chemical adsorption was assumed; a and b (given
in Table 9) were selected to give adsorption about equal
to experimental material-balance loss of surfactant for

Displacements 1094B and 1094C (polymer drive following
- surfactant).

2. "Complex" formation was assumed, M** + surfactant-
M surfactantt* described by mass-action equilibria,
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5
KC = C C (70)
where Cj5 is the concenration of the "complex".

3. Another assumption was cation exchange of the new spe-
cie.

M clay + 2(M surfactant) * M surfactant clay + M*+,

described by

¢ . c%
= T Tms21 T, (71)
21

Constants, K. and K521, used to calculate the history match
simulation in Fig. 23 are given in Table 9.

We do not consider the match entirely adequate and recognize
the speculative nature of the assumptions with their inherent dif-
ficulties, such as our failure to include micelle equilibria.
Nevertheless, the simulation is appreciably better than those
given by other assumptions. Surfactant left in the sand pack at
the end of the simulation is, however, about 25% less than the

0.0037 meq/ml PV derived from the experimental data.

Chromatographic separation of the surfactant components has
been reported by some investigators. Others have found no
separation in their systems. To indicate whether separation of
components was important in Experiment 1094B, we include tracer
amounts of a linear alkyl benzene sulfonate (equivalent weight =
340) radioactively tagged with Sulfur-35. Fig. 25 shows that
this tracer arrived coincidentally with the other surfactants.

Following the displacement shown by Fig. 25, we flooded the

Tar Springs sand pack with 22 PV of pure sodium chloride solution
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(1094D). We found (Fig. 26) that the cation exchange pulse of
divalent ions was completely out of the pack after about 5 PV.
Residual levels (~8 ppm) of divalent cations persisted after 20
PV. At this point, we flooded the pack with crude oil and
waterflooded with the pure sodium chloride solution. Divalent-
ion concentration in produced aqueous phase did not change.
Displacement 1094E consisted of injecting the previously
described surfactant system dispersed in pure sodium chloride
solution. This was followed by Polymer Drive 1094F, also in pure
sodium chloride solution.. We observed a sharp increase in
divalent-cation concentration as surfactant appeared in the
effluent (Fig. 26). We have not attempted to simulate the data
shown in Fig. 26.

The Berea sand pack (Displacement 1095) was subjected to
displacements identical with Displacements 1094 A, B, C, D, E,
and F. Each displacement gave results similar to those presented
in 1094. In the displacement with surfactant and polymer drive
in pure sodium chloride, the divalent-ion pulse arriving with
surfactant was slightly larger than that shown for Displacement
1094E and F in the Tar Springs sand. This behavior contrasts
sharply with Displacements (1230D and E) conducted in the acid-
washed consolidated Berea core (Fig. 27). In the absence of car-
bonate minerals, we obtained no increase in divalent jon as
sodium surfactant flowed through the core. These comparisons
show that acid-soluble minerals are the dominant source of the
divalent-cation pulses observed when surfactant flowed through

the unacidized rock in the two sand packs.

The data in Fig. 27 dlso show that the surfactant front
arrived at the outflow end of the core almost simultaneously with
the nonadsorbing chloride-ion front. Since the surfactant solu-
tion contained only about %% total surfactant, this is an extre-

mely small apparent frontal loss of surfactant. However,
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determining surfactant loss for this system by frontal lag is
complicated because the system is subject to excluded pore volume
in consolidated rock (Displacement 1230E). The excluded pore
volume effect is not related to polymer, since neither surfactant
flood nor its displacing solution contained polymer. When the
observed 0.105 VP excluded pore volume is added to the 0.02
Vp frontal lag, a total surfactant loss of 154 Heq/gm rock is
obtained. This compares with the value of 158 peq/ml from
material-balance calculations, but contrasts rather sharply with
the value of 830 ueg/ml/gm obtained for the Berea sand pack
displacements  with  divalent-cation present (comparable to
Experiments 1094B and 1094C). Thus, divalent cations and/or car-
bonate minerals play a dominate role in the adsorption of surfac-
tant from this formulation. |

To obtain some independent information about surfactant/-
divalent cation interactions, we measured apparent calcium ion
activity as a 0.003 meq/ml solution of CaCl, was diluted with an
0.0565 meq/ml solution of the sodium surfactant system. To
indicate the effects of dilution and changes in ionic strength,
we first diluted a sample of the CaCly solution with a solution
equivalent to replacing the surfactant in the surfactant solution
with NaCl. A comparison of the two sets of data (Fig. 28) shows
clearly that either suffactant and calcium do interact or that
the electrode response is altered severely by the presence of
surfactant.  Two observations argue for interaction; electrode
response during the last five incremental additions a slope
about equal to the slope of the line for dilution with salt
water and electrode response to nonsurfactant systems was normal
after the experiment was completed.

Careful observation during the dilution experiment revealed
no evidence of surfactant precipitation. We believe, therefore,

that divalent cation/surfactant interaction is indicated. K the



simple complex described by Equation 70 is assumed the only
interaction, values of K. can be calculated for each experimental
point. These values vary from 23 to 66, averaging 43. We used a
value of 120 to obtain the history match in Fig. 25. Our
experience with the divalent cation elecirode system indicated
that exposure to the subject surfactant at concentrations of 0.05
meg/ml can significantly alter electrode response. We believe,
therefore, that the data in Fig. 28 have only qualitative signi-
ficance.

Froning and Treiber suggested that certain clay minerals may
have normally unexposed exthange sites that are exposed by the
surfactant23. If the counter-ions for these newly exposed sites
are divalent cations, a new source of these ions is available.
Such a mechanism might explain the observed divalent ion pulses
‘in  Experiments 1094 and 1095. Unless, however, the acid
pretreatment in Experimerit 1230 exposed these sites, our results

argue that such sites do not exist in Berea sand.

There are undoubtedly alternative mechanisms that can
explain our observations. Those we have used are sketchy and
will be revised significantly as research continues. The essen-
tial point is that new knowledge about interactions between com-
ponents of the reservoir and the solutions we inject into the
reservoir is essential if we are to improve oil-recovery pro-
cesses and simulation of these processes. We have discussed some
aspects of cation exchange, adsorption, divalent cation/surfactant
interaction, and mineral dissolution. We have not considered
 interactions with the oil phase in the reservoir, and we are con-
fident these interactions can be significant and ultimately will

have to be included in any reasonably complete model.
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CONCLUSIONS

L.

Cation exchange equilibria exert an important influence
on the ionic composition of aqueous fluids flowing

through reservoirs containing clay minerals.

For simple aqueous solutions comprised predominantly of
sodium, calcium, and magnesium chlorides, mass-action
isotherms adequately represented all of our experimental
data. The Gapon isotherm describes significant amounts,
but not all data satisfactorily.

For the specific cases we studied, solution con-
centrations adequately represented the data; activities
were not tested.

As previously reported by Smith, calcium and magnesium-
can be teated as a single divalent specie for purposes
of cation exchange calculations. This in no way implies
that Ca*t and Mg*t have the same effect on surfactant

systems.

Preflooding to convert clays totally to the sodium form
may be essentially impossible when soluble minerals are
present. Even though soluble minerals are absent, large

volumes of preflood may be required.

Given the cation exchange capacity, experimental data
for the mass-cation constant, and analytical data for
the in-situ waters, the mass-action isotherm can be used

to optimize design of prefloods.
Limited evidence suggests that divalent cation/-
surfactant interaction  exhibits characteristics of

complex-ion formation.
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Surfactant adsorption in Berea rock is dominated by
adsorption (exchange) of a divalent-cation/surfactant

interaction specie and/or acid-soluble minerals.

