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iii
Abstract

EFFECT OF SURFACTANT TRANSPORT ON THE
MOBILITY OF BUBBLES IN LIQUIDS
AN EXPERIMENTAL AND COMPUTATIONAL STUDY

by
Ravichandra Palaparthi

Advisor: Professor Charles Maldarelli

When a bubble rises in an infinite liquid containing trace amount of surfactant, the
surfactant adsorbs on to the front end of the bubble and is swept by surface convection to
the trailing end. As the surface concentration of surfactant at the trailing pole is greater
than the concentration at the leading pole, the leading pole is of higher tension, and tugs
the trailing pole, creating a Marangoni force opposing the driving force moving the

bubble. Hence the retardation in the bubble terminal velocity.

We consider both theoretically and experimentally the effect of the transport rates
of an added surfactant from (to) the bulk phase to (from) the bubble surface on the steady
state drag of a spherical bubble rising in an infinite liquid containing the surfactant.
Theoretically we calculate the drag on the bubble by solving the complete flow equations

coupled with the equations of surfactant transport. Experimentally we study the effect of
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iv
adding a poly-ethoxy surfactant (C,E;: CH; (CH,),,(-OCH,CH.),-OH)), C,E, or C(E; on
the drag of an air bubble rising in a 70:30 Glycerol-Water mixture.

In the limit of the surfactant transport rates being very low compared to the
hydrodynamic rates, we develop an exact theory and conduct systematic experimental
studies that lets us implement a new technique to determine the kinetic exchange rate
constants of the surfactant at the air-liquid interface. In the limit when the surfactant
transport rates are very high compared to the hydrodynamic rates, previous research in
our group hinted at the possibility of the surfactant adsorbed on the bubble surface being
able to desorb and making the interface stress free again like in a surfactant free system.
We verify this idea of remobilizing the surfactant laden bubble surface from our
numerical simulations and in the process deduce the criteria for its possibility under
realistic conditions. We corroborate these conclusions from bubble rise experiments as
before where we see the drag on a bubble of any given size showing a maximum with the
addition of surfactant to the bulk phase. For the first time this provides a concrete proof

of this phenomenon of remobilization.
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CHAPTER 1
Introduction

1.1 Background and Scope

Bubble motion in liquids, like other interfacial flows, is greatly influenced by the
presence of surface active species in the liquid phase. When a bubble rises in an infinite
liquid containing surfactant, the surfactant adsorbs on to the front end of the bubble and is
swept by surface convection to the trailing end. As the surface concentration of surfactant
at the trailing pole is greater than the concentration at the leading pole, the leading pole is
of higher tension, and tugs the trailing pole, creating a Marangoni force opposing the
driving force moving the bubblel. Hence the retardation in the bubble terminal velocity.
This retardation in surface mobility of bubbles/drops due to the presence of surfactants
has been widely studied theoretically?-8, and observed experimentally?-15 (also see the
review by Clift, et al16). We review this research in detail in Section 1.3. This reduced
interfacial mobility due to the presence of surfactants affects technological processes like
inter-phase mass transfer during drop-wise extraction!1,12,17,18  the rate of thinning of
the fluid between mutually approaching particles in an emulsion or foam!9-20, and in
thermocapillary motion of bubbles and drops in a microgravity environment21.22. While
the reduction in interfacial mobility benefits processes like the ones involving

stabilization of emulsions and foams, it hampers processes involving say interphase mass
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transfer. Hence controlling the interfacial mobility plays a key role. While we describe in
detail in Section 1.2, the specific technological processes that form motivation for our
study we note that understanding how the surfactants affect, and could be used to control,
the interfacial mobility is a key issue in utilizing them for different processes. This thesis
is an attempt in this direction.

We describe here the physico-chemical mechanism by which the surfactant
affects the interfacial mobility when a bubble moves in an infinite liquid containing
surface active materials 1-23. As shown in Figure 1.1, the surfactant is transported from
the bulk by convection and diffusion to the sublayer close to the bubble surface. It
adsorbs on the moving bubble surface and is convected by the surface flow from the front

of the bubble to its trailing end where the increase in surface concentration I'* causes

surfactant to kinetically desorb into the rear sublayer. This desorption locally raises the
sublayer concentration C,, at the back above the bulk value C,, far from the interface.
The difference drives a diffusive flux away from the trailing end. Similarly at the front
end, the reduction in surface concentration causes kinetic adsorption from the front
sublayer onto the front of the bubble. The front sublayer concentration decreases, creating
a diffusive flux from the bulk to the front end. Eventually a steady state develops: The

surface concentration at the back end has increased by AI'" above the equilibrium value I,

corresponding to C, (as given by the adsorption isotherm ' (C,) so that the desorption
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rate balances the convection rate. The back sublayer concentration has increased by AC

above C, so that the diffusive flux away from the particle surface balances the kinetic

desorption. At the front end, the surface concentration has decreased below I'. so that

kinetic adsorption balances convection, and the sublayer concentration is reduced below
C, sufficiently so that diffusion to the surface balances adsorption. Thus while the

average concentration on the surface at steady state scales with [.(C,), the surface

concentration is considerably higher at the rear than at the front of the particle, and the

interfacial tension (y) is lower at the back relative to the front. This interfacial tension

difference creates a Marangoni stress along the surface opposing the surface flow caused
by the driving force causing the motion of the particle (for example, buoyancy or
thermocapillary forces). Thus the adsorption of surfactant onto the particle interface acts
to reduce the surface flow and hinder the interfacial mobility. The less mobile an
interface, the more drag is exerted by the continuous phase on the particle as it moves
through the medium, and the smaller is the migration velocity for a fixed driving force on
the bubble.

While we describe in detail later in Section 1.3 with scaling arguments, we
mention here that the time scales over which the surfactants reach the bulk sublayer close
to the interface and exchange with the interface, relative to the hydrodynamic time scale,

govern the extent of their influence on the mobility of the bubble. Accordingly three
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regimes in the bubble motion could be identified. When the surfactant transport by both
bulk diffusion and kinetic exchange at the air/liquid interface are far less than the surface
convection rates of the surfactant, the surfactant behaves as if it were insoluble; to
leading order, surface convection sweeps surfactant from the front to the back end with
no surface to bulk exchange while the front end is clean of surfactant. Under these
conditions from the balance of the surfactant on the surface of the bubble, we can show
that the region in the back end of the bubble where the surfactant accumulates is stagnant
while the front end of the bubble which is clean is stress free. This is the Stagnant Cap
Regime, which as we see later in Section 1.3, is the most common in physical situations
especially at low surfactant concentrations. Though it has received wide theoretical
attention, no systematic experimental study has been reported with use of surfactants.

When the rates of bulk diffusion and surfactant desorption are of the same order
as the interfacial convection, the Uniformly Retarded Regime is obtained where the
surfactant exchanges between the bulk and the surface. In this case, the surface of the
bubble becomes more uniformly retarded rather than completely mobile at the front end
and solid-like at the back end.

In the case when the surfactant transport from the bulk by diffusion and the
kinetic exchange rate at the interface outweigh its rate of transport on the surface of the
bubble by convection the Remobilization Regime is obtained. Here the surfactant

adsorbed onto the bubble surface could desorb and in the process could make the
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interface mobile, reducing the shear stress on the surface developed in the to the previous
two cases. Only theoretical work either in the diffusion limited (at low Peclet numbers of
order 100) or the kinetically controlled case has been reported without direct concrete
experimental evidence of the possibility of this phenomenon. There is only an indirect
experimental evidence 24:25 of this possibility in the case of slug flow through capillary
tubes, coming from our research group, as we detail in Section 1.3.

Since a surfactant that could remobilize an interface should have faster kinetics
and should be present at higher concentrations, it would reach the interface preferentially
than any trace amount of surface-active impurity present in the bulk. So the retarding
effect of the impurity will not be felt by the interfacial hydrodynamics. Thus utilizing a
remobilizing surfactant could provide a handle on the control of interfacial mobility in
real systems where trace amount of surface active contaminants are always present.

While the study of the effect of surfactant transport on the mobility of a bubble
rising in a liquid is the focus of our research, the scope of our study has the following
objectives:

1) To develop an exact theory with full numerical simulations to describe the drag
on spherical bubble rising in a surfactant solution, as a function of the surfactant bulk
concentration, in the stagnant cap regime. Here we take care of the high Peclet numbers

(~10°) characteristic of surfactant transport in liquids (as we describe later in Section 1.3),
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and the finite kinetic exchange rates exhibited by surfactants at the air/liquid interface.
We describe these details in Chapter 2.

2) To undertake a systematic experimental study on the effect of surfactants on
the rise velocities of bubbles in an infinite liquid in the stagnant cap regime. From the
study as part of our first objective, we find an interesting dependence of the amount of
surfactant adsorbed or the drag experienced by the rising bubble on the surfactant kinetic
exchange rates. We compare our experimental results with our numerical results and
explore the possibility of determining the kinetic exchange rate constants of the surfactant
at the air/liquid interface. Chapter 3 describes this approach.

3) To develop the theoretical framework in the remobilization regime where the
complete flow equations coupled with the surfactant transport equations need to be
solved together. We describe the extension of our theory to this regime in Chapter 4,
where we show the effect of the high Peclet numbers and the finite kinetic exchange rates
on the ability to remobilize the surfactant laden bubble surface.

4) To experimentally verify the possibility of being able to remobilize a surfactant
laden bubble interface conducting experiments to study the effect of an added surfactant
on the drag (or the velocity) of a bubble rising in a liquid due to buoyancy. In
investigating the effect of the surfactants on interfacial flows, the study of a spherical
bubble rising in an infinite fluid provides an ideal test case. The drag on a spherical

bubble is independent of the interfacial tension between the bubble and the continuous
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phase. The only effect of surface tension comes in the tangential stress balance in the
form of surface tension gradient on the interface. Hence unlike the experiments of Stebe,
et al 24,25 for slug flow through capillary tubes (for reasons we describe later in Section
1.4), we can single out the effect of these Marangoni forces. Thus the experiments with
rising bubble could provide a concrete direct experimental evidence for the phenomenon
of remobilization in contrast to the indirect evidence from the work of Stebe et al24:25,
Our numerical simulations developed as part of our third objective could describe these
experimental results. Chapter 5 describes our approach towards this objective.
1.2 Motivation

Since its really difficult to do away with trace amounts of surface active
impurities in any physical system, the retarding effects always manifest in physical
processes of technological importance as we mentioned before. In particular the
phenomena that provide the motivation for our research are the reduction in
thermocapillary migration of bubble/drops in a microgravity environment26, and the
reduction in interphase mass transfer efficiency in drop-wise extraction 11,12,17,18,27 due
to the presence of the surface active impurities. In the following paragraphs, we will
describe these two processes.

Microgravity processes must rely on mechanisms other than buoyancy to move

bubbles or droplets from one region to another in a continuous liquid phase. One
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suggested method is thermocapillary migration in which a temperature gradient is applied
to the continuous phase. As shown in Figure 1.2a, when a fluid particle contacts this
gradient, one pole of the particle becomes warmer than the opposing pole. The interfacial
tension between the drop or bubble phase and the continuous phase usually decreases
with temperature. Thus the cooler pole is of higher interfacial tension than the warmer
pole, and the interface is tugged in the direction of the cooler end. This thermocapillary
or thermally induced Marangoni surface stress causes a fluid streaming in the continuous
phase from which develops a viscous shear traction and pressure gradient which together
propel the particle in the direction of the warmer fluid. (For a general discussion of
thermocapillary driven motions of fluid particles and their relevance to microgravity
processes, see for example the review article by Subramanian, et al26). A significant and
as yet unresolved impediment to the use of thermocapillary migration to direct bubble or
drop motion is that these migrations can be significantly retarded by the adsorption onto
the fluid particle surface of surface active impurities dissolved in the continuous or (if the
particle is a liquid) droplet phases 21 22 28,29 Because of the adsorption of the surfactant
onto the fluid/fluid interface, as per the mechanism described before, the surface tension
gradient created by the applied temperature gradient is reduced (as shown in Figure 1.2b).
In a microgravity environment, processes for making of glass, superconducting materials,

and composites (using miscibility gap solidification) rely on thermocapillary phenomena.
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The presence of trace amount of surface active impurities may considerably hamper the
efficiency of these processes.

The reduced interfacial mobility is known to affect the interphase mass transport
processes too. Consider the case of a gas dissolution process, like CO, dissolving in
water. In particular we consider the simple case of a single bubble of CO, rising in water
and dissolving simultaneously. If the flow past the bubble were in the creeping flow
regime, then since the diffusion coefficients of gases in the liquids are in the order of 10
cm’s™, with the velocities of the order of 10 cm s for bubbles of radii 10"'cm, the Peclet
numbers will be of the order of 10°. At these high Peclet numbers, the mass transfer
coefficient for the transport of CO, for the boundary conditions shown in the Figure 1.3,
goes as order of Pe"?30, assuming the bubble surface is stress free.

But in any real system, because of the presence of surface active impurities, the
bubble surface would be partially /completely immobilized. These impurities form a
stagnant-cap on the surface, giving a no-slip condition on the surface, and reducing the
circulation rates inside the bubble. Under these conditions, the mass transfer coefficient
for the transport of the solute would be closer to that across a fluid-solid interface, which
goes as Pe'”. This is lower than the expected mass transfer coefficient of the order of

Pelll
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The reduction in internal circulation rates because of the presence of surfactants is
observed for drops experimentally in the studies of Gamner, et all2 and Elzinga , et alll.
The decrease in the interphase mass transport rates due to reduced internal circulation
rates, has been observed in the experimental studies of Takemura and Yabe27, where the
rising speed and dissolution rates of CO, bubbles in contaminated water has been studied.
The experimentally calculated Sherwood numbers agree well with the numerically
estimated values that took care of the stagnant cap (caused by the contaminants) existing
on the bubble surface. Experimental studies of Raymond and Zieminskil4 involving
intentional addition of surface active materials (Cs-C, alcohols) to the continuous phase
(water), show that the mass transport coefficients (for CO,) decreased with increasing
surfactant concentrations. The coefficients plateau off to values that were expected for
transport across a fluid/solid interface at the highest concentrations studied. Hence the
theoretically predicted efficiency for these kinds of mass transfer processes is never
achieved in any real system due to the presence of the surface-active impurities.

Hence we see that if one were to enhance the efficiencies of processes like the
above two, controlling the mobility of a surfactant retarded interface becomes an
important issue. Previous theoretical31:32 and experimental 24,25 research in our group
has hinted at this mobility control using surfactants which exchange rapidly at the

interface when present in high bulk concentrations. We present the theoretical scaling
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arguments in Section 1.3 on how the surfactant affects the mobility of a bubble rising in a
liquid. While we concentrate on the surfactant induced retardation in Section 1.3.1, in
Section 1.3.2 we present the scaling arguments and elucidate the conditions under which,
the surfactant retarded interface could be remobilized, and brought back to its original
stress free state.

We note that using a remobilizing surfactant would enhance the efficiency of the
thermocapillary motion in microgravity when this surfactant at high bulk concentrations
and rapid kinetic exchange rates adsorbs at the air/liquid interface preferably than the
trace amount of retarding impurity. In the case of inter phase mass transport processes,
the solute mass transport rates are increased by having a completely mobile interface at
the air/liquid interface through usage of a remobilizing surfactant. But since the
remobilizing surfactant would be present at high bulk concentrations in the bulk liquid
phase, this would decrease the bulk diffusive transport of the solute. So the balance
between these two effects governs the net increase of the solute inter phase mass transfer
rate.

1.3 Scaling Arguments
1.3.1 Surfactant Induced Retardation

In this section, the theoretical analysis of how the surfactant affects the mobility

of a fluid particle moving in an infinite medium is presented. We first sketch the scaling

arguments below along with a discussion of the previous literature, which is reviewed in
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the context of the scaling framework. We assume the fluid particle to be a gas bubble,
with surfactant present only in the continuous phase. We also consider only
concentrations of surfactant below the critical concentration at which micellar aggregates
form (CMC) or the surfactant becomes insoluble.

In typical liquid systems (like water) the diffusion coefficient of the surfactants is
of the order of 10"°m?*/s, while bubbles of radii of the order of 5x10* m experience rise
velocities of the order of 0.3 m/s, due to buoyancy. This would give a ratio of the order of
10° for the relative rates of surfactant transport by convection and diffusion. This ratio
becomes the Peclet number Pe defined as Ua/D. At these high Pe, the diffusion process

occurs in a very fine boundary layer close to the surface of the bubble, whose thickness 8,

scales as aPe™” for a fluid/fluid interface39. So & forms the length scale for the diffusive

transport of the surfactant in the bulk liquid. Hence the scale for the diffusive flux is

DAC/(aPe'?); where AC as introduced above is the characteristic difference between the

sublayer and bulk concentration and D is the diffusion coefficient of surfactant.

To scale the kinetic flux, we can use any of the kinetic models (see Borwankar, et
al33 for a review of adsorption models). The simplest form of the Arhenius framework
which has been found to model accurately surfactant adsorption at the air/liquid surface
(and in particular the polyethylene oxide surfactant used in our experiments) is the

Frumkin equation. In this formulation, the activation energy for desorption is independent
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of the surface coverage, and the activation energy for desorption is linear in the coverage.
The surfactant kinetic exchange flux j takes the following form:

’ K1
j= ddI; =BCs([, —-I")—ae =T’ [1.1a]

where " is the dimensional surface concentration, RT is the thermal energy, ['wo is the

maximum packing density, a and f are kinetic coefficients for desorption and

adsorption, and Cs as before is the concentration of surfactant adjacent to the interface
(1.e. the sublayer concentration). We also use this form since it accurately describes the
adsorption kinetics of the surfactant used in our experiments. The dependence of the
activation energy for desorption on the surface concentration accounts for interactions
among the adsorbed molecules. For K<0, cohesive interactions between the hydrocarbon
chains increase the activation energy for desorption and reduce the desorption rate.
Negative values of K are restricted to be larger than —4, since phase separation occurs for
more negative values of the interaction parameter, When K>0, repulsive interactions
between the head groups reduce the activation energy for desorption, and increase the
desorption rate. When K=0, we get the Langmuir model, in which case the j takes the
following form:

i=BC([,-C")—al” [1.1b]
In this chapter, for simplicity we use the Langmuir form in all the scaling arguments for

the kinetic flux that follow. The average concentration of surfactant on the surface at
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steady state scales with the equilibrium concentration I'.. An expression for the

equilibrium concentration is obtained by setting j=0 and noting the sublayer

concentration is the bulk concentration C, ; thus I', =['co[k/(1+k)] where k = BC,/c.. The

parameter k is therefore the non-dimensional bulk concentration. The maximum value of
k varies with the surface activity of the surfactant and the maximum concentration at the
CMC or point of insolubility; the typical range for the maximum value of k is from 1 -
10’ , cf. the table in the review article by Chang &Franses 34. The scale for the
convective flux is I' Ua, where U is the terminal velocity, and a, the particle radius. Thus

the ratios of the diffusive and kinetic fluxes to the convective flux is given by:

rate of diffusion _ AC y(1+k)

[1.2a]

® ~ rate of convection C, Pe™?
= rate of kinetic excr:nange ~Bi AC (1+k) Al [1.3a]
rate of convection C, I,

where y=aa/(Bl'y,), Pe is the Peclet number Pe=Ua/D, the characteristic rate of kinetic

exchange has been obtained by linearizing j around the equilibrium surface concentration
and the Biot number Bi is the desorption rate coefficient divided by the convective rate
(Bi=aa/U).

In a Frumkin formulation these ratios become

Te

K-—&
_AC x(e ™ +k)
T C, Pe®

Ag [1.2b]
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] e

KE’- Ki ’
Ay =Bile = éc—({KII:—e+1}e L= +k}i_r [1.3b]

o

Depending on these ratios of the surfactant transport processes to the hydrodynamics, the

following different types of behavior are observed:

* Stagnant cap behavior when either or both of A and A, <<11-3,5-7,10,21,22,35-39
* Uniformly retarded flow when Ap and A, are both of order 11:4:6,8:40-43 and

* Remobilization regime when Ay and A, >>131,32,42,43

Stagnant Cap Regime

In the limit in which either Ap or Ak is small, the surfactant behaves as if it were

insoluble; to leading order, surface convection sweeps surfactant from the front to the

back end with no surface to bulk exchange. From their definitions, the limit Ap <<l will
be achieved when y(1+k)/Pe'? <<1, and the limit Ag <<l is obtained when Bi <<I and

Bik<<l. With the arguments presented in the beginning of this section, the Peclet number

for transport in typical liquid systems are of the order of 10°-10% y/a is strongly

dependent on the surfactant activity but ranges between 10?-10° m™ (see also Chang
&Franses 34). Considering typical fluid particles of radii of 10*-10° m, the parameter

x/Pe'? is therefore between 10 (for the largest radii and most strongly active surfactants)

and 107 (for the smaller radii and least active surfactants). Thus at low concentrations,
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k<<I, bulk diffusion limitations alone can result in the insoluble limit regime. Kinetic

rate constants as we will discuss below are not well established. Values for o are in the

range of 107 -10? sec™ depending on the surfactant; and thus kinetic limitations can also
give rise to the insoluble limit as Bi ranges from 107 - 1. Hence this is the regime which
is observed often in most of the physical situations.

