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Surfactant molecules adsorb onto the interfaces of moving fluid particles and are convected to 
regions in which the surface flow converges. Accumulation of surfactant in these regions 
creates interfacial tension gradients that retard the surface flow. In this study it is argued 
theoretically and demonstrated experimentally that fluid movement on the surface of a drop or 
bubble can remain unhindered in the presence of a single adsorbed surfactant if, relative to the 
convective rate of transport of adsorbed surfactant along the surface, desorption is fast, and the 
bulk concentration is high enough so that diffusion away from the particle is fast. For this 
circumstance, a uniform surface concentration of surfactant is maintained, and no gradients in 
surface tension arise to retard the surface velocity. The fluid particle flow behaves as it would 
in the absence of surfactant save that it has a reduced, uniform surface tension. The 
remobilization of surfactant-laden interfaces of fluid particles is demonstrated experimentally 
in a three-phase periodic slug flow in a capillary tube in which a train of alternating air and 
aqueous slugs ride on an annular wetting film of fluorocarbon oil. Surfactant, dissolved in the 
aqueous slug phase, adsorbs onto and retards the aqueous-oil interface. The hydrodynamics of 
this flow is such that small changes in the mobility of this interface create large shear rates in 
the oil layer. This significantly increases the pressure drop required to drive the slug train at 
constant velocity, Three surface adsorbers are used to demonstrate surface remobilization: The 
polyethoxy, nonionic surfactants Triton X-100 and Brij-35, which have fast desorption kinetics 
and do not retard the surface flow at high concentrations and, as a counter example, the 
desorption hindered protein bovine serum albumin, which is shown to be unable to remobilize 
an interface even at high concentration. 

I. INTRODUCTION 
Surfactant molecules which adsorb onto the interfaces 

of a translating fluid particle are convected toward stagna- 
tion regions where the surface flow converges. Accumula- 
tion of surfactant in the vicinity of these regions creates a 
surface pressure or Marangoni stress which is directed oppo- 
site to the direction of convection, and thus retards the sur- 
face velocity. This loss in inter-facial mobility significantly 
affects the physicochemical hydrodynamics of the fluid par- 
ticle flow. Among the many examples include the decrease in 
the rate of interphase mass transfer during dropwise extrac- 
tion,’ the reduction in the rate of thinning of the fluid 
between mutually approaching particles in an emulsion or 
foam,* the decrease in thermocapillary migration in a micro- 
gravity environment,3 and the changes in foam mobility in 
capillary pore flo~s.~*~ 

This paper is the first of a two-part study concerned with 
understanding how surfactant retarded fluid particle inter- 
faces can be remobilized. The aim of this part is to identify, 
by examining the mechanisms of surfactant transport, con- 
ditions where adsorption is not accompanied by a reduction 
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in the surface velocity, and to verify these conditions with 
particular surfactants in a carefully controlled experimental 
fluid particle flow. The aim of the second part6 is to examine 
the circumstance in which a surfactant impurity has retard- 
ed an interface, and to demonstrate how surfactants that are 
unretarding can, by competitive adsorption, displace the im- 
purity from the surface and thereby remobilize the interface. 

While more precise scaling arguments will be presented 
in what follows, it is at least qualitatively clear that desorp- 
tive and bulk diffusive resistances to exchange of surfactant 
between the bulk and the surface are what allows surfactant, 
concentrated by convection, to collect at converging stagna- 
tion points on the fluid particle surface. In the absence of 
these resistances, the surface concentration would be uni- 
form, and Marangoni stresses would not retard the surface 
velocity. The central argument of this study is that the de- 
sorptive and bulk diffusive resistances can be eliminated un- 
der the following two conditions: First, the molecular de- 
sorption rate has to be fast in comparison to the prevailing 
convective rate at which surfactant is swept to the stagnation 
zone on the particle interface. Second, the bulk concentra- 
tion must be high enough in order to eliminate a diffusion 
boundary layer resistance. The reason why sufficiently high 
concentrations of bulk surfactant can eliminate this resis- 
tance is explained in the following paragraph. 
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Surface convection in the vicinity of a converging stag- 
nation region brings surfactant to that vicinity, and locally 
elevates the surface and buik sublayer concentrations. The 
rate of this convective mass transfer (per unit length of sur- 
face perimeter cross sectional to the surface flow) scales with 
the magnitude of the product of the characteristic surface 
velocity and the surface concentration. The characteristic 
surface concentration can be taken to be I;,, the value which, 
with no flow, is in equilibrium with the bulk concentration 
C :, . (In this study, dimensional quantities are digerentiat- 
ed from nondimensional ones by a prime.) Bulk diffusion 
away from the particle surface can remove this excess surfac- 
tam, and the interfacial tension imbalance it creates. The 
rate of bulk diffusion (per unit area of surface) scales with 
the product of the diffusion coefhcient and the bulk concen- 
tration divided by the boundary layer length scale. At suffi- 
ciently high bulk concentrations of surfactant, the surface 
concentration scale I& saturates as the interface is unable to 
accommodate any more surfactant. As the bulk concentra- 
tion is increased beyond this point, the scale of the bulk diffu- 
sive rate continues to increase while that. of the surface con- 
vective rate remains constant. The resuIt is that molecular 
diffusion can easily compensate for or offset the accumula- 
tion created by the surface convection and thereby maintain 
(in the absence of a desorptive barrier) a uniform surface 
concentration and inter-facial tension. 

It is important to distinguish this regime of high bulk 
concentration from a contrasting regime of low bulk concen- 
tration where the characteristic equilibrium surface concen- 
tration is proportional to the bulk concentration. Since,~in 
this regime, the surface concentration increases with that of 
the bulk, molecular diffusion cannot be made to outscale 
surface convection by increasing the bulk concentration, For 
this case, the ratio of the bulk diffusive and surface convec- 
tivescalesisdescribedbyaPecletnumber(Pe = U’l’/D’; U’, 
I’, and D ’ denote the fluid particle velocity and length scale, 
and D ’ is the bulk diffusion coefficient of surfactant ) . A uni- 
form surface concentration is obtained (in the absence of 
desorption barriers) only at low Peclet numbers (large diffu- 
sion coefficients or small particle velocities) + This case is not 
very practical since most fluid particle flows are at elevated 
Peclet number. Furthermore, the purposeful lowering of the 
particle velocity in an effort to reduce the Peclet number 
increases the magnitude of the Marangoni forces with re- 
spect to the viscous forces and this will act to decrease the 
surface convection in the neighborhood of the stagnation 
region. 

Experimental support for the concept that, by increas- 
ing the bulk concentration of surfactant, bulk diffusion can 
be made to outscale surface convection and render (in the 
absence of desorption barriers) an interface uniformly popu- 
lated with surfactant can be found in some of the results of 
the influence of surfactants on the propagation of longitudi- 
nal surface waves. As first studied by Lucassen and co- 
workers,7*8 small amplitude longitudinal waves are created 
at the gas-liquid interface of a liquid film placed in a Lang- 
muir trough by the in-surface periodic oscillations of oppos- 
ing barriers positioned on the surface. The action of the bar- 
riers causes a periodic expansion and contraction (A,4 ‘/A ‘) 

of the surface. A bulk soluble surfactant present in the liquid 
film adsorbs onto the surface, and the periodic area change 
causes the surfactant to, alternatively, desorb and diffuse 
away from the surface and adsorb and diffuse toward the 
surface. The periodic oscillation in the surface concentration 
(AT) causes an oscillation in the surface tension (A”/); the 
variation by’ is related to the area oscillation AA ‘/A ’ by the 
complex surface elasticity parameter 6; thus by’ 
= E’iL4 ‘/A ‘, where E’ = 83//a In A ‘, Lucassen and co- 

workers calculated e’ by measuring At and hA ‘. In particu- 
lar, Lucassen and Giles7 and Lucassen’ present graphs of the 
modulus of E’ as a function of the bulk concentration of sur- 
factant in the liquid pool for nonionic polethoxy surfactants 
(C,,H,,E,, C,21-125E6, and C,,I-I,&,, where “I?’ denotes an 
ethoxy group --0--CH,CH,--, and each molecule termin- 
ates in a hydroxyl group) and an ionic surfactant, HDPS 
(hexad~yldimethyl~moniopropan~~lponate) . These 
graphs indicate that although the modulus at first increases 
with C ’ m , it goes through a maximum and then tends toward 
zero as the bulk concentration increases further. Lucassen 
and co-workers argue that these high concentration results 
indicate that the exchange kinetics and bulk diffusion are 
sufficiently fast so that the surface tension can remain uni- 
form with oscillation (e’ = 0). Two other points with re- 
spect to the longitudinal wave results of Lucassen and co- 
workers are important in the context of this study: First, the 
concentrations necessary to dissipate the elasticity increased 
with increasing frequency of oscillation; as the frequency 
increases, the rate of surface convection increases and larger 
bulk concentrations are necessary so that bulk diffusion can 
outscale convection. Second, the bulk concentrations neces- 
sary to eliminate the surface elasticity at high frequencies 
can be in excess of the critical micelle concentration (CMC) . 
This fact gives rise to additional conditions that are neces- 
sary for surface mobility since the presence of micelles com- 
plicates the transport exchange process: Above the CMC 
most bulk surfactant is incorporated in micelles which most 
likely do not exchange with the surface. Consequently, in 
order for bulk monomer diffusion to outscale surface con- 
vection, it is now necessary to add the restrictions that the 
micellar-monomer exchange must be fast relative to surface 
convection, and that the midar concentration be large 
enough so that the bulk diffusion of micelles is sufficiently 
fast relative to the convection. This study will also confirm 
that, for the surfactants used, concentrations above the 
CMC are necessary in order to remobilize a surface. 

Although the experimental results of longitudinal wave 
theory indicate the likelihood that the surfactant retarded 
interface of a fluid particle can be made to be mobile if the 
bulk concentration is high enough and desorption barriers 
are absent, no studies have confirmed this, and the experi- 
ments reported herein are the first to attempt to do so. The 
fluid particle flow used to demonstrate remobilization is a 
three-phase periodic slug flow in a capillary. The Row con- 
sists of an alternating train ofair and aqueous slugs drawn at 
a low capillary and Reynolds number through a Teflon tube 
of order 1 mm in diameter. The slugs ride on a thin cushion 
of a fluorocarbon oil film which is immiscible with the 
aqueous slug and which strongly wets the inside Teflon sur- 
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face of the tube wall in preference to gas and water. The 
thickness of the oil film is of the order of tens of microns and 
is controllable by the volumetric induction rate of oil. An 
illustration of the flow pattern in the frame moving with the 
train velocity U’ is given in Fig. 1. Surfactant is dissolved in 
the aqueous slug phase and adsorbed onto the oil-water and 
air-water interfaces that form the periphery of the aqueous 
slug. Since the lubricating layer is so thin, a decrease in the 
interface mobility gives rise (at constant train velocity) to 
large retarding shear stresses in the oil layer, and these 
stresses increase the pressure drop required to drive the train 
flow. Therefore in this flow, the pressure drop is a sensitive 
indicator of the mobility of the interface, and remobilization 
at increasing bulk concentration is confirmed by measuring 
and following the reduction in the pressure drop. The surfac- 
tants used to verify the mobility conditions are the commer- 
cial nonionic polyethoxy surfactants, Triton X-100 
[ CH,C( CH,),CH,C( CH,),C,H,E, OH] (n between 9 
and 10) and Brij-35 (C,,H,5E,,0H), which are soluble in 
the aqueous phase but not in the fluorocarbon oil. Related 
pendant drop tensiometry studies of these surfactants at the 
aqueous-air and aqueous-fluorocarbon oil interface, pre- 
sented briefly in this study and more comprehensively in Lin 
et al.,’ as well as the longitudinal wave theory results men- 
tioned above by Lucassen and co-workers on similar but 
smaller chain polyethoxy surfactants, indicate that the de- 
sorption kinetics of these polyethoxy surfactants are suffi- 
ciently fast so as to be good candidates for remobilization. In 
addition, as a counter example, the protein bovine serum 
albumin (BSA) is used. The desorption kinetics of this sur- 
face adsorber is presumed slow because of denaturation of 
surface adsorbed protein, and the tendency of this protein to 
form desorption inhibiting multilayers at elevated bulk con- 
centrations. 