Further knowledge regarding interactions between the
surfactant system and reservoir components, such as rock
minerals, crude oil, and divalent cations, is required
before calculation of the changes in the ionic. environ-
ment of a surfactant flowing through the reservoir can

be accomplished satisfactorily.
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The following account is taken from the report of F. W.
Smith entitled "lon-Exchange Conditioning of Sandstones for
Chemical Flooding" 9, '

INTRODUCTION

One current obstacle to the widespread use of certain ter-
tiary oil recovery processes is the reservoir ionic environment
that injected fluids must withstand. Those processes based on
micellar fluids containing substantial quantities of anionic sur-
factants (such as petroleum sulfonates) may be particularly
vulnerable to the effects of high salinity or moderately high
multivalent-cation concentration. Even when acceptable chemical
formulations exist for specific ionic conditions, oil displace-
ment efficiency may suffer if the reservoir brine composition is
not reasonably constant throughout the reservoir. Reservoir con-
ditioning is attempted primarily for these reasons. By injecting
a brine of the desired composition ahead of a slug of micellar
solution, the most favorable circumstances for effective perfor-

mance of the chemicals may be established.

This study examines the efficiency of preflushing in
situations where ion exchange phenomena are important. In par-
ticular, the replacement of divalent cations (such as calcium and
magnesium) by less offensive monovalent cations (such as sodium)
was studied. The effects of soluble minerals like gypsum or.
anhydrite were not considered; their behavior can be described
adequately by relatively straightforward solubility rela-
tionships.  Also, the use of chemicals in the preflush brine to
react . with divalent cations by precipitation or complex ion for-
mation was not determined. It is hoped that this study can be

used to determine whether such chemical treatments are needed.
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Basic Considerations

Ion exchange is a process in which an ion bound to a surface
is replaced by another ion of like electrical charge from a
surrounding solution. In the simplest exchange ‘cases, the total
ionic charge on the surface does not change, nor does the bulk
concentration of ionic charge in the solution. Thus, even thougﬁ
the solution chemical composition may change, salinity will not
change when defined as total equivalents of cations per unit

volume.

Among the usual components of sandstone petroleum reser-
voirs, clay minerals are well known for their ion exchange pro-
perties. The cation exchange capacities vary from about 10 meq
(milliequivalents)/100 gm of kaolinite to about 100 meq/100 gm of

montmorillonite.

Other sandstone materials reported to possess ion-exchange
- properties are quartz, feldspars, and ‘organic matter. The
exchange capacities of quartz and feldspars are usually quite
low, but the capacity of solid organic matter may be as high as
150 to 500 meq/100 gm.

The major factors that appear to influence cation exchange
and, thus, preflush efficiency are cation exchange capacity,
brine composition, shape of exchange isotherms and brine sali-
nity.

Fig. 29 shows two hypothetical exchange isotherms of an
ion exchanging substance in contact with a solution containing
two cationic species. These curves represent the quantity of one
species adsorbed on the ion exchanger as a function of its rela-
tive concentration in solution. The variable x describes the
fractional concentration of the species of interest when con-

centrations are expressed in equivalents per unit volume. Thus,
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X = C/Cq (72)

where C is the concentration of cations in - solution. The
variable y gives the adsorbed quantity of the species of interest
as a fraction of the Qy, "y" and "x" describe the adsorbed and
dissolved concenirations of divalent cations, respectively, in a
system also containing a species of monovalent cations. Because
of the electrical charge, 1 mol of divalent ions is equivalent to

2 mol of monovalent ions.

Curve A in Fig. 29 represents an exchange isotherm where
the exchanger has no greater affinity for divalent ions than for
monovalent ions. The dimensionless, adsorbed concentration y is
always equal to the bulk solution concentration x. However,
Curve B is more typical of real ion exchange systems. Divalent
ions are attracted more strongly to the exchanger than monovalent
ions, and the {fraction of exchange sites occupied by divalent
ions is greater than the fraction in solution. At low divalent
ion concentrations, relatively small changes in equilibrium solu-
tion concentration cause large changes in divalent-ion adsorption
levels. At high divalent-ion concentrations, the adsorption
level is high and not very sensitive to changes in solution
composition.

The curves of Fig. 29 can be approximated by an equation
of the form

y = x/[x + (1 -3/ B] (73)

where B, the "separation factor," reflects the affinity of the
ion exchanger for divalent ions. As used here, Bis the ratio of

relative adsorption levels of the two ionic species:
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_ y/Xx
B = Ty /T (74).

A value of B = 1 gives Curve A of Fig. 29, and increasing values
of produce the typical convex exchange isotherms corresponding
to greater attraction for divalent ions. A selectivity coef-
ficient (which implies validity of the mass-action law by incor-
porating the valences of the two ionic species) also may be used
to describe ion exchange equilibria, regardless of their theore-
tical bases. Modifications of Equation 73 were found to be
satisfactory, but this does not imply that other expressions
would not be suitable.

EXPERIMENTAL CHARACTERIZATION OF CORES

All procedures were performed at an ambient temperature of
74129F,  Table 10 describes the properties of the cores used.
Berea cores were studied because of their widespread use in
laboratory experiments and Second Wall Creek cores from the Salt
Creek field, Natrona County, Wyoming, were studied because the
reservoir is a candidate for micellar flooding. Table 10 gives
values for the dimensionless dispersion coefficient, Ki/(vsl),
for three cores. These values were determined by displacing a
brine from the cores with a brine of the same chemical com-
position at a different concentration level. The effluent con-
centration data were used in the standard manner to evaluate the
dispersion coefficient. @ The data suggested a small amount of

dead-end pore volume in the cores, but this was ignored.

Table 10 also gives Q, values for three cores determined for
sodium-calcium exchange. Because of the nearly identical experi-
mental behavior of Berea Cores MS3 and MS4; the Q, and disper-
sion coefficient were obtained only for Core MS4. The

ion exchange capacity for Second Wall Creek cores is three to
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TABLE 10

PHYSICAL PROPERTIES OF CORES

Berea Cores Second Wall Creek Cores
Ms3 Ms4 sc3 sC4
Permeability, md Not 185 98 32
determined .
Porosity, % 22,3 22.4 22.7 21.5
Length, cm 30.1 30.1 - 27.0 29.7
Pore volume, ml 134.9 135.3 32.4 32.4
Dimensionless Not
dispersion, K/(vgL) determined 0.0051 0.0068 0.036
Qys meg/ml of PV Not .047 .175 .147
' determined
TABLE 11

X-RAY DIFFRACTION ANALYSIS OF CORES

Kaolinite

Quartz Feldspar Kaolinite +
Sample (percent) (percent) (percent) Chlorite Illite Montmorillonite
Core SC3
(whole rock) 87 7 5
Core SC3
(<0.5 ) Low High Intermediate
Core SC4
(whole rock) 92 - 5 2
Core SC4
(<0.5 ) Low Intermediate High
Berea
(whole rock 94 1 5 : Trace
Berea
(<0.5 ) " Low Intermediate High

TABLE 12
BRINE COMPOSITIONS

Ion Concentration (méq/liter)
Second Wall Creek Madison Preflush*

Nat 194.0 31.0 250.0
catt 1.2 15.2 —
Mgtt 6.8 3.8 —_—
cl- 130.0 19.3 219.3
HCO3- 70.4 1.9 1.9
S04= 1.6 28.8 28.8
Total Salinity 202.0 50.0 250.0

*Preflush brine prepared from soft Madison brine with
addition of 200 meqg/liter of NaCl.
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four times that of Berea cores. X-ray diffraction analyses of
disaggregated whole rock (Table 11) indicate that the most abun-
dant material of substantial ion exchange  capacity in both rocks
is kaolinite, However, the amount of kaolinite present is not
consistent with the relative exchange capacities. Table 11 shows
that by separating the samples into small particle-size {rac-
tions, montmorillonite becomes evidentkin the Second Wall Creek
material but not in Berea material. Recently, Froning and
Treiber also reported the presence of montmorillonite in Second
Wall Creek sandstone. Because of its high Q, value, mont-
morillonite could be responsible for the differences in exchange
capacities between the two types of rock. There was no X-ray
evidence of appreciably soluble minerals, such as gypsum or
anhydrite, in either sandstone.