When the surface Peclet number (Ua/Dg where Dgis the surface diffusion
coefficient and is of the order of the bulk diffusion coefficient), is infinite, surfactant
convected to the back end cannot diffuse back to the front. The surfactant forms a
stagnant cap at the back end with zero interfacial velocity, while the front end is free of
surfactant and therefore stress free. We present a detailed review of the earlier work in
this limit in Chapter 2, which takes a closer look at the case of stagnant caps on rising
spherical bubbles. We note here that this regime has received wide theoretical attention.
Uniformly Retarded regime

When the rates of bulk diffusion and surfactant desorption are of the same order

as the interfacial convection (Ay and Ap of order one), surfactant exchanges between the

bulk and the surface, and the factors affecting the Marangoni force can be identified. The

non-dimensional Marangoni force, T, is written as,

[1.4]

m

Interfacial tension gradient 1 [ oy J ,
= ~ —U A
2 :

Viscous stress ar’
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From the definitions of A and Ap, we get scales for AC and A as

AC _ Pe'? (.5]
C, x(1+k) '
’ 1/2

and AT 1 Pe [1.6]

~ — + .
' Bi(l+k) yx(1+k)?

Using the fact that the derivative of the equation of state for Langmuir adsorption is:

{@v_} __RT_ 7]
ol L
I

@

the retarding Marangoni force can be written as

k kPe'?
T, = Ma| — + .
Bi(1+k) x(1+k)?

[1.8a]

1 Pe”
At large k, this can be written as t,, = Ma| —+

Bi  ky

]- In a Frumkin formulation,

at large k, the retarding force takes the form

+
BieX  ky

[1.8b]

1/2
tsza[ 1 Pe ]

On a clean interface, t,, =0. T, being non zero in the presence of the surfactant,

causes the retardation to the mobility. The bulk concentration of the surfactant k, and the
relative rates of kinetic exchange to surface convection, in the form of Bi, affect this

mobility.
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Consider the case in which kinetics is fast and bulk diffusion controls the

x(1+K)

Pe1l2

x(1+Kk) ~1, Bi>>

PaZ or Bi>>1). In this regime, the surface
e

Marangoni gradient (

AT"  AC
I, C,(1+k)’

e

and sublayer are in equilibrium as given by the adsorption isotherm (

and the bulk diffusion gradients allow for the exchange of surfactant between the bulk
and the surface. Early studies 1.4.8,40 have examined the case of large Peclet number
(since this is the technologically relevant case for buoyancy driven motion in water for
particles a millimeter and above in diameter), and used a boundary layer analysis to
describe the diffusive flux, while Harper® studied for negligible inertia and spherical
particles, and Andrews, et al4l for a deformed particle at order one Reynolds number.
The first studies in the direction of solving the convective diffusion directly have
been that of Holbrook & Levan 3 and Levan & Newman’ for the case of linear
adsorption and a spherical particle in the absence of inertial effects. For linear adsorption

and infinite kinetic exchange (Bi>>1), the terminal velocity depends on Pe, y and
kMa(x=1/K and kMa =1/Eo, respectively, in the notation of Holbrook3 ).This study

finds that as Eo decreases the terminal velocity decreases as the surface becomes more

retarded. On the basis of the scaling arguments given above for the retarding stress. For

12
fast kinetics (Bi>>1), the non-dimensional Marangoni stress t,, = Mal:%i;)—zJ and at
x(1+
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k<<1, 1, scales with k. This explains Levan’s result of the decrease in terminal velocity

with increasing k (decreasing Eo) for k<<1.
Now consider the case when both the bulk diffusion and kinetics controls the

. x(1+k)
1 > 172

transport(Bi= ~1). Holbrook 3 has studied this kinetically controlled regime in

the absence of fluid inertia and for a spherical fluid particle for low concentration (k<<l1).
This study demonstrates that at fixed Bi1 as k increases (through the decrease in his
Eotovos number (Eo=1/(kMa), the only dimensionless group the concentration appears),
the terminal velocity decreases. The scaling framework detailed above demonstrates why

this is the case: In the kinetically controlled regime, with Ak order one,

o~ —krcn
Bi(1+k)?

’

In the

and hence the non-dimensional retarding force is Ma A+K)"
..|_

linear regime (k<<1), the Marangoni retardation increases linearly with k because the

Ay

adsorption and hence AI™ increase with k, and l:ﬁ:, is of order one for small k.
|y

The early experimental studies of the effect of surfactants on the motion of the
bubbles and drops have been those of Savic35, Garner & Skellandl2, Elzinga &
Banchero!!, Griffithl0, and Horton et al#4 who studied drops. They observed the
reduction of interfacial mobility and diminishment and shift (to the leading pole) of the

circulation vortex in the drop with surfactant present in the system. Systematic and more
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quantitative studies of the effect of the bulk concentration of the surfactant on the
terminal velocity have been the measurements of Edge & Grantl3 of the velocity of
dichloroethane drops in water with sodium lauryl sulfate as the surfactant, and later the
measurements of Yamamoto & Ishii*> of the rise velocities of air bubbles in water again
with sodium lauryl sulfate, and of Bel Fdhila & Duineveld4® of air bubble velocities in
water with Triton X-100, Brij 30 and sodium dodecyl sulfate as surfactants. All these
studies investigate bubbles or drops of the order of 0.1-1cm. Because of the low viscosity
of water, the bubbles or drops are deformed and terminal velocities are of the order of 10
cm s”'. Measurements have been made of the terminal velocity as a function of the
increasing bulk concentrations of the surfactant, at concentrations below the point where
micellar aggregates form in the bulk. All studies show a decrease in velocity, with the
expanded studies of Edge & Grant!3 and Bel Fdhila & Duineveld46 demonstrating that at
high enough concentrations the velocity becomes constant with increasing

concentrations. While in the studies done at low bulk surfactant concentrations, the

diffusive limitations are not overcome (Ap<<l), the ones at high concentrations!3,46
have kinetic limitations (Ax <<l or Ay =1). Hence all of them lead to the surfactant

induced retarded regime.

1.3.2 Surface Remobilization
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Having seen the retarding effect of the surfactant, we now look into the conditions
when the surfactant can remobilize the interface. This would mean bringing back the
interface back to its original stress state when there was no surfactant.

First consider the case of negligible surface to bulk exchange. If finite values of
the surface Peclet number are considered, surfactant convected to the rear can diffuse to
the front end of the drop, thereby creating a steady state in which convection balances
surface diffusion and surfactant is spread everywhere on the surface with nonzero
interfacial velocity. Holbrook? (for negligible inertia and a spherical geometry), and
Leppinen, et al47.48 (for order one Reynolds number and fluid particle deformation)
have obtained solutions for the drag and interfacial velocity as a function of the surface
Peclet number for buoyancy driven motion. Kim & Subramanian22 have examined the
insoluble limit for finite Pes for thermocapillary driven motion. All simulations
demonstrate that as Pe; decreases (for the rest of the system parameters fixed), surface
diffusion reduces the concentration gradient created by the convection, the interfacial

velocity is increased and the drag is reduced. As Pe,—0, the Marangoni force disappears

entirely as the surface concentration becomes uniform, and the drag is that of a fluid
particle with uniform tension. While decreasing the surface Peclet number allows for a
reduction in the Marangoni force, values for the surface Peclet numbers are of the order

of 10° (for buoyancy driven motion) and of the order of 1-10*(for thermocapillary motion
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of bubbles of radii 10™ -10"" cm with corresponding thermocapillary velocities in the
range 107 —10"'cm/sec), and therefore are probably too larger to effectively remobilize

the interface.

In the case of Ax and Ap =0O(1), equation [1.8] for the non dimensional Marangoni

force shows that, if the surfactant is present such that when

* k>>1 (high bulk concentration)

* kBi>>1 and Bi >>1 (rapid kinetic exchange relative to convection)
(kBi>>1 and Bie*>>1 in Frumkin Formulation)

* XK >> 1 (rapid diffusive exchange relative to convection)

Pe112

then the retarding force, 1, due to the presence of surfactant in the continuous phase goes

to zero and the paradigm of remobilization is reached when the surfactant laden interface
behaves stress free like a surfactant free interface.

When the kinetic exchange resistance is completely eliminated (Bi—>c0), the

kPe"?

W. Thus in the limit of large k, the
x(+

non-dimensional Marangoni force, t,~Ma

retardation scales as Pe'?/(ky), and as the concentration increases and exceeds Pe'?/y, the

retardation should disappear. In the limit of large k, the surface saturates and the

Pe1l2 C ~I~;‘°kpe112

~ , i tant with
AR S R 12K is constant wi

concentration difference, which scales as AC =
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the difference relative to C, tending to zero. The surface concentration difference

4 1/2
eyt i .
e () x {1+

r

) then scales as 1/k?

reflecting the fact that the isotherm becomes flat (AT'/AC—0 as 1/k%) at high bulk

oy

concentration near saturation. Although from the equation of state [ET} scales as 1/k
¥

e

at saturation, since the concentration difference scales as 1/k” the retarding force
decreases as 1/k overcoming the fact that the surface becomes more incompressible.
Unlike the first case of having Pe,->0 for remobilization, this is more realistic, as the
diffusion limitations could be removed by using the surfactant at high bulk concentrations
and the kinetic limitations, by choosing a surfactant with rapid kinetic exchange.

The theoretical studies of Wang, et al31,32 in the regime of diffusion limited
surfactant transport and high kinetic rates (Bi>>1), have shown that with increasing
surfactant bulk concentration, the drag coefficient for the bubble initially increases from a
stress-free value, reaches 2 maximum and starts decreasing, eventually reaching the same
stress-free value at large k. This behavior is observed for zero and order one Reynolds
number. The higher the Pe, the higher the k found to remobilize, in consistent with the
arguments presented. All these simulations were done for Pe< 100, which is far below the
Pe encountered in real systems with surfactants (10°-10°). We note that at these lower

Peclet numbers studied, the condition for eliminating diffusive limitations to surfactant
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xk

P e1I 2

xk

transport is Po >> 1 rather than >>1 valid at high Peclet numbers due to the

formation of the concentration boundary layer.

In the studies of Chen & Stebe42.43 (for buoyancy and thermocapillary motions
respectively), for the case of kinetic control at high bulk concentrations, it has been
shown that for increasing k at a fixed Bi, the terminal velocity tends to a limiting value
{less than the clean interface velocity) as k becomes large (This is in line with the scales

presented for the retarding force in equation [1.8a] where t,—>1/Bi at large k). This

behavior at large k results from the fact that although AL decreases as 1/k with increasing

By

k (see the scaling above), the tension gradient [E{l increases as 1/k as the surface
|y

becomes more incompressible. As Bi increases, this limiting value tends to the clean
value, as is clear from the scaling. Thus we can expect from these kinetic studies that, for
sufficiently fast kinetics (Bi large enough), the interface will remobilize at large enough
bulk concentration.

Eventhough the above studies#2.43 32 theoretically show the possibility of
remobilization, the only available experimental evidence is that of Stebe, et al24. These
authors study a three-phase periodic slug flow in a capillary tube in which a train of
alternating air and aqueous segments (containing the surfactant Triton X-100 or Brij 35)

ride on an annular wetting film of fluorocarbon oil. The surfactant adsorbs onto the
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oil/aqueous interface, where it is convected to the trailing edge of the slug. Slug velocities
are of the order of lcms™ and the viscosity of the oil was Sgcm™s™. At low concentrations
of the surfactant the pressure required to drive the slug train at a constant velocity is
found to increase with the bulk concentration. However at high concentrations the
pressure relaxes, indicating remobilization. In this case, the slower velocity of the slugs,
and the higher viscosity of the oil allow diffusion to outscale convection and remobilize
the surface.

An important outcome of this study is the effect of this remobilizing surfactant in
the presence of an already existing impurity in the system. Since the remobilizing
surfactant should have faster kinetics and should be present at higher concentrations, it
would reach the interface preferentially than any trace amount of surface-active impurity
present in the bulk. So the retarding effect of the impurity will not be felt by the
interfacial hydrodynamics, and the system would behave 'like a pure system fluid
mechanically’. These ideas have been verified in the experimental studies of Stebe, et al23
for the same three-phase periodic slug flow. Here the remobilization of the air/liquid
interface is observed with increasing bulk concentration of Triton X-100, even in the
presence of a surfactant BSA, which by itself does not remobilize.

In these experiments, the aqueous/oil interface mobility is inversely related to the

pressure drop across an aqueous slug moving at a constant velocity in a capillary tube.
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This mobility decreases initially with surfactant concentration and increases eventually at

higher concentrations of the surfactant. The pressure drop (Ap) across a slug in a capillary
tube scales as y'> (where v is the interfacial tension). Hence with increasing surfactant
concentrations, as y decreases, one would expect a decrease in Ap. But because of the
Marangoni stresses developed, Ap initially increases with increasing surfactant

concentrations. As per the arguments presented before for remobilization, at higher

surfactant concentrations when the Marangoni stresses become negligible, the Ap again
scales as y'”. Such qualitative arguments for these experimental results support the idea

of remobilization. But with the addition of surfactant, as the surface tension decreases,

the deformability of the slug increases. This would increase the Ap. The pressure drop

measured would have a contribution from this along with the Marangoni force. The effect
of the Marangoni force term could be singled out only from the complete modeling of the
fluid mechanics problem. Such analysis would only verify if the air/liquid interface is
indeed remobilized. This problem of three-phase flow in capillary tubes with the
surfactant being able to go into both the oil and the aqueous phases is difficult to model.
Hence these experiments as such could provide an indirect evidence of the phenomenon
of remobilization. As stated before, the problem of a bubble rising in a liquid provides an
ideal test case where we can single out the effect of Marangoni forces due to the added

surfactant. In this case the drag on the bubble depends only on the Marangoni forces and
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not on the interfacial tension between dispersed and the continuous phase. Explicit
experimental verification of surface remobilization brought out by surfactants with this

ideal test case is the central point of our research.
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Figure 1.1: Surfactant distribution and transport processes on the surface of a bubble
translating upwards.
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Figure 1.2b: Thermocapillary Motion in the presence of a surfactant
impurity in the continuous phase. Surfactant swept to the trailing pole
reduces the tension, hence the surface tension gradient created by the
applied temperature gradient is reduced. This reduces the thermocapillary
velocities.
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Figure 1.3: Interphase Mass Transfer - CO, bubble dissolving in Water.
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CHAPTER 2
Theory on the Stagnant Cap Regime in the Motion of a Bubble
with an Adsorbed Surfactant Monolayer

2.1 Introduction

As mentioned in Chapter 1, bubble motion in liquids, like other interfacial flows,
is greatly influenced by the surfactants present in the bulk phase. When a bubble rises in
an infinite liquid containing surfactant, the transport rates of surfactant from (to) the bulk
to (from) the bubble surface (both by bulk diffusion and kinetic exchange at the interface)
relative to the surface convection, creates a surface concentration gradient of the
surfactant on the bubble surface. This creates surface stresses increasing the drag on the
rising bubble from that of a stress free clean interface value. Even trace amount of
surfactants can immobilize the surface of a rising bubble, and reduce its rise velocity (and
hence increase the drag on it) to that of a solid like value.

In this chapter, we study the effect of a trace amount of surfactant present in the
continuous phase on the motion of a bubble, in relation to the transport properties of the
surfactant. When the surfactant is present in trace amounts, the stagnant cap behavior is
observed. Here all the surfactant adsorbed on the bubble collects in the form of a stagnant
cap at the rear end, giving a semi-solid like behavior for the bubble. This regime is the

focus of our study in this chapter.
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From the description in Chapter 1 of the surfactant transport processes occurring
on the surface of a bubble moving with velocity U in a static liquid containing the
surfactant, we note that the scale for the diffusive flux of the surfactant from the bulk is

DAC/(aPe™?). Here AC as introduced above is the characteristic difference between the

sublayer and bulk concentration and D is the diffusion coefficient of surfactant. Here Pe
is the Peclet number (Ua/D) characterizing the relative rates of bulk convection to bulk

diffusion of the surfactant which is typically very high (~10°).

Assuming a Langmuir type kinetics for the surfactant at the air liquid interface,

the kinetic exchange rate per unit area of the interface is {(BCO + a)Al" "+B(T. - Fe)AC} .
Here I, is the equilibrium surface concentration at the bulk concentration Cy; I'_ is the
maximum packing density; o and (3 are kinetic coefficients for desorption and adsorption;
and AT is the difference in the surface concentration from the front and the back end of
the bubble. The scale for the convective flux is I',Ua, where U is the terminal velocity,

and a, the particle radius. Thus the ratios of the diffusive and kinetic fluxes to the

convective flux is given by:

_ _rate of diffusion  AC x(1+k)
rate of convection C, Pe"?

D

K

_ rate of kinetic exchange ~Bi| 2C _ (1 +k) Al
rate of convection

] e
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where y=aa/(BI'y,) is the non dimensional adsorption depth of the surfactant, k = BC,/a,

is a measure of the bulk concentration. and the Biot number Bi is the desorption rate

coefficient divided by the convective rate (Bi = aa/U).

The stagnant cap behavior is observed when either or both of Ay and A, <<11-3,5-
7,10,21,22,35-39 I the limit in which either Ap or Ak is small, the surfactant behaves as if

it were insoluble; to leading order, surface convection sweeps surfactant from the front to

the back end with no surface to bulk exchange. From their definitions, the limit Ap <<l

x(1+k)

P e1l 2

will be achieved when << 1, and the limit Ak <<l1 is obtained when Bi << 1 and

Bik<<1. y/a is strongly dependent on the surfactant activity but ranges between 10*-10°
m” (see also Chang & Franses34). For fluid particles of radii of 107-10" m, with the
large Peclet number (of the order of 10°), the parameter y/Pe'? is therefore between 10™

(for the largest radii and most strongly active surfactants) and 107 (for the smaller radii

and least active surfactants). Thus at low concentrations, k<<1, bulk diffusion limitations

alone can result in the insoluble limit regime. Values for a are in the range of 107 -10?

sec’! depending on the surfactant; and thus kinetic limitations can also give rise to the
insoluble limit as Bi ranges from 107 - 1. Hence this is the regime which is observed

often in most of the physical situations.
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When the surface Peclet number (Ua/Ds where D;is the surface diffusion
coefficient and is of the order of the bulk diffusion coefficient) is infinite, surfactant
convected to the back end cannot diffuse back to the front, as shown in Figure 2.1. The
surfactant forms a stagnant cap at the back end with zero interfacial velocity, while the
front end is free of surfactant and therefore stress free. The size of the stagnant cap is

characterized by a cap angle ¢ measured from the rear stagnation pole. The particular case

4 x0+K)

Po'? << 1has been widely studied.
e

of rapid kinetic exchange rates i.e., Bi—» o0, an.

For the case in which the inertia of the continuos and fluid particle phases (if the particle
is a liquid) are negligible (small Re), the fluid particle is a sphere, and buoyancy drives
the motion, Savic33, Griffith!0, Harper> (for small cap angles), Davis & Acrivos36,
Holbrook & Levan2, Sadhal & Johnson37and He, et al38 solve the creeping flow
equations to obtain the drag as a function of the cap angle. The size of the cap as a

function of the bulk concentration ¢(k) is obtained by an overall surfactant mass balance

which requires that the net flux of surfactant to the surface equal zero at steady state3,38,
Kim and Subramanian?! study the analogous problem of stagnant caps formed in

thermocapillary driven motion. McLaughlin?® and Bel Fdhila & Duineveld46 extend
these studies for buoyancy driven bubble flows in water in which the fluid inertia is not

negligible, and demonstrated the formation of a wake at the trailing edge due to the
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stagnant cap. The experimental measurement of bubble rise velocities in tap water and
filtered water by Haberman and Morton?, shows the case of stagnant cap behavior of the

bubbles. The simulations of Mclaughlin49 support this conclusion. All these studies
demonstrate that in the insoluble limit, the cap angle increases rapidly with k and only
small concentrations of surfactants (k<<1) are necessary to completely immobilize the
surface.