As has been mentioned, no direct experimental evi- 
dence, either for fluid particle flows in unbounded media or 
in confined geometries, has been presented which indicates 
that the retardation in surface velocity caused by surfactant 
adsorption can be relaxed under conditions of fast desorp- 
tion kinetics and large bulk concentration. Certainly, the 
retarding influence of surfactant adsorption has been docu- 
mented and studied for fluid particle flows. This is particu- 
larly true for the motion of fluid spheres in an infinite medi- 
um where theoretical efforts have exhaustively examined the 
regimes of slow kinetic or diffusive transport (the stagnant 
cap regime), lo-l3 fast exchange’“‘6 (uniform retardation), 
and the intermediate case of finite diffusive or kinetic trans- 
POfi “-” and the influence of surface viscosity.25*26 Experi- 
mental studies have verified the retardation and have at- 
tempted reconciliation with the theoretical efforts.27*28 With 
regard to slug flows in tubes, theoretical and experimental 
research has focused on the retardation due to surfactant 
adsorption for the case of a single slug moving in a contin- 
uous liquid phase containing a surfactant. In the remainder 
of this Introduction, this research is reviewed carefully be- 
low. 

In the absence of surfactant, Bretherton29 examined 
analytically the movement of a long gas slug in a capillary 
tube at low Reynolds and capillary numbers. He divided the 
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FIG. 1. Schematic of the three-phase slug flow regime illustrating the wet- 
ting layer, the oil inclusions, and the pressure distribution in a frame moving 
with the train velocity U’. 

slug interface and surrounding fluid into five regions: (i) a 
center region where the wetting layer achieves a constant 
small value and no axial pressure drop occurs; (ii) two tip 
regions where only capillary forces are important and the 
shapes are to leading order sections of spheres; and (iii) two 
transition regions which bridge the tip and the constant wet- 
ting layer regions, and in which capillary and viscous forces 
are both important and the wetting layer fluid mechanics is 
described by the lubrication equations. By matching solu- 
tions in each of these regions in powers of the capillary num- 
ber to the one-third power, Bretherton established that the 
constant wetting layer thickness and the pressure drop 
across the slug vary as the two-thirds power of the capillary 
number as this number tends to zero. While numerical solu- 
tions of the creeping flow equations for Bretherton’s prob- 
lem30-34 have confirmed these asymptotic results, experi- 
mental attempts at verifying them, specifically the film 
thickness expression, have been met with mixed success 
since they usually indicate that the agreement is fair for Ca 
between 10 - * and 10 - 3, but that the Bretherton expression 
increasingly underpredicts the film thickness as Ca de- 
creases further.29*35-39 

Theoretical studies of the influence of surfactant ad- 
sorption on the movement of fluid slugs began with the sug- 
gestion of Bretherton and Goldsmith and Mason3’ that the 
interface should be treated as tangentially immobile in order 
to account for the maximum influence of surfactant adsorp- 
tion on the particle hydrodynamics. Using this assumption 
and retaining the stress-free asymptotic scalings at small ca- 
pillary number, Bretherton demonstrated that the pressure 
drop across the slug and the constant film thickness sur- 
rounding the slug center increase by a factor of 22’3. Brether- 
ton’s analysis is clearly inconsistent because the surface ten- 
sion gradient needed to maintain tangential immobility is 
not accounted for in the normal stress balance. 

Efforts at a more consistent low capillary number treat- 
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ment retaining the two-thirds scalings on the pressure and 
wetting layer thickness were undertaken by Herbolz- 
heimer4’ and Ratulowski and Chang” for the leading edge 
problem of the motion of an infinite gas finger, and Hirasaki 
and Lawson4 and Ginley and Radke’ for finite gas slugs. 
Ratulowski and Chang examined the case in which the sur- 
factant adsorption is asymptotically small in the capillary 
number, and they treat surfactant transport determined by 
bulk diffusion and sorption kinetics. Importantly, Ratu- 
lowski and Chang demonstrate that, for the particular case 
in which, relative to surface convection, sorption kinetics is 
fast enough to maintain bulk-sublayer equilibrium and bulk 
diffusion is slow enough so as to cause a depletion of surfac- 
tant in the wetting layer, the film thickness and the pressure 
increase from the Bretherton values. They further estab- 
lished that for sufficient adsorption, the elevation in the pres- 
sure and wetting layer thickness asymptote to values a factor 
42’3 larger than the clean surface values. Herbolzheimer also 
obtained these limiting values in a similar study. 

Hirasaki and Lawson and Ginley and Radke examined 
for finite gas slugs the regime of uniform retardation con- 
trolled by sorption kinetics for order one elasticity (E) and 
Damkiihler (If) numbers [E = (8~/6T”) ( I-;/r;, ) ] and II 
= a’R ‘,u’/& , where R is the tube radius and a is a molecu- 

lar desorption rate; the subscript denotes values at equilibri- 
um]. They all find that in the transition region, the deviation 
of the surfactant concentration from the equilibrium value is 
of order Ca2’3, and they all derive essentially the same equa- 
tion for the film thickness, surface velocity and surfactant 
distribution in that region. Hirasaki and Lawson simplify 
the transition region equations by assuming the film thick- 
ness is constant, and they present solutions for the pressure 
drop across the bubble in terms of this undetermined thick- 
ness and the ratio E/D. Their results indicate that as the 
ratio E/D increases from zero, the pressure drop increases 
from the Bretherton value. Ginley and Radke analyzed the 
regime of large Damkiihler number, and match asymptotic 
expansions of the transition region equations to the tip equa- 
tions. Their results again show an increase in the pressure 
drop as a function of E/I), but a decrease in the film thick- 
ness. 

Experimentally, the retarding influence of surfactant 
adsorption on slug flows can first be inferred in the experi- 
mental study of Marchessault and Mason36 who observed, 
under ostensibly clean surface conditions (although con- 
taining electrolyte), that the pressure drop across a bubble 
moving in a fluid-filled tube under low capillary and Reyn- 
olds number increased with the bubble length, and was larg- 
er than the Bretherton value. For an unretarded surface, 
since the wetting layer around the cylindrical region of the 
bubble is at rest, the pressure drop is only dependent on the 
curvatures at the front and back ends of the bubble. An in- 
creasing dependence on the bubble length, and the fact that 
the pressure drop was larger than the Bretherton value 
strongly indicate that the surface velocity of the long cylin- 
drical interface is retarded. Marchessault and Mason real- 
ized that rigidification had taken place, but did not attribute 
it to inadvertent surfactant contamination. Experimental in- 
vestigations by Delaunay4* and Barthes-Biesel et~Z.,‘~ inten- 

tionally adding the surfactant sodium dodecyl sulphate 
(SDS) to saline, confirmed the dependence on the bubble 
length, although both these studies show that the pressure 
drop asymptotes to a constant value with length, Direct visu- 
al evidence of retardation was obtained by Goldsmith and 
Mason:37 Tracer particles placed in the f&n around the long 
cylindrical region were observed to move when surfactant 
was added, and were found to be stationary otherwise. 
Further recent studies by Hirasaki and Lawson4 [using 1 Ct 
5% siponate DS-10 (a commercial sodium dodecyl benzene 
suifonate) in water] and Ginley and Radke’ (using 1 wt % 
SDS added to an equal weight percent water-glycerol mix- 
ture) also confirm experimentally that the pressure drop re- 
quired to move gas slugs in the presence of surfactant ad- 
sorption is larger that the Bretherton value. 

An outline of this paper is as follows. The study is divid- 
ed into five sections. In Sec. II, the physicochemical condi- 
tions for surface mobility in the presence of surfactant ad- 
sorption are constructed (Sec. IX A), and these conditions 
are recast in terms of the nondimensional groups of the 
three-phase flow (Sec. II B). In Sec. III, the equilibrium and 
sorptive kinetic properties of the surface adsorbers used in 
the study are described. In Sec. IV, the apparatus used to 
create the three-phase flow regime (Set, IV A), and the 
manner in which the experiments were undertaken (Sec. IV 
3) are detailed, The results obtained verifying remobiliza- 
tion are detailed in Sec. V, and include the behavior in the 
absence of surfactant (Sec. V A), the data of the polyethoxy 
surfactants exhibiting remobilization (Sec. V B), and the 
protein results (Sec. V C!). The paper concludes (Sec. VI) 
with a summary and a discussion of some of the implications 
of t.he ideas advanced. 

II. PHYSlCOCHEMICAL CRITERIA FOR SURFACE 
MOBILITY 
A. Scaling arguments 

Two transport processes, occurring in series, govern the 
exchange of surfactant molecules between the surface and 
the bulk. These are bulk diffusion and the kinetics of adsorp- 
tion and desorption of surfactant from the sublayer under- 
neath the surface onto the surface (termed here sorption 
kinetics). Consider as a simple example these processes as 
they occur in competition with surface convection at steady 
state on a nearly spherical fluid particle of length scale I’ 
translating axisymmetrically at low Reynolds number with 
terminal velocity U’ in an otherwise quiescent medium of 
infinite extent. For illustration, surfactant is assumed pres- 
ent in the continuous phase at concentration C ‘, far from 
the fluid particle. In the absence of motion the surface con- 
centration in equilibrium with C ‘, is denoted as I-6. 

The rate at which surfactant is transported by surface 
convection through a perimeter of order I ’ oriented perpen- 
dicular to the surface flow is 0( I?& U’I ‘). To formulate and 
scale the kinetic exchange, factors which influence the sorp- 
tion at high surface coverages must be accounted for, since 
remobilization is only realized under near saturation condi- 
tions. At high surface coverages the two most important fac- 
tors that affect the exchange rate are (i) at high surface cov- 
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erages, the insertion and removal of a surfactant molecule 
from the monolayer requires that work must be done against 
an ever increasing surface pressure, and (ii) intermolecular 
interactions (repulsive or attractive) among adsorbed mole- 
cules can either raise or lower the energy of adsorption, and 
thereby affect the desorption rate. These effects are included, 
in a general manner, in the Frumkin kinetic equation where 
activation energies are dependent on the surface coverage: 

Q’=/?‘exp( --~;r’/R’T’)c;(l?; -r’) 

- d exp( - v;I?‘/R ‘T’)l?, (1) 

where Q ’ is the kinetic exchange rate for a surface coverage 
r’ and sublayer concentration C;. In ( 1 ), a’ and p’ are 
desorptive and adsorptive kinetic rate constants, respective- 
ly, R ‘T’ denotes the gas constant multiplied by the absolute 
temperature, and rl, is the maximum packing concentra- 
tion. In ( 1 >, the dependence of the activation energies on the 
surface coverage is assumed to be linear with coefficients 
- ~2 and - Y: for desorption and adsorption, respectively; 

setting these constants equal to zero results in Langmuir 
kinetics. The surface concentration which is in equilibrium 
with the bulk concentration is obtained from ( 1) by setting 
Q ’ equal to zero and C: = C :, ; the result is 

ryr: = 4 = k/(eK4 + k), (2) 
where K= (Y: -v~)l?~/R’T’ and k=p’CL/a’.Note 
that when v, = v~, K = 0 and the Langmuir isotherm re- 
sults from (2). The equilibrium equation of state [ & ( J?;, ) 1, 
which follows from (2) and the use of the Gibbs-Duhem 
equation, is 

f (4) = Y: -t r: R’T’bU - 4) - (K/2)b21, (3) 
where y: is the interfacial tension in the absence of surfac- 
tant. 