Fig. 30 illustrates sodium-calcium exchange isotherms for
Second Wall Creek Core SC3. The four sets of data shown repre-
sent results of individual experiments. Three experiments were
conducted at a salinity of 0.250 meq/ml.,, the strength of the
preflush brine proposed for the Second Wall Creek reservoir. Two
experiments were performed with calcium concentration increasing
and one with calcium concentration decreasing. The three groups
form a relatively smooth curve with no evidence of hysteresis.
The fourth set of data was obtained at a total salinity of 0.050
meq/ml., the strength of the Madison brine with which the reser-
voir was waterflooded. The shape of this isotherm shows a con-
siderably greater affinity of the core for the calcium than at
the high salinity, which can affect the concentration profile of
divalent ions when Madison brine is displaced from the core by
preflush brine.

Fig. 31 shows the exchange isotherm for Core SC# with
calcium concentration decreasing at 0.25 meq/ml. The shape of
the curve is qualitatively similar to that of Core SC3, but it

suggests a somewhat greater affinity for calcium ions.
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Core SC4 exhibited a preference for calcium ions as did the
Second Wall Creek cores. However, the calcium increasing
exchange curve did not coincide with the calcium decreasing
curve. It was not clear whether the apparent hysteresis was real

or was an experimental artifact.

COMPARISON OF EXPERIMENTAL WITH CALCULATED RESULTS

Several divalent cation saturation/elution experiments were
performed with test cores. The brine compositions used were
selected to simulate the current waterflooding and proposed
preflush brine injection sequence in the Second Wall Creek reser-
voir. Table 12 gives the chemical make-up of both brines and of
the synthetic Second Walt Creek brine with which the Second Wall
Creek cores were saturated initially. Although the actual com-
positions of the brines varied somewhat from one preparation to
the next, all batches were analyzed chemically. Generally, the
fluid pore velocity was 2 ft/day in the field cores and 1.5 to 3
ft/day in the Berea cores.

Experiments With Berea Cores

Fig. 32 illustrates two Madison brine saturation/preflush-
brine elution cycles in Core MC3. More than 2 PV of Madison
brine was required before the effluent divalent cation con-
centration reached that of the injected brine. Subsequent injec-
tion of the divalent cation-free preflush brine led to a peak of
produced calcium and magnesium concentration that was about three
times greater than the concentration in Madison brine. The diva-
lent ion concentration did not decrease to the level of Madison
brine until approximately 1.4 PV of preflush brine had been
injected. A high degree of reproducibility in the results was
evident from the close agreement between the two sets. of data
points.
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A similar experiment was conducted in the companion Berea
core, MS4. The saturation/elution behavior was almost identical
to that shown in Fig. 32. During this experiment, however, the
fluid velocity varied from 1% to 3 ft./day before and after the
eluted divalent-ion peak was produced. Results indicated the
absence of flow-rate dependence, i.e., local ion exchange
equilibrium existed in the core. Other results from this run

were as follows:

1. Hydrogen ion exchange was negligible. After
beginning preflush brine injection, the effluent pH
increased from 8.0 to 9.1 at the divalent ion peak, then
soon decreased to the pH value of preflush brine, 8.4.
Thus, the maximum hydrogen ion concentration change

amounted to less than 10-8 meq/ml.

2. No evidence was found for anion exchange. Produced
samples near the divalent cation peak were examined for
sulfate content. In spite of the large change in
chloride concentration caused by the arrival of preflush
brine, no signifcant change in sulfate concentration was

observed.

3. The material balance of calcium and magnesium ions
was excellent. Using a correction for presumed mineral
solubility, the quantity of produced divalent cations
was within & percent >f that injected during a complete

saturation/elution cycle.

Experiments with Second Wall Creek Cores

Fig. 33 describes the results of a constant salinity
experiment in Core SC3. This core first was equilibrated with a
solution containing 0.050 meq/ml, CaClp + 0.200 meq/ml. NaCl.
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Subsequently, several pore volumes of 0.250 meq/ml NaCl were
injected to elute the absorbed calcium. Using the empirical
relationship

_ X ) X

eI
to represent the 0.250 meq/ml exchange isotherm for the core (for
x £ 0.2 in Figure 30) and the approximate physical properties
from Table 10, the solid curve of Fig. 33 was computed with a
mathematical mode. Assuming homogeneity of the physical and
chemical rock properties and using only the experimentally
derived parameters of Table 10 and the preceding ion exchange
expression, the simulated results agree well with experimental

calcium ion effluent concentr ations.

The results of a similar experiment with Core SC4 are pre-
sented in Fig. 34. The calculated curve was obtained by
matching the exchange data of Fig. 31 for x < 0.2 with the
equation

X - 0.15x

yor ot
x +(73)

Again, the simulated curve agrees closely with the experimental
points.

To simulate the displacement of Madison brine by preflush
brine injection, one must account for the change of isotherm
shape with salinity. This was done for Core SC3 by treating
calcium and magnesium ions as a single specie and fitting the
isotherm for each salinity level to the form of Eq. 73. By
making the parameter 8 a linear function of salinity, Ct, an
approximate description of the exchange isotherm from 0.050 to
0.250 meg/ml, was obtained as B=17.25 - 45 C; where C; is in
units of milliequivalents per ml.
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Fig. 35 shows that the experimental curve closely matches
the simulation. The high concentration peak in Fig. 35 occurs
from two factors: (1) the absence of divalent ions and the high
sodium concentration in the injected preflush brine shifts the
equilibrium toward less calcium adsorption, and (2) because of
the transition to higher salinity at the leading edge of the
injected preflush brine, the appropriate isotherm reflects less
affinity for divalent ions. An especially important feature of
Fig. 35 is the slow reduction of divalent-ion concentration.
After preflush brine breakthrough, another 2 PV of production is
required before the divalent ion concentration decreases to the
level of the Madison brine initially in place. As with Core MS4,
twofold increases in flow rate had no significant effect on the

effluent divalent ion concentrations.

PREDICTION OF RESERVOIR EFFICIENCY

To the degree that core samples studied in the laboratory
may reflect the ion exchange properties of an entire reservoir,
preflush performance in that reservoir can be estimated.
Reservoir permeability variations, however, will prevent preflush
efficiency from reaching levels achieved in confined, one-
dimensional laboratory systems. Islands of rock, unswept by the
preflush brine, may remain to contaminate the less mobile and

more highly conforming chemical slug.

Froning and Trieber suggested that even after extensive
preflushing, subsequently injected anionic surfactant can disrupt
certain clay minerals. Consequently, divalent ions on normally
' inaccessible surfaces may be exposed for exchange. If this
occurs, much higher divalent ion concentrations than expected

could develop in the micellar slug.
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EFFLUENT Ca* + Mg**, MEQ/ML

.200
e EXPERIMENTAL
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P.v. BRINE PRODUCED

FI1G6. 35— Elution of Madison brine from Second Wall
Creek Core SC3 by preflush brine.
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Elevated temperature and resident oil saturation had no
effect on preflush efﬁciéncy in one test core. Normal labora-
tory procedures established a waterflood resiudal saturation of
Second Wall Creek crude in Core MS4. The connate water satura-
tion before waterflooding was 27 percent and subsequent residual
oil saturation was 43 percent. The results at 110°F for the
saturation step with Madison brine and the following preflush
step were practically identical to those obtained under the usual
experimental conditions. Presumably, laboratory studies of
preflush efficiency and ion exchange can be performed suitably in
oil-free cores at ambient conditions, provided that the core is
preferentially water-wet and the reservoir temperature is not
extremely high.

