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SCOPE 

Enhanced oil recovery processes which use surfactants to 
decrease the interfacial tension between water and oil to a level 
sufficient to release trapped oil drops have now been tested 
extensively in the laboratory and to some extent in the field 
(Lake and Pope, 1979). The technology has improved rapidly and 
commercial application now appears feasible. One potential 
difficulty, however, is the chromatographic separation of con- 
stituents blended to form the micellar (surfactant-rich) solution. 
Various surfactant types, different isomers of the same surfac- 
tant and cosurfactants are often blended in an electrolyte so- 
lution designed to optimize oil recovery. If any one of the con- 
stituents of this micellar solution becomes separated from the 
others as they flow through the oil-bearing formation, the oil 
recovery efficiency will be impaired. The separation may occur 
by any one or a combination of mechanisms. For example, 
during the displacement process a number of fluid phases may 
coexist at various positions within the formation. Since these 
phases generally move at different velocities, selective parti- 
tioning of one constituent relative to the others can lead to 
separation. 

A second possibility, and the one considered here, is chro- 
matographic separation due to selective adsorption of constit- 
uents onto reservoir minerals. If several of the constituents are 
surfactants then the nature and degree of separation is greatly 
complicated by their tendency to form mixed micelles (Clint, 
1975; Rubingh, 1978). Trogus, et al, 1979a recognized the need 
to account for the presence of mixed micelles and have consid- 
ered the chromatographic separation attending the continuous 
injection (infinite slug) of a twocomponent surfactant mixture 
into a porous medium. The flow system was considered to be 
linear and homogeneous and the fluids single phase, thus ex- 
cluding the presence of oil. They also assumed without proof 
that the waves would be self-sharpening so that wave velocities 
and compositions could be determined by integral material 
balances. An adsorption model (called here the Trogus Model) 
which exhibits all of the essential features of the complex iso- 

therm behavior associated with adsorption of mixed surfactants 
from aqueous solution (Trogus, Wade, Schechter, 197913) was 
used in the analysis. 

The Trogus adsorption model is also used here. Those features 
of the model needed to interpret the results are described. 
Further details are reported elsewhere (Trogus, Wade, 
Schechter, 1979b). This is followed by a discussion of the Helf- 
ferich approach applied to the problem of chromatographic 
separation of surfactants. This theory is complex and no attempt 
is made to justify it nor explain it fully here. The interested 
reader is referred to the book by Helfferich and Klein, 1970. 

The purpose of the present work is to examine the chroma- 
tographic separation of surfactants under more general initial 
and boundary conditions using a theory of multicomponent 
chromatography developed by Helfferich and Klein, 1970, 
which yields a general solution of the problem, permitting ex- 
amination of finite slugs as well as of injection sequences of 
different surfactant solutions. Furthermore it will be shown that 
the ad hoc assumptions imposed by Trogus et al, 1979a can be 
justified. In addition a wide range of adsorption parameters will 
be considered and the results extended to an arbitrary number 
of surfactant components. 

The results of the calculations can conveniently be divided 
into three sections. First, composition path diagrams for binary 
surfactant mixtures are presented. These are laid down once and 
for all, permitting the consideration of chromatographic effects 
attending an arbitrary sequence of fluid injections without 
further calculation. Therefore, the topological features of these 
diagrams are of general importance and are considered first. 

The next section considers a variety of injection sequences. 
The greatest attention is given to the propagation of a square- 
wave surfactant pulse (surfactant slug) since most enhanced oil 
recovery processes utilize a slug of small size (relative to the pore 
volume). In the last section the results are extended to multi- 
component systems. 

CONCLUSIONS AND SIGNIFICANCE 

This study points to new, general features of the chromato- 
graphic separation of micellar solutions. One of the most striking 
is the discovery of indifferent concentration waves which move 
with the fluid velocity, indicating no interaction with the sub- 
strate. The conditions for the existence of such waves are shown 
to be quite general, making their existence in real solutions 
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likely. Since these calculations do not include the effects of oil, 
they can not be considered to be truly representative of actual 
processes. However, they do provide important practical 
guidelines indicating, for example, that small high-concentra- 
tion slugs may be preferable to large low-concentration slugs. 
It is also suggested that the tendency of the surfactant mixture 
to undergo chromatographic separation because of selective 
adsorption can be prevented by the use of a surfactant preflood 
with the same monomer concentration as the surfactant slug. 
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TROWS ADSoRpTtoN MODEL 

Amphiphilic molecules which have distinct hydrophilic and 
lipophilic moieties tend to exhibit a considerable degree of inter- 
molecular organization when dissolved in aqueous solutions. They 
tend to aggregate forming regions consisting of a hydrophobic core 
(not necessarily spherical) surrounded by a hydrophilic shell. This 
process of organization is termed micelle formation and the groups 
of associated surfactant molecules which are more or less randomly 
distributed throughout the solution are called micelles. They tend 
to form at a more or less well defined concentration called the 
critical micelle concentration (CMC). 

Micelles are often small, consisting of aggregates of 10-30 
molecules which decompose and reform rapidly. Individual sur- 
factant molecules (called monomer) are distributed throughout 
the aqueous phase surrounding the micelles. These can, and often 
do, exchange with aggregated molecules. The micelles and 
monomer should be visualized as being uniformly distributed 
throughout the aqueous phase. A chemical analysis of a sample of 
reasonable size drawn from the solution will reveal the total sur- 
factant concentration. Monomer concentrations must be inferred 
from experiments distinguishing micelles from monomers. 

If the surfactant is a mixture, then individual micelles will be 
mixed; that is, each will contain surfactant of all types present in 
the solution. The composition of surfactant in the micelles will 
differ from the composition of monomer. It will be assumed here 
that the monomer is in equilibrium with the micelles. 