The more complete theoretical work taking into account finite rates of both
kinetic exchange and diffusive transport of the surfactant has been that of Cuenot, et al
39. They solve the full convection diffusion equation for the transport of the surfactant
with a Langmuir type adsorption isotherm and examines the case of large bulk and
surface Peclet numbers (5x10*) at low bulk concentrations (k=0.112 and 0.0112) of

x(1+K)

Pe1/2

<< 1. The simulations done for

surfactants with x equal to S or 50, and hence

slow kinetic exchange (Bi<<l, and kBi<<1) illustrate a stagnant cap behavior for bubbles
and confirm the formation of wake at order one Reynolds number as noted by Bel Fdhila,
et al 46 and McLaughlin4°.

In the present work we would like to study the effect of surfactant transport rates,
the diffusion in the bulk and the kinetic exchange at the interface, on the drag of a rising
spherical bubble in the stagnant cap regime. In this chapter here we present an exact

theory for this problem. In Section 2.2, we first formulate the model problem for the flow
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past a spherical bubble rising in a surfactant solution. Next in Section 2.3 we present our
approach in solving the governing equations for the hydrodynamics and surfactant
transport taking care of the finite rates of transport of the surfactant by diffusion in the
bulk and kinetic exchange at the interface. In Section 2.4, we discuss the results of our
simulations, studying the effect of various parameters. Finally we present our conclusions
in Section 2.5. In Chapter 3, we discuss our experimental study on measuring the drag on
a air bubble rising in a liquid (70:30 glycerol-water mixture) containing a poly-ethoxylate
surfactant (C,,E¢). For this model system we discuss how our simulations could describe
our experiments.
2.2 Model Formulation

Consider a spherical bubble of radius a, moving steadily and axisymmetrically
(in the positive x direction) with velocity U due to buoyancy in a continuous phase
containing surfactant. We undertake the analysis in a spherical coordinate system fixed
to the bubble with the center of the spherical system co-incident with the bubble center,

and the spherical angle 6 taken from the negative x direction (Figure 2.2). In this moving

reference system, the bubble interface is fixed, and the flow far from the bubble is in the
positive x direction. The viscosity, density and surface tension of the continuous phase

are denoted by u, p and y respectively. The continuous phase contains surfactant with a

bulk concentration (far from the bubble surface) equal to C,. The assumption of the
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bubble being spherical is reasonable if both the inertial and viscous forces are small

compared to surface tension forces (i.e., the Weber Number, We=pU“a/y and the
Capillary number, Ca=pU/y are small i.e., say < 0.01).

The flow around the bubble is described by the full incompressible Navier-Stokes

equations and the surfactant transport equation. In nondimensional form these equations

are:
Re(%t‘i FVIV) = VP + V2V [2.1]
V.V=0 [2.2]
€ vvc="vc [2.3]
ot Pe

Here: the length scale, the velocity V, concentration C, and pressure P are non-
dimensionalized with the radius of the bubble a, the free stream velocity U, bulk

concentration C,, and pU/a respectively; u and v are the radial and azimuthal components

of the velocity V; Reynolds number Re=Uap/p and Peclet number Pe=Ua/D, D being the

diffusion coefficient of the surfactant in the liquid. Although we are interested in steady
state, we formulate the full unsteadily problem for purposes of the numerical solution
(see below).

At the surface of the bubble, the normal (r component) of velocity is equal to

zero. The presence of surfactant creates a surface tension gradient and causes a force on
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the bubble surface that must be compensated by a viscous tangential stress on the
mnterface. This is expressed as

o 1oy wU [2.4]
o0 rdl’ 6o a

1

atr=1, -

r

where T4 is the dimensionless shear stress, and v is the surface tension. To model the

surfactant adsorption, Frumkin kinetics will be used since this scheme very satisfactorily
describes the adsorption kinetics of the polyethylene oxide surfactant adsorbing at the
air/glycerol-water bubble interface in the experiments. The equation of state for this

kinetic scheme is given by
=
y =y, +RIT, ln(l—F)——z—F [2.5]

from which the boundary condition on the surface of the bubble becomes,

o(v 1 or
=r—| = || = M +KT |—

where I is the surface concentration I'' non-dimensionalized by the maximum packing
density of surfactant I, Ma=RTI ./uU, is the Marangoni number, R is the gas constant,

T is the temperature, and K is a (non-dimensional) parameter accounting for a linear

variation of the activation energy for desorption on I'(K=0 gives the Langmuir type

kinetics). The Marangoni number is a measure of the forces due to surface tension

gradients relative to the viscous forces.
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The surfactant distribution on the bubble is computed from the surface mass balance.
Surfactant transport into the air space of the bubble is neglected. Under these conditions,

the balance equation for the interfacial concentration of a surfactant having a negligible

surface diffusivity and with kinetics described by the Frumkin scheme can be written as:

ar I -
V) = 5o VI +B[kC|.., (1-T)-e“T] [2.7]
i _ry—e<r]= xkoC

BikC |.., 1-I)—e“T|= =2 | [2.8]

Here V, is the azimuthal component of the velocity V on the surface of the

bubble,x=aa/BI',, Pes=Ua/Dyg is the surface Peclet number which is assumed to be the
same order as the bulk Peclet number in this work all through, and k=BCy/a is the
measure of bulk concentration (o and B are the (Frumkin) desorption and adsorption rate
constants respectively, Bi=aa/U, the Biot number is the ratio of the rate of kinetic

exchange of the surfactant at the gas/liquid interface to the rate at which it is convected
from the front end to the rear end due to the bulk flow.
At infinity the boundary conditions for the flow match with free stream values.

r=o, V=ue, +ve, =e_ gives u=—cosf; and v =sin6; [2.9]

For the concentration of the surfactant, since the convection term dominates, the

boundary condition at r=co, is treated in a different way. In the computational domain for

our simulations, shown in the Figure 2.2, at the inlet boundary where the flow enters the
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computational domain, the concentration takes the free stream value. At the boundary of

the outflow region, which is arbitrarily fixed for n/2<6<mr, the concentration is treated as

a parabolic variable in the flow direction. Mathematically this translates to,

At the inlet (0<6<r/2) C=1,
At the outlet (71/2<6<r) oc =0
ox
ou aoC
On th is, (0=0, — =0, v=0, —=0
n the symmetry axis, ( ) 20 v= 20

The Stagnant Cap Regime

[2.10a]

[2.10b]

[2.10c]

In Frumkin type kinetics, the effective surfactant bulk concentration is ke™ while

the effective Biot number becomes Bie*'. In the limits Pe, >>1 and either BieX'<<1 and

-
Bik<<1 or ﬂ—z;:—k)
e

<<1, which are satisfied at low concentrations of the surfactant, the

diffusive transport to the interface and the kinetic exchange at the interface are much

slower than the convective transport along the surface. In this case, the in the balance

equation [2.7] for I', the advective term vanishes when steady state conditions are

reached33. Then [2.7] reduces to

-1 0 .
e ﬁ(l‘\/s sin 6) =0

[2.11]

Applying the boundary conditions of zero fluxes at the stagnation points then leads to

ry, =0
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This shows that the interface contains essentially two different regions. Between the front
stagnation point and the cap, the interface is free of surfactant. Thus according to the

equation [2.4], this part is subjected to stress free boundary condition, i.e.,

vir=10)=0
0<B<m—¢ <1,(r=10)=0 [2.13a]
r®=0

In contrast, in the stagnant cap at the back end of the bubble, as per [2.12] the surface

velocity is zero.

v(r=106)=0
T—-dp<O<m {1,(r=10)=1,(6;,¢) =0 [2.13b]
r®=0
Equations [2.13 a & b] form the boundary conditions on the surface of the bubble for the

hydrodynamics in this regime. The drag on a bubble is evaluated as

Cp = fon [(—P cos 0 + 1, COSO — T4 SiN e)rz]

where T =2—andTe =| 20| T+ 50 |-

Here the drag is non-dimensionalized by the viscous force 2rua. In creeping flow limit,

y sin0do [2.14]

r

C,, takes a value of 2 for flow past a spherical bubble while a value of 3 for flow past a

solid sphere.

2.3 Numerical Solution
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The flow past a spherical bubble has been a very well studied problem
numerically 27,32,46,50-53 both for small and order one Reynolds numbers. For the
solution, one can use either the vorticity-stream function formulation 32,46,50 or the

primitive variable approach 27-51. Peyret & Taylor 54 provide an excellent review of
these methods. For numerical integration, the governing equations could be discretized
using either of the finite difference, finite element or the finite volume techniques. For the
spherical bubble, since the numerical domain is not complex, the simple finite difference
technique itself could do a good job. The finite volume based approach is adopted in the
present work as the discretization developed by this approach would certainly have the
conservative property for the scalar whose equation is being discretized, and hence
physically making sense. Patankar 33 provides the details of this kind of formulation.
Regarding the type of mesh needed for the numerical method, one can use either the same
grid points for all the variables involved, the velocities u, v, pressure P, and the
concentration C (non-staggered grid) or a staggered grid for different variables. For a
primitive variable formulation, it is more advantageous to use the staggered mesh as we
describe later.

The literature for the solution to the incompressible Navier-Stokes equations in
primitive variables is extensive. Tannehill, et al 56, Peyret & Taylor >4 provide a good

description of the various methods. Broadly they fall in two categories. In the first, called
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the coupled approach, the discretized conservation equations are solved, treating all the
dependent variables u, v, and P as simultaneous unknowns. In the second approach,
called the pressure correction approach, the momentum equations are solved for the
velocity components without coupling to the pressure, and hence without using the
continuity equation. From the continuity equation a Poisson equation is developed for the
pressure, or changes in pressure, that will alter the velocity field in a direction so as to
satisfy the continuity equation. In our work we use a version of the second approach, the
details of which are described later. In the following lines we highlight the salient
features of our numerical algorithm.
2.3.1 Spatial Approximations and Time Advancement

A finite volume method is employed to discretize the unsteady governing
equations for the momentum [2.1] and [2.2] and the bulk surfactant transport [2.3]. A
staggered mesh as shown in Figure 2.3, is employed. The momentum equations are
solved in the primitive variables, i.e., velocity pressure variables. The advective and
diffusive terms in both the momentum equations and the surfactant transport equation are
discretized using a hybrid scheme35. This type of upwinding scheme works well over
larger ratios of magnitudes of convective terms relative to diffusive terms in a convective

diffusive equation( please refer to Patankar for details). The usage of this scheme
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becomes even more important for the surfactant transport equation, where the advection

terms far dominate the diffusive terms (Pe~10°).

The discretization for the momentum equation is described here as an example.

The momentum equation when written in the conservative form becomes

N; V(VV—iVV) ivp=o, [2.15]
Re Re

In solving this equations numerically, the nonlinear term is linearized, and then at any

time t the governing equations in the r and 0 directions take the form,

a_u+ V.(V'u—iVu) 1P _
Re Re or

@+V.(V’v——1—Vv) ila_P.

ot Re Rer ¢

Here V' =u'e_+V'e, is the velocity field evaluated at the previous time step. Then the
governing equations for u, v, and C which are of the form

% +V.(Vf - bYf)+g(r,0)=0 [2.16]

are first written at the corresponding nodes of the staggered mesh, then integrated as

shown below over the corresponding control volumes.

I {%+V.UV " —bVf) +g(r,6)}d3 =0

f;zf,A'ng(ﬁ‘_b%)dAe“(ﬁ“ L yda, + (f-b Of)dA ~(fv-b af)dA +g(r0)A9 =0
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Here dA; is the area of the face i of the control voluume of volume AS. When the above

algorithm for discretization is used for the momentusn equations on a staggered mesh, the
pressure difference between two adjacent grid points would become the natural driving
force for the velocity component located between theese grid points. Also, the discretized
continuity equation would contain the adjacent velocity components, rather than the
components at the alternate grid points as in a mon-staggered mesh. Consequently,
problems associated with a non-staggered mesh: wavy pressure fields being felt as
uniform pressure fields, and a wavy velocity fieldl satisfying the continuity equation;
could be avoided using even a coarser mesh.
Specifically for the solution of the momentum equations, a projection method 27

is used as described briefly here. Time advancement by At from time n to n+/ is achieved

in two steps.
1) In the first half, the momentum equations ar-e considered without the pressure

gradient term.

*

v-v'
At]2

-V +V.(V'V’ -—va‘) =0
Re

Here V' is the intermediate velocity
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2) The pressure gradient term is considered only in the second half. The pressure at time

n+1, P™! is calculated from the fact that the velocity at time n+/, V™' is divergence

free.
v -vT 1
vP™ =0
At/ 2 N Re
V.Vn+1 = 0 = VZPn+1 — %V.V.

In this Poisson equation for the pressure at time n+/, the right hand side is
known. This equation is written in the discretized form by integrating both sides over
each of the pressure cells. No special boundary conditions are needed for the pressure at
this step because of the employment of the staggered mesh.

The steady state solution is obtained by marching in time asymptotically. For the
time advancement of the governing equations, ADI (Alternating Directions Implicit
Method) scheme is employed, which is second order accurate in time. The steady state is
assumed to be reached once the variation in the variables, like u, v, C, is less than 0.01%
in 50 iterations.

In the evaluation of the drag, from equation [2.14], we need to know the pressure
at the surface of the bubble. Since in the staggered used, there is no node for pressure on
the surface of the bubble, its value on the surface is calculated using a three point

polynomial extrapolation. Normal stresses (t,.) which are only known at pressure nodes

are extrapolated on the surface using the same procedure as for pressure. The first
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derivatives on the surface of the bubble needed in estimating the net flux of surfactant to
the bubble surface (as given by equation [2.20] to be discussed later) in solving the
surfactant transport equation, are calculated using three-point formulas, which are second
order accurate.
2.3.2 Grid Characteristics

The grid is constructed in the following way. The flow will be confined to an

outer boundary r_, so that 1<r<r,. Creating a grid directing on the (r,8) physical domain

would give an expanding grid. We therefore choose to grid based on an X,y coordinate

system which transforms the physical domain into a rectangular domain, i.e. In (r/r,)=x
and O/n=y; the grid is then set-up with even divisions in Ax and Ay. The magnitudes of

the dimensionless groups are chosen to correspond with our experiments, so that we may
model these experimental results. We will discuss in more detail below the values of the
groups; here we note that the Reynolds number, Re is of order one, and the Peclet
number, Pe is of order 10°. For the flow field, since at order one Re there are no boundary
layer effects, we found that a denser mesh that already dictated by the coordinate
transformation is good enough. To avoid any artificial confinement of the flow by the
outer boundary, the outer limit of the grid is fixed at 80 bubble radii. A 50x50 grid in

(r,0) is used for the flow problem in all the simulations we did unless otherwise stated.
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However, for the transport of the surfactant from the bulk to the interface, the
convective terms are dominant, the Peclet number Pe being of the order of 10°. For a
fluid-fluid interface, at these Peclet numbers, there will be steep gradients in
concentrations of the surfactant very near the bubble surface. The thickness of this
concentration boundary layer scales as Pe?30, and hence a finer mesh is needed near the
bubble surface. We put a fine mesh (linear in r), containing ten grid points in a distance
of Pe? from the surface of the bubble at r=1, along with an exponential grid described
before. For the surfactant bulk concentration, because of this boundary layer, we found
that a smaller computational domain good enough. So we chose a computational domain
extending to S bubble radii for this case. Here we chose a 100x100 exponential grid in

(r,9) coupled with a 10x100 fine grid spread within the boundary layer close to the

surface of the bubble. Interpolated velocities at the concentration nodes are used in the
solution of the concentration problem. We use a cubic spline interpolation for this
purpose. Figure 2.4a shows the exponential grid for the velocity while Figure 2.4b shows
the enlarged view of the finer mesh near the surface of the bubble used for the surfactant
bulk concentration. We also note that the stagnant cap boundary conditions [2.13]
indicates a discontinuity in shear stress at the position where the stagnant region begins

6=n-¢. By using staggered grids and a finite volume method, we avoid this discontinuity

by having nodes for I' on either side of, and equidistant from, the discontinuity. Using an
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equation of state for the surfactant, we can integrate the shear stress to get the surface
concentration as given by equation [2.18] later.
2.3.3 Algorithm for the Numerical Solution

Here we describe the algorithm followed to obtain the drag exerted on a rising
bubble, as a function of the surfactant bulk concentration, at very low surfactant
concentrations under the stagnant cap regime.

1) For a given value of cap angle of size ¢, the hydrodynamic flow around a

spherical bubble with a solid cap of this size is solved. This is done using: the mixed
boundary conditions on the bubble surface of zero stress and zero tangential velocity
[2.13 a and b], the zero normal velocity on the bubble surface and the matching to the far
field uniform flow [2.9]. These entirely prescribe the flow in terms of the fixed Reynolds
number Re. Then the shear stress exerted by the continuous phase on the bubble surface
(t5(6;4)) and the total drag on the bubble is numerically calculated.

2) Once the shear stress distribution on the solid part of the cap is computed, the

surface concentration in the cap I'(9;9) can be obtained from the tangential stress balance

) L 1
L_ = (6;6)d6 = Ma ‘([ [——1 T+ Kl“JdF [2.18]

3) From the surfactant surface concentration distribution on the cap region, the

surfactant distribution in the continuous phase corresponding to this surface distribution

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50

can be calculated. This needs a value of the surfactant bulk concentration k. To start with

a value of k is guessed. When the kinetic exchange is infinitely fast (Bi—»c0) the sublayer

and surface are in equilibrium, and the dimensionless sublayer concentration can be

calculated directly from the surface distribution.

Clr=1=_1_[w:l 7'C—¢<6<Tt
ki 1-T(6;¢) [2.19]
Cl=0 0<B<m—9¢

4) Once the sublayer concentration is known, the distribution of surfactant in the
continuous phase can be obtained by solving the convective-diffusion equation with the

velocity given by the hydrodynamic solution for the cap angle ¢. The net flux to the

bubble surface (given by the Nusselt number Nu defined as
= 0C .
Nu=| —| _, sin6do 2.20
Jo 5 b= [2.20]

is then computed from the surfactant distribution in the continuous phase.

At steady state, the amount of surfactant adsorbing at the front end of the bubble
should be equal to the amount of surfactant desorbing at the back end, and hence making
Nu zero. We consider the flux to be zero if the absolute value of Nu be less than 0.1. If
the net flux is not equal to zero to this accuracy, the value of k is changed, and steps (3)
through (4) are repeated, computing the surfactant distribution in the continuous phase
and finally the net flux Nu. Once the net flux is zero to the prescribed accuracy, the cap

angle and drag for a particular value of k is known. Steps (1) through (4) are repeated for
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different cap angles to get the drag as a function of k in the entire stagnant cap regime
(0°<$<180%.

For kinetic-diffusive transport, the balance between the kinetic and diffusive

fluxes replaces the quasi-equilibrium equations:

txoCc, _ e a Yy L e ) aKrE:e) _
Bi Pe &or lr=1_ (C Ir=1 (1 r(er d))) K F(6'¢)e T d) <B<rm
[2.21]
1 oC
EF’Xe ar bet= Cless O<b<n—¢

The surfactant distribution in the continuous phase is then solved with the above two
conditions, and the net flux to the surface can then be calculated. As in the case of
diffusion control, the cap angle is changed until this flux is zero to prescribed accuracy.
2.3.4 Model Validation

As a first test, the drag on a spherical bubble is calculated for different Reynolds
numbers in the range of our interest, and compared with those in literature30:31, The

comparison is shown in Figure 2.5. Using a 50x50 grid, at r_= 80, the values of the drag

predicted by the present simulation differ from those of the earlier works by within 4%,
the maximum error being at order one Reynolds number and decreasing with increasing
Reynolds numbers. We could predict the drag on a solid sphere with a no slip boundary
condition on the surface to within 0.5% when compared to the previous works 1. In

Table 2.1, we tabulate these comparisons for both the cases of a spherical bubble and a
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solid sphere. For the stagnant cap case, we compared the resuits of the present
simulations at zero Reynolds nummber with the analytical solution of Sadhal & Johnson
37 With a 50x50 grid, we coul-d get the drag at different stagnant cap angles to 5%
accuracy. These results are plo-tted on a dimensional and dimensionless drag scale
(defined as 100[Cp-Cpgusie) )/ [Cosoia-Co@usiey]) against the cap angle in Figures 2.6 a and
b respectively. Here Cpsoig) and Chpausiiey are the drags on the solid sphere and a spherical
bubble as obtained from our simulations at the same Reynolds number. Also plotted are
the results for order one Reynollds number. We note that all the results exhibit very
similar features, indicating that the Reynolds number has a secondary effect on the
reduced drag coefficient. Most of the drag on the bubble changes when the stagnant cap
angle changes from around 50° to 110°. From Figure 2.6b, we note that with increasing
Reynolds number, the drag increases more steeply with cap angle near the equator of the
bubble, as also observed by otherss27.51,

Solving the problem of thee transport of a passive scalar in creeping flow past a
bubble with stress free interface, when the bubble acts as a sink checks the code for the
surfactant bulk transport equation. The Nusselt number defined by [2.20] gives the net
scalar flux to the bubble surface-. We found good agreement for the Nusselt number,

between our solution of the surfactant bulk transport problem with a given creeping flow

and the asymptotic results of Acriivos and Goddard30 for the range of Peclet numbers of
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our interest (of orders 10°-10°) as shown in Figure 2.7. We note that for this problem, at
zero and low Peclet numbers we used a numerical domain extending up to 80 bubble
radii. But at higher Peclet numbers (>10°) a domain extending up to 5 bubble radii is
found to be good enough all using a 110x100 grid (a 100x100 exponential grid coupled
with a 10x100 linear grid spread within the fine boundary layer close to the surface of the
bubble).