Second Wall Creek

The effect of system length in the ion exchange calculations

can be accounted for by incorporating length into a dimensionless

dispersion coefficient, Kj/(v¢L), where Ky/vg is the velocity
independent dispersion coefficient and L is the length.
Calculations for systems having the same value of Kj/(viL), but
different lengths, give effluent divalent ion curves that are
essentially superimposable. This is interpreted to mean that
results of a calculation made for a short length are also valid
for a large one, if dimensionless dispersion is the same. For a
given value of Kj/(viL), assuming that local equilibrium exists
everywhere and other complicating factors are absent, only the
shape of the ion exchange isotherm and the Q,, influence preflush
efficiency. Thus, the curve presented in Fig. 35 for Core SC3,
where the dimensionless dispersion coefficient was 0.0068, also
would be appropriate for a heterogeneous, reservoir-like system
where Kj/vi = 6.8 feet and L = 1,000 feet. Although this scaling
method is crude, it may be adequate because preflush efficiency
is dominated by ion exchange equilibria, rather than by

dispersion.
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Not enough Madison brine has been injected into the Second
Wall Creek formation to equlibrate the entire swept reservoir
volume. What would be the preflush performance in a reservoir
length system where a substantial gradient in divalent ion con-
tent exists?  Fig. 36 illustrates the concentration profile of
divalent ions resulting from preflush brine injection following 1
PV of Madison brine. The calculation assumes thét no divalent
ions were in the system before introducing Madison brine. In
Fig. 36, Kj/v§ = 6.8 feet and L = 1,000 feet. The curves
corresponding to different cumulative volumes of preflush brine
injection show that the trailing edge of the divalent ion zone
moves just as slowly as in a completely equilibrated system. The
major difference is that because of the narrow zone width,
dispersion eventually decreases the peak concentration value in
the partially equilibrated system. The situation also was simu-
lated where equilibrium with Second Wall Creek brine exists ini-
tially and absorbed divalent ions present before a Madison brine
injection.  Although the trailing edge of the divalent ion pro-
file advances at the same rate as in Fig. 36, two changes are
evident: (1) because of the diminished adsorption at the leading
edge, the eluted divalent-ion peak travels more rapidly, and (2)
a low concentration bank of divalent ions develops ahead of the
peak corresponding to elution of the divalent ijons initially

absorbed from Second Wall Creek brine.

General Relationships

In Figs. 37 through 40, calculated results are presented
showing the effects on preflush efficiency of salinity, affinity
for divalent cations, and Qy. In all cases, the injected brine
has moderate salinity (0.200 meq/ml) and is free of divalent
ions. In Figs. 37 and 38, the resident brine is low in total
salinity, but has a relatively high concentration of divalent
cations. In Figs. 39 and 40, a high salinity brine with a
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moderate divalent ion content is in place. For each calculation,
the shape of the exchange isotherm is independent of salinity —
that is, the separation factor B is constant. The value of

dimensionless dispersion, Kl/(VfL), is 0.005 for all calculations.

The curves of Figs. 37 for a fixed intermediate value of
exchange capacity show the effect of changes in affinity for
divalent cations. As the value of decreases, higher peak diva-
lent ion concentrations are reached and the subsequent con-
centration decline is more rapid. Similar results are seen in
Fig. 38 for a fixed intermediate value of B and changes in. the
magnitude of Q. In this instance the highest peak con-
centrations and lowest rate of decline occur with the greatest

Qy-

In Figs. 39 and 40, the results of displacing a more saline
brine are shown. In spite of the differences in salinity, diva-
lent cation concentration, and shape of the produced divalent
cation curves, the effects of varying and exchange capacity are
qualitatively similar to those seen in Figs. 37 and 38. That is,
following breakthrough of -“the injected brine, the highest
effluent divalent ion concentrations correspond to the least
value of B and the highest exchange capacity. Furthermore, the
subsequent” rate of concentration decline is greatest for lowest B
and smallest capacity. Comparison of the preceding four figures
shows that, regardless of the resident brine composition, the
highest value of fractional divalent cation concentration
displaced by the preflush brine approximates that of the resident
brine. Thus, in all figures,

Cmax N Cresident

Ct,preflush Ct, resident

This relationship indicates that the highest divalent ion con-

centrations and, subsequently, the greatest rate of elution will
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be obtained with preflush brines having the highest salinity.
Such behavior would be anticipated for exchange processes exhi-

biting a mass-action relationship.

The relative advance rate of a divalent-ion concentration
level x (where x = C/Cy) can be defined as

Vx 1
F. = —y = (75)
f 1+ Q/Ct dy/dx

The curves of Fig. 41 were calculated by setting Q/C¢=1 and using
Equation 73 for the exchange isotherm. Fig. 41 shows the value
of Fj as a function for x for three values of B. Clearly, Fj is
lowest for the lowest values of x; that is, the lower the desired
value of x, the more difficult it is to achieve. The effect of
increasing B, which reflects increasing affinity for divalent
ions, depends on the value of x. At high values of B, the value
of Fj is very low for small x, but quite high for moderate values
of x. The reason for this is that the exchange isotherm curve
rises very rapidly for large B and then tends to flatten out;
consequently, the value of dy/dx becomes small and Fj approaches
unity.

CONCLUSIONS

Experimental and mathematical procedures were presented for
studying ion exchange processes in laboratory cores. Agreement
between experimentally observed and computed histories of
divalent cation production indicates the adequacy of these pro-
cedures for the rock-brine systems described here. The major
conclusions from studies of these particular systems are as

follows.

1. The level of salinity of preflush brine is important to

the efficiency of oil-exchange conditioning. Large
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3.

4.

5.

volumes of moderate-salinity brine may be required for
elution of divalent cations, but the cation rate can be

much higher with more saline brines.

With regard to elution of divalent cations by a preflush
brine, calcium and magnesium can be treated as a single

ionic species.

At relatively low frontal-advance, rates of 2 to &
ft/day, the ion exchange processes are rapid enough so

that local equilibrium exists throughout the system.

Studies of increasing and decreasing calcium concentra-
tions in a Second Wall Creek core showed no evidence of

calcium adsorption hysteresis.

The cation exchange capacities of the Second Wall Creek
cores were considerably greater than the capacity of a

Berea outcrop core.

The affinity of a Second Wall Creek core for calcium
ions was observed to increase substantially with reduc-
tion of brine salinity.

Given experimental information on Q, shape of exchange
isotherm, and compositions of resident preflush brines,
idealized estimations of reservoir preflush efficiency
can be made. Either the described one-dimensional model

or its analytical approximation may be used.
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The following excerpts were taken from a report by C.S.
Chiou and H.L. Chang entitled, "Preflood Design For Chemical
Flooding - A Study of Ilon Exchange/Dispersion Process in Porous
Media"12,

INTRODUCTION

Most micellar slugs are intolerant of high salinity.
Generally, if the salinity is higher than a few percent, the oil
displacement is unsatisfactory, and further, the presence of
undesirable divalent cations (calcium and magnesium) in the
micellar fluid has an adverse effect upon the performance of the
surface-active agents. It is the intent of the preflush to
replace the formation water to reduce the salinity and divalent
cation concentration in the reservoir to an accepfable level
before introducing the surfactant. However, the oil recovery in
field pilot tests has shown that beneficial effects are not
assured by preflush because an improperly designed preflood can
impair, rather than improve, the effect of a slug. It is now
known that preflood type and reservoir clay play important roles
in determining the ionic compositién at the leading edge of the
surfactant slug. It is the purpose of this work to study theore-
tically and experimentally the combined effects of ion exchange

and dispersion on the preflood performance.

A mathematical model for a one-dimensional miscible displa-
cement process involving ion exchange has been developed. This
model is based on assumed rates of cation transfer between
flooding water and reservoir solids. A numerical technique was
used to solve the nonlinear partial differential equations for
the three components (Na*, Ca**, and Mg**) system. The present
mathematical model with the laboratory experiments would be able
to give a better understanding of the kinetics aspect of ion

exchange as well as to evaluate preflood performance in chemical
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waterflooding process. Furthermore, it is hoped that a set of
design criteria can be put forward for the preflood to provide

optimum ionic  environment for the surfactant flooding.
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MODEL FORMULATION

The model considers the ion exchange/dispersion process in a
three-component system consisting of sodium, calcium, and magne-
sium ions. The equilbrium among these ions between the flooding
water and rock surfaces is assumed to follow a fairly broadly

used empirical formulation, known as the "mass-action" equation,

Cq o C3 (6)
{;1‘/2 31 Cl/‘z
__El . ¢ (7)
CZ 12 C2

where Cj is the concentration of the indicated ion in solution
and &i is the concentration of the ion on clays in equiiibrium
with the solution, and K3; and K, are the experimentally deter-
mined equilibrium constants. Here, K3; and K|, are dimensionless
and. determined to be 0.15 and 2.0, respectively. We recognize
that these K values are functions of the type of clay, the ionic
composition of the flooding water, and temperature. In practical
field application, variation of rock ‘samples complicates the

determination of representative K values.