To formulate a characteristic rate of desorption and 
compare this rate with the convective scale ( r;, U’Z ‘) under 
the remobilization conditions of high bulk concentration 
(k) 1) and near saturation coverage [ (r’ - r; >/rL 
=Ar.#l], consider the limit of QZ’2/(l?;)U’Z’) for k>l 

and AlY( 1. It can easily be demonstrated that to leading 
order in these inequalities, the ratio of the kinetic to the con- 
vective rate may be expressed as follows: 

QZr2/(l?;)U’Z’)z --[exp( -K)*k*AT+ l] (4) 
where Y= (a’Z’/U’)exp( -Kd)[Kd = (r’,v,)/R’T’], 
and kAr is regarded to be of order one, in view of the above 
inequalities. Note that Y represents the ratio of the character- 
istic rate of desorption at high surface coverage to the rate of 
convection. The ratio of the Marangoni surface force (V:y’; 
Vi denotes the dimensional surface gradient operator) to the 
scale of the shear stress exerted on the fluid surface of the 
particle @ U ‘/I ‘) may be formulated exactly using (3) as 
Ma(V,Ar) [ l/AT - K( 1 + AT)], where Ma (denoting 
theMarangoni number) is equal to R ‘T’r: /(p’U’) andp’ 
is the viscosity of the exterior fluid. In the limit Al? 4 1, the 
ratio of Marangoni to viscous stresses may be expressed as 
follows: 

v:y/(p’ut/Z’) =Ma(V,Ar)( l/Ar). (5) 

From Eq. (4) it can be concluded that when Y$ 1, the devi- 
ation from saturation, Ar, tends to a constant value 
- (l/k)exp(K); from (5) it is clear that the interface will 

remobilize since V, Al? becomes zero. 
The time scale for diffusion through the bulk is depen- 

dent upon the.relationship between the convective and diffu- 
sive fluxes of surfactant in the bulk. A bulk Peclet number 
ordering these fluxes is defined as U ‘I ‘/D ‘, where D ’ is the 
bulk diffusivity of surfactant. Since the usual circumstance 
in mass transfer in liquids is the regime of large Peclet num- 
ber, attention here will be restricted to this regime. When Pe 
is large, diffusion gradients normal to the surface which car- 
ry surfactant between the surface and the bulk exist in a 
small boundary layer of thickness 8. Within this layer the 
diffusive flux normal to the surface is balanced by the con- 
vective flux in the direction along the surface. Clearly the 
scale of the diffusive flux to the surface of area O(Z”) is 
0( I “D ‘C ‘, /6’ ) . The size of S’ is dependent upon the charac- 
teristics of the flow along the surface. The maximum flux 
develops when s’ is smallest, and this will be realized for a 
mobile interface for which 6’ is of order I ’ Pe - 1’2. Thus the 
scale of the maximum diffusive flux is 0[ Z I20 ‘C :, / 
(I ’ Pe- 1’2) 1. Bulk gradients will not develop as long as the 
bulk concentration is large enough so that the surfactant 
diffuses quickly away from the surface; this will be the case 
when [D’C’,Z’2/(Z’Pe-‘12)]/(T;U’Z’)%1.Theratiol?;, 
/Cl, appearing in the last inequality defines the adsorption 
depth h ‘, the distance normal to the surface which contains 
(at equilibrium per unit area) as much surfactant as that 
adsorbed onto the surface. 

We summarize the above arguments as follows: Under 
fixed values for D ‘, U’, and Z ‘, mobilization is realized if the 
surfactant’s kinetics of desorption is intrinsically fast with 
respect to surface convection (v% 1 ), and the bulk concen- 
tration is large enough so that h ‘/Z ’ is sufficiently small to 
ensure that (I ‘/h ’ ) Pe - “2 ) 1. 

B. Nondimensional groups 
In this subsectionthe nondimensional groups that pre- 

scribe the three-phase flow are identified and the remobiliza- 
tion criteria developed above through scaling arguments are 
formulated explicitly in terms of the dimensionless groups 
related to the surfactant transport. An idealization of a re- 
peating unit (a periodic cell) of the flow train is given in Fig. 
1 in a frame in which the slugs are stationary. This idealiza- 
tion, referenced to a cylindrical coordinate system whose 
centerline is coincident with that of the tube, serves as the 
model for formulating the hydrodynamic and surfactant 
transport field equations and boundary conditions from 
which the nondimensional groups can be identified. The 
aqueous slug and the lubricating oil film are regarded as 
incompressible Newtonian fluids with, respectively, viscos- 
ities pL1;,) and CL;,), and densities p;,, and piO, . Interfacial 
tensions in the absence of surfactant at the oil-aqueous, oil- 
gas and gas-aqueous interfaces are denoted by Y;~,=, , Y;~,~) 
and Y&,~), respectively. The air slug is assumed to be incom- 
pressible and of negligible density and viscosity. Spatial, ki- 
netic, and surfactant transport variables are scaled as fol- 
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lows: Spatial coordinates are scaled with the tube radius R ‘, 
velocity vectors by U’, pressure by the capillary scale 
y;*,=, /R ‘, the bulk concentration by C ‘, (the concentra- 
tion in the reservoir from which the aqueous solution is 
drawn), and surface concentrations by the values in equilib- 
rium with C :, , Le., Fl, and F,& for, respectively, the oil- 
aqueous and aqueous-gas interfaces (the overbar denotes 
the aqueous-gas interface). 

Nondimensionalization of the Navier-Stokes equations 
for the aqueous phase and the lubricating layer, and the sur- 
factant transport equation in the aqueous phase (assuming 
only monomers are present diffusing according to Fick’s 
law) results in the following dimensionless groups: 

K=Pio>h&, 
x = Pie, 4&li f 
Re = R ‘U’p& /pie,, 
Ca (O/O) = l-4?, ~‘&7/a, P 
Pe = U’R ‘/D’, 

where D ’ is the bulk diffusion of surfactant in the aqueous 
slug, and Re, Ca, and Pe are, respectively, Reynolds, capil- 
lary, and Peclet numbers. 

The kinematic constraints of continuity of velocity at 
the fluid interfaces, and at the inside surface of the tube do 
not add any additional dimensionless groups. The normal 
and tangential stress balances at the fluid interface must in- 
corporate the variation in the surface tension reiulting from 
the surfactant adsorption. The equilibrium equation ofstate 
that is used to described this dependence, and which follows 
from the Frumkin kinetic expression is given as Eq. ( 3); this 
equation is used here to describe the tension as a function of 
the nonequilibrium adsorption I” by replacing (p with 
l-“/f’; . Using (3) the nondimensional normal and tangen- 
tial stress balances at the fluid interfaces introduce the fol- 
lowing additional dimensionless groups: 

Bo = (pioj -pig, )g’R ‘24~;o,al, >, 
C%/g, = f-40, wt/Yi~,gh 
Ca w/g) = Pia u’/YiO/g> 3 
k=P’C;/a (ft=B’CL/Z’), 
K= (v:, -v;)l?‘,,‘R’T’ [x= (Ti;.: -v;;:,,f;:,/R’T’], 

Ma=R’T’T”,/(~i,,U’) [ Ma=R’T’f;‘,/(pU;,,U’)], 
where g’ is the gravitational acceleration constant and the 
overbar in the surfactant dimensionless groups differentiates 
the aqueous-gas interface from that of the aqueous-oil inter- 
face. 

The crucial equations which describe the remobilization 
effect are the surfactant transport equations at the oil- 
aqueous interface. These equations in nondimensional form 
are detailed explicitly here for the oil-aqueous interface: 

V,*(I’v) = [Pe(h’/R’)]-%VC 

= [@k/(4) In-VC, (6) 
v,(w =v*{exp[ -Kd($r - I>]) 

x [ kC*e -K+r/q5 - I’(kC*e-K+r + I)], 
(7) 

where n denotes the unit vector to the oil-aqueous interface 
directed into the aqueous phase, v denotes the surface veloc- 
ity vector, and C the nondimensional surface concentration; 

h’/R’=f;/(C’,R’)=k-‘/P(k)(fl’I’;/R’a’), 
cp = (23wj/(fivx~ 1, 
Kd = vl,l?', /R 'T', 
Y* = cr’[exp( - &) ]R l/U’, 

where 4 (k) is defined implicitly by Eq+ (2). Note that the 
term [Pe(h’/R’)j -’ in Eq. ( 6 ) is written in terms of a non- 
dimensional group that is independent of C ‘, and the k (or 
C ‘, ) dependent group k /# ( k) . Therefore from ( 6) and ( 7 ) 
three additional dimensionless groups are introduced, @, Y*$ 
which is analogous to the $7 defined generaliy in the scaling 
arguments of Sec. II A, and Kd. Note also that in the formu- 
lation of the surfactant mass conservation equations on the 
slug interface [ Eqs. ( 6) and ( 7) 1, surface diffusion has been 
neglected since in the regimes of interest here, surface Peclet 
numbers ( U’R ‘/B ; ) are very large [ 0( 10”) ] and therefore 
surface convection do-minates surface diffusion. Note finally 
that parameters analogous to h ‘/R ‘, Y*, and K, arise when 
the surfactant mass balance equations are formulated at the 
aqueous-gas interface. 

The specification of the dimensionless groups is com- 
pleted with the formulation of integral constraints which set 
the size of the gas and aqueous slugs to the values formed in 
the experimental apparatus, and equate the volumetric flow 
rate of oil in a laboratory frame to the rate at which oil is 
introduced by an infusion pump. The slug constraints are 
straightforward and introduce the variables /2, the ratio of 
the characteristic axial length of the repeating unit of the 
flow train to the tube radius and e, the void fraction of gas in 
the repeating unit. These variables are defined below: 

AR ’ = (V;s, + V;,, )/(n;R ‘2), 
E = V&j /( V&l + Vi,, >+ 

where Yi,, and Y;,, denote the volumes of the gas and 
aqueous slugs, respectively. The volumetric flow rate of oil 
in the train-fixed reference frame is termed the leak rate qjk, 
and is in a direction opposite to the train flaw. This rate is 
given dimensionally by q& = Sav$’ da’, where f3V; is any 
cross-sectional area perpendicular to the tube axis and 
through which oil flows, and n is the normal to that surface 
directed opposite to the train flow. The volumetric flow rate 
in the kibOratOrj fixed frame (i.e., the oil pump infusion 
rate) is denoted by q~il and is easily shown to be equal to 
- q;k added to the volume of oil in the unit cell ( V to, ) 

divided by the time which transpires for a unit cell to pass a 
fixed point in the laboratory frame (I”). Nondimensionaliz- 
ing the expression for q~il by the nominal aqueous flow rate 
( ~TR ‘2U’) yields the final dimensionless group St = Q~ir/ 
(ITR’~U’)- 

From the arguments presented in Sec. 11 A, it is clear 
that the central equations with regard to the surfactant influ- 
ence on the surface mobility of the aqueous-oil interface 
(the only one which significantly affects the pressure drop) 
are Eqs. ( 6 ) and ‘( 7 ) . In the limit in which Y* becomes large, 
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the sublayer and the surface are in equilibrium. In addition, adsorption where the rate varies as the minus one-half power 
as [ Pe( h ‘/R ‘) ] - ’ becomes large with increasing bulk con- of the time (t) from interface exposure. Since this result rep- 
centration, the diffusive flux to the surface (n*VC) tends to resents the solution for diffusion controlled mass transfer at 
zero and the bulk concentration becomes uniform. This fact, zero sublayer concentration, these studies concluded that, at 
taken together with the sorption equilibrium, ensures that low surface coverages, no adsorption barrier exists. After the 
the surface concentration is uniform and the surface is mo- initial period, the adsorption rate decelerated with increas- 
bile. However, these conditions are unnecessarily conserva- ing surface coverage, and large departures from the t - 1’2 
tive since the characteristic length scale for surface convec- behavior were observed. This effect was attributed to the fact 
tion is 0[ R ‘il( 1 - E) ] rather than order (R ‘) and that for that at these advanced times when the surface coverage and 
bulk diffusion it is of order (R ’ Pe - “* ) owing to the diffu- therefore the surface pressure is high, more work must be 
sion boundary layer rather than R ‘. Using these more repre- done to insert the protein molecule into the already existing 
sentative scalings for the slug flow, the conditions for mobil- layer. This energy prerequisite represents the activation en- 
ity become (i) Y=a’exp( -K,)R’A(l -E)/U’)I and ergy for adsorption, and is described in Eq. ( 1) by the term 
(ii) (R’/h’)Pe-“2 = [@~/~(k)]Pe”*$l. exp( - Y: Y/R ‘T’). 