For the simulations of the combined problem of hydrodynamics and surfactant
transport, Table 2.2 shows the values we chose for the various dimensionless groups.
These are dictated by our experiments. Here Bi,,, is the Biot number calculated from the
lower bound on the adsorption/desorption rate constants of the surfactant used in our
studies from the pendant bubble apparatus as we describe in Chapter 3.

Using the algorithm described in Section 2.3.3, we tried to predict the bulk
concentration k= k, of the surfactant needed to give a stagnant cap that completely covers

the bubble (i.e., the case when ¢$=180°), for the case of diffusion limited transport of the

surfactant. Using the same 110x100 grid for the surfactant bulk transport, the values of k_
we obtained with different grids are shown in Table 2.3. We note that the accuracy with
using the 50x50 grid for the flow problem in a computational domain extending to 80
bubble radii and a 110x100 grid for the surfactant bulk transport problem in a

computational domain extending to 5 bubble radii is satisfactory.
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2.4 Results

In this section we present the results of our numerical study. First we consider the
simple case of when the surfactant follows a Langmuir type kinetics (i.e., when K=0 in
equation [2.5]). In Figure 2.8a we plot the surfactant surface concentration profiles on the
moving bubble (for the cap angles presented in Figure 2.6), for the case of diffusion

limited surfactant transport, while Figure 2.8b shows the corresponding surface velocity

x(1+Kk)
Pe1/2

profiles. For the parameters used in this simulation <<1 and hence we are in the

stagnant cap regime. We note that in the stagnant cap boundary conditions [2.13] the
discontinuity in shear stress at the stagnant cap position 6=n-¢ is a square root singularity
(see for example Harper?) i.e., T,¢=1/[0-(n-$)]">. Hence in the stagnant cap region, from
equation [2.18], I'(8) = I 1,d0 = [0 — (- ¢)]"? in the limit close to the stagnant cap
discontinuity i.e.,0—(m-¢). Same is true for surface velocity Vg(0) in the stress free
region, i.e., Vg(8)=[r-0-¢]'*. We verify these arguments from our numerical simulations
as shown in Figure 2.9. In Figure 2.9a, we plot the surface concentration I" and in Figure

2.9b, the surface velocity Vg close to the stagnant cap discontinuity for different cap
angles. Within the accuracy of our grid size, from the first five grid points close to the

point of discontinuity we find the linear dependence of both I'(8), and V¢(6) on the

square root of the distance from discontinuity.
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Consider any particular surfactant bulk concentration, say k=2.3x107 at Re=0.91.
We note from Figure 2.8a, that all the surfactant adsorbed onto the bubble surface is
swept to the back end where it accumulates, while the front end of the bubble remains
clean. The corresponding curve of the surface velocity profile in Figure 2.8b, shows that
while the front end of the bubble is completely mobile with non zero surface velocity, the
back end of the bubble with all the surfactant is stagnant. The values of surface
concentrations in Figure 2.8a correspond to the solution of equation [2.18] corresponding

to the fluid mechanics solution with a given cap size ¢. In Figure 2.10, we show the

profile of the sublayer concentration under these conditions, as given by equation [2.19]
which gives us that at the front end of the bubble the sublayer concentration Cg,,,, is
zero while at the back Cgg,,, is in equilibrium with the surface concentration distribution.

As we increase the surfactant bulk concentration, we note that more and more
surfactant gets adsorbed onto the bubble surface increasing the size of the stagnant cap at
the back end (Figures 2.8 a and b). This could be explained as follows. At any given cap

angle ¢, the flux of the surfactant from the bulk to the front end of the bubble scales as
(Co-Cs(From))/Orwon: While at the back end the flux off the bubble surface into the bulk scales
as (Cggaciy-Co)/Opac- Here the &'s are the thicknesses of the diffusive boundary layers for

surfactant mass transfer at the front and the back end of the bubble. Due to the high

Peclet numbers for surfactant bulk transport, at the front end of the bubble which is
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completely mobile, &g, scales as Pe* while at the back end of the bubble with a
completely stagnant interface 8y, scales as Pe'™30. With the increase in bulk

concentration k or C,, while the flux at the front end on to the bubble increases while the
flux at the back end off the bubble decreases. Since the increase at the front end is of
order Pe!” compared to a lower order Pe'” at the back end, there would be a net increase
of flux onto the bubble surface which increases the amount of surfactant adsorbed, and
hence the size of the stagnant cap.

When the complete bubble is covered by the surfactant, the bubble surface
becomes stagnant as if it were a solid sphere. This occurs at a value of k approximately
equal to 10"'. This change in mobility on the bubble surface modifies the drag
experienced by the bubble as shown in Figures 2.11a for this case of Re=0.91. Here we
plot variation of the drag experienced by the rising bubble (in ’the form of the
dimensionless drag as defined before) as a function of the surfactant bulk concentration.
In the diffusion limited case, we note that as we add more surfactant in the bulk, as the
size of the stagnant cap increases, the drag on the bubble increases from that of a clean
interface stress free value to that of a completely stagnant interface solid like value.

Now let us consider the effect of adding a finite kinetic exchange resistance to this
process. Figure 2.11a also shows the effect of the added surfactant on the drag of the

bubble for the case of finite kinetic exchange rates (Bi= 1.5x10%). An interesting result in
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the stagnant cap regime evident here is the fact that for the finite kinetic exchange, the
drag on the bubble is much smaller than for the diffusion limited case for the same value
of k because of less surfactant adsorbed on the bubble. In other words, at any given cap
size, the case of finite kinetic exchange rates supports a higher surfactant bulk
concentration than a diffusion limited case. This could be explained as follows. Let us

consider the diffusion limited case with a given cap size ¢, say corresponding to

k=2.3x107? in Figure 2.8a as before. With the introduction of finite kinetic resistance in
the form of a non-infinite Biot number (B1) the sublayer concentration profile changes for
the same surface concentration distribution as shown in Figure 2.10 in accordance with
equation [2.21]. While at the front end Cgy,,, increases and becomes non zero in contrast
to the diffusion limited case, at the back end, Cg .., decreases from its earlier value. This
reduces the bulk diffusive flux to the bubble surface at the front end of the bubble which

scales as (C-Cggrony)/ O Which would be of the order of Pe'” as discussed before. At the

same time, the surfactant flux from the back end of the bubble into the bulk is also
reduced which is of the order of Pe'. So essentially the net surfactant flux onto the
bubble surface is reduced. To maintain the mass balance of the surfactant at both the front
and back end, we need to increase the surfactant flux onto the bubble surface at the front
by increasing the bulk concentration C,. This could also be seen from the following

expressions for the surfactant bulk concentrations needed to support a given stagnant cap
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size and I'(0) distribution, for the cases of diffusion limited and kinetically limited

surfactant transport.
For diffusion limited case, BC, =3 1 (1 F_]
¢ 2 pevq\'T
1-D
For kinetically limited case, BCo _ 1
o (6] —

——+1-T
1-0

Here 1-@ is the fractional area of the stagnant cap, and I is the average surface

concentration distribution. Due to the large Peclet numbers in realistic systems, the
concentration C, needed for the diffusion limited case is smaller than the kinetically
limited case. Hence from a diffusion limited case, introduction of the kinetic resistance at
a given cap size is balanced by an increased surfactant bulk concentration.

Now let us consider the effect of flow Reynolds number on this phenomenon. In
Figure 2.12, we plot the similar graphs for the diffusion limited case for three different
Reynolds numbers. We note that as the Reynolds number increases, the curves shift to the
right. This could be rationalized as follows. At any given cap angle (roughly around the
same value of the drag for the Reynolds numbers studied, see Figure 2.6), the shear stress

T,0(0) created by the stagnant cap region increases with the Reynolds number. Hence this
increases the surfactant surface concentration I'(6) necessary to balance this shear stress

(from equation [2.18]). A higher surfactant surface concentration could only be achieved
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by a higher surfactant bulk conicentration C,. Hence to achieve the same cap angle, we
need higher surfactant bulk comcentration C, or k. In Figures 2.11(a-c) we see the similar
effects of kinetic exchange as discussed before for different Reynolds numbers.

In Figure 2.13, we pres-ent the results when the surfactant follows Frumkin type
kinetics (K is non zero, here K=5.47). These results show a similar trend. At any given
surfactant bulk concentration k, a lower drag is achieved in as compared to the
corresponding Langmuir case. This is due to the fact that the effective concentration here

is k/e*" rather than k in the Langmuir case.

Above k,, the stagnant cap extends over the entire surface of the bubble. There are
no sharp gradients in shear stresss or surface concentration on the surface of the bubble.
Further addition of surfactant would make the surface concentration more and more
uniform. The hydrodynamics wrill not be changed as long as the diffusive transport rates
(to/from the bulk) and the kinetic exchange rates (ai thc interface) of the surfactant don't
outweigh the its convection rate on the surface of the bubble. In this regime, to get the
drag on the bubble as a function of the surfactant concentration, the complete flow
equations [2.1] and [2.2] couple=d with the surfactant transport equations both in the bulk
[2.3] and on the surface [2.7] meed to be solved simultaneously. The coupling occurs
through the shear stress balance on the surface as given by equation [2.6]. We will

describe this solution in detail in: Chapter 4.
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In Figure 14, we plot the bulk concentration of the surfactant needed to create a

stagnant cap on the bubble that covers the complete bubble (cap angle $=180° as a

function of the Marangoni number Ma, for the case of a diffusion limited surfactant
transport following Frumkin exchange kinetics. We see that with increasing Marangoni
numbers, a completely covered stagnant cap is formed on the bubble at lower surfactant
bulk concentrations. Physically, from the definition of the Marangoni number

Ma=RTTI . /pU, smaller size bubbles have high Marangoni numbers. Hence the smaller

size bubbles have completely covered stagnant caps, hence behave like solid spheres, at
lower bulk concentrations than larger size bubbles. In another words, at a given
surfactant bulk concentration, the smaller size bubbles behave more solid like than larger
size bubbles. We observe this behavior in our experiments, as we describe in Chapter 3 of
our study.
2.5 Conclusions

We study the effect of trace amount of surfactants on the drag of a bubble rising
due to buoyancy. In the limit in which the transport rates of the surfactant very small

compared to hydrodynamics (i.e., A, and Ag<<l) the surfactant behaves as if it were

insoluble; to leading order, surface convection sweeps surfactant from the front to the
back end with no surface to bulk exchange. Under these conditions, the stagnant cap

model presented here is valid, where the front end of the bubble is considered completely
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clean and hence stress free, while the back end of the bubble is considered stagnant like a
solid surface. This work deals with the theoretical study on the effect of surfactant
transport on the motion of a bubble rising in a liquid under these conditions. We develop
an exact theory for this regime for the realistic case of the surfactant transport in the bulk

characterized by high Peclet numbers (~10°), and finite kinetic exchange rates of the

surfactant at the interface.

Our numerical results show that with the addition of even trace amounts of
surfactant the behavior of the bubble changes from that with a completely stress free
interface into that with a completely stagnant interface, as seen by the change in the drag
on the bubble. Due to the high Peclet numbers this transition occurs in a narrow range of
concentrations. We studied the effects of surfactant kinetic rate constants, the flow
Reynolds number, and the Frumkin interaction parameter on the adsorption of the
surfactant on the moving bubble.

We observe this interesting result that in the stagnant cap regime, at any given
surfactant bulk concentration, the rising bubble experiences less drag when the kinetic
exchange rates of the surfactant are finite, than in a diffusion limited case. This is because
of the fact that less amount of surfactant is adsorbed on the bubble surface due to the
increased resistance to transport in the former case. This result hints at the possibility of

using experiments involving the measurement of the drag on a bubble rising in a
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surfactant solution in the stagnant cap regime to measure the kinetic rate constant of the

surfactant. We explore this possibility in Chapter 3 of our study.
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Table 2.1: Drag on a spherical bubble and a solid sphere as a function of Reynolds
number - Comparison of the results from the present simulations and earlier works.

Re 0 1 10 100
Drag on a Spherical Bubble

Hadamard-Ribczynnski (1911)58,59 2.0

Ryskin & Leal (1984) 50 2.330 | 3.525 |5.50
Present Study 1.989 [ 2.198 | 3.460 |5.15
Drag on a Solid Sphere

Stokes Value 3.0

Magnaudet, et al (1995)31 3.724 | 6.524 | 19.125
Present Study 3.116 | 3.672 | 6.460 | 19.292
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Table 2.2:Values for the Concentration Independent Dimensionless
Groups Used in the Numerical Simulations

Re Ma Pe x K Bi,;,

0.91 12.6 1.2x10° 0.12 5.47 1.5x10%
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Table 2.3:Effect of Grid Refinement on the Numerical Results

C

(with a 110x100 grid and
r.=5 for concentration)

50x50 grid | 50x50 grid | 50x100 grid
(r.=80) (r,=40) (r.=40)
Drag on a Bubble 2.17 2.16 2.16
Drag on a Solid 3.70 3.77 3.72
k 0.27 0.29 0.30
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Figure 2.1: Stagmant cap in the flow past a spherical bubble with the surfactant
present in the continuos phase.
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Figure 2.2: Sketch of the problem. The computational domain is restricted from
the bubble surface r=1 to infinity r=r,. A value of 80 bubble radii is chosen for

r.. The outer boundary is divided into Inflow and Outflow regions arbitrarily
atf=m/2.
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Symmetry Axis Bubble

Figure 2.3: Typical staggered mesh for the finite volume method. ®
Concentration node; Xy node; L N node; + pressure node.
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Figure 2.4: Numerical grid. (a) General View, (b) Refinement near the bubble
surface needed to capture the happenings in the concentration boundary layer.
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Comparison of the results of our simulations with those in previous literature.
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Figure 2.6: Drag on a Spherical Bubble with Stagnant Caps at different Reynolds
number- Plotted both in (a) dimensional and (b) non dimensional forms.
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Figure 2.7: Verification of the code for surfactant bulk transport. Comparison
of the results from our simulations for the mass transfer rates (Nu) of a passive
scalar to the bubble surface for the case of a given creeping flow past the

bubble when the bubble surface acts like a sink.
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Figure 2.11(a-c): Numerical simulations showing the effect of the surfactant bulk
concentration on the drag of a rising bubble, in the stagnant cap regime. Shown
for cases when the surfactant follows a Langmuir type kinetics (K=0) at zero and
order one Revnolds numbers.
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CHAPTER 3
An Experimental Study on the Stagnant Cap Regime in the
Motion of a Bubble with an Adsorbed Surfactant Monolayer

-Comparison With Theory
3.1 Introduction

Presence of even trace amounts of surface-active species in the continuous phase
affects the mobility of bubbles rising in liquids, which affects different technological
processes as mentioned in Chapter 1. In an effort to understand this retarding effect of
surface active species in relation to their transport properties in the continuous phase, in
this chapter we present our experimental work on the effect of trace amount of surfactants
on the mobility of bubbles.

The transport of surfactant from (to) the bulk to (from) the bubble surface could
be described by diffusion in the bulk and sorption kinetics (adsorption/desorption) at the
interface. From the arguments presented in Chapter 1, for a surfactant following Frumkin
type kinetics at the air/liquid interface, the rates of these transport processes relative to
the convective rates on the bubble surface are given by the following quantities.

Kkl

_ rate of diffusion _ AC y(e = 1K)
rate of convection C, Pe'?

D

Ag

_ rate of kinetic exchange ~Bi e*‘% AC kle 4 eK% +k |AC
rate of convection C,
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We noted that in the limit in which either Ap or Ak is small, the surfactant behaves as if it

were insoluble; to leading order, surface convection sweeps surfactant from the front to
the back end with no surface to bulk exchange and a stagnant cap behavior is observed.
Here all the surfactant adsorbed on the bubble collects in the form of a stagnant cap at the

rear end, giving a semi-solid like behavior for the bubble. From their definitions, the limit

Kr’

x(e ™ +k)

Poz << 1, and the limit Ag <<lI is obtained when
e

Ap <<1 will be achieved when

¥
K-t
Bie ™ <<1 and Bik<<l. When the surfactant is present in trace quantities, due to the

large Peclet numbers characterizing surfactant transport in liquids, diffusive limitations
alone lead to this regime in the bubble motion. Hence this is the regime often observed
physically in experiments 9-13,35,44,45,60 and hence received wide theoretical
attention2-2,10,35-39,46,49

Even though this regime is the most common in the motion of bubbles in liquids
containing trace amount of surface active contaminants, there have been very few
systematic experimental studies on the effect of surfactant transport on bubble motion.
The only study that comes close has been that of Bel Fdhila and Duneveld46 where the
effect of surfactant on the terminal velocity of bubbles in the stagnant cap regime has
been compared with a self contained theory (assuming a kinetic exchange limited

surfactant transport). But recent studies of Zhang et al69, showed that for the same
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concentrations of the Triton X-100 surfactant used in water, under similar experimental
conditions, the rise velocities of bubbles attain the solid like values when allowed to
reach steady state, unlike the semi-solid values reported by Bel Fdhila et al. They
concluded that in the work of Bel Fdhila et al the bubbles have not reached steady state.

In Chapter 2, we presented our theoretical approach in the stagnant cap regime.
There we first formulated the problem of a bubble rise in an infinite liquid containing
surfactant. We then solved the governing equations for the hydrodynamics and surfactant
transport taking care of the finite rates of transport of the surfactant by diffusion in the
bulk and kinetic exchange at the interface. Thus we could describe the effect of the added
surfactant on the drag of a rising bubble in the stagnant cap regime. We studied how the
surfactant transport properties could alter the drag on the rising bubble. In this chapter,
we detail our experiments with a model system. First in Section 3.2, we discuss the
measurement of the surfactant properties: the bulk diffusion coefficient and the
adsorption/ desorption rate constants, using a pendant bubble apparatus. Then we
describe our experiments studying the effect of the surfactant bulk concentration on the
velocities of a bubble rising due to buoyancy. In Section 3.3, we discuss the results of our
simulations under these experimental conditions, and explore the possibility of using
them to determine the kinetic rate constants of the surfactant at the air liquid interface.
Finally we present our conclusions in Section 3.4.

3.2 Experimental Section
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3.2.1 Materials

We originally intended to measure the velocity of air bubbles in aqueous
surfactant solutions, since the adsorption properties of surfactants at the air/water
interface have been well studied®!,33 and comparison with the already established theory
(which needs the adsorption constants) could be made. However, for air bubbles in the
size range we are manufacturing, i.e. 0.3-.7 mm in radius (a), steady rise velocities (U) as
experimentally measured by several investigators (see for example the text by Clift, et
a116), are of the order 150-300 mmy/s. At these high velocities, inertial effects are of the

order of capillary forces (i.e. the Weber number, We=pU?a/y. is between .2 and 1.2,
where p and y. are the density of the continuous phase and clean surface tension,

respectively) so the bubbles, as have been observed, are deformed. Our theory is for
spherical shapes; since we eventually want to quantitatively compare the theory to these

experiments, we decided to increase the continuous phase viscosity (i) by adding

glycerol to water to reduce U. An additional reason for lowering rise velocities is that at
the high velocities of bubbles rising in water, although we can measure velocities
accurately, the bubble shapes are not distinct and so we can not keep track of the
deformation. We chose a glycerol/water ratio of 7:3 by volume, which has a viscosity of
29cP (as measured by a Haake Couette viscometer), and a density of 1.192 g/cm® at 25°C.

As we will verify, air bubbles with sizes of the order of .3-. 7mm in radius, rise with
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velocities of the order of a mm/s keeping the Weber number less than .01, so that the
bubbles appear clear and spherical on our video recording. This allows our experiments
to be compared to our hydrodynamic simulations, which assume a spherical bubble
shape.

In preparing the continuous phase, the water used is purified from tap water using
a Millipore Q System (Millipore, MA) with a specific resistance greater than 15M ohm-
cm. The glycerol used is obtained from Sigma (ACS Reagent, Cat. No. G-7893) and is
used without modification. The surface tension of the aqueous/glycerol mixture against
air was equal to 65.6 dyne/cm as measured by a pendant bubble apparatus, and did not
vary with time indicating no surfactant impurities. In the range of temperatures studied
(22-27°C), the density of the solution did not vary but the viscosity is a strong function of
temperature and its effect is accounted for in our study.