Inspection of Equation 6 shows that if the sodium ion is
increased, some of the excess sodium ion will be adsorbed while
some of the calcium ion will be desorbed in order to maintain the
equilibrium value constant. The converse is also true.
Furthermore, Equation 7 shows that if Kj, approaches unity, there
will be no selectivity between calcium and magnesium ions, or in
other words, calcium and magnesium can be treated as a single

divalent ion.
Under nonequilibrium conditions, the instantaneous cation

concentr ation Cj, on the rock surface deviates from Cj, eqr which

is the cation concentration on rocks in equilibrium with the
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interstitial solution of concentration C;. The extent of this

deviation depends on the ion exchange rate.
The "linear-driving-force" relationship implies that at any
time, the ion exchange rate is proportional to the concentration

~change between the instantaneous and the equilibrium states.

NUMERICAL SOLUTION

Implicit finite difference with Gauss' elimination method
was used to solve the set of equations. The implicit finite dif-
ference form was used for each of the terms in the one-
dimensional transport equation.

PARAMTERS USED IN COMPUTER SIMULATION

Some important parameters associated with the characteristics

of the ion exchange/dispersion process are as follows:

1. Cation Exchange Capacity, Qy

The cation exchange capacity was estimated to be 0.05 meq/ml
of pore space for the laboratory core. This is approxi-
inately the median value for Berea and other sands of mid-
continent and Gulf Coast areas. The cation exchange
capacity, which is associated with the type of clay on the
rock surface, is assumed to be constant throughout flooding

process.

2. Ion Exchange Egquilibrium Constants, Ku-_

As mentioned earlier, the equilibrium constants between
Na/Ca and Ca/Mg are assumed to be 0.15 and 2.0, respec-
tively. These values will in general depend on the type of

formation and ionic composition of flooding water.
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3. lon Exchange Rate Constant

The proportional constant for the rate law of ion exchange
determines the rate at which cations are transported from
the rock surface to the solid-liquid interface. Zero
implies that no ion exchange occurs between the flooding
water and rocks while infinity implies instantaneous
equilibrium for ion exchange reactions. In this work, the
constant was assumed to be 50 sec‘1 for the comparison bet-
ween simulated and experimental results. This term would
not affect the calculated ionic compositions significantly

from those assuming instantaneous equilibrium.

4.  Dispersion Coefficient, K

Several types of dispersion have been given in the litera-
ture. In this work, the dispersion coeffecient is assumed

~ to be linearly dependent on the linear velocity, that is,

Ky=1+v (76)

The proportional constant "I" is the characteristic disper-
sion length. This "I" may be determined by matching the calcu-
lated elution curves with those of laboratory core tests.
Chloride ion, which is believed to follow the fluid front closly
without adsorption, was used as a reference tracer. For the
Berea cores used in this work, the dispersion length was esti-

mated to be one centimeter.

EXAMPLE CALCULATIONS AND DISCUSSIONS

Example calculations were made by using the input data

listed in Table 13. Some of the calculated results were com-
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TABLE 13
INPUT DATA FOR COMPUTATION

Cation Exchange Capacity (Qy) = 0.01, 0.05, 0.10, 0.20 meg/ml of
pore space

Porosity of Core (#) = 0.1789

Core Radius = 2.54 cm

Core Length (L) = 25.24 cm

Dispersion Length (1) = 1.0 cm

Injection Rate (g) = 40 ml/hr

Ion Exchange Rate Constant = 0.0, 0.5, 5.0, ® sec -1
Preflood Slug Size = 260 ml

Equilibrium Constant K3; for Na/Ca

0.15

Equilibrium Constant Kj, for Ca/Mg 2.0

TABLE 14

IONIC COMPOSITION IN INJECTED SOLUTION

Nat Catt Mgt
Descriptions of Fluids meg/ml meq/ml meg/ml
Formation water ~ 0.8985 0.1392 0.0606
Preflood Type 1 0.1348 0.0209 0.0091
Preflood Type 2 0.3480 0.0209 0.0051
Preflood Type 3 0.2606 0.00 "0.00
Simulated Chemical Slug 0.2470 0.0035 0.0001
Followed Preflood Type 1 or
Type 2
Simulated Chemical Slug 0.1262 0.0074 0.0031

Followed Preflood Type 3
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pared with experimental data. In this study, tests were con-
ducted in 2" x 10" Berea cores which were mounted in a Hassler
cell. Fluids were injected through a Ruska constant volumetric
pump. A Sargent automatic fraction collector was used to collect
the effluent solution for analysis. Calcium and total hardness
(combination of calcium and magnesium) were readily determined by
standard chemical titration. Sodium ion concentration was then
calculated as the difference of chloride ion concentration
(determined by automatic chloride titrator) and the total hard-

ness.

For the experiment, we saturated the core with synthetic
Madison water and flowed with this water until effluent com-
position was equal to the injection composition. We then
displaced the formation water with a preflood solution. After
injecting 260 cc of preflood (2.84 pore volume), a quasi-steady
state composition was achieved. About 3 pore volumes of simulated
chemical slug (without adding any sulfonate or polymer) was then
injected. The flow rate was set at 40 cc/hr. Ionic compositions
of all the injected solutions are listed in Table 14.  Three
types of preflood were tested in this study to investigate the
effect of preflood design on ionic composition in the front of
the chemical slug. Type 1 preflood contains 15% of formation
water mixed with deionized water. In Type 2, some NaCl was added
to the 15% dilution of formation water to maintain Na/Ca/Mg
equilibria with the formation rock. Type 3 is a plain brine con-
taining 1.5% sodium chloride.

Comparison of Experimental and Theoretical Results in the

Case of Using Preflood Type 1 - 15% Formation Water

As will be seen later in this section, the divalent ions have

a greater percent of change than monovalent ions due to ion
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exchange. It was also found that calcium and magnesium jons
behaved similarly. Therefore, only calcium ion concentration in
effluent is presented here to compare with experimental data.
Both calculated and experimentally determined calcium ions in the
effluent were normalized by calcium ions in formation water and
plotted against pore volume of effluent produced. Agreement bet-
ween experimental and theoretical results is only fair for the
preflood/formation water displacement (Fig. 42). This is due to
the end effect of the short laboratory cores. The predicted
"hump" of calcium ion in the front of the chemical slug is con-
firmed by experiment. With this type of preflood, the slug would
pick up divalent ions by exchange to a concentration several
times greater than the injected concentration. This preflood is
not desirable.

Comparison of Experimental and Theoretical Results in the
Case of Using Preflood Type 2 - Adjusted* 15% Formation Water

As listed in Table 14, the concentration ratio of sodium and

calcium in the formation water is

C
3 _ 0.8985

Ok (0.1392)%

The additional Nat* required to obtain the properly adjusted

preflood with 15% formation water may be calculated as

(0.15 x 0.8985) + Na" _ 0.8985

— 1
(0.15 x 0.1392)% (0.1392)7%

or Na+ = 0.2132 meq/ml. By the addition of 0.2132 meq/ml of
Nat into preflood 1, the ratios of Na* to Ca** in preflood and

formation water are balanced. In this case, there is no ion

* [ Na flood = (N £ i
—_C_;q_-: prerloo = _ET_,___ ormation water
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exchange between the flood water and the formation rock.
Simulated and experimentally determined calcium in effluent were
compared in Fig. 43. As expected, the calcium ion concentration
did not increase in the chemical slug/preflood displacement.
Agreement between experimental and calculated composition is
good. Such a preflood would not change the reservoir rock pro-
perty, and no ion exchange would occur during the preflush. This
design is recommended because of its simplicity in predicting the
preflood performance without knowing the ion exchange charac-
teristics of the rocks.