III. EQUILIBRIUM AND SORPTION KINETIC 
PROPERTIES OF THE SURFACE ADSORBERS 

The surface adsorbers used in this study are the protein 
BSA and the polyethoxy surfactants Triton X-100 and Brij- 
35. The equilibrium interfacial properties of aqueous solu- 
tions of BSA have been extensively studied at both the air- 
water and water-oil (n-decane) interfaces by Graham and 
Phillips44 using a Wilhelmy plate technique to measure sur- 
face tensions, and radioactive labeling of the protein mole- 
cule to obtain an independent measure of the surface adsorp- 
tion. At both interfaces, the results of Graham and Phillips 
show evidence of multilayer adsorption of bulk concentra- 
tions exceeding 1.5 X 10 - ‘O mole/cm’ because above this 
value surface adsorption was found to continue to increase 
while the surface tension remained constant. Guzman et 
a1.45 have used the Graham and Phillips data at the air- 
water interface to successfully construct a two layer adsorp- 
tion isotherm with the primary, surface tension lowering lay- 
er, described by a Frumkin model [ Eq. (2) 1. Their results 
for the model constants I’:, , P ‘/a’, and K are listed in Table 

More importantly, MacRitchie and Alexander46Y47 and 
Graham and Phillips44 studied the adsorption kinetics of 
BSA. Each of these studies considered the desorption term in 
( 1) to be negligible because of surface denaturation (see also 
Ter Minassian-Saraga48), and therefore regarded this term 
as playing no role in accounting for the adsorption behavior. 
Experimentally, both studies found that when BSA adsorbs 
onto a freshly created interface, there was an initial period of 

TABLE 1. Equilibrium adsorption properties. 

MacRitchie and Alexander4’ attempted to quantify the 
role of higher surface pressures on decelerating adsorption 
by undertaking unsteady experiments at constant surface 
pressure. For adsorption, MacRitchie and Alexander for- 
mulated the following equation which is similar to ( 1) ex- 
cept that it neglects any desorption or saturation: 

Q’ =p’C’, exp( - n’hA ‘/R ‘T’), 

where + is the surface pressure and AA ’ is the area, per 
molecule, that is necessary to clear in order to insert the 
protein molecule into the monolayer. Experiments were un- 
dertaken at 4.5 x 10 - lo mole/cm3, a relatively high concen- 
tration where the surface pressure is at its maximal value of 
18 dyn/cm and the primary layer surface concentration is 
near the saturation value of 4.6 X 10 - l2 mole/cm* (cf. Table 
I). By measuring rates of adsorption at different imposed 
surface pressures and using a linear regression, MacRitchie 
and Alexander obtained a value of order lo6 cm3/ (mole set ) 
for fl’ @ ’ = fl’ rb, ). From knowledge of the equilibrium 
valueforfl’/a’ = 7.35 x 10” cm3/mole (cf. Table I), a’can 
be estimated to be of order 10 - 6 set - ’ and Y 
[ =aR’R(l -E)/U’] tobeoforder lo-‘usingthedataof 
Table II (see below). Therefore, it is expected (and will be 
shown to be the case, cf. Sec. V C) that under the conditions 
of the experiment, aqueous slug interfaces with adsorbed 
BSA should not become mobile at high bulk concentrations. 

The equilibrium and sorption kinetic properties of 
aqueous solutions of the polyethoxy surfactants against air 
and the fluorocarbon oil were measured using pendant drop 
tensiometry enhanced by video image digitization. In this 

r: 
( mole/cm2) 

B '/a' 
(cm’/mole) K 

c CMC 
(mole/cm3) 

Y&w 
(dyn/cm) 

Air/TRX-1W (L) 
03 

OWTRX-1W 
Oil/Ehij-35. 
Air/BSAb 

2.91x10-” 1.51x109 
3.20x 10 - ” 3.22x lo9 2.52 2.3x10-’ 30.4/72.5 
1.96xWi0 8.47~ IO” 4.2~ lo-’ 9.2B9.5 
1.40x10-‘0 3.23 x lOI 3.7x 10-g 16.8/59.5 
4.64x lo-‘2 7.35 x 10” 1.117 55.0/72.5 

(F)Frumkin isotherm; (L) Langmuir isotherm. 
* Data obtained from pendant drop tensiometry as part of this study; for details see Lin et aL9 
b Data obtained from Graham and Phillips;” Frumkin equilibrium constants obtained from Guzman et aL4’ 
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TABLE II. Surfactant-independent dimensionless groups. 

Dimensionless group 

Clean Hiater 
TRX-IWBrij-35 
0.097 cm i.d. 

Clean water 
and TRX-100 
0.155 erg i.d. 

BSA 
0.155 cm i.d. 

Void fraction (6) 0.43 0.42 0.42 
Aspect ratio (R) 81.5 81.5 85.0 
Viscosity ratio* (fz) 5.9 5.9 5.9 
Oil-aqueous flow rate ratio (0) 3.3x 10-3 3.2X10-’ 3.3x10-” 
Oil-aqueous capillary number 1.02x10-3 1.02x10-’ 1.02x10-3 
Oil-gas capillary number 3.80X10-’ 3.80X IO-’ 3.80X lo-’ 
Aqueous-gas capillary number 1.42X lO-4 1.42X10-’ 1.42X lo-’ 
Aqueous- oil Bond number” 3.6X lo-* 9.0x10-* 9.0x 10-I 

“Obtained using a value of 0.89 cP for the viscosity of water and 5.26 CP for that of FC-43,” bath at 25 “C. 
bObtained using a value of 1.88 g/cm3 for the density of the fluorocarbon oil at 25 ‘C.” 

technique an air bubble or oil droplet is formed at the tip of a 
stainless steel needle that is immersed in the surfactant solu- 
tion. The formation time is of the order of a few seconds for 
an oil drop, and a second or two for a gas bubble. After 
creation, surfactant diffuses toward, and adsorbs onto, the 
freshly created interface where it lowers the interfacial ten- 
sion until equilibrium is achieved. The dynamic interfacial 
tension is measured by first imaging a silhouette of the drop 
onto a video camera, and then digitizing at known time inter- 
vals the image in order to determine the shape of the drop 
surface. From the experimentally determined shape, the sur- 
face tension can be computed by m inimizing the difference 
between the experimental construct and one determined by 
numerical integration of the Young-Laplace equation. The 
use of video imaging and sequential digitization results in a 
more accurate determination of the surface tension than the 
classical pendant drop technique where photographs of the 
pendant drop are used to measure an aspect ratio, and the 
surface tension is determined from that ratio through a look- 
up table. An introduction to this technique is provided in 
several papers. 49 This particular application is part of a larg- 
er study of the sorption kinetics of surfactants by Lin et a1.,9 
and the details of the construction of the apparatus, the de- 
termination of the surface tension, and the solution of the 
diffusion-limited and m ixed diffusion-kinetic surfactant 
mass transfer problems are described in that study. 

The equilibrium surface tensions of aqueous solutions 
of T&on X-100 against air and fluorocarbon oil, and 
aqueous solutions of Brij-35 against oil are shown in Fig. 2 as 
a function of the bulk concentration of surfactant. Each of 
these three systems exhibit CMC behavior occurring at 
2.3 X lo-’ mole/cm3 for Triton X-100 against air, and 
4.2 x 10 - 7 mole/cm3 and 3.7 X 10 - 8 mole/cm3 for, respec- 
tively, oil-water systems of Triton X-100 and Brij-35. Ef- 
forts at modeling these curves below the CMC using the 
J - in C’ dependence, which follows from the Frumkin iso- 
therm [cf. Eqs, (2) and (3) 1, gave the following results. For 
the T&on X-lOO-air system, much better congruence was 
achieved with K positive and not equal to zero, then when 
K = 0 was used [compare the solid (Frumkin) and dashed 
(Langmuir) lines], In the case of the oil-water systems, the 
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Langmuir isotherm (K = 0; ‘Ye = v0 ) proved sufficient. The 
model constants for each of the theoretical constructs are 
detailed in Table I. 

Sample relaxation data for aqueous solutions of Triton 
X-100 at the air-water and oil-water interfaces are given in 
Fig. 3 and 4 at concentrations C & = 9.89 X 10 - 9 mole/cm3 
and 1.55 x 10 - ’ mole/cm’, respectively. To examine quanti- 
tatively the relaxation, consider first that the process is diffu- 
sion lim ited. Numerical solutions of the bulk diffusion equa- 
tions and the adsorption isotherm (Frumkin for the 
aqueous-air surface, Langniuir for the aqueous-oil inter- 
face) can be used to generate relaxation curves once a value 
of the diffusion coefficient is selected. The results are shown 

8ou 

1 t 1111111 I I lrlrd t Illllld 1 , trlllll I rlllltll , fI ,101 I , , 1,111 
lE-11 lE-IO 1E-9 lE-8 IE-7 IE-6 1E. 

concsntrction (mola/cn”3~ 

FIG, 2. Interfacial tensions of Triton X-100 aqueous solutions at the air- 
water (a) and oil-water (b) interfaces, and of Brij-35 aqueous solutions at 
the oil-water interface (c) as obtained from pendant drop tensiometry. The 
lines through the data are the predicted surface tensions using the Frumkin 
(solid) and La ngmuir (dotted) isotherms for the air-water surface and the 
Langmuir isotherm for the oil-water interfaces [ (b) and (c) 1. 
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FIG. 3. Experimental data for the relaxation of the surface tension of pen- 
dant air bubbles in Triton X-100 solutions as a function of nondimensional 
time, and the numerical solution of the diffusion-limited transport equa- 
tions (using the Frumkin isotherm, and associated equation of state), all for 
a bulk concentration of 9.89X 10 -9 mole/cm’ and a diffusion coefficient of 
2.6~ IO-’ cm’/sec. 

as the solid line in Fig. 3 and the dotted line in Fig. 4, each for 
a value of the diffusion coefficient of 2.6~ 10 -6 cm* set - ‘. 
The agreement is fairly good, and it can therefore be con- 
cluded that the sorption kinetics is fast. To quantify just how 
fast, consider the oil-water interface: Plotted in Fig. 4 along- 
side the diffusion-limited curve are the relaxations for differ- 

I I I I 1 

I 
400 

time bed 

FIG. 4. Experimental data for the relaxation in interfacial tension of oil 
drops in aqueous Triton X-100 solutions for a bulk concentration of 
1.55 x 10 - * mole/cm3. Shown alongside the data are the numerical simula- 
tions of the diffusion-limited (dotted line, labeled e) and mixed kinetic- 
diffusion (solid lines, labeled a-d) surfactant mass transport equations for a 
diffusion coefficient of 2.6~ 10 -6 cm*/sec. The mixed equation numerical 
solutionsareforvaluesofj3’equal to: (a) 105, (b) 10h, (c) lO’,and (d) 10’ 
cm’/mole set ) . 
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ent values of P ’ assuming Langmuir kinetics. By comparing 
the m ixed and diffusion-limited models it is clear that fl’ is 
at least as large as lOa cm3/( mole set), and this translates to 
a lower bound value for a’ of 10 - 3 set - ’ and 
Y [ = CY'R ‘R( 1 - e)/U’] of lo-* using the data of Table II 
(to be discussed below). Values of 0 ’ larger than lo8 
cm3/( mole set) are of course consistent with the relaxation 
in Fig. 4, but no larger lower bound can be inferred because 
of the closeness, for p ’ > lo8 cm3/( mole set), of the m ixed 
curves to each other an to the diffusion-limited curve. Since 
values of Y much larger than one are a necessary prerequisite 
for the observed remobilization of Triton X-100, the values 
ofP ’ are presumably larger than the lower bound established 
here. 