For the present study, we chose a member C,E,, of the n-alkyl poly (ethylene
glycol) ether surfactant series with the following structure CH; (CH,),,(-OCH,CH,),-
OH)). This was obtained from Nikkol Surfactants, Japan.

3.2.2 Equilibrium and Sorption Kinetic Properties of the Surfactant

The kinetic rate constants for surfactant exchange at an interface are determined

in the following way34:62,63_ First, experiments are undertaken in which either (i)

surfactant diffuses toward and kinetically adsorbs from solution onto a initially clean
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interface, and the reduction in surface tension is measured, or (ii) the surface area of an
equilibrium monolayer is changed, causing kinetic exchange with the sublayer and
subsequently with the bulk, and the re-equilibration in tension is measured. Second, the
surfactant mass transfer occurring in each of these dynamic tension experiments is

modeled to predict the surface concentration as a function of time (I"'(t)). This modeling

includes solving the bulk phase diffusion equation (including convection if the dynamic
tension experiment involves flow), and the surface conservation equation, which accounts
for the kinetic exchange. Third, the equation of state which gives the tension as a function

of the surface concentration y(I'") is measured so that the tension relaxation corresponding

to the unsteady adsorption can be predicted from the model. Finally, the experimental
relaxations are matched to the predictions by adjusting the values of the kinetic constants,
and in this way these constants are established.
3.2.2.1 Experimental Apparatus

In our study, we use the pendant bubble technique to measure the reduction in
tension as surfactant adsorbs onto an initially clean interface. The technique is based on
the analysis of the shape of pendant bubbles formed and tethered to the tip of a needle
placed in the surfactant solution 64:65(see Fig. 3.1). A pendant bubble is formed quickly
(<1 sec.) by the injection of gas through a needle immersed in the surfactant solution with

bulk concentration C,. Surfactant adsorbs onto the freshly formed interface, reducing the
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tension of the bubble surface and elongating the bubble. Digitized video images of the
bubble elongation are captured sequentially in time; for each digitized image, the locus of
points comprising the bubble interface is constructed, and the surface tension of the
bubble interface at that time is computed by matching the bubble profile to theoretical
pendant shapes obtained by solving the Young-Laplace equation. Thus from the
sequence of images, a surface tension relaxation can be constructed, and the equilibrium

tension as a function of the bulk concentration (y(C,)) can be obtained from the long time

behavior.

All the experiments are done at 25°C. The surface tension of the glycerol/water
mixture against air was equal to 65.6 dyne/cm as measured by the pendant bubble
apparatus, and did not vary with time indicating no surfactant impurities. Equilibrium
tensions are also obtained for the clean system (and surfactant solutions) by the Wilhelmy
plate method in which the force on a {flame blasted) platinum plate immersed in a teflon
cell containing the surfactant solution is measured. The surfactant free mixture gave a
surface tension of 66.0 dyne/cm by this method. Solutions of the surfactant in the
glycerol-water mixture are freshly prepared for each experiment.

3.2.2.2 Equilibrium Surface Tensions and Equation of State

Shown in Figure 3.2 are measurements of the equilibrium tension as a function of

C, as obtained from the longtime behavior of the tension relaxations in the pendant
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bubble technique. Separate measurements are also reported of the equilibrium tension
using the Wilhelmy plate method. Using the two methods, the equilibrium surface
tensions are measured for concentrations in the range from 0.05 to 150 mg/lit (1.11x10°
to 3.33x10* M). The concentration at which the tension no longer decreases with
increasing surfactant concentration is the critical micelle concentration (CMC). At this
point and with further increase in C,, aggregates of surfactant form in the bulk rather than
surfactant adsorbing on the interface. The measured value for the CMC (94 mg/l) is
approximately twice that of water®l, reflecting the fact that glycerol is less polar then
water and hence the glycerol-water mixture is more accommodating of the surfactant
chains.

The surfactant equation of state can be obtained from the above y-InC, data

because the slope of the data is proportional to the surface concentration as given by the
Gibbs equation:
dy =-RTI.dInC, [3.1]

where I, is the surface concentration in equilibrium with the bulk concentration C,. The
Gibbs equation can be integrated once the adsorption isotherm I',(C,) is specified. The

isotherm can be obtained from an Arhenius type kinetic rate formulation for the rate of
exchange of surfactant molecules at the interface in which adsorption and desorption

rates are proportional to activation energies which can be a function of the surface

-
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concentration. The simplest form of the Arhenius framework, which has been found to
model accurately surfactant adsorption at the air/liquid surface (and in particular the
polyethylene oxide surfactant used in our experiments) is the Frumkin equation. As
described in Chapter 1, in this formulation, the activation energy for desorption is
independent of the surface coverage, while the activation energy for desorption is linear
in the coverage:

dr r K-
i =BL.Cs|1-—|-oTe [3.2]

@

where I'" is the dimensional surface concentration, RT is the thermal energy, [ is the
maximum packing density, [ =["/T"_ o and B are kinetic coefficients for desorption and

adsorption, and C; as before is the concentration of surfactant adjacent to the interface
(i.e. the sublayer concentration). From [3.2] we obtain the Frumkin adsorption isotherm
I'.(C,) by setting the kinetic rate equal to zero:

1

1+ (a/ BC,)e™ ™™ B3

Lo _
L,
Finally, from the adsorption isotherm and the Gibbs equation, the equation of state

follows:

() =y.+ RIL, |n(1—11_1)-5(£J [3.4]

-]
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where v, is the tension of the clean surface. In Figure 3.2, a least square fit of the

equilibrium surface tension against bulk concentration data using the Frumkin equations

is also plotted. The values of the parameters that fit best are I',= 4.48x10° mol/m?,
o/B=9x10"* mole/m’ and K=5.47. The value of [, obtained here also agrees with the
estimate obtained independently from the slope of the y vs. In(C,) curve. Note also that a

positive value of K indicates that repulsive head group interactions dominate in the
monolayer.

With the constants K and I', determined, we now have obtained an equation of
state. We verified this predicted equation of state with the equation of state determined
directly from experiment by using the pendant bubble as a Langmuir trough®!. Here for a
given bulk concentration C;, a pendant bubble is allowed to equilibrate with a surface

concentration I', and a surface tension y.. The bubble is then rapidly compressed or
expanded and the surface tension y(t) as a function of the surface area of the pendant

bubble A(t) is recorded. If the compression or expansion is faster than the kinetic and
diffusive exchange, the amount of the surfactant on the interface is conserved and the

surface concentration I'(t) at time t can be written as I''(t)A(t)=constant. We choose a

reference area A, during the expansion or compression cycle for which the tension is a

particular value. We plot the tension y(t) as a function of the area A(t) divided by the
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reference area to directly map the equation of state. Figure 3.3 shows the results of the
measured tension as a function of the surface concentration referenced to the
concentration at which the tension is equal to 55.1 dyne/cm. Each set of symbols
represents a single expansion or compression cycle, and we note that the cycles are done
at different bulk concentrations. The fact that all the data correlates to a single line
indicates that exchange with the bulk is negligible, and that the tension is an
instantaneous function of the surface concentration.

Also plotted in Figure 3.3 is the prediction of the Frumkin equation of state (Eq.

[3.4]) with the constants obtained from fitting the y-InC, data. The prediction matches the

data, and we therefore conclude that [3.4] is an accurate representation of the equation of
state. We note that the equation of state obtained from the Langmuir formulation ([3.4]

with K=0 and with I', obtained by fitting the y-InC, data) does not agree with the direct

measurements.

3.2.2.3 Dynamic Surface Tension and Kinetic Rate Constants

In Figure 3.4, the dynamic surface tension relaxations for adsorption onto the
clean air/ glycerol-water interface at five different bulk concentrations (1.1x107, 2.2x107%,
44x107, 1.1x10*and 1.9x10™ M) are shown as obtained by the pendant bubble
technique. For each concentration, several bubbles were formed and their relaxations

were recorded, and these are shown as the different symbols at each concentration. Note
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that the rate of relaxation increases with the bulk concentration. This is due to two
effects: First, when the clean bubble interface is created, surfactant kinetically adsorbs
onto the interface. The larger the bulk concentration, the more rapid is the kinetic
adsorption as can be seen from Eq. [3.2]. Second, the kinetic exchange decreases the
sublayer concentration C, below the bulk concentration C,, creating a diffusive flux to the
sublayer. This flux replenishes the sublayer, and thereby increases the kinetic rate. Hence
the larger the bulk concentration, the greater is the diffusive flux, the more rapid the
adsorption and the faster the reduction in tension.

To model the tension relaxations given in Fig. 3.4, we begin by constructing the
following transport model for adsorption to the pendant bubble interface. We assume the
bubble to be a sphere with radius b, and we locate a spherical coordinate system with
radial coordinate r, and origin at the bubble center. At time t=0 (the moment the bubble
stops growing and the adsorption process commences), the surface concentration is

assumed to be equal to zero (I"'(0)=0), and the bulk concentration is uniform and equal to

C,(C(r,t=0)=C,). Transport of surfactant in the bulk is described (in the absence of

convection) by the diffusion equation with the transport assumed radial:

X _pl 22C

—_— 3.5
ot r? or ar) [3-3]

where D is the diffusion coefficient. The solution of the above equation, subject to the

initial conditions, the matching of the diffusive flux to the increase in the surface
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. oC or’ . . .
concentrationD 5 =% and the requirement that the concentration as r—o is equal
I r=b

to C, can be written as a convolution integral of the (unknown) sublayer concentration

C.(%):

t Jt
ro(t) = %[Cot - [,y + 2(%)"2[00«E -[Ct-vavrl  [3.6]

To obtain the unknown sublayer concentration C(t) and the surface concentration

I(1), [3.6] is solved along with the kinetic equation [3.2] numerically. From the unsteady

surface concentration, we calculate the dynamic tension from Eq. [3.4]. In undertaking
these simulations, three parameters are unknown, the diffusion coefficient D and the

kinetic rate constants a and . Note, however, that the ratio of the kinetic constants is

known, so in principle the simulations require two unknown values. We could run the
simulations for chosen values of these parameters, and then adjust the values until the
simulations fit the experimental relaxations. However, this two-parameter fitting is not
always unique and can be difficult, and so we begin by assuming the process is diffusion
controlled. In this approximation, the kinetic exchange is fast enough so that the sublayer

and the surface remain in quasi-equilibrium during the adsorption, i.e.,

r(t) 1
L. 1+ (a/pC,(0)e ™™

[3.7]
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We obtain solutions to [3.6] and [3.7] to find I'(t), and then from [3.4] to obtain the

dynamic tension. These simulations can then be fit to the tension data by adjusting only
the diffusion coefficient. We find a value for D equal to 1.5x10"'m%s by fitting all
concentrations, and we provide in Fig. 3.4 the simulations in relaxation for this value of
D. As the figure shows, the fits are fairly good at all concentrations, and kinetic effects do
not appear to play a role in these relaxations. The value of D is an order of magnitude less
than that obtained for C,E¢ in water in Pan et al (6x10™"° m*/sec). This is expected as the
viscosity of the glycerol-water mixture used here is 30 times less than that of water.
Measurements of the kinetic rate constants for C,E, at the air/water surface show that
relaxations using the pendant bubble technique at similar concentrations are controlled
both by diffusion and kinetics, and a value for the kinetic constants and D are obtained by
undertaking a two parameter fit. Here the increased viscosity and reduced diffusion
coefficient in the glycerol/water mixture decreases the diffusion rate to the surface
relative to the kinetic adsorption rate so that the process becomes diffusion limited.
Although these experiments do not provide values for the kinetic constants, we
can obtain lower bounds. We note that as the bulk concentration increases, both the
kinetic and diffusion rates increase. However, it is easy to show by scaling arguments6!
that the diffusion rate increases faster: The maximum rate at which bulk diffusion

proceeds is obtained when the sublayer concentration is equal to zero; [''(t) in this case is
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given by the first term in the Ward and Tordai expression (neglecting the spherical term),

172
ie., I'(t) =2C0[g] . Thus the time to achieve an equilibrium monolayer with
T

concentration [, is given for diffusion control by t, = r[?/(4DC?). The rate at which

kinetics alone delivers material to the surface can be obtained by integrating the kinetic
equation assuming the sublayer concentration is equal to the bulk value C,. If we use the
Langmuir equation ([3.2], with K=0) which permits analytic integration, we find that the

—(a+8C,)t

adsorption is given by I''(t)=I,(1-e ) and the characteristic time to achieve

kinetic equilibrium is given by T, = (ot +BC,)”". As the bulk concentration increases,

2
the ratio of the two time scales becomes of order —9— = O( g I(;” ), and thus the kinetic
Tkinetic o

time scale increases relative to the diffusion scale. Therefore kinetic effects are most
evident at the highest concentrations used. In our experiments this was a concentration of
1.9x10* M. In Fig. 3.5, we plot alongside the diffusion limited simulation and the
relaxation in data, the slower diffusive-kinetic simulation in relaxation for the same value

of D but a value for =1 and 10 m*/(mole-sec). We note from Figure 3.5, that the kinetic-
diffusive curve begins to be distinguished from the diffusion limited curve for B>10

m*/(mole sec) which leads to a lower bound for o equal to107 sec™.
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For the case of a spherical bubble of radius a=0.6 mm rising in this glycerol/water
mixture at a speed U= 0.03 m/s would give us a minimum Biot number defined as

Bi=aa/U, of Bi,;;=1.55x10". All the properties of C,,E¢ are summarized in Table 5.1.

3.2.3 Experiments to Study Bubble Rise Velocities
3.2.3.1 Experimental Apparatus

The experimental apparatus we designed to measure bubble rise velocities is
given schematically in Figure 3.6. The apparatus consists of two parts, one, a horizontal
capillary tube, in which the bubbles are created, and second, a vertical chamber filled
with the continuous liquid phase and connected to the tube, in which the bubbles rise and
their velocities and shapes are measured by video recording. A train of gas bubbles is
created in a horizontal precision bore quartz capillary tube 0.5mm in bore (Wilmad Glass,
NIJ) by injecting nitrogen into a flowing stream of the continuous liquid phase. The
stream is driven by a syringe pump and enters the capillary tube atthe “T” junction. The
stream flow is set up first. Teflon tubing from a tank to a stainless steel needle inserted in
the capillary tube a centimeter past the "T" junction connects pressurized nitrogen. The
outer diameter of the needle (.45 mm) fits loosely into the capillary bore, allowing the
continuous liquid phase introduced at the “T” to flow in the annular space between the
needle and the inside surface of the capillary tube. The inner diameter of the stainless

steel needle is .25mm. Between the tank and the capillary tube is a miniature solenoid
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valve (Lee Co., CT). Initially the valve is closed, and then is rapidly opened and then
closed by application of an electronic pulse. The nitrogen, which is pushed into the
stream, flows the needle; as it emerges from the tip of the needle, it is broken into small
segments by the liquid flow. Adjusting the gas and the liquid flow rates can control the
sizes of the gas segments formed. We find that with this tube insert, we can form
segments with equivalent spherical radii as low as .3-.8 mm. After the segments are
created, the flow is stopped and one segment is observed under magnification with a
stereo microscope (Nikon, NY). The microscope image is video recorded using a CCD
camera (Dage MTI, IN) and digitized (using a VG-5 Scion Frame Grabber on a
Macintosh G3 computer) to obtain the volume (using the NIH image analysis program).
In the small bore capillary tube, except for the smallest bubbles, the segments are axially
elongated, and the measurement of the elongation by video capturing provides a more
accurate measure of the volume (since the tube is of precision bore) than can be obtained
from the videos of the spherical bubble shape in the vertical measuring chamber. Once
formed and measured, the syringe pump is used to push the test segment out of the
capillary and into the vertical chamber where it begins to rise. The chamber consists of a
vertical quartz tube, 25 mm in diameter (Wilmad Glasé, NJ) and 70 cm in length. The
upper part, where the bubble motion is recorded, is of square cross section to minimize
optical distortion. To minimize surfactant contamination, care is taken in the selection of

all the materials for the apparatus so that the experimental fluid comes in contact with
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only stainless steel or teflon, or a viton polymer (equilibrated with the liquid being used).
Contact with the surrounding air is also minimized, and all glassware is cleaned with
Nochromix.

For velocity measurements, the bubble motion is recorded with two CCD cameras
(Dage MTI, IN), capable of capturing images at a rate of 30 frames/sec. The cameras are
located a known distance apart. The first camera is located at a height of approximately
55cm above the tip of the capillary tube from where the bubble starts to rise. A parallel
beam of light from a collimating lens provides the back lighting for each camera. The
camera is operated in an auto electronic exposure mode to vary the shutter speed from
1/60 to 1/50,000-sec depending on the light intensity. This helps in decreasing the blur
caused by the motion of the bubble. The lens on the camera is a Cosmicar television lens
/1.4 25mm adjusted to a magnification of approximately 20X. Both these cameras are
connected to the VG-5 Scion Frame Grabber on the Macintosh G3. Instantaneous bubble
velocities can be measured at each of the two locations by capturing successive images
while the bubble remains in the field of view of the camera. Times of capture for each
image are printed on the video frame by the frame grabber board. From the difference in
the times that the bubble passes the two cameras, the average velocity can be obtained
and checked with the instantaneous measurements to verify the bubble has achieved its

terminal velocity. The digitized images were calibrated by using spheres of known size.
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Since the viscosity of the liquid being used is a function of temperature, the
temperature is carefully monitored in the course of the experiment by having a probe
dipped in the quartz cell.
3.2.3.2 Results
Experiments in the pure liquid without surfactant

Our first step is to use our apparatus to measure bubble rise velocities for the
system without surfactant dissolved in the continuous phase, and compare these results
with previously established theoretical ones. A successful comparison will indicate that
our cleaning procedures are adequate, and all our calibrations are accurate. These results
will also function as the baseline for our subsequent experiments in which surfactant is
added to the continuous phase.

In Figure 3.7 we show the rise velocities of bubbles plotted as a function of their
size. These velocities are the average of the three values: two instantaneous velocities
from the two cameras at two different heights and the third from the time of rise of the
bubble between the two. Since these measurements differ by within a percent, we assume
that these bubbles have reached their steady state. We note that the Weber and Capillary
numbers (We and Ca) for these bubbles are of orders 10, while the Reynolds number Re
is of order 1. So we do not expect to see any inertial or viscous effects deforming the
bubbles. This is confirmed by the video images of the rising bubbles, which show

spherical shapes.
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Also plotted in the same figure are the predicted velocities for these sizes from the
numerical work of Magnaudet, et al 31. The drag coefficient Coeus from their
simulations for a spherical bubble is given by (for 0<Re<50, and for Capillary and Weber

numbers, Ca and We<<1)

8a 8 0.5
o@Eus = §U_% = =5 (1+0.1 5[2Re] ) [3.8]

Here Re is the Reynolds number based on the radius of the bubble. The predicted
velocities are obtained by solving for U in this equation. From the same authors also see
Clift, et all® the drag coefficient for a solid sphere Cpsory is given by (valid for

O0<Re<150)

12
Corsor) = g (1+0.1 5[2Re

]0.687

) (3-9]

We note that, bubbles of sizes only greater than 0.5 mm rise with velocities agreeing with
the predicted values. Smaller size bubbles rise with velocities less than the predicted
values. The smaller size bubbles could be feeling the presence of trace amount of
impurities present in our system even after our thorough cleaning procedure. Hence we
consider only the bubbles of sizes greater than 0.5 mm radius for our analysis of the
effect of the added surfactant on the rise velocities.
Experiments With Surfactant

The poly-ethoxy surfactant C,E; (CH,.(CH,),,(OCH,CH,),OH) is used in the

70:30 glycerol water mixture. All these experiments are carried out at temperatures in the
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range of 24-27°C, and the data interpreted accounting for the changes in viscosity. The
experiments are done from very low concentrations from 10~ mg/lit to around 10° mg/lit
(10 times the CMC of the surfactant). In Figure 3.8, we plot these results of the
dimensionless drag C,,” on the bubble rising in the surfactant solution as a function of the

surfactant bulk concentration. The dimensionless drag is defined as

. C,-C
Cp=—2—2C8  with Cysor, and Cpeus, evaluated from equations [3.8] and [3.9]

CD(SOL) - CD(BUB)

at the corresponding Reynolds numbers Re. The drag coefficient C, is calculated from

the rise velocity U of the bubble as Cy = ?Tg. This way, C, gives a value of 0 if the

bubble is behaving with a completely stress free interface, while a value of 100 if it has a
completely stagnant interface.