Comparison of Experimental and Theoretical Results in the
Case of Using Preflood Type 3 - 1.5% NaCl

In this test, plain brine containing 1.5% NaCl was used as
the preflood. Fig. 44 shows that good agreement between experi-
mental and simulated results is again achieved for the chemical
slug/preflood displacement. Equation 6 indicated that if the
Na/Ca ratio in flooding water is increased, the Na/Ca ratio on
clays will also be increased in order to maintain equilibrium,
The chemical slug following the preflood will then equilibrate
with preconditioned clays by losing its calcium ion to the rock
surface. If the chemical slug is designed to have optimum reco-
very efficiency without the presence of divalent ions, this

preflood is recommended.

Effect of Cation Exchange Capacity on Preflood Performance

The cation exchange capacity is defined as the total
exchangeable cation concentration on the rock surface. The
higher the value of cation exchange capacity, the more the unba-
lanced preflood will affect the ionic composition in the front of
the chemical slug due to ion exchange. The effect of cation

exchange capacity on the performance of preflood Type 1 was given
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as a typical example. Figure 45 through 47 represent the con-
centration of Ca** , Mg**, and Na‘t in the produced effluent,
assuming four different cation exchange capacities with fixed ion
éxchange rates and dispersion coefficient. These figures indi-
cate that the divalent ions have a greater percent change due to
ion exchange than monovalent ions. The "hump" in both Ca** and
Mg**+ in the chemical slug/preflood displacement increases with
increasing cation exchange capacity of the clay. This implies
the significance of the effect of the types of clay in deter-
mining the ionic composition of the chemical slug under operative
condition. |

Effect of Ion Exchange Rate Constant on Preflood Performance

The ion exchange rate is assumed to be proportional to the
concentration change between the instantaneous state and the
equilibrium state. = Calculations were carried out for preflood
Type 1 for a rate changing from zero to infinity, with constant
~ cation exchange capacity and dispersion coefficient. Figures 48
through 50 indicate that the variation of monovalent ions due to
ion exchange are much less significant compared with divalent
ions even under instantaneous equilibrium condition. The diva-
lent ion concentration in the front of the chemical slug is found
to increase with increasing exchange rate, indicating quicker ion

exchange reactions.

CONCLUSIONS

As indicated in the above example calculations and

discussions, the following conclusions are made.

1. The present mathematical model may be used to interpret
the ionic composition in preflood/formation water and
chemical slug/preflood displacement in both the labora-

tory experiments and field pilot tests.
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2I

3.

4.

5.

Based on the assumed cation exchange capacity, ion
exchange rate law and dispersion characteristics of the
flooding system, the ionic composition in the effluent
can be simulated for three different types of preflood.
Preflood Type 1 is a diluted formation water, Type 2 is
a balanced diluted formation water, and Type 3 is a

brine without divalent ions.

Of all three types of preflood cited here, only Type 1

will result in an increase in divalent ion concentr ation
in the front of the chemical slug. This design may

impair the effectiveness of a chemical slug.

As far as the ion exchange reaction between the
flooding water and rock clay is concerned, the divalent
ion variation is emphasized in the flooding process.
The divalent ions have a greater percent change due to

ion exchange than monovalent ions.

The preflood performance in a chemical waterflooding

process should be determined by the following factors:

a. Types of prefloods design
b. Slug size of preflood
d. Dispersion characteristics of porous media

e. lonic composition in the chemical slug
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The following account is taken from the report of Thomas
Campbell of P.Q. Corporation entitled, "Chemical Flooding: A
Comparison Between Alkaline and Soft Saline Preflush Systems For

Removal of Hardness Ions From Reservoir Brines"10,

INTRODUCTION

In chemical flooding systems for recovery of residual crude
oil, the reservoir rocks and aqueous fluids usually have to be '
conditioned so that an optimum environment can be provided for a
surfactant-based system to mobilize the unrecovered oil.
Excessive salinity and undesirable divalent cations in the reser-
voir brine and in the clays normally present in the reservoir
rocks are some of the factors which can be significantly changes
by the injection of appropriate fluids as a preflush. Several
approaches have been taken to this problem, which can be

generally classified as follows:

1. Design of the preflush and surfactant systems with
balanced concentrations of monovalent cations and diva-
lent cations which could minimize the ion exchange from

the clays in the reservoir.

2. Preflush the reservoir with slugs of high monovalent
cation salinity so that the divalent cations are
exchanged from the reservoir clays and eluted through

the reservoir ahead of the surfactant slug.
3. Inject alkaline chemicals which can disrupt or minimize
the ion-exchange process by various mechanisms, such

as adsorption, precipitations, or ionic effects.

A number of workers have published and patented work which

showed that ion exchange from reservoir clays could be prevented
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or controlled by using ratios of monovalent cations to divalent
cations in the surfactant slug which will not disturb the ion

exchange equilibrium between the fluids and the clays.

Other papers show that mass-action equilibria, dispersion,
and surfactant-divalent jon interactions should be considered in
modeling chemical floods. The studies described in these papers
report on experimental efforts to understand and predict cation
exchange and other interrelated equilibria, to apply chroma-
tographic principles to the problems and to develop a simulator
model which can predict ionic environments when the correct
equilibria descriptions are provided.

Another approach to reservoir conditioning is described by
experiments on reservoir cores with high ion exchange capacity
from a reservoir which has been partially hardened by injection
of fresh water containing relatively high levels of divalent
cations. Laboratory studies showed that preflushing with low or
moderate salinity soft brine would require large volumes of
fluids to remove the divalent ions from the reservoir. However,
injection of considerably smaller volumes of high salinity soft
brines produced a sharp ion exchange peak within reasonable elution
volumes. Some of the major conclusions reached from these stu-
dies, based on experimental data and modeling, were that ion
exchange capacity was the most important factor in sizing high
salinity preflushes, that equilibria expressions with single,
non-varying constants can correlate the ion exchange data over
wide ranges of salinity, and that dispersion effects can be a

major factor in high salinity preflush processes.

A different system for preflushing reservoirs prior to
injection of surfactant slugs has been described in which small

slugs of highly alkaline sodium silicate solution (pH>[]) are

injected to reduce or eliminate the divalent cations in the
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reservoir fluids. This process also gives improved oil recovery
efficiency compared to soft saline preflushes, presumably due to
reduction in surfactant and polymer adsorption on the reservoir
rocks. Several aspects of the use of highly alkaline fluids as a
preflush were investigated. Among these were comparisons of
highly alkaline sodium silicate to sodium hydroxide and highly
saline soft brines, studies on the adsorption of surfactants and
polymers, and studies on rock reactivity and permeability
changes. Some of the conclusions reached from these studies were
as follows: |

1. Highly alkaline sodium silicate solution (pH>11) are
more effective than sodium hydroxide or highly saline
soft water solutions as preflush solution, based on .

recovery efficiency.

2. The permeability to highly alkaline sodium silicate
solutions was to the order of 75% to 85% of brine per-

meability in the porous media used for the studies.

3. The highly alkaline sodium silicate solutions -react
with hardness ions in reservoir brines and clays, with
the clays themselves, and with calcium carbonate and

calcium sulfate minerals.

4, The adsorption of surfactant and solvent by the reser-
voir rocks was significantly reduced by a preflush of

highly alkaline sodium silicate.