It has been established that surfactant adsorption depends on the 
monomer composition and concentration and not on the total so- 
lution concentration (Femandez, 1978). Interesting and unexpected 
isotherm behavior may occur (Trogus, Wade, Schechter, 197913) 
attending adsorption from mixed surfactant solutions. The observed 
phenomena, such as apparent adsorption maxima and minima, are 
predicted by a simplified model, the Trogus model, which imposes 
the following assumptions: 

(a) The composition and concentration of surfactant in the 
monomer and in the micelles can be approximated by assuming 
that these are separate phases in thermodynamic equilibrium. 

(b) Micelles do not adsorb and adsorption, therefore, is a func- 
tion of monomer concentration and composition only. 

(c) Adsorption of an individual surfactant component is a linear 
function of its monomer concentration (Henry’s Law) and is in- 
dependent of micelle concentration and of the concentrations of 
the other molecules present as monomer. 

The “phase separation model” according to (a) is generally used 
to describe the monomer-micellar equilibrium of a single surfactant 
species. The model predicts that micelles form at a well defined 
concentration (CMC) rather than over a range of concentrations 
and that the monomer concentration remains constant for all so- 
lution concentrations beyond the CMC. This is, of course, an ap- 
proximation and a more rigorous treatment requires use of the laws 
of mass action. Thus, surfactants associate with each other to some 
extent at concentrations lower than the CMC and micelles continue 
to change in both average aggregation number, distribution of 
aggregation numbers and morphology as the surfactant concen- 
tration is increased. However, most experiments indicate that 
micelles form over a small range of surfactant concentration and 
that the phase separation model is an excellent approximation. 

To treat mixed micelles, Mysels and Otter, 1961, assumed that 
the separate micellar phase is ideal. They also invoked the validity 
of an empirical equation relating the CMC to the electrolyte con- 
centration to develop the following expression 

i = 1,2,. . .,n 

Cf = Ci,m 4- cf,d (2) 

where ci is the total concentration of species i. It should also be 
noted that c; is the CMC of species i measured in the absence of 
the other species. The CMC of a mixture is a function of the con- 
centration c f .  It is given by (Trogus, Wade, Schechter, 1979b): 

r 

where ci,m is concentration of surfactant species i in the micellar 
phase expressed as moles per volume of solution, c(,d is the mono- 
mer concentration of component i also expressed as moles per 
volume of solution, c; is the pure component CMC and 0 is an 
empirical constant. The concentrations q m  and Ci,d are defined 
so that 

where Cd is the CMC of the mixture given by the sum of monomer 
concentrations, and q is the monomer mole fraction of component 
i. Thus 

cd = c C f , d  i = 1,2,. . .,n (4) 

Fernandez, 1978 studied the adsorption of an isomerically pure 
suite of alkyl benzene sulfonates and found that a plateau ad- 
sorption was attained at the CMC. This is not to preclude the pos- 
sibility that surfactant aggregates are formed on the substrate. 
Indeed, it appears that lateral interactions are an important feature 
of surfactant adsorption (Scamehorn, 1980). The adsorbate is in 
equilibrium with the monomer which is in turn in equilibrium with 
the micellar phase. Thus assumptions (a) and (b) of the Trogus 
Model are in good agreement with experimental evidence. 

Assumption (c) requires that 

qf = k&d i = l,2,. . .,n (5 )  

where q1 is the concentration of the adsorbate expressed as moles 
adsorbed per gram of solid phase. Equation 5 does not accurately 
represent the fine structure of the adsorption isotherm. It is now 
known that adsorption is both nonlinear and synergistic. However, 
Trogus et al. (1979b) have shown that this simple adsorption model 
predicts, by solving Eqs. 1,2,3,4,  and 5 simultaneously, complex 
isotherm shapes giving rise to apparent adsorption maxima and 
minima and to a dependence of the (pseudo-single component) 
“isotherm” on the ratio of solid to liquid in static experiments. All 
of these phenomena have been observed. Thus the Trogus Model 
represents the gross features of surfactant adsorption, even though 
it fails to provide a precise representation of the fine structure. It 
is therefore expected that the features of chromatographic transport 
predicted here will be unaltered when Eq. 5 is replaced by more 
accurate expressions. 

CHROMATOGRAPHIC PROBLEM 

The equations describing chromatographic phenomena are more 
convenient if concentrations are expressed in terms of a unit column 
volume. The following variables are thus introduced and de- 
fined: 

c: = 4Jc: 

c i  = 4JCf 

Ci,m = 4Jci.m 

c i  = (1 - 4 J ) i j S S f  

Cf,d = k d  

- 

The component material balance equations will be written in terms 
of these variables. Note that 

where 

kf(1 - 4Jh 
4J 

& =  

The chromatographic column is assumed to be one-dimensional 
and uniform, and a single mobile fluid phase is assumed to be in 
equilibrium with an immobile adsorbate. If the average fluid ve- 
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locity is taken to be a constant, and if dispersion is neglected, then 
a material balance for component i is 

dCf 
at dz 
Q + V- = o i = 1,2,. . .,n 

where 

Ci,T = c, + c, 
The associated initial and boundary conditions are, for infinite 
slugs 

c, = c,,o t = 0,z L 0 (7) 

ci = C,,in t > 0, z = 0 (8) 

Those for finite slugs (consecutive injection of two different fluids) 
are 

c, = c,,o t = 0, z L 0 (9) 

(10) 

C, = C:,in t At, z = 0 (11) 

Ci = Ci,in 0 5 t < At, z = O 

METHOD OF SOLUTION 

The solution of the above equations was obtained by application 
of the Helfferich theory of multicomponent, multiphase dis- 
placement in porous media (Helfferich, 1981; Helfferich and Klein, 
1970). The basis of the Helfferich theory is the recognition that the 
solution of equations of the above type will be in terms of waves 
whose composition and velocity make them propagationally stable. 
The theoretical statement of this fact is called the "coherence 
condition." The coherence condition may be stated mathematically 
as follows. In a propagationally stable (coherent) wave, it must be 
true that 

(12) 

V,, = (dz/dt),, i = I$,. . .,n (13) 

v,, = v,, = . . . = V," 

where 

and V ,  is the velocity at which a given concentration value C, 
advances in the direction of flow. The key step in the application 
of the Helfferich theory is the use of the coherence condition to 
construct a composition path grid. The composition paths are 
curves in the coordinate space of the dependent variables-here 
taken as the total fluid phase concentrations, C,-corresponding 
to variations which are coherent. For a system with given equi- 
librium and flow properties (Eqs. 1 to 5) a unique grid of such paths 
can be constructed and then applied to any initial and boundary 
conditions. The results obtained from a specific application (e.g., 
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Figure 1. Composition path grid lor a typical Trogus system. Concentrations 
near the CMC. Parameter values presented in Table 1. 