As we notice in Figure 3.8, for a bubble of any given size, as we increase the
surfactant bulk concentration, its drag increases monotonically from that of a completely
stress free interface in a pure liquid, until it reaches that of a completely stagnant
interface. Bubbles of all sizes we studied show similar behavior. From a concentration of
0.9 mg/lit of the surfactant, all the bubbles experience a drag close to that of a solid. At
lower concentrations they experience drags between these two extremes. This is when the
stagnant cap regime is observed, and when the cap does not cover the bubble completely.
We also note that in this regime, at any given surfactant bulk concentration, smaller size

bubbles behave more solid like than larger size bubbles. As alluded to in Section 2.3 of
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Chapter 2 this is because of the larger Marangoni number for the smaller bubbles, which
causes a larger viscous stress as given by equation [2.9], and hence a larger drag. Even
though the larger bubbles have a higher Peclet number, which should decrease the
stagnant cap size and hence decrease the drag, this decrease is offset by the increase in
drag due to the larger Marangoni number. This is verified from the comparison of these
experimental results with our simulations in Section 3.3.

We also note that at the lowest two concentrations studied, we could expect a
change in the bulk concentration of the surfactant solution due to the adsorption of the
surfactant at the air/liquid, liquid/glass interface of our apparatus. We calculated this
change in the bulk concentration of the surfactant through simple scaling arguments as

follows:

Change in bulk concentration=(surface concentration)(surface area)/(volume of the cell)

With the surface arca/volume of our apparatus of 0.0155 m™, and a surface concentration

scale roughly of the order of I',=4.48 mol/m?, the change in the bulk concentration comes

to 6.9x10¥mol/m® (or 3.13x10° mg/lit) which is two orders less than the lowest
concentration used here. Hence this change is negligible.
3.3 Discussion

From the pendant bubble experiments detailed in Section 3.2.2, we noted that we

could describe the surface tension relaxation curves with a diffusion limited model for all
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the concentrations we studied below the CMC. Using a mixed kinetic diffusive model for
the surfactant transport process in this experiment, we could get the lower bounds on the
adsorption and desorption rate constants of the surfactant at the air/glycerol-water
mixture interface. At and above this lower bound, the effect of kinetic exchange on the
surface tension relaxations becomes indistinguishable from the diffusion limited curve.

Using this diffusion coefficient, in our hydrodynamic model (from Chapter 2), we
get the effect of the surfactant on the drag of a bubble rising in a quiescent liquid for a
diffusion limited transport case. Using the lower bounds for the adsorption/desorption
constants (as a minimum Biot number, Bi_;,), we can get a similar curve for the case of
kinetic finite exchange rates. Plotted in Figure 2.9 are such curves for cases when Bi is 1
and 10 times Bi,;,. It is interesting to see that even though in the dynamic surface tension
relaxations, we could not distinguish the effect of kinetic exchange rates for the case
corresponding to Bi;,, we could clearly distinguish in the present simulations for the
drag on the rising bubble.

This difference in these two problems in distinguishing the effects of kinetic
exchange rates from the diffusion limited case could be because of the different length

scales for diffusion I'./C, (=2x10°m, under the experimental conditions) for the

adsorption at a clean interface with no flow, while aPe™? (=10 m) for the adsorption of

surfactant on a rising bubble (of radius a). The order of magnitude decrease in the
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diffusive length scale in the case of a bubble rising in a surfactant solution increases the
relative magnitude of diffusive transport rate compared to a given kinetic sorption rate.
This suggests that under suitable conditions we could use the bubble rise velocity
measurements to determine the kinetic constants of the surfactants at the air/liquid
interface. For the case of adsorption of surfactant at a clean interface from an initially
uniform bulk concentration C,, as in the case of experiments with a pendant bubble
apparatus, the relative time scales of the diffusive transport and kinetic exchange

processes is given by ®? defined as

BIL[L"

@2 =—9 = DCJ for k=pCya >>1 [3.10]

Tkinetic

Pan et al61 showed that in the dynamic surface tension relaxations, the effects of the
kinetic exchange rates become distinguishable from the diffusive transport rates of the

surfactant in the surface tension relaxations when ®? is smaller than 10. On similar lines,

for the case of bubble rising in a surfactant solution, we see that this ratio becomes

., x  Br(aPe™)
rkinetic - P e”zBi - D

A2 = for all k [3.11]

Unlike @% A? is independent of the surfactant bulk concentration. From our simulations

shown in Figure 3.9, under the experimental conditions, we see that all low surfactant

bulk concentrations (k<<1), the curves corresponding to the cases of Biot numbers of 107
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and 107 are close to the predictions of a diffusion limited case, and are essentially

indistinguishable from the latter. The values of A* corresponding to these Biot numbers

are listed in Table 3.2. We see that the effect of kinetics could be distinguished from a

diffusion limited case for A less than 6.9x10?. Under these conditions, these kind of

studies could be used as a tool for determining the adsorption and desorption rate
constants of a surfactant at the air liquid interface.

Table 3.2 shows the experimental data of the drag on bubbles of different radii,
rising in surfactant solutions at the lowest two concentrations of the surfactant. At these

kle
T= +k)

. .. . e
concentrations the stagnant cap conditions are attained (X( Po2 << 1). Hence the
e

steady state experimental dimensionless drag lies between 0 and 100. Also shown are the
different dimensionless groups for these cases. Assuming that the effect of Reynolds
number is negligible in this range studied, we also present the results of our simulations

(for Re=0.91, and %=0.12) for the diffusion limited, and the finite kinetic exchange

case(for Bi=Bi;, and 10*Bi,;,) at the different experimental Marangoni and Peclet
numbers. These values are obtained by running the simulations and obtaining curves like
Figure 3.9 for each of the set of non dimensional numbers corresponding to the
experimental conditions. Then the drags for the different cases of surfactant transport

(finite Bi1 and diffusion limited case) are read out at each of the two surfactant bulk
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concentrations studied. We see that the experiments lie close to the predictions of the
simulations with Bi=Bi,;,, at these two different bulk concentrations of the surfactant.
Hence the lower bounds on the adsorption/desorption rate constants as predicted from the
pendant bubble experiments seem to be close to their exact values.

3.4 Conclusions

As part of our study of the effect of trace amount of surfactants on the drag of a
bubble rising due to buoyancy, in this chapter we detail our experimental work. In this
work, a poly-ethoxy surfactant C,,E; is used in a 7:3 mixture of glycerol and water. First
with a pendant bubble apparatus, from the dynamic surface tension relaxations at a clean
interface, the kinetic exchange rate constants at the air/liquid interface, and the bulk
diffusion coefficients are determined. We note that while the exact value of the diffusion
coefficient could be determined, only a lower bound on the adsorption desorption rate
constants could be determined from this technique.

Then experiments to study the effect of the low concentrations of surfactant on
the drag coefficient of a bubble rising due to buoyancy are conducted. The hydrodynamic
experimental results are compared with the results from our numerical simulations
carried out using the kinetic parameters from the dynamic surface tension relaxation
experiments. This shows that in the stagnant cap regime, the drag on the rising bubble
could be well described by our model with finite kinetic exchange change. Also the lower

bounds on the adsorption/desorption rate constants for the surfactant at the air/liquid
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interface determined from a pendant bubble apparatus seem to be close to their exact
actual values.

For the first time such experiments involving monitoring the drag on a rising
bubble in a stagnant cap regime have been used to zero in on the kinetic rate constants of
the surfactant at the air-liquid interface. Theoretical analysis shows that these
experiments could be used to zero in on the rate constants over a larger range of ratios of
kinetic to diffusive rates of surfactant transport, compared to the monitoring of dynamic

surface tension relaxations at an initially clean interface.
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Table 3.1: Values of A% used in the simulation

Bi A’=y/(Pe'Bi)
Bi_. (1.55x107) 0.69
10*Bipy, 0.069 Effect of Kinetic Exchange becomes
100*Bi;, 0.0069 indistinguishable from Diffusive
Transport
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Table 3.2: Comparison of experiments with simulations in the stagnant cap regime

Bubble | Re Ma | Pex10® | % Dimensionless Drag

Radius Expt. Simulation

(mm) Diffusion | 10*Bi_,, | Bi.
Limited

k=0.0024

0.555 1.23 12.7 | 1.1 0.127 | 35 384 38.4 24

0.611 0.83 104 | 1.34 0.124 | 27.8 33.7 30.6 18.3

0.626 0.88 10.0 | 1.42 0.127 | 28.7 323 29.7 17.3

0.73 1.44 7.14 | 2.33 0.148 | 17.0 293 27.5 16.0

k=0.024

0.619 0.81 122 (1.3 0.125 | 71.7 83.2 823 68.8

0.605 0.76 12.6 | 1.24 0.123 | 70.0 84.3 34.3 70.7

0.635 0.83 11.5 | 1.34 0.129 | 70.2 81.6 79.3 67.9

0.693 1.1 9.58 | 1.86 0.14 | 58.2 75.8 74.2 62.0
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Figure 3.1: Schematic of the pendant bubble technique for the measurement of
dynamic surface tension.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



110

70—

C : = Wilhemy plate
£ - O  Pendant bubble }
Q i Frumkin Fit |
o 60
€ i 1
> O 1
© - 1
€ 50 ’
] : ]
7 1 ]
S C : : : { ]
- 40 - - : T : N 7
D : B : N i
S - y
T r 4
= 30 — -
7z - 1

r 5 : , 1

o0 Lo v N T B
10° 0.0001000 0.001000 0.01000 0.1000 1.000

Bulk Concentration, M

Figure 3.2: Measurements of the equilibrium tension of glycerol/water
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Frumkin fit of this data.
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Figure 3.3: Surface Tension as a function of the actual surface concentration
divided by the surface concentration at a tension of 55.1 dyne/cm for C,,E¢ at the
air/ glycerol-water mixture interface. Also shown is the prediction of the
Frumkin equation of state with parameters obtained from the fitting of the
equilibrium tension-bulk concentration measurements of Figure 3.2.
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Figure 3.6: Experimental Apparatus for the Measurement of Bubble Rise Velocities.
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Figure 3.7: Bubble Rise Velocities in a surfactant free 70:30 glycerol/water
mixture- Comparison with the theoretical prediction by equation [3.8].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



|

116

—

EREAL LA LLL B LA IR LRI B LA LLL! L L L ToTrTI "“”S

100 [ g O mDe
- |
> 80 B ¢ |
— B !
Q i " CM :
" .
S 3 ¢ ;
@ a0 [ o Bubble Radius |
Q - [
E i m i
Q o0 L N i
|
1

OLJ

sl e ovprnned vl i1 pnl w1 sl roerenl ISR

—

Pure

Liquid 0.0001 0.01 1 100

Surfactant Bulk Concentration, mg/lit

Figure 3.8: Effect of C,E4 Concentration on the Drag of a Rising Bubble.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



117

100

- - . — =

“rrT r‘l

[0]
o

D
o

e g b L

Diffusion Limited Case
7 ¥  Bi=1 O*Bimin [B=100 m3/(mol.s)]

Dimensionless Drag

N
o
FTET AT T T 1T

i=Bi = 3
Bi=Bi__[3=10 m¥(mol.s)]

0.001 0.01 0.1
Surfactant Bulk Concentration, k

Figure 3.9: Effect of Surfactant Concentration on the Drag of a Rising Bubble-
Distinguishing the effect of kinetic exchange rates from the diffusive transport
rates of the surfactant.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



118

CHAPTER 4
A Theoretical Study of the Hydrodynamics of Remobilization
of a Surfactant Laden Interface at High Peclet Numbers and

with Kinetic Barriers
4.1 Introduction

Interfacial flows are greatly influenced by the surfactants present in the
surrounding bulk phases. The time scales over which the surfactants reach the bulk
sublayer close to the interface and exchange with the interface, relative to the
hydrodynamic time scale, govern the extent of this influence. The time scale over which
the surfactants reach the bulk sub layer is typically governed either by diffusion (in the
case of no flow) or convection (in the case of flow). The time scale over which the
surfactant exchanges with the interface from the bulk sublayer depends on the adsorption
and desorption rate constants. From the arguments presented in Chapter 1, for a
surfactant following Frumkin type kinetics at the air/liquid interface, the rates of these
transport processes relative to the convective rates on the bubble surface are given by the

following quantities.

Lo

K
_ rate of diffusion _ AC (e = +k)
" rate of convecton C, Pe"?

D

K rate of convection C,

@

i i Kr—e KE’— [
A - [ate of kinetic exchange | ﬁ—[{xg—em}e = +k} AT
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As mentioned in Section 1.3, when either A, or Ag<<I, the surfactant transport

limitations (bulk diffusion or surface kinetic exchange) create surface concentration
gradients of the surfactant on a moving interface (of a bubble). This creates a surface
tension gradient on the interfac:e, which creates a surface stress that retards the interfacial
flow. We observed this su:rfactant induced retardation both theoretically and
experimentally in Chapters 2 arad 3 respectively, in the case of a spherical bubble rising in
a surfactant solution. We also noted in Sectionl.4 that through scaling arguments that

when both Ay and A¢ >>1, i.ee., when we could eliminate the diffusional and kinetic

exchange barriers for surfactansat transport we could in fact remobilize a surfactant laden

interface. Ap>>1 can be achiewed large surfactant bulk concentrations (k>>1) when the

x (e

surfactant is highly soluble in -the bulk phase when becomes large, while

Kre

Ag >>1 can be achieved whem Bik +e F:)>>1, when the surfactant adsorbed at the

interface rapidly exchanges wiith the bulk at these high buik concentrations. Thus the

three conditions for remobilizatron are:

* k>>1 (high bulk concematration)
* kBi>>1 and Bie* >>1 (r-apid kinetic exchange relative to convection)
* XK

B >> 1 (rapid diffusmve exchange relative to convection)
e
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At high surfactant bulk concentrations(k>>1), we noted that the retarding force on

1 172

+
Bie®  kyx

a bubble rising in a surfactant solution scales as T, = Ma[ ]where Ma is the

Marangoni number. When complete remobilization of the interface is achieved, this
retarding force on the bubble goes to zero. The extent of remobilization achieved when

xK

the diffusional barriers are eliminated (when Pt >> 1 at k>>1) depends on how fast
e

the kinetic exchange rates are as characterized by Bie®. These observations are supported

by the studies of Chen & Stebe42:43 which deal with the kinetically limited surfactant

e

K
x (e = +k)

Pe1l2

Kre

transport (Bie ™ ~1, and — ). Wang, et al31,32 consider the case of

[y
K-
diffusion limited surfactant transport with fast kinetics (i.e., at Bie ™= —w, and

T

K==
« (e ™= +k)

S =~ 1), and observe that the drag on a spherical bubble initially increases with
e

increasing bulk concentration, and on further increase in bulk concen@aﬁon, reduces and
again reaches the clean interface value. These simulations are done till Peclet numbers of
the order of 100. As observed in Chapter 1, in any physical liquid system transport of the
surfactant in the bulk is characterized by large Peclet number of the order of 10°.

Hence we see that there is no work that has been done on the effect of the

surfactants on the motion of bubble at high bulk concentrations, in any realistic regime of
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interest, i.e., finite Bi, and large Peclet numbers. Cuenot, et al 39 consider the case of
finite Bi and large Peclet numbers, but work only in the regime of low bulk
concentrations, where remobilization is not possible. In this chapter, we address the
theoretical aspects of this particular case of the motion of a spherical bubble in a liquid
containing the surfactant at high bulk concentrations, whose bulk transport is

characterized by high Peclet numbers (of the order of 10°) and which has finite kinetic

e

K2 “r.
T x (e = +k)

exchange rates at the air/liquid interface (Bie "= ~1,and B = 1).

In Section 4.2, first we allude to the formulation of the model problem for the
flow past a spherical bubble rising in a surfactant solution, described in Section 2.2. Next
we present our approach in solving the governing equations for the hydrodynamics and
surfactant transport taking care of the finite rates of transport of the surfactant by
diffusion in the bulk and kinetic exchange at the interface. In Section 4.3, we discuss the
results from our simulations, which verify the above scaling arguments and in particular
discuss the effect of high Peclet numbers and the finite kinetic exchange rates on the
mobility of a bubble in a surfactant solution. Finally we present our conclusions in
Section 4.4.

4.2 Formulation and Numerical Solution

4.2.1 Hydrodynamic Model and Governing Equations
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The same model described in Section 2.2 of Chapter 2 is used. The only
difference being, we completely solve the flow (Eqgs. [2.1] and [2.2])and surfactant
transport equations [2.3] and [2.7] with the boundary conditions [2.6],[2.8],[2.9] and
[2.10], instead of using the stagnant cap model with boundary conditions[2.13].

4.2.2 Spatial Approximations

The governing equations are discretized in the same way as described in Section
(2.3.1) using the finite volume method using a staggered grid. The same spatial
approximations as described there in are used.

4.2.3 Grid Characteristics

An exponential grid as described in Section (2.3.2) is constructed for solving the
flow equations. The following are the differences followed in this solution compared to
the stagnant cap solution. To avoid any artificial confinement of the flow by the outer
boundary, the outer limit of the grid is fixed at 80 bubble radii. The same 80 radii outer

limit is used for the surfactant bulk concentration also. A 25x25 exponential grid in (r,0)

1s used for the flow equations in all the simulations we did unless otherwise stated. For
the solution of the surfactant bulk transport equation, we put a fine mesh (linear in r),
containing ten grid points in a distance of Pe™* from the surface of the bubble at r=1,

along with an exponential grid described before. So we have a 35x25 grid for the solution
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of the surfactant bulk transport. Also we use interpolated velocities (by linear
interpolation) at the nodes of the fine mesh in this boundary layer region.
4.2.4 Algorithm for the Numerical Solution

We use the following algorithm for this problem in contrast to the algorithm
presented earlier in Section (2.3.3) for the stagnant cap regime. The steady state solution
for the complete set of governing equations with the boundary conditions is obtained by
solving them in the unsteady form and advancing in time till steady state is reached. For
the time advancement of the governing equations, ADI (Alternating Directions Implicit
Method) scheme is employed, which is second order accurate in time. The following
algorithm is used for the time advancement.

1) Start with initial values of u, v, C and I.
2) Using the momentum equations the velocities « and v are advanced in time At.
For this step, the fractional step method is used. Time advancement by At from

time n to n+/ is achieved in two steps.
* In the first half, the momentum equations are considered without the

pressure gradient term.

x*

vV -Vv"
At/ 2

+V.(V'V - -I—VV') =0
Re

Here V' is the intermediate velocity.
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* The pressure gradient term is considered only in the second half. The
pressure at time n+/, P*' is calculated from the fact that the velocity at

time n+/, V™' is divergence free.

n+1 -
V7oV o Tupig
At/ 2 Re
VvV = 0 = V2P = %—V.V'

In this Poisson equation for the pressure at time n+/, the right hand side is
known. This equation is written in the discretized form by integrating both sides
over each of the pressure cells. No special boundary conditions are needed for the
pressure at this step because of the employment of the staggered mesh.

Also, in this step, the tangential stress condition [2.6] on the surface of the bubble

1s based on the values of I'(0) at the previous time #, i.e.,

T = Ma[ 1 +KF"] o
-1 a0
3) The velocities at the grid points of the fine linear mesh near the surface of the
bubble are calculated by linear interpolation.
4) Using the surfactant transport equation, the bulk concentration of the surfactant C

1s advanced by time At. Here also the boundary condition [2.8], is based on the

values of I'(0) at the previous time n, i.e.
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k oC™! ) n
g—e == Bl[kc"+1 o, (1—-T")— e r“]
5) With the conservation equation, for the surfactant on the bubble surface, the

values of I'(0) are advanced by time At.