Joos and co-workers have also studied the adsorption 
kinetics of Triton X-100 at the air-water and oil( hexane)- 
water interface using the drop volume, oscillating jet, and 
flowing film  methods and at the oil( hexane)-water interface 
using the drop volume technique.50-52 They find that the 
equilibrium properties for Triton X-100 at both interfaces 
can be described by Langmuir isotherms with constants in 
agreement with those tabulated in Table I. Joos and co- 
workers also find no evidence of sorption kinetic barriers in 
the dynamic surface tension relaxations measured, and they 
infer a diffusion coefficient of approximately 2 X 10 - 6 
cm3/sec in agreement with this study. 

The kinetics of the Brij-35 surfactant has not been mea- 
sured by pendant drop tensiometry. However, its sorption 
kinetics is assumed to be similar to that of Triton X- 100 since 
the molecular structure of the Brij-35 molecule resembles 
that of Triton X-100 with the only differences being the 
number of ethoxy groups (23 as opposed to 9)) and a more 
slender nonpolar hydrocarbon part. Studies by Joos and co- 
workers on a similarly structured polyethoxy surfactant 
with approximately the same number of ethoxy groups 
(Brij-58) and the same hydrocarbon part at the air-water 
and oil (hexane)-water interfaces using the drop volume, re- 
versed funnel, and Langmuir trough compression tech- 
niques,52,53 show no evidence of kinetic barriers and a diffu- 
sion coefficient approximately equal to that of Triton X-100. 

Note finally that the desorption estimates obtained from 
the data of MacRitchie and Alexander for BSA and Triton 
X-100 from Fig. 4 do not account for high surface coverage 
decelerating effects on the desorption caused by cohesive 
energies among adsorbed species or the work required to be 
done against the surface pressure to allow a molecule to de- 
sorb. For both the protein and Triton X-100, large cohesive 
energies between the hydrophobic regions of the molecules 
are not expected because the molecular geometry of these 
regions are not long and slender, and therefore do not pro- 
mote favorable van der Waals interactions. This assertion is 
also supported by the fact that at the air-water interface, the 
parameter K was found to be positive for both BSA and 
Triton X-100, indicating repulsion rather than attraction of 
the adsorbed species. Also note that at an oil-water inter- 
face, all interactions of adsorbed species are modulated by 
molecules of the oil which themselves interact with the hy- 
drophobic chains of the adsorbed molecules; this may ex- 
plain why for Triton X- 100 adsorbing at the oil-water inter- 
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face, K is equal to zero and the saturation coverage is less 
than that at the air interface (cf. Table I) . However, other 
surface adsorbers such as the n-alcohols octanol and decanol 
do demonstrate large cohesive energies (K < 0)) and if such 
molecules are considered in the context of remobilization, 
cohesive lowering of the desorption rate is a factor that 
should be taken into account. Note also that the-work re- 
quired against the surface pressure was also not taken into 
account. The data of MacRitchie and Alexander indicate a 
value for U ’ of 135 A*, and therefore the decelerating factor 
Eexp( - n’AA ‘/R ‘T’)] is of order 10-2-10-3 for IT in the 
range of 1 O-20 dyn/cm. Thus the parameter Y can be expect- 
ed to be a few orders of magnitude less than the low5 esti- 
mated, and these smaller values are certainly consistent with 
the experimental results. With regard to Triton X-100 and 
Brij-35, since these molecules are much smaller than the pro- 
tein, the work required against the surface pressure to desorb 
a molecule is not assumed to be significant. 

IV. THREE-PHASE SLUG FLOW 
A. Apparatus design 

The apparatus which creates the segmented flow is de- 
tailed in Fig. 5. A three-way miniature solenoid valve (Lee 
Co.) is configured so as to draw either air or aqueous surfac- 
tant solution. The solenoid valve is attached to a piece of 
glass tubing (i.d. = 1.7 mm). Along the length of glass tub- 
ing two IR emitter-detector pairs are located a known dis- 
tance from the solenoid valve. The IR emitter-detector pairs 
are configured through a reIay circuit which allows them to 
control the solenoid valve. The glass tube is initially filled 
with aqueous surfactant solution. A small air slug is formed 
and drawn through the length of tubing. When the aqueous- 
air interface passes the first IR emitter-detector pair the so- 
lenoid begins to draw in air. When the same aqueous-air 
interface passes the second detector the solenoid draws 
aqueous solution, The length of an air slug is therefore deter- 
mined by the distance between the two detectors; the length 
of an air-aqueous slug pair is determined by the distance 
between the solenoid valve and the first detector. This man- 
ner of creating the segmented flow is reproducible and 
creates a periodic flow pattern independent of flow velocity. 
The glass tubing is attached to a T section through which 
fluorocarbon oil (FC43,3M) is injected at a known flow rate 
by an infusion pump (Sage Instruments). The downstream 
end of the T section is attached to the experimental test sec- 
tion, which consists of a Iength of Teflon tubing. Since the 
fluorocarbon oil which was used preferentially wets Teflon, 
the oil injected by the infusion pump at the T section will wet 
the Teflon tube wall, forming an annular oil film and estab- 
lishing the three-phase flow pattern. 

The experimental test section (Fig. 6) to which the seg 
mented flow apparatus is attached consists of a length of 
Teflon tubing whose average inner diameter is measured by 
weighing the length, first empty and then filled with water, 
The tubing, which is oriented horizontally, is attached at the 
extreme downstream end to a peristaltic pump (LKB Pro- 
ductor Microperpex pump). Velocity measurements are 
made for each unit cell as it passes through the test section by 

Gl%SS 
Ttbing 

1 

FIG. 5. Schematic of the solenoid network and relay system employed to 
create the periodic flow regime, 

two IR emitter-detector pairs located at either end of the test 
section. Also located at the upstream and downstream ends 
of the system are two pressure taps. These are simply T sec- 
tions that are attached to fluid filled tubes which lead to 
either side of a diaphragm-type differential pressure trans- 
ducer (Validyne). Both the IR emitter-detector pairs and 
the pressure transducer are attached to an A/D card (Data 
Translation DT2805); the pressure drop and the average 
velocity over the length of test section are monitored con- 
tinuously during a run. 

B. Materials and methods 
The surface adsorbers which were dissolved in the 

aqueous phase were Triton X-100 and Brij-35, obtained 
from Aldrich Chemical Co.; bovine serum albumin, ob- 
tained from Sigma Co.; and FC-43 fluorocarbon oil from 
3M. Both the surfactant and protein were used without 
modification. Solutions of BSA were made in a buffer solu- 
tion of sodium phosphate dibasic and potassium phosphate 
monobasic with a pH of 7.0 and an ionic strength of 0.16. 
Hydrion dry buffer was used as obtained from Micro Essen- 
tial Laboratory; no preservative was added, and the solu- 
tions were made fresh daily, The water with which the 

FIG. 6. Schematic of the experimental test section over which the pressure 
drop required to draw the three-phase slug flow through the TetIon capil- 
lary tube and the slug velocity is measured. 
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aqueous solutions were made was purified via a Millipore 
water purification system; the Teflon tubing which serves as 
the test section was obtained from Alltech Associates (FEP, 
nominal id. of 1.5 and 1.0 mm). All experiments were un- 
dertaken at 25 “C ( f 2 “C). 

A series of runs were undertaken in which solutions of 
varying concentration of surfactant are used to form the 
aqueous slug in the three-phase slug flow geometry. The 
pressure drop required to drive the flow at each concentra- 
tion was measured over the course of a run. Each day the 
timt run was one in which the aqueous slug consisted of pure 
water. The pressure drop for this run was used as a bench- 
mark and provided a check for excessive impurities in the 
system. Subsequent runs were undertaken in order of in- 
creasing surfactant concentration. At the end of each day the 
tubing was flushed out for several hours using pure water. 

The experiments were undertaken in the following man- 
ner. Three-phase flow is established in the system using a 
surfactant solution at some bulk concentration. The pres- 
sure drop over the test section, AP’ is monitored until it at- 
tains a steady value at a train velocity U ’ of 1.15 cm/set; U ’ 
and AP’ are then recorded over a 45-60 min. time period, 
with the AP’ at the time that each air slug passes the second 
velocity detector being recorded along with that slug’s aver- 
age velocity over the test section. Between runs the system is 
flushed out for several hours with purified water if the fol- 
lowing run is to be one with a lower concentration of surfac- 
tant than its predecessor, otherwise the higher concentration 
solution was used without washing. 

The dimensionless groups can be divided into two 
classes, those that are related to the effect of surfactant, and 
those that are independent of surfactant effects. Those in the 
surfactant-independent group are E, A, R, K, Bo and the ca- 
pillary numbers. The values at which these groups are held 
fixed in the experiments reported herein are tabulated in Ta- 
ble II. The tabulated viscosity ratio was obtained from the 
literature value of the fluorocarbon oil at 25 “C and with the 
surfactant and protein solutions assumed to have the viscos- 
ity of pure water at 25 “C. Capillary numbers were computed 
using the interfacial tensions of the aqueous-oil and 
aqueous-air interfaces as obtained from the pendant drop 
tensiometry experiments of Sec. III. (Note, however, that 
these experiments were undertaken at 22.5 “C f 0.5 “C.) 
The viscosity ratio K remains constant as all experiments are 

TABLE III. Surfactant-dependent dimensionless groups.” 

undertaken using the same fhrorocarbon oil. The ratio of oil 
to aqueous flow rates within the system, a, is held fixed by 
fixing the rate at which oil is introduced into the system by 
the infusion pump, U’ being held constant for all experi- 
ments reported herein. The void fraction E and the aspect 
ratio il are established as follows. The length of a unit cell in 
the test section is fixed by fixing the distance between the 
solenoid valve and the first detector at the extreme upstream 
end of the apparatus. This length is checked by making sure 
that the correct number of unit cells appear between the IR 
emitter-detectors that monitor the average velocity over the 
test section. The void fraction is established by measuring 
the volume of liquid in several hundred unit cells, and adjust- 
ing the distance between the two detectors at the extreme 
upstream end of the system until the desired void fraction is 
attained. All of these adjustments are made before fluorocar- 
bon oil is introduced to the system, as E and R are defined to 
be the void fraction and aspect ratio in the absence of an oil 
film. 