FAST W T M  - -. 

Figure 2. Composltlon path grid for a typical Trogus system. Concentratlono 
far from the CMC. Parameter values presented in Table 1. 

TABLE 1. PARAMETER VALUES USED TO GENERATE COMPOSITION 
PATH GRID IN FIGURES 1 AND 2 

c; = 1.0 m01/m3 
C ;  = 0.35 m0l/m3 

0 = 1.8 
kl = 0.21 X m3/kg 
ke = 0.80 X m3/kg 
fis = 2.1 X kg/m3 

f#J = 0.2 

Eqs. 9 through 11) are not only the number and composition of 
propagationally stable waves, the velocities of these waves, and the 
results of wave-wave interactions, but also whether these waves 
are self-sharpening, indifferent, or spreading. 

The composition path grid for a typical two-component Trogus 
system is presented in Figures 1 and 2. The parameter values 
chosen for the specific system are presented in Table 1. The 
numbers appearing on the curve are the eigenvelocities, that is, the 
eigenvalues X related to the velocities of the respective compositions 
in coherent waves by 

= Vwavelv (14) 
where V is the bulk fluid velocity and Vwa,, the velocity of the 
coherent wave defined by Q. 13. The construction of composition 
path grids, and the method of determining the number of waves 
and their compositions and velocities for specific initial and 
boundary conditions, are discussed in detail in reference (Helfferich 
and Klein, 1970). The mathematical details of the application to 
multiphase flow in porous media are presented in reference 
( Helf f erich, 198 1 ) . 

CHARACTERISTIC FEATURES OF TROGUS MODEL 

The effects of micelles on the chromatographic flow of surfactant 
mixtures may be observed in the characteristic features of the 
composition path grids of a typical Trogus system (Figures 1 and 
2). Below the CMC the grid is strictly orthogonal, and no wave- 
wave interference can occur. All waves arising from compositions 
below the CMC are indifferent waves. These features below the 
CMC are determined entirely by the adsorption model (constant 
Henry's Law coefficients) and so may not be characteristic of real 
systems. 

Above the CMC one family of composition paths is linear. The 
eigenvelocity along these paths is always unity. Compositions on 
the composition path grid connected by one of these paths will 
produce a coherent wave that propagates at the bulk fluid velocity. 
Such a wave will arise only when the column ahead of and behind 
the wave contains both surfactants at concentrations at or above 
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the CMC. These waves are entirely and exclusively variations of 
micelle concentration, at constant micelle composition. 

Monomer concentrations also do not vary across such waves. This 
feature is not dependent on the choice of adsorption isotherm but, 
rather, upon the phase separation model and the assumption that 
only the monomeric form of the surfactant adsorbs. Thus, the 
unit-velocity paths are loci of constant monomer composition along 
which only the concentration of micelles in equilibrium with the 
monomers varies. This is analogous to adding liquid to a two-phase 
vapor-liquid mixture which is at equilibrium. If the liquid added 
is of the same composition as the liquid already present, then the 
total volume of the system can increase without change in either 
the amount or composition of the vapor. Since the phase separation 
model is generally agreed to be a good approximation of surfactant 
behavior at high aggregation numbers, the behavior resulting from 
the unit-velocity paths is expected to be physically real. 

That these waves will travel at the velocity, V, of the bulk fluid 
can be shown as follows. The wave velocity, V,,,,, from Eqs. 13 
and 6 is found to be 

Since the monomer concentrations do not vary along the paths, 
neither do the adsorbed concentrations, ci. Thus, V,,,, = V. 
Moreover, since this argument applies to all surfactant components 
i, the coherence condition (Eq. 12) is obeyed along the loci. 

If a column contains compositions above the CMC, the coherent 
waves that arise may be self-sharpening, indifferent, or spreading. 
The procedure for determining the number, composition, and 
behavior of the waves arising from a specific set of initial and 
boundary conditions will be illustrated. To determine the system’s 
behavior, the initial and boundary conditions are first located on 
the composition path grid (for example, Figures 3 a l ,  a2). Since 
these compositions are not connected by a single composition path, 
the situation generated by the injection is initially noncoherent. 
Only coherent waves are propagationally stable, so the single 
noncoherent wave generated by injection will break up into co- 
herent waves. To determine the composition and number of these 
waves, the first step is to construct a “route” on the composition 
path grid that connects the injected and initial conditions. This 
route must be exclusively along composition paths. Since the slower 
coherent wave advances the lesser distance through the column, 
the route, beginning from the injected composition, follows a slow 
path first and then switches to the fast path leading to the point 
which corresponds to the initial composition. The point of inter- 
section of the slow and fast paths is the composition of the inter- 
mediate zone that will arise between the two waves (composition 
B in Figure 3 al) .  After the construction of the initial route, one 
must determine if it will be followed exactly. The first step is to 
determine if the waves are self-sharpening, spreading, or indif- 
ferent. If the eigenvelocity decreases along a path in the direction 
of flow, then the wave will be self-sharpening; if the eigenvelocity 
is constant along the path, the wave will be indifferent; if in- 
creasing, the wave will be spreading. Only if the wave is self- 
sharpening may the system not follow the composition route ex- 
actly. The self-sharpening wave is a shock wave. The discontinuity 
acros a shock front cannot be described by the differential relations 
used to construct the composition path grid. In that case, an integral 
material balance across the shock and a trial and error procedure 
must be used to determine the composition of the intermediate 
zone and the velocity of the shock. (See appendix.) However, in 
most cases the composition will be close to that found from the 
initial route construction. An example where this is not true is seen 
in case 4. Here, the discontinuity at the CMC causes the actual route 
to differ markedly. 