6) The steps (2), (3), (4) and (5) are repeated till convergence to a steady state is
achieved. There are two criteria for convergence. The first criteria is that the
relative change over 50 time steps in the values of u, v, and C at each of the node
points differ by less than 107 percent. The second criterion derives from the fact
that the net flux of surfactant to the bubble at steady state is equal to zero. This
relation follows by integrating the conservation equation [2.7] over the surface of

the bubble. Thus:
Nu=["22|_ sinede =0
0 or

where Nu defines the overall Nusselt number. We require that the absolute value
of Nu be smaller than 0.1; although this may not seem commensurate with the
convergence criteria on the node values, because Peclet numbers are large small
deviations from the exact solution give large values for the Nusselt number. For
example, at the beginning of the simulations, Nu is of order 10°.

v (€ +k)

In the limits Pe, >>1 and either Bie'<<1 and Bik<<1 or o2
e

<<1, which

are satisfied at low concentrations of the surfactant, the diffusive transport to the interface
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and the kinetic exchange at the interface are much slower than the convective transport
along the surface of the bubble. Under these conditions, the stagnant cap regime is
attained, when all the surfactant adsorbed on the bubble surface is swept to the back end
where it forms a cap region. In this regime, we found that due to the steep gradients in the
shear stress and the surfactant surface concentration it's difficult to achieve the steady
state solution with the above algorithm. So we used a different procedure as detailed
earlier in Section 2.3.3 in Chapter 2 in this regime till the surfactant covers the bubble
surface completely.
4.2.5 Model Validation

We described some of the tests done on our code in Section 2.3.4 of Chapter 2.
The results presented here for the solution of the full flow equations coupled with the
bulk surfactant transport, are solved on a 25x25 node exponential grid for the velocity
variables while on this exponential grid couple with a fine grid (as described before) for
the surfactant bulk concentration. Solving the same problem on a similar grid but with
40x40 node points on the exponential grid gave results, which are within 3% accurate.
We found further grid refinement computationally very expensive, due to the long times
taken to achieve steady state. At intermediate surfactant concentrations (k=10°-10%), the
surfactant transport takes long time to reach steady state. For high surfactant
concentrations k=10°, though the steady state could be achieved faster in terms of real

times, the equation [2.7] becomes very stiff. This could be solved only by taking smaller
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e steps At(~107%) , and hence large number of iterations are needed to attain stead:
p g y

state.
4.2.6 Choice of Physical Parameters for the Simulations

The choice of the physical parameters is dictated by our experiments. As we
described earlier in Chapter 3 and will again later in Chapter 5, we consider the case of
spherical air bubbles of radii around 0.6 mm rising in a 7:3 by volume mixture of
glycerol/water. Polyethoxy surfactants C,,E, (CH; (CH,),,(-OCH,CH,),-OH)) and C,,E;
(CH, (CH,)y(-OCH,CH,);-OH)) dissolved in this liquid has the properties listed in the
Table 5.A.1 in Chapter 5. Table 5.1 gives the values of the non dimensional numbers
under these conditions for C,E¢ and these are the ones considered for the work in this
chapter.
4.3 Results and Discussion

In this section we describe the results of our numerical simulation, for the
combined problem of bubble hydrodynamics and surfactant transport. First we consider
the case of the diffusion limited transport of the surfactant, and when the surfactant
follows the simple case of Langmuir type kinetics, i.e., when K=0 in equation [2.5]. In
Figure 4.1 we plot the surfactant surface concentration profiles, while in Figure 4.2 the
surface velocity profiles on the bubble for various surfactant bulk concentrations. We

note that as we add a little amount of surfactant say k=2.15x107, the surfactant adsorbed
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1s swept to the back end of the bubble while the front end remains clean as in Figure 4.1.

As shown in Figure 4.2, the front end of the bubble surface remains mobile while the

kle

x(e = 4+ k)

I << 1. As
e

back end remains stagnant. This is in the stagnant cap regime when

we add more and more surfactant (say, till k=2.6x10%) we note that the bubble gets more
and more uniformly covered by the surfactant, and the surface of the bubble loses its
mobility. The finite surface concentration gradients on the bubble create finite shear
stresses close to that of a solid sphere. As we increase the surfactant bulk concentration
further, say at 2.6x10%, we note that the bubble surface gets even more uniformly
populated by the surfactant with the surface concentrations approaching close to their
maximum packing values and the surface concentration gradients almost disappear. We
also note from Figure 4.2 that the bubble surface starts to regain its lost mobility. This is

when the remobilization sets in. Under these conditions, the diffusive transport

x(e = +k)

limitations just start to be over come ( X(ep becomes large, actually =0.5 at

k=2.6x10°). As more and more surfactant is added diffusive limitations are further
removed. Hence more and more surface mobility is gained back and the bubble surface
becomes more and more stress free. These changes in the mobility on the bubble surface
modify the drag experienced by the bubble as shown in Figures 4.3. Here we plot

variation of the drag experienced by the rising bubble (in the form of the dimensionless
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drag as defined before) as a function of the surfactant bulk concentration. In the diffusion
limited case we note that with increasing surfactant bulk concentrations, initially within a
narrow range of surfactant concentrations, the drag on the bubble increase from that of a
clean interface stress free value to the completely stagnant interface solid like value. In
this range of concentrations, the stagnant cap regime is exhibited. Further increase in
surfactant concentration above k =0.1 does not change the drag on the bubble from the
solid like value over a range of concentrations, till k is order of 10°. At further higher
concentrations when k is order 10°, the diffusive transport rates of the surfactant

Kf‘e

x(e ™ +k) __xk

5o " Pt becomes large. Then
e e

overwhelm the surface convection rates as

remobilization sets in as noted before with the scaled dimensionless drag on the bubble
relaxing and falling below the solid like value. Further increase in surfactant
concentration remobilizes the surfactant laden bubble surface further, as shown by the

drag falling closer to the stress free value. This verifies theoretically the remobilization

12

arguments, which noted that the dimensionless drag scales as T, ~Ma for the

kx

diffusion limited case. We carried out our simulations till k of the order of 10%. At this
value of k, we need time steps as small as 10 to solve the full systems of governing
equations, especially equation [2.7], which becomes very stiff at these high values of k.

For the solution of the equations at higher values of k, we would need even smaller of
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time steps, which could cause numerical inaccuracies. We emphasize the fact that due to
the high Peclet numbers, very low surfactant bulk concentrations are enough to
completely cover the bubble surface initially and give a solid like behavior. Also due to

the same high Peclet numbers, we need very high surfactant bulk concentrations to

Kle

r.
remobilize the bubble surface, since we need xe - +k) _xk

Po2  ~ pai? to be very large.

Hence we see a large range of surfactant bulk concentrations when the drag on the bubble
remains close to that of a solid like value.

Consider next the case of finite kinetic exchange rates (when the Biot number is
finite). In Figure 4.3 we show the results for this case for two different Biot numbers,
Bi=10" and 1. For any Biot number, at low surfactant bulk concentrations, a stagnant cap
behavior is observed as noted before in the diffusion limited case. The drag on the bubble
increases with the addition of surfactant. At any given surfactant bulk concentration, less
surfactant is adsorbed on the bubble surface than compared to a diffusion limited case,
and hence less drag on the bubble. With further increase in concentration, the bubble
surface is completely covered by the surfactant giving a stagnant interface like a solid.
We have seen that for k>10°and infinite kinetic exchange, the diffusion limitation
relaxes, and the bubble surface once covered completely with a stagnant monolayer is
now partially mobile. But for finite values of Bi, the kinetic exchange is reduced relative

to surface convection, and adsorbed surfactant at the front end is swept to the back end
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increasing the surface concentration gradient, reducing the surface velocity and
increasing the drag relative to the diffusion limited case. According to the scaling
arguments we presented in Section 1.4, at large surfactant bulk concentrations (k>>1), the

1 Pe'?
+

Bie“  ky

dimensionless drag scales as <, zMal: } and the interface does not

remobilize with increasing k unless BieX becomes much larger than one. We see that for
Bi=10", we do not see any remobilization of the interface in the range of k studied (till
order of 10*). Even as the diffusion limitation disappears with increasing k, the kinetic
barrier does not allow the interface to remobilize. As Bi increases, the kinetic limitation
decreases and greater remobilization is achieved as seen for the case of Bi=1. At higher
surfactant bulk concentrations k, when kBi becomes large, the drag on the bubble is less
when Bi=1 than when Bi=107. Larger values of Bi would yield progressively greater
remobilization, with the diffusion limited case providing the limit of remobilization
achievable at any given bulk concentration k.

As shown in Figure 4.4, similar behavior is observed for the case when the
surfactant follows a Frumkin type kinetics (K is non zero=5.47 in this case).
4.4 Conclusions

When a bubbile rises in an infinite liquid containing surfactant, the transport rates
of surfactant from (to) the bulk to (from) the bubble surface (both by bulk diffusion and

kinetic exchange at the interface) relative to the surface convection, creates a surface
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concentration gradient of the surfactant on the bubble surface. This creates surface
stresses increasing the drag on the rising bubble from that of a stress free clean interface
value. This surface concentration gradient of the surfactant can be eliminated when the
surfactant transport rates (both by bulk diffusion and kinetic exchange) are faster than the
surface convection rates. This could be achieved by using a surfactant in high bulk
concentrations if it has rapid kinetic exchange rates at these high bulk concentrations.
Under these conditions the drag on the rising bubble could be brought back to that of a
clean interface stress free value.

In this chapter, we have reported a full numerical study to verify the above effect
of soluble surfactants on the motion of a spherical bubble in an infinite liquid at order one
Reynolds number, under realistic conditions of high Peclet numbers and finite surfactant
kinetic exchange rates. Computations for the case of diffusion limited surfactant transport

show that, due to the high Peclet numbers, even trace amount of surfactant (k~0.1 under

the conditions of the present simulations) could transform an initially clean stress free
interface to a completely stagnant solid like surface. Also due to the same reason, we

need high surfactant bulk concentrations (here k of the order of 10°) to overcome the

kle
x(e = +k)

PoT? is made large) to remobilize the
e

diffusive transport limitations (when

surfactant laden bubble surface. Hence we see a wide range of surfactant bulk

concentrations when the drag on the bubble remains at the solid like value once the
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stagnant cap on the bubble completely covers it. Once the remobilization sets in further
increase in surfactant concemtrations remobilizes the bubble surface further and further
making it more and more stress free.

Similar behavior is observed for the case when the surfactant kinetic exchange
rates at the air liquid interface are finite (Bi is order one). At low concentrations of the
surfactant, when the stagnamt cap regime is observed, less amount of surfactant gets
adsorbed onto the bubble surface compared to the diffusion limited case, and hence the
bubble experiences less drag than before. At higher surfactant concentrations when the
remobilization sets in (k>10*), due to the finite kinetic exchange resistance the bubble
surface is always less stress free than in the diffusion limited case. While for the diffusion
limited case, by increasing k the bubble surface could be completely remobilized, with
the drag reaching the stress free value, in the case of a finite kinetic exchange, the final
drag achieved at large k is deependent on the Biot number, Bi. This final drag on the
bubble decreases with increasing Biot number.

This verifies the scaling arguments we presented in Section 1.3.2, on
remobilization. In the next chapter we present our experimental results, to verify our
theoretical work presented lmere on remobilizing the surfactant laden interface of a

moving bubble.
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Figure 4.1: Variation of the surfactant surface concentration on the bubble
with the addition of surfactant (for a diffusion limited case, when
Re=0.91,x=0.12, Ma=12.6, Pe=1.2x10°%).
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Figure 4.3: Theoretical prediction effect of surfactant bulk concentration on
the drag of a rising bubble, for the case when the surfactant follows Langmuir
type kinetics (at Re=0.91, x=0.12, Ma=12.6,Pe=1.2x10°).
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CHAPTER 5
Experimental Verification of the Increased Mobility of a

Bubble Using Surfactants at High Bulk Concentrations
5.1 Introduction

As mentioned in Chapter 1, when a bubble rises in a liquid, presence of even trace
amount of surface active species in the liquid phase could create Marangoni forces on the
moving bubble surface, retarding its mobility. Then the drag on the bubble would be
higher than the stress free clean interface value, and could in fact be equal to that of a
solid sphere of the same size, when the bubble interface is completely immobilized. We
observed these effects in our numerical studies in Chapters 2 and 4 and in our
experimental work in Chapter 3. We presented scaling arguments in Chapter 1, Section
1.3 and later verified with our numerical simulations in Chapter 4 that, if we could
eliminate the resistance to surfactant transport due to bulk diffusion and kinetic exchange
at the interface, then we could in fact remobilize the surfactant laden bubble surface.
Then we could increase the mobility on the bubble surface, and hence make it more stress
free, and hence the drag on the bubble would fall back again towards its initially clean
interface stress free value. We also noted that by having the surfactant present at high
bulk concentrations in the continuous phase, and if it could exchange rapidly at the
air/liquid interface at these high bulk concentrations, the resistance to surfactant transport
can be eliminated. These could be put quantitatively as the following conditions for

remobilization:
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* k>>1 (high bulk concentration)
* kBi>>1 and Bie® >>1 (rapid kinetic exchange relative to convection)
* XK

== >>1 (rapid diffusive exchange relative to convection)
e

In this chapter, we present our experimental study to verify the above ideas of the
remobilizing a surfactant laden surface of a moving bubble at high surfactant bulk
concentrations. We note that the above arguments are valid only when the surfactant
exists as a monomer in the bulk phase. Typically, above a critical bulk concentration,
called the critical micelle concentration (CMC), real surfactants could form micellar
aggregates. Then the surfactant could be present both in the monomeric and micellar
form in the bulk phase. Then a different kind of mechanism that takes of micellar
transport, break up and formation kinetics could explain the possibility of remobilization.

In Section 5.2, we present the possible mechanism for remobilization when the
surfactant bulk concentration is around and above the CMC. In Section 5.3, we present
our experimental study and the results on the effect of surfactants on the drag of a rising
bubble in different model systems we studied. We discuss our experimental results in
Section 5.4 and in Section 5.5 we compare these with the predictions from our

simulations. Finally we present our conclusions in Section 5.6.
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5.2 Mechanism for Remobilization around and above the CMC of the surfactant

We present here the scaling arguments for the hydrodynamics and surfactant
transport processes for the case of a bubble rising in a surfactant solution. We consider
the case when the surfactant is present just below and above its CMC. At and above the
CMC, the surfactant is present in the bulk fluid in monomeric and micellar forms. The
distribution of surfactant in the bulk between the monomer and the different sized
micelles is determined by the kinetics of two processes: the exchange of a single
monomer with a micelle, and the complete dissociation or break up of a micelle of a
critical size to form many free monomesrs. The size distribution of micelles as a function
of bulk concentration is a complex issue and has been the subject of both theoretical and
experimental study starting with the models of Annianson, et al66-68_ The kinetics of a
single monomer exchange has been established by several techniques (like pressure jump,
and temperature jump®9-72, and ultrasonic adsorption’3) to be rapid, on the order of
microseconds. However, the kinetics of micellar breakup can be slower, can be of the
“order of milliseconds depending on the surfactant structure and concentration’4-79. In
order for a surfactant to remobilize the interface, and hence be an effective means of
controlling the mobility, the kinetics of both of these processes must be faster than the
prevailing convective rate of the surfactant on the bubble surface. For this case, rapid

micelle-monomer equilibrium maintains the bulk monomer concentration at the CMC.
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Also let us also consider that the monomeric form of the surfactant has rapid
adsorption/desorption rates at the air liquid interface (Bie“>>1, and kBi>>1).

Consider first the situation when the bulk concentration is slightly below the
CMC. As before the surfactant is present only as monomer in the bulk liquid, and a
surfactant concentration boundary layer develops. In this case, however, the
accumulation at the trailing end of the bubble increases the local sublayer concentration
above the CMC. Therefore in this region, a zone develops in which surfactant is present
both in monomeric and micellar form, as shown in Figure 5.1. The presence of micellar
zone changes the behavior of the system. Surfactant monomer swept along the interface
to the trailing pole, desorbs in to the sublayer. Provided that micelles incorporate
monomer rapidly compared to the rate at which it is brought to the rear of the bubble by
surface convection, the free monomer concentration in this region is maintained at the
CMC. Micelles diffuse toward the outer boundary of this region where they break up to
form free monomer.

Because the interface is in local equilibrium with the subsurface monomer

concentration, a cap forms on the interface with both uniform surface concentration I'cyc
and uniform surface tension ycyc. There are no Marangoni stresses exerted in this cap

region. Along the remainder of the interface the subsurface concentration is non-uniform,

increasing from the leading pole of the bubble to the edge of the cap. A Marangoni stress
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results, pulling along the interface from the edge of the cap toward the leading pole.
Therefore, in this concentration regime the interface of the bubble can be divided into
two regions: a remobilized cap region and the remainder of the interface along which the
interfacial mobility is retarded by the Marangoni stress. The size of the remobilized cap
increases as the CMC is approached.

Now let us consider the case when the surfactant bulk concentration is above the
CMC. Under these conditions, at the leading end of the bubble, monomer is adsorbed and
swept to the back end by surface convection. This depletes the leading sublayer of
monomer and can lower the local monomer concentration below the CMC, causing a
micelle-free zone to form (see Figure 5.2). At the outer edge of the zone, micelles break
up, forming monomers, which diffuse toward, and adsorb on to the interface. Surface
concentration gradients can develop in this zone, as surface convection sweeps the
surfactant out of the region than the monomer can diffuse and replenish it. The surfactant
is swept into regions where the sublayer contains micelles, and where rapid equilibration
maintains the subsurface monomer concentration, the surface concentration, and the
surface tension at their CMC values. In this concentration regime, the interface can be
divided into two zones: a retarded cap region extending from the leading pole of the
bubble to the edge of the micelle-free zone and a stress-free zone that covers the

remainder of the interface.
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In the arguments presented in Chapter 1 for the monomeric surfactant transport
before, we noted that due to the high Peclet numbers characterizing the monomeric

transport, all the changes in the concentration occur in a small region 8,y close to the

surface of the bubble, which scales as aPe™” for a mobile interface. On similar lines, for

micellar transport, all the changes in micellar concentration (from Cy;c=Cyc) t0 Couc=0,
when only monomers exist) are expected to be attained in a small boundary layer 3y,c

which would scale as aPey."'?, where Pey, is the Peclet number for micelle transport
defined as Ua/D ¢, Dy is the micellar diffusion coefficient. This is shown in Figure 5.2.

The micelle-free zone could extend in the bulk from the bubble surface, to a depth 8. The

balance of the surfactant transport rates in micellar and monomeric forms gives a scale

for this depth, as given below:

C
Do %)~ p ot (5.1]
aPey,c

Here n is the number of monomers per micelle (assuming micelles with the same

aggregation number), Cyc., iS the micellar bulk concentrations. Since the diffusion
coefficient of micelles Dy is less than the diffusion coefficient of the monomer, Sy, is
always less than Syoy.

By increasing the bulk concentration further and further the depth of the micelle-

free zone could be decreased until it completely disappears. Thus if micellar breakup is
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rapid, the retarded cap can be remobilized (restoring the interface to complete mobility)
by increasing the bulk concentration. On the other hand, if the kinetics of micellar
breakup is slow compared to the surface convective flux, the retarded cap region at the
leading edge of the bubble will persist regardless of how high the bulk concentration.

5.3 Experimental Study

5.3.1 Materials

As mentioned in Section 3.2.1, we choose a mixture of glycerol/water ratio of 7:3
by volume, for the continuous phase in some of our studies. We also conducted some
studies using pure glycerol as the continuous phase as we describe later. The density of
pure glycerol is 1240 kg/m’, while that of the 70:30 glycerol-water mixture is 1190
kg/m’, at 25°C (as measured by a Troemner densiometer). The temperature variation of
the viscosity of these two liquids is presented in Figure 5A.1a and 5A.1b. In both these
liquids, air bubbles with sizes of the order of .25-. 8mm in radius, rise with velocities of
the order of a mm/s keeping the Weber number less than .01, so that the bubbles always
spherical, as noted before.

We choose two members C,,E; and C,,E; of the n-alkyl poly (ethylene glycol)
ether surfactant series (CE;: CH; (CH,);,(-OCH,CH,),-OH)) in our studies. These are
obtained from Nikkol Chemicals Company, Japan. Specifically the case of air bubbles
rising in the following three systems are studied.

1) 70:30 glycerol-water mixture containing C,,E,
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2) 100% glycerol containing C,E,
3) 70:30 glycerol-water mixture containing C,oEg

We also note that we do not observe any changes in the viscosity of the
continuous phase with the addition of the surfactants in the range of the concentrations
that we used in our studies.
5.3.2 Equilibrium and Sorption Kinetic Properties of the Surfactant

On the similar lines as described in Section 3.2.2, the equilibrium and dynamic
surface tensions of the air/liquid interface for the above three systems are measured, and
the equilibrium and sorption kinetic properties of the surfactants are deduced. While the
experimental results for the first system -70:30 glycerol-water mixture containing C,,E,
are described in Section 3.2.2, the results for the other systems are described in the
Appendix 5A. These properties are all summarized in Table 5A.1.
5.3.3 Experiments to Study Bubble Rise Velocities

The details of the experimental apparatus we designed to measure bubble rise
velocities are described in Section 3.2.3. Before the addition of the surfactant,
experiments in a surfactant free 70:30 glycerol-water mixture (as shown in Figure 3.7)
showed that bubbles of radii less than 0.5 mm rise with velocities less than the expected
values, indicating that they feel the presence of trace amount of contaminants present in
the system even after our thorough cleaning procedures. Bubbles of sizes 0.5 mm radius

and above only behave as if they are in a clean system. The Reynolds numbers of bubbles
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of sizes of 0.5 mm radii are of the order of 1. Similar experiments done using pure
glycerol showed that bubbles of sizes 0.4mm radius and above rise with their expected
velocities (as we show later in Figure 5.4 in terms of their drag coefficients). Here the
Reynolds numbers are of the order of 10, and hence the flow could essentially be
considered creeping flow.