In order to compare some of the various preﬂush‘approaches
on an equivalent basis, a systematic study was undertaken on a
fixed system using a standard brine solution and Berea sandstone
cores. Presented here are some of the preliminary results

obtained from laboratory studies on elution of calcium and magne-
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sium ions from Berea cores by various types of preflush solu-
tions. The alkaline systems studied were sodium silicate, sodium
hydroxide, and sodium carbonate. The soft saline systems con-
tained various concentirations of sodium chloride. In some of the
tests, dilute petroleum sulfonate solutions were injected after

the preflush to measure surfactant effects on ion exchange.

EXPERIMENTAL PROCEDURE

The brine displacement studies were performed on epoxy-
coated Berea sandstone cores. The cores were evacuated and
saturated with standard brine. The cores were equilibrated with
several pore volumes of the standard brine at a rapid flow rate
until the hardness ion concentration of the effluent was equal to
that of the standard brine. The hardness ion levels were
measured by a standard EDTA titration procedure and are reported
in ppm of CaCOs3 for convenience. No differentiation between
calcium and magnesium ions was attempted, since several workers
have shown that calcium and magnesium behave essentially the same
in systems similar to ours at slow flow rates. Permeability
measurements were not made for the experiments performed in this
study. The pH values of the effluent fractions were monitored
when the alkaline solutions were injected. The effluent was

collected by an automatic fraction collector in 0.05 PV fractions.

The solutions used in the study and the general experimental
conditions are given in Table 15. The solution and volumes used

for the individual brine displacement studies are given in Table
16.
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TABLE 15

SOLUTIONS AND EXPERIMENTAL CONDITIONS

Solutions
ALKALINE -
0.5% NaySily in 3% NaCl (pH = 12.6)
0.5% NaOH in 3% NaCl (pH = 12.8)
0.5% NayCO3 in 3% NaCl (pH = 11.0)
1.14% liquid Sodium Silicate (44% solids, S5i0;/Naj0) (pH = 11.2)

ratio of 2:1 in 1% NaCl

SALINE

3% NaCl, 10% NaCl in deionized water

SURFACTANT

0.25% WITCO TRS 10-80 in 3% NaCl

BRINE

28,400 ppm NaCl
1,110 ppm CaCl,y
490 ppm MgCl,

EXPERIMENTAL CONDITIONS

Berea Cores - 2" x 2" x 24"

Average Porosity - 22%

Permeability ~ Approximately 200 md

Flow Rate - 2 ft/day

Temperature - 22°C

Hardness Analysis - Standard EDTA Titration
(expressed as ppm CaCO3)
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Core
27

38

39

45

46

47

48

49

50

51

57

58

61

62

67

68

TABLE 16

SOLUTIONS AND VOLUMES INJECTED FOR INDIVIDUAL

Brine
Standard

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Standard

3%

1)
2)

1)
2)

1)
2)

1)
2)

1)
2)

1)
2)

1)
2)
1)
=
1)
2)

1)
2)

1)
2)

1)
2)
3)

1)
2)
3)

1)
2)

1)
2)

BRINE DISPLACEMENT EXPERIMENTS

Treatment
NaCl to 3 PV

0.25 PV of 0.5% NaOH in 3% NaCl
3% NaCl to 3 pV

0.25 PV of 0.5% NaySiO4 in 3% NaCl
3% NaCl to 3 PV

0.1 PV of 0.5% NaOH in 3% NaCl
3% NaCl to 3 PV

0.1 PV of 0.5% NaySi04 in 3% NaCl
3% NaCl to 3 PV

0.1 PV of 0.5% NapCO3 in 3% NaCl
3% NaCl to 3 PV

0.5 PV of 0.5% NajsCO3 in 3% NaCl
3% NaCl to 3 PV

0.5 PV of 1.14% "D" sodium silicate
in 1% NaCl
1% NaCl to 3 PV

0.1 PV of 1.14% "D" sodium silicate
in 1% NacCl
1% NaCl to 3 PV

0.25 PV of 1.14% "D" sodium silicate
in 1% NaCl
1% NaCl to 3 PV

0.1 PV of 0.5% NaySiO, in 3% NaCl
0.25% Witco TRS 10-80 in 3% NaCl to 3 PV

0.25 PV of 3% NaCl
0.25% Witco TRS 10-80 in 3% NaCl to 3 PV

0.1 PV of 0.5% NaygSiO4 in 3% NaCl
0.5 PV of 0.25% Witco TRS 10-80 in 3% NaCl
3% NaCl to 3 PV

0.25% PV of 3% NaCl
0.5 PV of 0.25% Witco TRS 10-80 in 3% NaCl
3% NaCl to 3 PV

0.25% PV of 10% NaCl
3% NaCl to 3 PV

0.1 PV of 10% NaCl
3% NaCl to 3 pv

-A155-



RESULTS

High Salinity Preflush

The injection of soft saline solution (3% NaCl) of essen-
tially the same ionic strength as the brine which was used to
condition the Berea core produced a gradual decrease in the hard-
ness ion concentration in the effluent. This' behavior is shown
by the curve designated Core 27 in Fig. 51. The ion exchange
elution of hardness ions from the clays followed a typical pat-
tern, decreasing rapidly to a minimum value after 2.0 pore volu-

mes of injection.

The injection of higher salinity solutions (10% NaCl) as a
preflush at 0.1 or 0.25 pore volumes, followed by 3% NaCl to a
total of 3.0 pore volumes, developed significant increases in the
levels of hardness ions in the effluent obtained prior to 1.0
pore volume of injected fluid. These data are shown in Fig. 5l
as the curves for Cores 67 and 68. The curve for 0.1 PV of 10%
NaCl (Core 68) showed a sharp ion exchange peak between 0.8 and
1.0 pore volumes with a rapid drop-off in concentration between
0.95 and 1.3 pore volumes. After 1.3 pore volumes, the curve was
essentially the same as the curve for 3% NaCl. A broader ion
‘exchange peak was observed for the injection of 0.25 pore volume
of 10% NaCl (Core 67) and the hardness ion minimum level was not

attained until nearly 3 pore volumes of fluid had been injected.

High Alkalinity Preflush

The results from the use of highly alkaline chemicals as
preflush agents are shown in Figs. 52 and 53. A comparison bet-
ween the injection of 0.1 pore volume of 0.5% sodium orthosili-
cate (Core 46) or 0.5% sodium hydroxide (Core 45) followed by 3%
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NaCl to 3.0 pore volumes and the injection of 3% NaCl alone (Core
27) is shown in Fig. 52. Both alkaline solutions produced a
rapid decrease in hardness ion levels between 0.95 and 1.5 pore
volumes, with no further elution of hardness ions beyond this

point.

The injection of 0.25 pore volume of the alkaline solution,
followed by 3% NaCl to 3.0 pore volumes gave a sharper decrease
in hardness ion levels, with no further elution of hardness ions
beyond 1.25 pore volumes. These data are presented in Fig. 53.
The curve for 3% NaCl (Core 27) is shown for comparison. The
results for 0.5% sodium orthosilicate (Core 39) and 0.5% sodium
hydroxide (Core 38) were essentially the same within experimental

error and natural variations in the Berea cores.

Sodium Silicate Preflush

Fig. 54 presents the results obtained when increasing volu-
mes of a less alkaline sodium silicate were injected as a
preflush agent. For these tests, a [.14% solution of liquid
sodium silicate (2:1 ratio SiOp/Na0, 44% solids) in 1% NaCl was
used. The pH of the injection solution was 11.2. The results
show that the less alkaline sodium silicate solutions were not as
effective as the sodium orthosilicate or sodium hydroxide solu-

tions in reducing the hardness ion level to zero.