The waves set up by the injection of a “drive” following the slug 
are determined in the same manner. This time, the route connects 
the composition injected behind the slug with the slug composition. 
Once again, case 1, Figures 3 a1 and 3 a2, serve as an illustration. 
After these waves have been detemined as to composition and 
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velocity, their interactions can be plotted on a distance-time di- 
agram (Figures 3 b). The results of wave-wave interactions are 
determined by locating the compositions of the interfering waves 
on the composition path grid and again following the above pro- 
cedure. That is, when a fast wave from a later injection catches up 
(interferes) with a slow wave from an earlier injection, a local and 
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temporary noncoherence is created; this noncoherence then acts 
as the origin of new coherent waves, in exactly the same manner 
as does a noncoherence at the injection point. 

The following generalizations may be made concerning behavior 
of the waves in a Trogus system. When the column ahead of a slug 
is devoid of surfactant, the slug composition is above the CMC, and 
the drive is devoid of surfactant, the waves generated by slug in- 
jection, two in number, will be self-sharpening. Thus, the as- 
sumption of Trogus et al. (1979a) that waves in a Trogus-type 
system are self-sharpening is valid for initial conditions of zero 
surfactant concentrations and infinite slugs. Before any wave-wave 
interactions occur, all the waves generated at the back of finite slugs 
by drive injection, under the above stated conditions, will be in- 
different waves. The fastest of these waves will have an eigenvel- 
ocity of unity-it will move at the bulk fluid velocity, and the 
micelle concentration will be zero on its upstream side. The result 
is that when the ratio of slug volume to pore volume is small 
enough, micelles disappear from the system. This prediction is 
discussed further below. After interference, waves may be self- 
sharpening, spreading, or indifferent. 

Another feature of a two-component Trogus system is the exis- 
tence of what has here been termed an “inversion curve.” The 
inversio_n curve isthe locus of points, in the composition space, for 
which CI/C1 = CZ/C2. Its existence is dependent upon the oc- 
currence of micellization and upon the following inequalities: 

c; > c; 
K 1 <  K2 (17) 

Near the CMC (Figure l), the eigenvalues along the slow paths (the 
curved paths) decrease in the direction of increasing concentration 
of component 1. In Figure 2, above the inversion curve, the 
eigenvelocities increase in that direction. Along the inversion curve 
itself the eigenvelocities are constant. The physical significance 
of the inversion curve is as follows. If a fluid with composition above 
the CMC but below the inversion curve is injected into a column 
initially devoid of surfactant, component 1 will emerge first at a 
concentration above its injected concentration. This phenomena 
is illustrated in case 2 below. If a fluid with a composition above 
the inversion curve is injected into the column, component 2 will 
emerge first and does so at a concentration above its injected con- 
centration. This phenomenon is illustrated in case 3 below. Injection 
of a fluid with a concentration on the inversion curve into a column 
devoid of surfactant will produce only one wave: both concentra- 
tions will emerge simultaneously at their injected concentra- 
tions. 

The reason for this behavior may be explained in physical terms. 
Its Occurrence depends upon the component with the larger Henry 
coefficient also being the component which is preferentially in- 
corporated into the micelles (component 2 in this case). At con- 
centrations between the CMC and the inversion curve, the effects 
of micellization are not enough to offset the fact that component 
2, by virtue of its larger Henry coefficient, is preferentially ad- 
sorbed and thus more highly retarded in its progress through the 
column. But above the inversion curve, enough of component 2 

*C1(z) 
t = o  

Case z 2 0 

is incorporated into the micelles that, despite its larger Henry 
coefficient, it is less strongly retarded than component 1. If the 
component having the largest Henry coefficient is not also pref- 
erentially incorporated into the micelles, no inversion curve can 
exist and this component will always be more strongly retarded in 
the column. 

Two final observations will be made regarding the eigenveloc- 
ities. First, on the slow paths they tend to increase as the distance 
in composition space from the origin increases. This simply implies 
that the higher the concentration above the CMC, the more ef- 
fectively the surfactants are shielded from adsorption, and there- 
fore tend to move through the column more rapidly. As a result, 
fractionation tends to be less rapid at high concentrations. This is 
illustrated by case 3 considered below and is the reason that sur- 
factant fractionation for highly concentrated slugs may be too small 
to be observed (Trogus, Wade, Schechter, 1979a). Small degrees 
of separation (small differences in X between slow and fast waves) 
tend to be obliterated by dispersion and finite mass transfer rates, 
making their detection even more difficult. 

It should be noted that the observations in this section arise from 
an understanding of how a composition path grid is used to de- 
termine system behavior for specific initial and boundary condi- 
tions. As this procedure is discussed extensively elsewhere (Helf- 
ferich and Klein, 1970), it is only mentioned here. Anyone wishing 
to verify these observations from Figures 1 and 2 should be familiar 
with it. 

Results of Parametric Studies 

Composition path grids were constructed for a wide range of 
values covering the range of physically realistic values. In all cases 
it was found that the observations made in the preceding section 
remained valid. Hence, path grids for other values of the param- 
eters are not presented here. 

Behavior of Finite and Infinite Slugs 

The particular Trogus system specified by the parameter values 
in Table 1, and corresponding to the composition path grid of 
Figures 1 and 2, was solved for a variety of initial and boundary 
conditions. A summary of the cases solved is presented in Table 2. 
Composition routes, distance-time diagrams, and concentration- 
profiles are shown in Figures 3 to 7. These cases are discussed below 
in terms of the behavior of finite slugs. To each case, except case 
4, there is a corresponding infinite slug. The behavior of the infinite 
slugs is not discussed specifically since they are subsets of the finite 
slugs and largely self-explanatory. 