The surfactant-dependent groups are Y*, a, K, Kd , Ma, 
Pe, and k. For each surfactant a, Ma, K, K,, and Pe do not 
change with C ‘, (these constant values are reported in Ta- 
ble III with the exception of K which is given in Table I). The 
parameter k, however, increases with concentration; to ver- 
ify remobilization, it is necessary to check that the pressure 
drops return to clean surface values as the bulk concentra- 
tion and, in particular, (R ‘/A ‘)Pe-‘I2 
( = [ cPk /4(k) ] Pe’j2) becomes large. 

V. RESULTS AND DISCUSSION 
A. Clean surface results 
1. inter-facial shapes 

The interfacial shape assumed by a single long gas slug 
suspended in Poiseuille flow at low Reynolds number in a 
capillary tube has been detailed asymptotically at low capil- 
lary numbers by Bretherton. For small Ca, the leading edge 
of the slug is nearly hemispherical in shape, with a radius of 
curvature slightly smaller than the tube radius. This hemi- 
spherical region is attached via a transition region to a long 
cylindrical region of nearly constant wetting layer thickness 
which, in the frame moving with the bubble, moves uniform- 
ly with the slug velocity. This cylindrical region, in turn, is 

Dimensionless group 

Peclet number (Pe) 
Marangoni number (Ma) 
ab 

Triton X-100 Brij-35 
0.097 cm id. 0.097 cm id. 

2.2x 104 2.2x 104 
8.0X 10’ 5.7 x 10’ 
1.4x lo-’ 5.0x 10-9 

TRX-100 
0.155 cm id. 

3.4x 104 
8.0X 10’ 
1.4x lo-’ 

BSA 
0.155 cm i.d. 

1.5x lo1 
1.9 
1.5x lo-’ 

‘Dimensionless groups evaluated at the aqueous-oil interface, with the exception of the BSA for which aqueous-gas data are used. 
b Obtained using a value of 6.0X 10 - ’ cm*/sec for D ’ of BSA ( MacRitchie and Alexander46) and 2.6 X 10 - 6 cm’/sec for Triton X-100 and Brij-35 (cf. Sec. 

III). 
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pinched-in in the region just before the trailing end of the 
slug. The trailing edge is distended in the direction opposite 
to the flow and has a radius of curvature that is greater than 
the tube radius. The pinching-in of the slug at the trailing 
end is caused by the applied pressure gradient, and is neces- 
sary to set the fluid in the back of the slug in motion. 

In the connecting slug flow regime of this study, it is 
expected that the oil wetting layer interfacial shape should 
be similar, again exhibiting pinching-in of the trailing slug 
ends. However, the aqueous-air interfaces which constitute 
the back and the front ends of the gas and aqueous slugs 
should both be distended in the direction of the flow. (The 
presumed interfacial profiles are illustrated in Fig. 1.) The 
reason for the assumed bending of the aqueous-air interfaces 
in the flow direction is that the curvature of the leading end 
of a slug is always slightly larger than 2/R ’ while that of a 
trailing end is slightly less than 2/R ‘. Since in the train flow 
both the fluid in the back of the leading edge of one slug and 
in front of the trailing edge of the attached slug are related to 
the pressure in the oil inclusion by the curvature, the pres- 
sure of the fluid behind the leading edge is larger than that in 
front of the trailing edge. 

Photographs of magnified images of the flow confirm 
some of these expectations. In Figs. 7(a) and 7(b) photo- 
graphs of the leading and trailing ends of an aqueous.slug in 
three-phase slug flow are shown in the 0.155 cm i.d. tube at 
30X magnification for clean surface conditions and a pa- 
rameter range for the dimensionless groups as given in Table 
II. In these photographs, the gas slug appears dark and the 
aqueous segment appears clear. The oil around the liquid 
segment appears as a dark line, while the oil in the three- 
phase contact region forms an inclusion that is shaded light 
grey. Note that the leading edge of the aqueous slug depicted 
in Fig. 7(a) appears nearly hemispherical except where the 
aqueous-air slugs adjoin. Importantly, the pinching-in of 
the trailing edge of the aqueous slug is discernible. It is not 
clear whether or not the gas slug also flares out at its trailing 
end because of the similar shading of the gas slug and its 
surrounding oil film. Also the exact details of the aqueous- 
air interface configuration are not clear from the photo- 
graphs. 

2. Clean interface pressure drop results 
All of the pressure drop data presented in this and the 

remaining subsections refers to the pressure drop per unit 
cell averaged over the course of a single run, nondimension- 
alized with thesurface tension scaling Y;~,~, /R '. In Fig. 8 the 
pressure drops required to drive the purified water bench- 
mark runs in capillary tubing of two different inner diame- 
ters are presented against tube age, i.e., the number of days 
which have elapsed since a series of surfactant experiments 
was begun. The values of the nondimensional groups for the 
results reported in Fig. 8 are tabulated in Table II. The trian- 
gles in Fig. 8 represent pressure drop data for 0.155 cm id. 
runs and the squares 0.097 cm i.d. runs. The average over all 
the runs was 0.35. All the pressure drops reported in the 
figure fall within a -& 10% range of this value, and this re- 

(b) 

FIG. 7. (a) Photograph at 30x magnification of the slug flow for clean 
interface conditions in the 0.155 id. tubing. The plate shows the leading 
edge of the aqueous slug (light area), the trailing edge of the gas slug (dark 
shading), the three-phase contact ring, and the oil inclusion surrounding 
this ring. (b) Photograph of the trailing edge of the aqueous slug under the 
same conditions as (a) showing explicitly the pinching-in of the wetting 
layer film at the rear of the aqueous slug. 

fleets the nondimensional equivalence of the experiments 
done on the two different sized tubings: Note that for the 
clean surface flow regime the only nondimensional groups 
that are tube diameter dependent are the oil induction rate 
group (CI), the aspect ratio (A), and the Bond number (Bo) 
for the aqueous-oil interface. The former two groups are 
maintained equal in the experiments done on the two differ- 
ent sized tubings, and the latter, which measures the intlu- 
ence of gravitational forces to those of surface tension, is 
equal to 0.036 (for the 1 mm i.d. tubing). Bond numbers for 
the other two interfaces are equal to 0.29 and 0.034 for the 
oil-gas and aqueous-gas interfaces, respectively. As these 
values are small, gravitational effects are not that important 
and the difference between the Bond numbers between tubes 
should not significantly alter the nondimensional equiv- 
alence. Note that after it becomes impossible to sufficiently 
clean the tube to achieve the benchmark value for the pres- 
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FIG. 8. Water benchmark runs: nondimensional pressure drop per unit cell 
required to drive the three-phase slug flow in the absence of added surfac- 
tant as a function of tubing age. 

sure drop (i.e., after the tubing was exposed to highly elevat- 
ed concentrations of surfactant or protein) the tubing is dis- 
carded. 

As stated above, the average nondimensional pressure 
drop per cell over all runs in both series was 0.35; this num- 
ber specifies the pressure drop over a pair of aqueous and air 
slugs in a unit cell nondimensionalized with the surface ten- 
sion scaling y;O,o, /R ‘. There are three principal contribu- 
tions to this pressure drop: the capillary contributions due to 
the difference in curvature at the leading and trailing edges 
of the air and aqueous slugs and the pressure drop necessary 
to drive the recirculation of fluid within the aqueous segment 
itself. These pressure drops are marked in Fig. 1. A theoreti- 
cal estimate for them may be constructed as follows. 

Consider first the expression found by Bretherton to de- 
scribe the pressure drop over a single long gas slug in a fluid- 
filled capillary tube at low capillary number: 

~:/(Y;o,“, /R ‘) = 4.52( 3 Ca(o,n) )2’3, (8) 

where Y:~,~, = &a1 if the pressure drop over the aqueous 
slug is being estimated, and Y;~,~, = Y;~,~, if that over the 
gas slug is being estimated. In Eq. (8) the capillary number 
ca (o,n) is defined using the inter-facial tension Y;~,~, . Pres- 
sure drops in the flow of adjoining slugs, rather than isolated 
ones, have been studied by Ratulowski and Chang.54 Their 
flow regime is one of adjoining gas slugs which move over a 
wetting fluid layer in a tube. Using an internal matching 
analysis in which the lubrication equations around the cylin- 
drical sections are extended to the bubble ends and wetting 
inclusion regions, these authors find (to leading order) no 
correction to the isolated bubble expression. Hence the only 
drawback in using the Bretherton expression for the slug 
flow of this study is that it does not incorporate the influence 
of the slug viscosity on the aqueous slug capillary contribu- 

tions. Park and Homsy?’ in a reexamination of the fingering 
of an infinite (two-dimensional) viscous slug in a channel, 
established that, to leading order, the finger viscosity can be 
neglected in determining the capillary pressure drop and the 
axial drop in the film, as long as the ratio of the slug to 
continuous phase viscosity is less than Ca- “3. Since the lat- 
ter condition is clearly satisfied with respect to the aqueous 
slug in the connected flow of this study, the Bretherton ex- 
pressions can be used with some confidence. 

Using the capillary numbers detailed in Table II, 
(Pi -Pi + Pi - P;)/(y;,,,,/R’) (the capillary contri- 
bution to the nondimensional pressure drop over the 
aqueous slug) is equal to 0.096, and 
(Pi - pi v(Y;&, /R ‘) (the capillary contribution to the 
nondimensional drop over the gas slug) is equal to 0.062. 

As demonstrated by Park and Homsy, the pressure drop 
caused by the recirculation of the liquid in the aqueous seg- 
ment (Pi - P ; > is negligible to order Ca:$, when K- ’ is 
smaller than Ca$$. A simple derivation which assumes 
uniaxial motion in the slug interior and film in the regions 
away from the slug ends shows that this contribution is of 
order Ca and can be approximated by 

(f’; -P; V(y;o,a,/R ‘) 
=W(l -d/[K~2+2(1 -~2)l~caco,o,, (9) 

where K is the viscosity ratio of the oil to the aqueous solu- 
tion, lis equal to ( 1 - i ‘/R ’ ), where 6 ’ is the average thick- 
ness of the annular oil film surrounding the aqueous seg- 
ment. Since for small capillary numbers & ‘/R ’ is 
asymptotically close to zero, it is clear from (9) that to lead- 
ing order, the pressure drop required to drive the aqueous 
core recirculation is simply (Pi - P ; )/( Y;~,~) /R ‘) 
= [ 8;1( 1 - E)/K] Ca(O,o) and is numerically equal to 0.065. 

The sum of the three contributions to the pressure drop is 
equal to 0.22, which is several percent lower than the mea- 
sured value (0.35). This discrepancy is probably due to the 
presence of surface active impurities in the oil which retard 
the surface velocity and elevate the pressure drop. (Evidence 
for these impurities can be found in the dynamic interfacial 
tensions of a freshly created oil drop in water as measured by 
pendant drop tensiometry: With time, the interfacial tension 
slowly relaxes from 59 dyn/cm to approximately 55 dyn/cm 
indicating the slow diffusion toward the surface of a surface 
active impurity.) Also it should be noted that for a complete- 
ly consistent estimate, the capillary pressure drops of order 
Ca, which can include the influence of the aqueous slug vis- 
cosity, should be included since the drop required to drive 
the recirculation begins at order Ca, and this term was in- 
cluded in the estimate. However, the order Ca corrections 
have not as yet been obtained in any theoretical studies. 