Sodium Carbonate Preflush

The use of sodium carbonate as an alkaline preflush agent
gave significantly different results compared to the highly alka-
line systems. The data are plotted in Fig. 55 with the plot for
3% NaCl (Core 27) included for comparison. When 0.1 pore volume
of 0.5% NaCO3 in 3% NaCl solution was injected (Core 47), a

response similar to the high salinity preflush was observed. An

-A160-



- (0%en/Cots oT3RT °7) ysnTFead ©3EOTTTS WUNTPOS -$G 9l4

G3L03rNI S3IANTOA 3¥O0d

——
N

™
hV//

5

/C/J_
€09 ©2 Wad

000l

31vI111iS WNIAOS
%1l 40 Ad G'0-6b 340D V

J1VIITIS WNIAOS
% 1’1 40 Ad G2°0-1G6 3400 X

3LVOITIS WNIAOS
%+t 40 Ad1°0-0§ 3800 QO

=
ygz/’gkﬂﬂdgr—-—;gﬁzz

—) Q) q 006l

-Al6l-



‘ysnTyoad o3vuUOqIED UNTIPOS -GG 914

@3L03ANNI S3INNTOA 3FUHOd

r/ 000l

/
//
€02 03 Wdd

/ /G\M , 0002

£07%0N %GO 40 AdS0-8b 30D X \
—  €07%0N %G040 Ad I'0- 2 JHOD
ATINO 190N %€-22 3400 QO

/\\ 000¢

-Al62-



ion exchange peak of higher hardness ion concentration occurred
starting at 0.9 pore volume which peaked at 1.05 pore volumes.
The curve lay above the 3% NaCl curve until 2.5 pore volumes had

been injected.

The injection of 0.5 pore volume of 0.5% NapCO3 in 3% NaCl
(Core 48) as a preflush gave an extreme ion exchange response
which started at 0.9 pore volumes, peaked at 1.25 pore volumes
with a hardness ion concentration of more than twice the
equilibration concentration and fell off to a minimum at 2.5 pore

volumes.

Surfactant-Induced Ion Exchange

Fig. 56 shows the hardness ion elution curves for 3% NaCl
alone (Core 27), for a 0.25 pore volume injection of 3% NaCl
followed by 0.5 pore volume of 0.25% Witco TR'S 10-80 surfactant
in 3% NaCl (Core 62) and for a 0.25 pore volume injection of 3%
NaCl followed by injection of 0.25% Witco TRS 10-80 in 3% NaCl to
3.0 pore volumes (Core 58). The curves for Core 27 and Core 58
were virtually superimposable, which indicated that no additional
ion exchange was induced by the surfactant at an injection volume
of 0.5 pore volume. The continuous injection of surfactant pro-
duced an elution curve of somewhat higher concentration of hard-
ness ions between 1.2 and 3.0 pore volumes injected. There was
no ion exchange peak observed of the type seen with sodium car-
bonate, but the higher level of hardness ions may have been due
to an increase in ion exchange induced by the surfactant in the

system.
The effect of an alkaline preflush prior to injection of a

surfactant solution is depicted in Fig. 57. The elution curves
for 3% NaCl alone (Curve 27) and for 0.1 pore volume of 0.5%
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sodium orthosilicate in 3% NaCl, followed by 3% NaCl (Core 46)
are given for comparison. The injection of 0.1 pore volume of
0.5% sodium orthosilicate in 3% NaCl, followed by 0.5 pore volume
of 0.25% Witco TRS 10-80 and 3% NaCl to 3.0 pore volumes (Core
6l) showed an elution curve which was similar in response to the
curve for the sodium orthosilicate alone. The difference in elu-
tion volume may have been due to natural core differences or to
an increase in ion exchange caused by the presence of surfactant

in the solution.
DISCUSSION

The results from the above experiments showed that highly
alkaline brine solutions were very effective for rapidly reducing
the hardness ions in the effluent to very low levels. The alka-
linity of these solutions causes precipitation of the hardness
ions eluted from the clays as highly soluble hydroxides and sili-
cates. Further elution of hardness ions from the core was not
observed with the injection of additional brine. Although elution
with a soft brine of essentially the same ionic strength as the
standard brine gave a fairly rapid drop-off in the hardness ion
level, there was still a significant level of hardness ions in
the effluent after 2 pore volumes of 3% NaCl had been injected.
With the highly alkaline brine solutions, the hardness ion level
dropped to zero after 1.2 pore volumes when 0.25 PV of 0.5%
sodium orthosilicate or sodium hydroxide in 3% NaCl was injected
prior to the injection of the 3% NaCl alone, as shown in Fig. 53.
The injection of 0.1 PV of the alkaline brine prior to the
injection of 3% NaCl showed similar results (Fig. 52), except
that 1.4 to 1.5 pore volumes of fluid were injected before the
hardness ion level dropped to zero.

The injection of 0.1 PV or 0.25 PV of 10% NaCl prior to the

injection of 3% NaCl gave ion exchange peaks, followed by a rapid
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drop-off in hardness ion levels. However, the hardness ijon
levels were not reduced below that of the curve for elution with
3% NaCl alone, except between 1.0 PV and 1.2 PV of injection.
The hardness ion level did not reach zero with the high salinity
preflush solutions.  The elution curves attained a steady-state
level of about 60 ppm (as CaCO3) at 3.0 PV of injection.
Apparently, the volumes of 10% NaCl injected were not sufficient
to exchange all the hardness ions in the clays, so the hardness

ion level in the effluent was not reduced to zero.

The behavior of the less alkaline chemicals, sodium car-
bonate and sodium silicate, was quite different. The 1.14%
sodium silicate solution (2.0 ratio of SiO2/Nay0, 44% solids) in
1% NaCl gave similar elution curves (Fig. 54) to those obtained
with sodium orthosilicate and sodium hydroxide when 0.5 PV was
injected prior to the injection of 3% NaCl alone. Injection of
0.1 PV of the sodium silicate solution gave an elution curve
similar to the curve for 3% NaCl alone. The hardness ion level
did not reach zero. Injection of 0.25 PV of sodium silicate pro-
duced a sharper drop-off in hardness ion level, but did not

reduce the effluent to zero hardness.

In contrast, the injection of 0.1 PV of 0.5% sodium car-
bonate followed by 3% NaCl (Fig. 55) produced significant ion
exchange peaks, especially when 0.5 PV of the chemical was
injected. The sodium carbonate should have removed part of the
calcium present in the brine by precipitation, although magnesium
ions would not be affected. In this case, however, the injection
of sodium carbonate gave the same type of behavior as injection
of 10% NaCl, except that the hardness ion drop-off was less rapid
following the ion exchange peak. These results suggest that
sodium carbonate would be an uneconomical choice as a preflush

agent.
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In the brine displacement experiments where dilute surfactant was
injected (Figs. 56 and 57), there was some evidence of additional
ion exchange induced by the surfactant when the surfactant solu-
tion was injected continuously. - This phenomena was shown by the
curve for Core 58 in Fig. 56. However, the curve for injection
of 0.5 PV of the surfactant solution, Core 62 in Fig. 56, was
essentially superimposable on the curve for elution with 3% NaCl
alone. The curve obtained for injection of 0.5 PV of surfactant
solution following a 0.1 PV preflush with sodium orthosilicate
(Core 61, Fig. 57) showed a shift to higher elution volumes com-
pared to the curve obtained for 0.1 PV of sodium orthosilicate
without surfactant (Core 46, Fig. 57). This shift may have
resulted from additional ion exchange induced by the surfactant,
from diffusion effects between the surfactant solution and the
silicate solution or from innate differences between the Berea
cores. We do not have much experimental evidence yet to deter-

mine which type of mechanism is operating in this system.

CONCLUSIONS

1. Highly alkaline preflushes are very effective in
reducing hardness ions to very low levels in reservoir

brine prior to injection of surfactant solutions.

2. High salinity preflush solutions are less effective in
reducing hardness ions to low levels due to continued

ion exchange from the clays in Berea cores.

3. The less alkaline sodium silicates, such as 2.0 ratio
sodium silicate, are not as effective as sodium orthosi-
licate, mainly due to the lower alkalinity of the solu-
tion.
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4. The use of sodium carbonate as a preflush chemical is

very inefficient due to the high ion exchange peak

induced by some action of the carbonate anion.

5. Dilute surfactant solution had minimal effects on the

elution of hardness ions from Berea cores.
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