The units used in the distance-time diagrams were chosen to 
make clear that these diagrams are universally applicable. Any slug 
size and slug size-to-reservoir pore volume ratio can be represented 
on one diagram. The only accommodation necessary is that as the 
slug volume-to-pore volume ratio increases, less of the diagram 
actually applies. As an example, consider Figure 3c. The ordinate 
and abscissa are a dimensionless time and distance, respectively. 
The dimensionless time is cumulative injected volume/slug vol- 

TABLE 2. INITIAL AND BOUNDARY CONDITIONS FOR CASES 1 TO 5, CORRESPONDING TO FIGURES 3 TO 7 

Cnrnrnmts 

1 0 
2 0 

3 0 

4 0 

5 0.035 

0 
0 

0 

0 

0.053 

0.050 0.040 
0.042 1.15 

1.00 1.00 

0.042 1.15 

0.042 1.15 

0 0 
0 0 

0 0 

0.035 0.053 

0 0 

System behavior in the absence of micellization 
Dilute slug behavior. Injected composition between 

Concentrated slug behavior. Injected composition above 

Use of surfactants drive. Note composition of wave with 

Use of surfactant preflood. No fractionation of slug occurs 

CMC and Inversion Curve 

Inversion Curve 

superficial fluid velocity X = 1 

Corresponding 
Figures 

3a,b,c 
4a,b,c 

5a,b,c 

6a,b,c 

7a,b,c 

* All concentrations are expressed in mol/m3 
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Figure 4. Bd\avior d a slug of eomposltlon between the CMC and the inversion curve. (a) Schematic of composltlon route development (b) Mstance-time 
dlagram (c) Column profiles. 

ume. The dimensionless distance from the injection point is in terms 
of pore volume/slug volume, measured from the injection point. 
In order to apply a diagram to a specific situation, the slug vol- 
ume-to-reservoir volume ratio must be specified. Thus, for a slug 
the size of one pore volume, only that part of the diagram below 
4 = 1 applies. This is the “distance” to which the reservoir extends. 
For a slug the size of 0.5 pore volume, all the diagram below E = 
2 applies. Further, for the one-pore-volume slug, a wave moving 
at the bulk fluid velocity would reach the end of the reservoir (I: 
= 1) at T = 1. But for an 0.5 pore volume slug, though a wave of 

bulk fluid velocity still goes through (1,l) 4 = 1 would only be the 
half-way point in the reservoir. 

Case 1: Injected Composition below CMC 

Figure 3a shows composition routes for an injected slug com- 
position I followed by a surfactant-free drive. Between the two 
coherent waves generated at the front of the slug a composition B 
is established, corresponding to the intersection of the slow path 
passing through point I (injected composition, slug) with the fast 
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Figure 5. Behavior of a slug of composition above the inversion curve. Preferential inCOrpOratiMl Of more Strongly adsorbed Component into the miceiiar pseu- 
dophase results in counterintuitive behavior described In the test. (a) Schematic of composition route development (b) Dktance-time diagram (c) Column 

profiles. 

path passing through point 0 (initial composition of fluid in the 
column). The diagram indicates that the intermediate zone does 
not contain component 2. The composition paths resulting from 
eluting the injected slug with a surfactant-free drive are also shown 
(OCI), the new intermediate zone between the slow and fast waves 
at the rear of the slug having the composition C .  

To better appreciate the importance of the composition diagram, 
consider figure 3b which depicts the concentrations as a function 

of time and distance. The front of the slug propagates slowly (A = 
0.13). The fast wave at the rear of the slug ( A  = 0.36) catches up 
with the slow wave at the slug front as shown. Beyond this point 
in time and space, fluid having the slug composition will no longer 
exist at any position within the column. The slug in this case de- 
composes into its components 1 and 2, the latter moving at the 
lower velocity because Kz > K1 in this case. 

The sequence of events described above correspond, of course, 
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to the simplest possible case, namely, the chromatographic 
movement of noninteracting components. To emphasize this point 
Figure 3c shows profiles at various points in time. The first profile 
indicates that fluid containing component 1 only has progressed 
through the column more rapidly, leading the fluid having the 
injected composition. The second profile considers a point in time 
after slug injection has been completed. The trailing fluid con- 
taining component 2 is now apparent. Finally the two surfactants 
have been separated. As noted, this sequence is typical of simple 
chromatographic separations. A sequence of this type will be found 
for all injected composition below the CMC curve. 

1.2 - 
1.0- 

.t 
3 0.6- 
i.5 0.4- 

0.2 - 

Case 2: injected Compositions between CMC and inversion Curve 

If the slug composition is at I shown in Figure 4a, new and 
unexpected features arise. Consider the initial column composition 
and the composition of the drive fluid are both at point 0. The 
composition paths are shown. The slow path from I intersecting 
a fast path through 0 exhibits decreasing h (Figure I), indicating 
a self-sharpening behavior. The calculation of point B, the com- 
position of the intermediate zone, therefore requires application 
of an integral material balance (Appendix). It is interesting to note 
that the concentration C1 at B is larger than the injected concen- 
tration at I .  From point B to 0 the fast path is indifferent. 

At the rear of the slug, three waves are generated. This unusual 
situation arises because the CMC curve represents a discontinuity 
in the direction of the fast paths. A slow path from 0 leads us to C. 
Fast paths from C yield D and I successively. The wave Df travels 
rapidly with a unit velocity as has been previously discussed. Since 
both path segments CD and DI are linear, a correction with an 
integral material balance is not necessary (any two points on a 
linear composition path, calculated from the differential coherence 
condition also obey the integral coherence condition for shocks and 
discontinuities). 