6. Triton X-100 and Brij-35 results 

In Fig. 9 data from the series of runs using Triton X-100 
in the aqueous phase in tubes of 0.1555 and 0.097 cm i.d., 
respectively, are presented. The abscissa in the figure is the 
parameter @ k  /qS ( k) Pe”2 evaluated for the aqueous41 in- 
terface. As CL is varied from O-l.55 x lo-’ g mole/cm3 
[ a( 1 + k)Pe”’ < 0.0351, the nondimensional pressure 
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FIG. 9. Nondimensional  pressuredrop per  unit cellas a  function ofthe ratio 
of diffusive mass flux to the rate of surface convect ion for Triton X-100. 

drop increases monotonically to a  maximum value that is 
approximately five times greater than that required to drive 
the clean flow. In the concentration range the group 
cP( 1  + k)Pe”’ increases monotonically, but is always less 
than 1.0. This small value reflects the fact that the bulk diffu- 
sion barriers are significant and  thus at steady state surfac- 
tant has accumulated at the rear stagnation zone with little 
exchange with the bulk [i.e., V,*( I?, ) 401. The  Marangoni  
surface traction which arises due  to the surfactant accumu-m 
lation reduces the surface velocity since the traction is oppo-  
site to the flow. Since the surface velocity toward the rear 
stagnation zone is decreased in the long cylindrical section of 
the aqueous slug, the net hydrodynamic drag on  the slug is 
increased. The  slug or train velocity is ma intained at a  con- 
stant value during the experiments, so the pressure drop 
driving the flow must increase in order to overcome this 
increased drag opposing flow. This is why AP’ increases 
from the clean value. Note also that as C ‘, is increased, the 
bulk diffusion barriers begin to be  reduced. In this concen- 
tration range, however, as C k increases the increased ad- 
sorption causes the surface velocity to be  reduced along a  
larger region of the cylindrical surface, accounting for the 
increase of AP’ with C L  . 

Instead of assuming a  completely immobile interface, 
perhaps a  more accurate way of estimating the maximum 
pressure drop is to equate the pressure drop that drives the 
aqueous slug, (P ; - P; )rrR ‘*, to the maximum retarding 
Marangoni  traction, 27rR ‘(y;,,,a, - Y;~/~,~,&. W ith this 
estimate, the maximum pressure drop across the aqueous 
slug (APL ) is given bys6 

AP Z/(~;o/a, /R ‘1  = 2-k/o, - Y&/~>CMC bL,t. ( 11) 
From the data given in Table 3, this maximum nondimen- 
sional pressure drop required to move the aqueous slug is 
calculated to be  1.69. Adding to this the capillary pressure 
drop required to move the gas slug (previously calculated to 
be  0.062) results in a  maximum pressure drop of 1.75, which 
is exactly equal  to the maximally observed value (Fig. 9). 

As the bulk concentration is increased in the range of 
1.55~ 10-a-3.1 x lOem5 g  mo le/cm’ [0.035<@( 1  f k) 
xPe”* (6oj the pressure drop required to drive the flow 
decreases fivefold due  to the elimination of diffusion gradi- 
ents in the bulk. The  group “P( 1  -I- k)Pe”’ varies from 0.035 
to 50, indicating that within this bulk concentration range 
diffusion barriers in the sublayer to the interface have been 
completely eliminated. 

Note that the CMC for Triton X-100 corresponds to a  
value of cP( 1  + k) Pe”* of 0.7 (cf. F ig. 9  ); half of the relaxa- 
tion in pressure drop therefore takes place at concentrations 
above the CMC, and  in the presence of m icelles. The  advent 
of m icellixation complicates the physicochemical picture, 
and  some of the implications are discussed in the following 
section. 

The  peak in the pressure drop occurs at 1.55 X 10 I* g  
mo le/cm3 Triton X-100 [ 4i( 1  -I- k)Pe”’ = 0.031, and  is 

Since the clean surface pressure drop is recovered, the 

equal  to approximately 1.75. It is interesting to relate this 
surface concentration is uniform and the interface is tangen- 

maximum pressure to that required to drive a  train with 
tially mob ile. An interface that is completely tangentially 
mob ile with uniform surface concentration in the absence of 

tangentially immobile interfaces in order to understand how 
fully retarded the interface is. By approximating the flow in 

diffusion barriers can only be  obtained if no  desorpt ion bar- 
riers exist. The  ratio of desorpt ion rate to that of surface 

the film  by uniaxial motion, it can easily be  shown that this convection, Y = a’R ‘A( 1  - 6)/V’, was found in Sec. HI to 
axial pressure drop (denoted by APj) is given nondimen- 

/(l -{‘),wbereg= 1  -i;‘/ 
be  bounded from below by O( lo- 2)1 If y were on  this order, 

sionally by4( 1  - e)/Z Ca(o,aj however, the arguments presented in the Sec. III indicate 
R ‘. To  estimate the film  thickness around the aqueous slug, that the clean surface pressure drop would not be  recovered 
consider first the Bretherton asymptotic analysis for isolated at elevated bulk concentration. Thus the reduction of the 
bubbles with completely mob ile surfaces: 5  ‘/R ’ pressure drop to that required to drive the clean flow at ele- 
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= 1.337(Ca,,,,, )2’3. The  train flow results of Ratulowski 
and  Chang indicate that the film  thickness around the con- 
nected flow is given by Bretherton’s expression mu ltiplied by 
1  - (R :/R ‘), where R f is the radial location of the inclu- 
sion cusp. Noting the results of Park and  Homsy that as long 
as K-’ < Ca$$, the influence of the slug viscosity on  the 
leading order result is negligible, it can be  cancluded that an  
excellent approximation to the clean surface film  thickness is 
%  ‘/R ’ = 1.337 [ 1  - (R i/R ‘) ]Ca2’3. Therefore the pres- 
sure drop along the wetting layer is given by 

AP; 2( 1  - E)A Ca$&a, 

YLl/o, /R ’ = 1.337[ 1  - (R f/R’) 1’ 
(10) 

UsingavalueofR:/R’ofO,zi [cf. F igs.7(a) and7(b)], the 
result is a  predicted pressure drop of the order of 10. It is 
therefore clear that even at the maximum, the aqueous-oi l  
interface is far from being completely immobilized. 
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vated C ‘, therefore indicates that Triton X- 100 has desorp- 
tion kinetics faster than the 0( 10 - 3 set - ’ ) lower bound in- 
ferred from the pendant drop experiments of Sec. III. 

A surfactant-laden interface in the absence ofbulk diffu- 
sion barriers in which surfactant adsorbs and desorbs freely 
behaves as if it were a clean interface in the tangential stress 
balance. The interface, however, is more easily deformed as 
the surface tension at these high concentrations is signifi- 
cantly less than that in the absence of surfactants. This will 
affect the capillary contribution to the pressure drop over the 
aqueous slug. Using the pressure drop expression obtained 
by Bretherton, the ratio of the pressure drop for the uniform- 
ly populated surface to that required to drive the clean flow 
should be the ratio of the interfacial tensions of the two sur- 
faces to the one-third power. The interfacial tension at the 
aqueous-oil interface at and above the CMC is 9.2 dyn/cm. 
The ratio of the pressure drop required to drive the uniform- 
ly populated interface to that required to drive the clean flow 
as predicted by the Bretherton expression is 0.6. Therefore 
the capillary contribution to the pressure drop realized over 
the length of an aqueous segment at the highly elevated sur- 
factant concentrations is 0.056. The contributions to the 
pressure drop owing to the capillary forces over the air seg- 
ment and because of the internal circulation in the aqueous 
segment remain the same, as surfactants are not present at 
the air-oil interface and the viscosity of the aqueous solution 
remains constant throughout the concentration range con- 
sidered. Therefore the pressure drop over a unit cell at the 
lower interfacial tension is estimated to be 0.183, or 0.84 
times that required to drive the clean flow. In our experimen- 
tal apparatus the pressure drop required to drive the concen- 
trated surfactant solutions was less than that required to 
drive the clean flow in only one of the two series of experi- 
ments reported. The average nondimensional pressure drop 
at @( 1 + k)Pe”’ = 60, which corresponds to a C ‘, of 
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FIG. 10. Nondimensional pressure drop per unit cell as a function of the 
ratio of the diffusive mass flux to the rate of surface convection for Brij-35. 

3.1 x 10 ’ g mole/cm3, is 0.32, which is 0.91 times that re- 
quired to drive the clean flow. Note that this agreement is 
only in the average sense: the pressure drop at this elevated k 
value decreased only for the 0.097 cm i.d. tubing. In the 
0.097 cm i.d. tube the pressure drop required to drive the 
3.1 X 10T5 g mole/cm3 solution of Triton X-100 is 0.28, 
which is 0.8 times that required to drive the clean flow. The 
pressure drop required to drive the flow at this concentration 
in the 0.1555 cm i.d. Triton X-100 series was 0.36, which is 
approximately the same as the clean interface pressure drop. 

Figure 10 provides the results when the aqueous phase 
contains increasing concentrations of the Brig-35 surfactant; 
measurements were only obtained in the smaller diameter 
tubing. Again an improvement of surface mobility is evident, 
though, in contrast with the Triton X-100 results, the reduc- 
tion in the pressure drop occurs after the CMC is reached, 
and this pressure drop does not fall below the clean surface 
value at very high C, . The maximum pressure drop is equal 
to 1.6, and this value again falls far below the tangentially 
mobile result of order 10 as given by Eq. ( 10). However, the 
estimate of the maximum pressure drop using the largest 
interfacial tension difference [ Eq. ( 1 l)] gives (using the 
data of Table I) a value of 1.5, which is very close to the 
observed value as was the case with the Triton X-100 surfac- 
tant solutions. 

C. Surfactant mass transfer and remobilization above 
the CMC 

As has been mentioned previously, at converging stag- 
nation points on the fluid particle surface the surface concen- 
tration is raised to values higher than the equilibrium value 
r&. Assuming for the purpose of these arguments that the 
sorption kinetics have already been established as fast, stag- 
nation point concentration of adsorbed surfactant leads to 
adjoining sublayer concentrations of monomer that are 
higher than the bulk concentration of surfactant (away from 
the interface). Alternatively, regions on the surface suffi- 
ciently far away from the converging points have surface 
concentrations lower than the equilibrium value, and corre- 
sponding sublayer concentrations lower than the bulk value. 

When the bulk concentration of surfactant reaches the 
CMC, monomer and micelle exist at equilibrium. (The 
CMC value is denoted here as CL,, and the corresponding 
equilibrium surface concentration by I’& .) In the dynam- 
ic case, as the CMC is reached and passed, surface convec- 
tion generates in the neighborhood of the converging stagna- 
tion point surface concentrations above I&o and sublayer 
concentrations above C&, . Because the sublayer concen- 
tration exceeds C kMC, micelles are present, and sublayer 
monomer in excess of C;,, can diffuse into the bulk or 
become incorporated into a micelle. The latter event locally 
elevates the micelle concentration above its equilibrium val- 
ue, and micelles diffuse toward the bulk. To describe this 
second micelle incorporation-diffusion pathway for the re- 
moval of excess monomer, bulk convective diffusion equa- 
tions should be formulated for the micelle as well as the man 
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omer, with each of these expressions to include a kinetic 
term describing the incorporation of monomers into mi- 
celles. 

Some attempts in this direction have been undertaken 
by Lucassen’ in studying longitudinal waves, and Rillaerts 
and Joosso in examining surfactant adsorption onto an ini- 
tially clean surface in a falling film experiment and an oscil- 
lating jet apparatus. The latter study is particularly relevant 
since micellar solutions of Triton X- 100 were examined. Ril- 
Iaerts and Joos find values for the first-order kinetic constant 
for exchange of monomer between the bulk and micelle to 
range from 4.5 set - ’ at twice the CMC to 608 set - ’ at ten 
times the CMC. As these values are sufficiently faster than 
the rate of convection on the fluid particle surface, 
[AR ‘(I - E)/U’] - 1 , which is of the order of 0.1 set - I, it is 
correct to assume that instantaneous equilibrium is achieved 
between monomer and micelle. The simplest characteristic 
to assume of this equilibrium is that the equilibrium mon- 
omer concentration is constant, and equal to the value at the 
CMC. 