Figure 4b shows the corresponding distance-time diagram. Note 
the rapid degradation of the slug owing to the advance of the 
unit-velocity wave. When that wave interferes with the slow wave 
at the slug front, solution having a composition D is in contact with 
solution of composition B .  This is a noncoherent situation and acts 
as origin of two new waves. The composition of the intermediate 
zone between these new waves, E, is then found by applying the 
usual rule, namely, finding the intersection of a slow path through 
D with a fast path through B .  This new intermediate composition 
(Cl = 0.335, Cz = 0) is easily found by means of Figure 1 and is 
shown in Figure 4a. Finally an additional wave interference is 
shown in Figures 4a and b, but now all of the compositions are on 
or below the CMC curve and the resulting waves are easily visu- 
alized. 

Figure 4c shows profiles depicting the various stages of the 
process. It Seems worth noting that the ultimate result is to separate 
the two surfactants into two distinct pulses each at a concentration 
less than the CMC. Secondly, the peculiar shape of the leading 
component 1 pulse after 2.6 slug volumes have been injected is a 
result of the discontinuous nature of the fast paths at the CMC. 

r---i 
I 1  
I 1  

I 
I r ' 2.0 
I 
I 
I 
I 
I 

o,8'---- -------- J I 

I 

Case 3: Slug Compositions Above Inversion Curve 

When the slug composition is above the inversion curve, the 
wave interactions become still more complex (Figure 5).  The initial 
noncoherence between the injected composition, I, and the initial 
fluid composition, 0, is resolved into two shocks. The plateau region 
in between has a concentration A.  In contrast to case 2, for which 
the slug composition was between the CMC and the inversion 
curve, this plateau zone now contains only component 2. The 
component with the larger Henry ccefficient is retarded to a lesser 
degree than its companion. As has been noted, this counterintuitive 
behavior is a result of the preferential incorporation of component 
2 into the micelles. Note, also, that the two waves at the slug front 
are now moving faster than the corresponding waves for a slug 
below the inversion curve ( A  = 0.84 and 0.82). This means that a 
longer dimensionless distance will be required for the unit-velocity 
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not prevented. (a) Schematic of composition route development (b) Dls- 

tance-time diagram (c) Column profiles. 

wave produced at the rear of the slug to overtake the wave at the 
slug front. 

When the wave of variation C-I interferes with the wave of 
variation I-A, a noncoherence arises between compositions I and 
A (Figures 5a and 5b). This noncoherence is resolved into a 
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( c 2 - C 3 )  INVERSION 

( c 1 - C ~ )  INVERSION CURVE 

c3 
Figure 8. Outstandlng features of the coordinate space of the dependent 

variables for a three-component system obeying the Trogus adsorption 
model. 

spreading wave (Figure 5a 2) and an indifferent wave. The plateau 
composition is D. The indifferent wave of variation D-A travels 
at A = 1, and so quickly interferes with the wave of variation A-0. 
Composition D is coherent with composition 0, and produces a 
single slow shock of velocity A = 0.314. This shock has a lower 
velocity than the upstream spreading wave of variation C-D. As 
the shock interferes with the spreading wave, both the shock ve- 
locity and the composition variation across the shock (D’-E’) 
change continuously. The shock velocity and the variation across 
the shock can be calculated exactly from a material balance across 
the shock and the compositions and composition velocities of the 
spreading wave. However, since the velocity of the shock will de- 
crease from its initial value of 0.314 to 0.130, a reasonable ap- 
proximation can be obtained from using an average velocity to find 
the point at which the interference is completed. The final pattern 
will be two pulses of the separated surfactants at concentrations 
below the CMC (Figure 5c). 

Note that although the patterns of interference differ greatly 
between case 2 and case 3, the final result is the same: separation 
of the slug into components at concentrations below the CMC. This 
is a result of the assumption that only the monomer adsorbs. To 
oversimplify, if micelles do not absorb, micelles cannot desorb, and 
the final pattern after all possible interferences have occurred shows 
only concentrations below the CMC. 

Case 4 Surfactant in Drive Solution 

In enhanced oil recovery it may be desirable to maintain sur- 
factant solutions at the injected concentrations for as long as pos- 
sible, constrained, of course, by economic realities. The results 
shown in Figure 6 indicate that nothing is gained by use of sur- 
factant in the drive fluid. In this case, the composition of the sur- 
factant drive solution, O’, lias been selected so that it lies at the in- 
tersection of the CMC curve and the fast path passing through the 
slug composition, 1. Because the two compositions lie on the same 
path, the wave between them is coherent and thus does not break 
up into two waves. However, the single wave does move at unit 
velocity, rapidly overtaking the slow wave at the slug front. Thus, 
adding surfactant to the drive solution does not help prevent slug 
degradation. Wave-wave interferences rapidly squeeze the sur- 
factant concentrations down to values less than the CMC, where 
separation of the surfactant mixture is fastest. 

Case 5: Surfactant Preflood 

Preflooding with a surfactant solution having the same monomer 
concentrations as the slug does prevent slug degradation. The re- 
sults shown in Figure 7 indicate that a preflood with a dilute so- 
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lution on the CMC curve, P ,  having the same monomer concen- 
trations as the slug, I, will permit the slug to propagate unchanged. 
This result is a consequence of the phase separation model assumed 
here, but is independent of the form of the adsorption iso- 
therms. 

GENERALIZATIONS FOR n-COMPONENT SYSTEMS 

A brief study of three-component systems will serve to clarify 
the logic by which the conclusions arrived at for two-component 
systems can be generalized for greater numbers of components. 
The inversion curve, discussed above, which arises in two-com- 
ponent systems when K 1 <  K 2  and Ci > C;, is the key to making 
these generalizations. 

In the three-component case, the space of the dependent vari- 
ables is three-dimensional (Figure 8). The CMC is now a surface 
rather than a curve. If the coherence condition is used to construct 
composition paths, there will be three families of paths. These paths 
will now be space curves. As a result, a representation corre- 
sponding to the composition path grid used in the two-component 
case would be difficult to obtain. However, each coordinate plane 
in Figure 8 will contain the composition path grid of the corre- 
sponding twc-component system. Thus, each coordinate plane will 
contain an inversion curve, as defined above. This is illustrated in 
Figure 8. Furthermore, if two compositions which are represented 
by points in the Same coordinate plane are in contact, the number 
of waves which will arise, the velocities of these waves, and the 
compositions between the waves may be predicted from the two- 
component path grids. This is true regardless of whatever other 
compositions are present in the rest of the system. As an example, 
if at a point in time compositions A and 0 in Figure 8 are in contact 
any place in a three-component system, with A upstream of 0, only 
one wave will result from that contact. That wave, between com- 
positions A and 0, will be self-sharpening, and its velocity can be 
calculated from a material balance across the wave. 

In order to extend our ability to predict the behavior of a 
three-component system, we next justify the assertion that there 
must exist in the space of the dependent variables “inversion sur- 
faces” similar to the “inversion curves” of the two-component 
system. The inversion curve divides the two-component compo- 
sition space into tKo regions. In one region the partition coefficient 
of component 2, C2/C2, is greater than that of 1, CI/CI; in the 
other, the opposite is true: 

- - -  
c2 G c2 c1 

c2 c1 c2 c1 Region I: - > - Region 11: - < - 

The retardation of a component by the substrate is directly related 
to its partition coefficient. The larger the partition coefficient, the 
greater the retardation. So, in Region I, component 2 is more 
strongly retarded than component 1; in Region 11, the opposite is 
true, that is, component 1 is more strongly retarded. As stated 
above, the necessary and sufficient condition for an inversion curve 
to exist in a Trogus system is 

K 2  > K1 
C; < Ci 

At low micelle concentrations, K2 > K1 results in Cz/C, > cl/Cl. 
But if the total micelle concentration becomes great enough, then 
C; < Ci results in the preferential incorporation of so large a 
fraction of component 2 into the micelles, which do not absorb, that 
now C~/C ,  < Cl/Cl. 

Application of this same physical argument to the three-com- 
ponent case where 

K1 < K2 < K3 

Ci > C; > C; (18) 
indicates that the three-component composition space must also 
contain regions where relative magnitudes of partition coefficients 
change from region to region. 

TABLE 3. GENERALIZATION OF EFFECTS OF MICELLE FORMATION 
TO n-COMPONENT SYSTEMS 

Number of Possible 
Inversions of 

Equation of Sequences of Equations of Figures 
Number of Unit Velocity Partition Separating the Regions 

Components Paths Coefficients of Different Sequences 

line in 

line in 

line in 

line in 

2 two-space 

3 t hree-space 

4 four-space 

n n-space 

1 curve in two-space 

3 

6 volume in four-space 

2 

surface in 
three space 

n * - n  (n - 1) dimensional 
hypervolume in 

n-dimensional hyper- 
space 

- 

These observations lead to the following conclusions regarding 
a three-component Trogus system which satisfies Eqs. 17 and 
18. 

1) Near the three-component CMC, the sequence in which the 
components will appear is: 

~ 2 , 3  

2) As total concentration defined as 

c = c1 + c2 + c3 
increases, the sequence of emergence will change in one of the 
following two manners: 

Sequence 
Type I System 

L 2 , 3  1 , 2 , 3  
2, 1, 3 L 3 , 2  
2,3, 1 3, 1 , 2  
3,2, 1 3,2, 1 

3) The unit-velocity paths observed in the two-component case 
also arise in the three-component case. Though no longer restricted 
to the coordinate planes, they will still be straight lines. This is a 
consequence of the use of the phase separation model. 

4) The composition paths below the CMC remain orthogonal 
owing to the assumption of Henry’s Law. 

The results of the above study of a three-component Trogus 
system are generalized to the case of an n-component system in 
Table 3. 

Type I1 System 

SUMMARY AND CONCLUSIONS 

1)  The effects of the formation of mixed micelles on the chro- 
matographic movement of mixed surfactants has been demon- 
strated by solution of the Trogus Model for a two-component 
system. 

2) All the salient effects of micellization are demonstrated by 
the two-component case. 

3) When it is true of a Trogus system that 

Ci > C; > .  . . > Ci 

and 

K 1 <  K2 < .  . . < K ,  

then there will exist [(n2 - n)/2] + 1 composition regions in the 
coordinate space of the dependent variables separated by (n2 - 
n)/2 inversion loci. In each of the regions the order of retardation 
of the components will be different. 

4) One of the most important aspects of finite surfactant slug 
behavior is determined by the existence of loci of constant mono- 
mer concentrations. Any two compositions connected by one of 
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these lines will give rise to an indifferent wave moving at the bulk 
fluid velocity. 

5) Fractionation of surfactant slugs due to preferential ad- 
sorption may be eliminated by use of a preflood having the same 
monomer concentration as the slug. The micellar pseudophase will 
then propagate at the bulk fluid velocity because it will already be 
at equilibrium with the adsorbed concentrations downstream. 
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NOTATION 

c, = moles of i in fluid phase/m3 of fluid 
Cf = moles of i in fluid phase/m3 of column (Cf = &) 
Ci,d = moles of i as monomer (disperse phase)/m3 of column 
C,,,, = surfactant concentration at inlet 
Cf,m = moles of i in micellar form/m3 of column 
Cf,o = initial surfactant concentration 
Cf,t = total concentration of i, moles of i/m3 of column 
- (cf,t = cf cf = + Cr,d cd) 
Cf = moles of i adsorbed/m3 of column (cf = (1 - q?~)q,/>~ 
c;  = pure component CMC in absence of added electrolyte 

(moles of i/m3 of fluid) 
CMC = concentration of surfactant at which micelles begin to 

form according to the pseudophase separation model of 
Mysels and Otter 

Acf  
AC, 
ki 

Kf 

q, 

= [c, behind a shock] - [cf ahead of the shock] 
= [C, behind a shock] - [C, ahead of the shock] 
= Henry’s Law constant (moles of i adsorbed per kg of 