As adsorbed surfactant is swept to a surface stagnation 
point, the surface concentration is raised above the equilibri- 
um value. For micellar solutions, this means above f’&-, 
the equilibrium surface coverage at the CMC. (Recall that 
above the CMC the equilibrium adsorption is constant #and 
equal to the value at the CMC,) If it is assumed that the 
exchange between sublayer and surface is fast (a prerequisite 
for remobilization), the sublayer~and surface are in equilibri- 
um. The compaction of surfactant at the converging stagna- 
tion point raises the surface concentration above r&, and 
this causes the monomer concentration to rise above C kMC I) 
However, because of the monomer-micelle equilibrium, 
monomer in excess of the CMC! value is incorporated into 
micelles, and the sublayer concentration is maintained at the 
CMC value. Furthermore, as a result of sublayer-surface 
equilibrium, the surface is maintained at r&,, . Thus in the 
immedisite neighborhood of the stagnation point no Maran- 
goni stresses exist because the surface concentration is uni- 
form. 

Marangoni stresses arise away from the converging 
stagnation point, Away from this point, surface convection 
acts to reduce the surface concentration to values below 
r’ CMC * Through adsorption, the sublayer-surface equilibri- 
um causes the sublayer concentration to be less than C&, . 
Since the sublayer concentration is below the CMC, micelles 
disassociate and the region is devoid of micelles. The surface 
concentration is not uniform since micelles are not present 
underneath the surface to maintain a uniform subsurface 
concentration of monomer. Consequently, the surface con- 
centration increases in the direction toward the stagnation 
point, and a retarding Marangoni stress is exerted. 

In the micelle-free zone monomer diffuses toward the 
surface supplying the surfactant which later adsorbs and is 
convected toward the converging stagnation point. The mi- 
celle-free zone extends out away from the interface to a 
boundary where the bulk monomer concentration reaches 
C :, and micelles reappear. Here, in this outer region the 
monomer concentration is fixed, and micelles diffuse toward 
the boundary where they disassociate, and the monomer 

then proceeds through the micelle-free zone. The size of the 
micelle-free zone is determined by the length scale necessary 
for monomer diffusion in that zone to balance (at the bound- 
ary ) micelle diffusion in the outer boundary. As the overall 
bulk concentration increases, the mice& concentration in 
the outer boundary increases, as does the diffusive flux, Con- 
sequently, the micelle-free zone shrinks and moves farther 
away from the stagnation point. Eventually this zone disap- 
pears, and the particle surface is of uniform surface concen- 
tration and therefore completely remobilized. 

3 Protein results 

In order to recover clean surface behavior at large 
[+k/&k)IPe”2, the ratio of desorption to convection, V, 
has to be large as well. In the event that Y<O( 1) clean sur- 
face behavior for large [@k /# ( k) ] Pe”’ is not possible. The 
experimental results of Sec. Y 3 indicate that Y$ 1 for Triton 
X- 100 and Brij-35 as clean interface behavior is recovered. 
In order to confirm that this observed relaxation of tangen- 
tial stresses at the interface was due to the fast sorption kinet- 
ics of these pofyethoxy surfactants, the protein BSA in solu- 
tion was used to form the aqueous phase in the three-phase 
slug flow. 

The desorption rate constant a’ for BSA was estimated 
in Sec. III to be of the order 10s6 set- ‘, which is much 
slower that the convection rate ([AR ‘( 1 - 6)/U’] - ’ ) 
which is of order 0.1 set - ’ for the three-phase flow experi- 
mental conditions. Therefore, unlike Triton X-100 and Brij- 
35, because the rate of protein desorption is anticipated to be 
less than the convective rate, remobilization will not occur at 
the high bulk concentrations which demarcate the elimina- 
tion of bulk diffusion barriers. 

To iilustrate this possibility, the protein bovine serum 
albumin was employed, The Frumkin kinetic constants for 
BSA (for primary adsorption onto air-water interface) are 
listed in Table I, and the parameter Q> necessary to compute 
the ratio of the diffusive to the convective rate is given in 
Table III. In Fig. 11 a graph of the nondimensional pressure 
drop per cell against [ <Pk /4(k) ] Pe1’2 for a series of experi- 
ments in which BSA was used to form the aqueous phase in 
the three-phase slug flow is presented. The experiments were 
undertaken in 0.155 cm i.d. tube, Note that the intercept for 
zero weight percent protein (i.e., just the buffer solution) is 
~0.6, much higher than the intercept of0.35 obtained in the 
clean water runs reported. This difference was attributed to 
the presence of impurities in the buffer. Note also that the 
pressure drop per cell for the protein increases throughout 
the value of [ Qtk /4(k) ] Pe”2 reported until at a value of 1 
the pressure drop appears to become constant at a value of 
~~32, and shows fro subsequent decrease with increasing bulk 
concentration.. Data taken by Graham and Phillips indi- 
cates that at a bulk concentration of 1.5 x 10 - log mo1e/cm3, 
significant multilayer formation begins for BSA. (This bulk 
concentration corresponds to a value of [@k/4(k) ]Pe”2 
= 0.006.) Multilayer formation and slow desorption most 

likely prevent the free interface behavior from being remobi- 
lized, as is explained below. 
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FIG. 11. Nondimensional  pressure drop per  unit cell as  a  function of the 
ratio of the diffusive mass flux to the rate of surface convection for the pro- 
tein bovine serum albumin. 

The  initial increase in the pressure drop required to 
drive the flow with increasing C ‘, can be  explained as be- 
fore. Protein adsorbs onto the interface and  is convected 
along the length of the cylindrical region by interfacial con- 
vection. Since desorpt ion is slow in comparison to convec- 
tion, protein accumulates in this region, giving rise to Mar- 
angoni  tractions which resist the flow, increasing the drag. 
As C ‘, of protein is increased, the increased adsorpt ion al- 
lows the surface velocity to be  retarded along more of the 
cylindrical region of the aqueous slug, accounting for the 
increased pressure drop throughout the region of 
[*k/4(k)]Pe”’ < 1  reported in F ig. Il. 

For  BSA in the range of [ @Jz /#( k) ] Pe”2 > 1, diffusion 
barriers in the sublayer to the surface should have dissipated 
appreciably by the pressure drop required to drive the flow 
remains elevated. In this concentration range, the surfactant 
distribution is determined solely by the desorpt ion kinetics. 
It is important to note that the plateau value (approximately 
2) is less that the value of 10  estimated earlier for a  complete- 
ly immobil ized aqueous-oi l  interface. The  fact that the pla- 
teau value is less than the completely immobil ized value in- 
dicates that the desorpt ion rate, while slow compared to 
convection, is not zero. If the desorpt ion rate were indeed 
zero, then protein would collect in a  stagnant cap that would 
grow outward as the bulk concentration is increased until a  
completely immobil ized interface is realized. In the case of 
the polyethoxy surfactants, an  accurate measure of the maxi- 
mum was obtained by equat ing the pressure drop to the lar- 
gest realizable surface pressure [cf. Eq. ( 11) 1. Experiments 
by Graham and Phillips44 at the n-decane-water interface 
indicate that the largest surface pressure the protein BSA 
can exert at that interface is 18  dyn/cm (similar to that at the 
air-water interface as reported in Table I). Using this value 
in ( 11) and  correcting for the gas slug capillary contribution 

results in a  value of only 0.66, significantly less than the 
observed value of 2. It is possible that because of the size of 
the protein mo lecule, surface viscosity effects, not conse- 
quential for the smaller-size polyethoxy surfactants, are im- 
portant and  may account for the elevated value observed. 

VI. CONCLUSIONS AND IMPLICATIONS 

In this study experimental evidence was presented 
which indicates that the interfaces of moving fluid particles 
can remain unhindered in the presence of a  single adsorbed 
surfactant if, relative to the rate of surface convection, the 
surfactant has fast desorpt ion kinetics, and  is present in bulk 
concentrations high enough so that diffusive boundary lay- 
ers are depressed, and  the rate of bulk diffusion becomes fast. 
The  flow regime used to establish this result is a  capillary 
train flow of alternating aqueous and gas slugs moving over a  
f luorocarbon wetting layer. In this flow, the retarding effects 
of adsorbed surfactant on  surface velocity are strongly re- 
flected in changes in the driving pressure required to ma in- 
tain constant slug velocity. Surface adsorbers were dissolved 
in the aqueous phase of the three-phase slug flow; convection 
of surfactant to the slug rear created a  region of reduced 
surface mob ility that extended, with increasing bulk concen- 
tration, into the long cylindrical part of the aqueous-oi l  in- 
terface. Loss of mob ility of this part of the interface created 
large retarding shearing stresses in the thin wetting layer 
around the slug, and  these stresses increased the pressure 
drop required to move the train at a  constant velocity. 

The  remobilizing surfactants used in this study were the 
polyethoxy surfactants Triton X-100 and Brij-35; pendant  
drop tensiometry experiments showed these surfactants to 
be  good candidates for remobilization because their desorp- 
tion rates are potentially high. At highly elevated concentra- 
tions of Triton X-100 or Brij-35, the three-phase slug flow 
behaved hydrodynamical ly as it would in the absence of add-  
ed  surfactant, save that it had  a  uniform, reduced surface 
tension. As a  counter example, the presumed slowly desorb- 
ing protein BSA was dissolved in the aqueous phase. Even at 
concentrations where bulk diffusion barriers of BSA had 
been eliminated, the pressure drop required to drive the 
three-phase slug flow remained at its elevated value, indicat- 
ing that both fast desorpt ion kinetics as well as the elimina- 
tion of diffusion barriers in the bulk are necessary for a  sur- 
factant to remobil ize a  retarded surface flow. 

The  ma jor implication of this study concerns the remo- . 
bilization of fluid-fluid interfaces in fluid particle flows re- 
tarded by adsorpt ion of surfactant impurities in the system. 
As ment ioned in the Introduction, this idea is described and 
studied in detail in a  companion paper6 and  therefore only a  
few remarks will be  given here. The  commonly observed ef- 
fect of surfactant impurities in mu ltiphase fluid systems is an  
increase in the drag opposing the flow, resulting in a  de- 
creased particle velocity. A well-known example is the retar- 
dation of the terminal velocity attained by moving fluid 
droplets in an  infinite med ium where a  surfactant is present 
in trace amounts in either the droplet or bulk phase (cf. 
Levich”). W ithin the context of this study, the following 
reasons can be  posited for the observed reduction in terminal 
velocity. If the surface active impurity is present in low 
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enough concentration so that the group [ 4% /&k) ] Pe’j2 is 
small, i.e., there are diffusion barriers in the bulk, surface 
concentration gradients will develop. If the surface active 
impurity has slow desorption kinetics, surface concentration 
gradients will again develop. In either of the above cases, the 
results of this study indicate the possibility that if a surfac- 
tant with fast desorption kinetics is added in high enough 
concentration so that its adsorption and diffusion rates are 
fast, such a surfactant can preferentially adsorb on the fluid 
interfaces, displacing the retarding impurity or not allowing 
it to adsorb. The surface, noti populated with a surfactant 
which freely exchanges with the subsurface, is mobile and 
the droplet settles at the unretarded terminal velocity, Ex- 
periments using the three-phase flow to validate the idea of 
competitive adsorption as a means of remobilization are pro- 
vided in the companion study. 
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