= Henry’s Law constant (dimensionless) K ,  = k f p , ( l  - 
= adsorbed concentration of component i (moles of i ad- 

substrate)/(mole of i per m3 of fluid) 

d)/d 

sorbed/kg of substrate) 

Greek Letters 

“ { j  = = [c;/C;]o 
B = empirical constant used to predict multicomponent 

= eigenvelocity of a wave defined by Eq. 12 
= dimensionless distance, (pore volumes from injection 

= solid phase density (kg/m3) 

CMCs (dimensionless) 

[ 

8, 
7 = dimensionless time, (pore volumes injected)/(slug 

9 =column void fraction (m3 of fluid phase)/(m3 of 

point)/(slug volume) 

volume) 

column) 
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APPENDIX 

Analysis for a Binary Surfactant System 
Because the computational procedure is based on an established 

approach very few mathematical details have been presented in 
the body of the paper. The physical interpretation of the results 
was viewed as the essential issue; however, it may be useful to 
consider an outline of the procedure to better appreciate the re- 
sults. 

The concentration velocity expressed by Eq. 13 is also given by 
the following 

Substituting the material balance equation and noting that by 
definition the composition velocities are all equal for a coherent 
wave, then (qf = + 1 (%) 

x dz t 

and 

where 

If C ~ , T  is regarded as a function of the solution Concentration, C,, 
a consequence of assuming local equilibrium, then 

Of course, C,,T is a function of a position and time so that we also 
have 

dCf,T = (%)f dz + (%)% dt 

But from Eqs. 19 and 20 it is seen that 

Equation 21 can, therefore, be expressed in the form 
n 

j=l 
dCf = X C mi,jdCi (23) 
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In matrix form for a binary system 

= El (24) 

The characteristic equation giving the eigenvalues for Eq. 24 is 

( X r n l , ~  - 1) (Xm2.2 - 1) - m1.2 m2.1 X2 = 0 

ml,l f ((ml.1- m2,2I2 + 4m1,2 rn2,1)1/2 

2(m1,1 m2,z - m1.z m2.d 

which yields 

X =  (25) 

and the eigenvectors are 

In order to construct a composition path in the (Cl - &)-plane, 
one chooses a Composition near the boundary, then evaluates Eqs. 
25 and 26 from the definitions of the mi,j and the relations 

ci,t = Ci + c, 

-=-( C1.m Cl,d 3 ) ' 
C2,m Cz,d c i  

This system is highly nonlinear, so that the values of the mij must 
be evaluated numerically (e.g., by Newton's method) and Eq. 26 

must be integrated numerically for each eigenvalue, as, for ex- 
ample, in this work, the Runge-Kutta-Gill algorithm was used. 

As noted in the body of the paper, when the eigenvelocities along 
a composition path decrease in the direction of flow, as, for ex- 
ample, in Figures 4a and 5a which correspond to cases 2 and 3, the 
composition paths constructed as above no longer describe the 
system behavior. This is because the shock wave that arises in the 
column presents a discontinuity across which Eq. 6 no longer 
applies. The wave velocity and composition of the intermediate 
zone can no longer be determined from the composition path grid. 
However, a simple mass balance across the shock front yields the 
relation 

V v, = - 
Act 

1 + -  
ACi 

for a coherent shock we still require that 

v, = vc, 
Equation 27 must be solved by trial and error to obtain A = Vcj f V 
and the composition of the intermediate zone. In case 3, Figure 5 
al, it can be seen that composition A, the intermediate composition 
arising between the injected composition I and the original com- 
position 0, is only slightly off the composition path through I. In 
this case, the composition obtained from constructing the com- 
position route without accounting for shock formation is only 
slightly in error. However, in figure 4 a l ,  the composition B ob- 
tained from Eq. 27 differs considerably from the composition 
which would be obtained by following the composition paths. This 
is because of the presence of the CMC discontinuity across the 
composition path. 

Dynamic Contact Angles 
The dynamic contact angles of various liquids on a gelatin-subbed polyester tape 

were investigated by plunging a tape into a pool of liquid, in the manner of Perry 
and of Burley and Kennedy. The effect of the upper fluid was studied by replacing 
the air normally present by immiscible oils. A fair correlation was found at the point 
of air entrainment, relating the capillary number, p V / c ,  to a physical properties 
number, gp4/pa3. A dimensional correlation, relating the air entrainment velocity 
to the viscosity to the -0.67 power, was even better. At various velocities, the dy- 
namic contact angle (or the dynamic contact angle minus the static angle) could 
be related to the capillary number, the physical properties number, and to density 
and viscosity ratios. Again, the dimensional correlations were better than the di- 
mensionless ones, perhaps caused by an omission of a significant dimensionless 
group due to our inability to choose a suitable characteristic length. 

With any one system, the data could be expressed as 6 = k N 6 ,  above some 
minimum velocity, or, covering all velocities, as (6 - 6,) = kNt:,. With air as the 
upper fluid, all the data at one angle lie within one decade, with capillary numbers 
at air entrainment in the range of 0.6-1.3. 

SCOPE 

In most coating operations the coating solution forms a dy- 
namic contact line with the moving base, with air as the third 
phase. The maximum coating speed is often limited to that base 
velocity at which air is entrained by the moving base into the 
coating solution. At that point the dynamic contact angle 
reaches 180". This study extends the work of Burley and Ken- 
nedy (1976b, 1978) and Perry (1967) on the effect of fluid prop  
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erties and base velocity on dynamic contact angles, by plunging 
a gelatin-subbed polyester tape into various liquids. The effect 
of the third phase, usually air, was studied by replacing the air 
with immiscible oils. 

As there is no readily accessible characteristic length, only 
two dimensionless ratios of forces can be involved. By dimen- 
sional analysis the dynamic contact angle should be correlated 
with the capillary number, Nca = p V/a, a physical properties 
number, Npp = gp4/pa3, and ratios of the physical properties 
of two fluids, and perhaps to the static contact angle. 
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