All the experiments with the surfactant are carried out at temperatures in the range
of 24-27°C, and the data interpreted accounting for the changes in viscosity. In the first
set of experiments, the poly-ethoxy surfactant C,.E¢ (CH,.(CH,),,(OCH,CH,),OH) is used
in the 70:30 glycerol water mixture. The experiments are done from very low
concentrations from 10™ mg/lit to around 10° mg/lit(10 times the CMC of the surfactant).
In Figure 3.8 and reproduced in Figure 5.3, we plot these results of the dimensionless
drag C,,” on the bubble rising in the surfactant solution as a function of the surfactant bulk

concentration. The dimensionless drag 1is defined as before as

. C,—-C
Cp = (C D DC(BUB) ]1 00 with Cpsory and Cpgus, evaluated from equations [3.8] and
D(SOL) ~ “~D(BUB)

[3.9] at the corresponding Reynolds numbers Re. The drag coefficient C, is calculated

from the rise velocity U of the bubble as C, = ?Tg. This way, Cy gives a value of 0 if

the bubble is behaving with a completely stress free interface, while a value of 100 if it

has a completely stagnant interface.
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As we notice in Figure 5.3, for a bubble of any given size, as we increase the
surfactant bulk concentration, its drag increases monotonically from that of a completely
stress free interface in a pure liquid, until it reaches that of a completely stagnant
interface. Bubbles of all sizes we studied show similar behavior. From a concentration of
0.9 mg/lit of the surfactant, all the bubbles experience a drag close to that of a solid. At
lower concentrations they experience drags between these two extremes. This is when the
stagnant cap regime is observed, and when the cap does not cover the bubble completely.
We described these results in Section 3.2.3.2. At higher surfactant concentrations (>=0.9
mg/lit) till the CMC, the bubbles of all sizes experience drags close to that of solid
spheres. Further increase in surfactant concentration to S and 10 times CMC does not
alter the drag on the rising bubbles. Hence we do not see any remobilization of the bubble
surface.

In Figure 5.4, we plot the results of similar experiments with C,,E. surfactant in
100% glycerol. We note a similar behavior as before. In the surfactant free liquid,
bubbles of sizes 0.4 mm radius and above, rise with velocities equal to the expected stress
free values. As we add the surfactant, for a bubble of any given size, we note that the
drag on the bubble would increase from that of a clean interface stress free value towards
that of a completely stagnant interface solid like value. With further increase in
concentrations, to and above the CMC, the drag stays at the solid like value. Hence in the

range of concentrations studied till 4 times the CMC, the bubble surface, once
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immobilized, remains immobilized. Above this surfactant bulk concentrations, the
solution becomes very hazy, indicating the possible solubility limit of the surfactant.

In Figure 5.5, we present the results of similar experiments with C,,E; surfactant
in 70:30 glycerol water mixture. As before, at low surfactant concentrations, addition of
the surfactant increases the drag on a bubble of a given size, from that of a clean value to
that of a solid like value. The drag remains at the solid like value over a range of
concentrations. In contrast to the previous results, the experiments at CMC show the drag
falling below the solid like value indicating the onset of remobilization. Further increase
in surfactant concentration to 5 and 10 times the CMC brings the drag further and further
close to the clean interface value. At the highest concentration studied (ten times the
CMC), we note that bubbles of all sizes considered, experience drags which are around
55-60% solid like.

5.4 Discussion

As observed in our scaling arguments on the remobilization in Chapter 1, the
presence of surfactant concentration gradients on the surface of a rising bubble creates
surface stresses that increase the drag on the bubble. These surface concentration
gradients of the surfactant could be eliminated if the surfactant transport rates to (and
from) the bubble interface into (and from) the bulk both by bulk diffusion and kinetic
exchange at the interface, overwhelm the existing surface convection rates. This requires

the three conditions listed in Section 5.1 to be satisfied to remobilize the surfactant laden
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interface for surfactant concentrations below the CMC. The arguments presented in
Section 5.2 apply for concentrations above the CMC.

For the C,,E¢ surfactant, at CMC, even though the rates of kinetic exchange
relative surface convection characterized by Bie® is large (>0.1), the drag on a rising
bubble of any given size, remains at the solid like value at higher and higher surfactant
concentrations at and around the CMC. No remobilization is achieved. This could be

explained from the fact that at CMC, the relative rates of surfactant transport by bulk

ke
x (e "= +k)

Po2 , 1s not large enough

diffusion and surface convection, characterized by

(=0.05). Further addition of surfactant above the CMC does not affect the drag on the

bubble. This may hint at the possibility of the micellar breakup or formation rates being
not fast enough to balance the existing convection rates of the surfactant on the surface of
the bubble.

Similar arguments could explain the behavior of the air bubbles rising in 100%

kle
x (e ™ +k) i )
—P—Tf for this system at CMC is around

glycerol solutions of C,,E,;. We note that
e

0.1.

In contrast, for the C,,E; surfactant, the CMC of the surfactant is an order of

kle

x (& ™= +K)

BoT? =~(0.5(an order of magnitude more
e

magnitude more than C,,E;, which gives
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than before). Even at similar rates of kinetic exchange relative to surface convection as
before (Bie® >1), we note that drag on a bubble of any given size starts falling below the
solid like value at surfactant bulk concentrations around the CMC. This indicates the
onset of remobilization. Further increase in surfactant concentration above the CMC to 5
to 10 times the CMC reduces the drag even further and further towards the stress free
interface value. At these high concentrations above the CMC, the supply of surfactant
from the bulk is provided by micellar break up. The fact that in this range of
concentrations studied, the drag on the bubble is decreasing with further addition of
surfactant shows that the micellar break up kinetics are fast and the retarded cap at the
leading edge of the bubble is decreasing with the addition of more and more surfactant.
The increased affinity of the surfactant C,,E; for the bulk phase (due to the presence of
two more ethoxy groups and two less members in the hydrocarbon chain than C,,E;)
could explain the increased micellar kinetic rates (on the lines of the observations for
octylphenyl polyoxyethylenes in water by Lang et al75).

Experiments at further higher concentrations of C,E;, need to be done to see if
more remobilization of the surface of the rising bubble could be obtained. Complete
remobilization of the bubble surface could be obtained if the micellar breakup/formation
rates and their bulk transport rates remain high enough at the higher bulk concentrations

of the surfactant.
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5.5 Comparison of Experiments with Simulations

In Chapter 4, we have presented a model to describe the effect of the added
surfactant on the drag of a rising bubble, when the surfactant exists in the bulk liquid as
monomers without forming micellar aggregates. In this section, we compare the
predictions of the model with experiments till the surfactant forms micelles ( i.e., till the
CMC of the surfactant) for each of the cases of C,E¢ and C,,E; dissolved in 70:30
glycerol-water mixture. The values of the dimensionless numbers corresponding to the
rise of a bubble of radius 0.6 mm in the 70:30 glycerol-water mixture under the
experimental conditions are listed in Table 5.1 for the cases of the two different
surfactants. In Table 5.2 we present the values of the dimensionless drags predicted by
the simulations and observed in the experiments, for different surfactant bulk
concentrations described by k. These values of k correspond to concentrations above the
limit k. below which the stagnant cap behavior is observed, which is around 0.29 for
C,E; and 0.28 for C,.Eg(for the case with minimum Biot number). These values of k.
correspond to the concentration of the surfactant needed to completely cover the bubble
surface, to give a completely stagnant solid like surface. The details of evaluating the
value of k_ are described in Chapter 2.

From Table 5.2 we note that for C,E,, as we increase the surfactant bulk
concentration above k_, the drag on the bubble as estimated from our simulations for the

diffusion limited case, remains at the solid like value till the CMC. At the CMC, the ratio
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of the diffusive transport flux of the surfactant relative to its convection rates on the

kLe
.
bubble surface characterized by &Puzj is 0.05. So the diffusion limitations alone
e

create surfactant surface concentration gradients on the bubble surface, creating retarding
forces enough to completely immobilize the bubble surface. This prediction from the

theory is observed in the experiments.

kle

x(e = 4 K)

Po is smaller, we get a completely
e

For C,Eq, we also note that as long as

retarded surface on the bubble for the diffusion limited case, with the drag on the bubble

closer to the solid like value. In contrast to C,,E,, due to the higher value of the CMC

Ie

xle = +k)

K
now (1.91 mol/m’, as against 0.209 mol/m?®), at CMC X(ep — becomes 0.5, an order
e

of magnitude larger than before. Hence the drag on the bubble relaxes and starts to fall
below the solid like value. We observe this even for the case with minimum Biot number
as determined from our pendant bubble experiments. This onset of remobilization is
observed in the experiments also. The remobilization seen at higher surfactant
concentrations above the CMC, could only be explained by taking into account, the
presence of micelles in the bulk liquid and accounting for their transport and break
up/formation rates.

5.6 Conclusions
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In this chapter we experimentally verified the scaling arguments presented in
Chapter 1 and the numerical solutions presented in Chapter 4 on the concept of
remobilizing the surfactant laden bubble interface. We studied the effect of an added poly
ethoxylate surfactant on the drag of air bubbles rising in glycerol-water mixture. First we
studied the effect of C,E, concentration in 70:30 glycerol water mixture on the rise
velocities of air bubbles in the liquid. We observed that for any given size bubble, as we
add more and more surfactant, the drag increased from that of a clean interface stress free
value to that of a completely stagnant solid like value at around 0.01 times the CMC.
Further increase in surfactant bulk concentrations to and above the CMC (till ten times
the CMC) does not show any change in the drag of the bubble from that of a solid like
value. Hence no remobilization is observed. Similar results are observed for the case of
air bubbles rising in 100% glycerol solutions of C,,E.

In our next set of similar experiments using C,E; in 3 70:30 glycerol water
mixture, we notice a similar initial behavior of the drag on a bubble of any given size
increasing from the initially clean stress free value to that of a complete surfactant
covered solid like value. But further addition of surfactant around the CMC, brings the
drag on the bubble below that of a solid like value, indicating the onset of remobilization.
At bulk surfactant concentrations above the CMC, we notice that the drag on the bubble

decreases further and further away from the solid like value. At the highest concentration
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studied (ten times the CMC), we observed a decrease in drag corresponding to around
55% between that of a solid and a completely stress free interface.

Even though similar kinetic exchange rates relative to surface convection rates are
observed for both, C,E, and C,,E; at the air glycerol/water mixture interface (Bie“>0.1
and 1 respectively), the difference in behavior observed for these surfactants could be

explained as follows. For C,,E,, at CMC the bulk diffusive transport limitations could not

K-t
x (e ™ +k)

oo is small (around 0.05). This is not large enough as
e

be over come as the ratio

indicated by our simulations. For C,,E; the CMC being an order of magnitude more than
C,Es makes this ratio around 0.5 which remobilizes the bubble surface, again as
confirmed by the results from our simulations. Also for C,,E;, above the CMC, faster
micellar breakup/formation rates seem to cause the remobilization of the bubble surface,
as seen by the drag on the bubble decreasing further and further with increasing
surfactant bulk concentration.

Experiments at further higher concentrations of C,,E;, need to be done to see if
more remobilization of the surface of the rising bubble could be obtained. This, as
discussed before, would depend on the structure of the micelles formed at these higher

bulk concentrations and their bulk transport and breakup and formation kinetic rates.
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APPENDIX
Properties of the Materials Used in our Experiments

As mentioned in Sections 3.2.1, and 5.3.1, for our experimental work on the effect
of surfactant concentration on the rise velocities of air bubbles, for the continuous phase
we choose either a mixture of glycerol/water ratio of 70:30 by volume, or 100% glycerol.
In preparing the 70:30 glycerol-water mixture, the water used is purified from tap water
using a Millipore Q System (Millipore, MA) with a specific resistance greater than 15M
ohm-cm. The glycerol used is obtained from Sigma (ACS Reagent, Cat. No. G-7893) and
is used without modification. The surface tension of the aqueous/glycerol mixture against
air was equal to 65.6 dyne/cm as measured by a pendant bubble apparatus, and did not
vary with time indicating no surfactant impurities. The surface tension of pure glycerol
was 63 dyne/cm.

The density of pure glycerol was 1240 kg/m’, while that of the 70:30 glycerol-
water mixture is 1190 kg/m?, at 25°C (as measured by a Troemner densiometer). In the
range of temperatures studied (22-27°C), the density of the liquid did not vary. The
temperature variation of the viscosity of these two liquids is presented in Figure 5A.la
and 5A.1b.

We choose two members C,Eq and C(E; of the n-alkyl poly (ethylene glycol)

ether surfactant series (CE;: CH; (CH,);,(-OCH,CH,);-OH)) in our studies. These are
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obtained from Nikkol Chemicals Company, Japan. Specifically the case of air bubbles
rising in the following three systems are studied.
i) 70:30 glycerol-water mixture containing C,,E,
i1) 70:30 glycerol-water mixture containing C,,E;
1i1) 100% glycerol containing C,,E,
We also note that we do not observe any changes in the viscosity of the continuous phase
with the addition of the surfactants in the range of the concentrations that we used in our
studies. We describe in the next section on the measurements of the equilibrium and
sorption kinetic properties of the surfactants at the air liquid interface for the different
systems.
Equilibrium and sorption kinetic properties of the surfactants

In Section 3.2.2, we described the measurement of these properties for the first
system, C,,E¢ dissolved in 70:30 glycerol water mixture. On similar lines we measured
these properties the surfactant bulk diffusion coefficient, and its adsorption desorption
rate constants at the air liquid interface for the next two different systems studied. The
kinetic rate constants for surfactant exchange at an interface are determined in the
following way 34,62,63.80_ First, experiments are undertaken in which the surfactant
diffuses toward and kinetically adsorbs from solution onto a initially clean interface, and

the reduction in surface tension is measured. Second, the surfactant mass transfer
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occurring in each of these dynamic tension experiments is modeled to predict the surface

concentration as a function of time (I"'(t)). This modeling includes solving the bulk phase

diffusion equation (including convection if the dynamic tension experiment involves
flow), and the surface conservation equation, which accounts for the kinetic exchange.
Third, the equation of state which gives the tension as a function of the surface

concentration y(I'") is measured so that the tension relaxation corresponding to the

unsteady adsorption can be predicted from the model. Finally, the experimental
relaxations are matched to the predictions by adjusting the values of the kinetic constants,
and in this way these constants are established. In our study, we use the pendant bubble
technique to measure the reduction in tension as surfactant adsorbs onto an initially clean
interface. The technique is based on the analysis of the shape of pendant bubbles formed
and tethered to the tip of a needle placed in the surfactant solution 64,65 as described in
Section 3.2. The results of this experimental work are described in Table 5.A.1.
C,,E;s dissolved in 70:30 Glycerol Water Mixture

Figure 5A.2 presents the results of the equilibrium surface tension as a function of
bulk surfactant concentration. We see the CMC of the surfactant is 990 mg/lit, an order of
magnitude more than that of C,,E, in 70:30 glycerol water mixture. This is due to the fact
that C,Ez is more hydrophilic than C,,E,, due to the decrease in the hydrophobic

hydrocarbon chain, and the increase in the hydrophilic ethoxy groups and hence liking
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the bulk phase more. In Figure 5A.2, a least square fit of the equilibrium surface tension
against bulk concentration data using the Frumkin equations (equations [3.2] and [3.3]) is

also plotted. Using a value of I',= 4.5x10"® mol/m’ as determined from the slope of the y
vs. In(C,) curve the values of the parameters that fit best are o/B=7.037x10” mole/m’ and

K=6.08. Note also that a positive value of K indicates that repulsive head group
interactions dominate in the monolayer.

In this case we could not verify the above equation of state parameters by doing
an experiment where we compress/expand rapidly an equilibrated pendant bubble, when
the amount of surfactant on the bubble surface remains constant under changing area, as
in a Langmuir trough (like in Figure 3.3). This is due to the following reason. In our
pendant bubble apparatus, for this liquid a maximum areal rate of 30mm?®/s of
compression/expansion could be allowed within which bulk hydrodynamic effects do not
appear to be important. This is confirmed by compressing/expanding a pendant bubble in
a surfactant free glycerol-water mixture. In the absence of hydrodynamic effects, the
surface tension as measured from the shape of the compressing/expanding bubble at
various times should be the same clean interface value as measured by the static Young-
Laplace formulation from the shape of the pendant bubble. We measure at what areal rate
of strain the surface tension as measure in this manner goes above the clean interface

value, which indicates the onset of bulk hydrodynamics affecting the shape of the bubble.
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All the experiments with the surfactant using the pendant bubble as a Langmuir trough,
could be carried only below this maximum rate. We found that for this system since the
kinetic exchange rates are fast than the maximum possible areal rate of strain, we always
see the effect of surfactant kinetic exchange in such experiments. Hence we could not
measure the equation of state experimentally this way.

The dynamic surface tension relaxations measured for different concentrations,
are shown in Figure 5SA.3. On the same lines described in Section 3.2.2.3, we could
describe all of them as diffusion limited processes with a diffusion coefficient of
D=1.5x10""" m?s, as shown in the same figure. Using a mixed kinetic diffusive model we
could determine the lower bounds on the adsorption and desorption rate constants for

C,.E; at the air/glycerol-water mixture interface as =50 m*/(mol.s) and a=0.35s™".

C,.E; dissolved in 100% Glycerol

For this system, in Figure 5A.4 we plot the equilibrium surface tension vs. bulk
concentration. The equilibrium surface tensions are measured for concentrations in the
range 0.1 to 1000 mg/lit (3x10° to 2.3x10” M). The measured value for the CMC (250
mg/lit) is approximately six times that of water®!, and two and half times that of 70:30
glycerol water mixture reflecting the fact that glycerol is less polar then water and hence
increasing the glycerol content is more accommodating of the surfactant chains. In Figure

5A.4, a least square fit of the equilibrium surface tension against bulk concentration data
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using the Frumkin equations (equations [3.2] and [3.3]) is also plotted. The values of the

parameters that fit best are [',= 4.51x10° mol/m’, a/B=3.83x10" mole/m’ and K=4.43.
The value of I',, obtained here also agrees with the estimate obtained independently from
the slope of the vy vs. In(C,) curve.

For this system also we could not do an experiment where we could use the
pendant bubble as a Langmuir trough. This is again because of the fact that the bulk
hydrodynamic effects become more important even at smaller rates of
compressing/expanding the pendant bubble due to the high viscosity of the bulk phase
glycerol (1000 times that of water) which leads to high Capillary numbers (Ca=uv/y).

In Figure 5A.5, we plot the surface tension relaxation at the air/glycerol interface
due to the C,E, interface for two different low concentrations. These could be described
by a diffusion limited model with a diffusion coefficient of 3x10™"* m?/s. This is three
orders of magnitude lower than the diffusion coefficient of the same surfactant in water
61 in line with the increased viscosity of the bulk phase. This gives lower bounds of 0.1

m*/((mol.s) and 3.83x10™ s on the adsorption(B) and desorption(ct) rate constants

respectively. Experiments at higher bulk concentrations need to be done to get a better

estimate of the lower bounds on these numbers.
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Table 5.1: Values of the Dimensionless Parameters in the Simulations corresponding to
~0.6 mm radius bubbles in the experiments for C,,E¢ and C,E; in 7:3 Glycerol-Water

Mixture.
Re Ma Pe 4 K Bi ;.
CLEs 0091 12.6 1.2x10° 0.12 547 1.5x10*
C,E; 0091 12.6 1.2x10° 0.94 6.08 6x10°
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Table 5.2: Comparison of experiments in 70:30 Glycerol-Water mixture
with numerical simulations at higher surfactant bulk concentrations

Surfactant Bulk k Dimensionless Drag
Concentration, mg/lit Experiment Simulation
Bi_ ;. Diffusion
Limited
C.E;
0.92 2.27 96.8 100 100
9.8 24.17 97.3 100 100
100.1 —»CMC | 246.67 98.3 100 100
354.8 100.1
1003.0 99.7
CIOES
244 6.70 99.9 100 100
244.0 67.01 98.5 100 100
996.0 —»CMC | 27355 92.1 90.5 85.0
4948.0 67.4
10324.0 55.4
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Table 5.A.1: Properties of the poly-ethoxy surfactants used in this study in the various

systems.
C,E;in 70:30 C,,E4in C,0Esin 70:30
Glycerol 100% Glycerol Glycerol
Water Water
CMC, mol/m’ 0.209 0.555 1.91
Maximum Packing Concentration(I" y, | 4.48x10° 4.51x10° 4.50x10°¢
mol/m?
Frumkin Interaction Parameter, K 5.47 4.43 6.08
Diffusion Coefficient(D), m%/s 1.5x10"! 3x10™"? 1.5x10™"!
Adsorption Rate Constant(3), >10 >0.1 >50
m’/(mol.s)
Desorption Rate Constant (o), s™ >9x10? >3.83x10* >2.73x10™
X(;f;f; K) .. Mo 0.05 0.11 0.58
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Figure 5.1: The surfactant concentration profile of a diffusion-controlled surfactant
just below the CMC. The formation of a micellar zone, along with a remobilized
cap region, is shown at the trailing end of the bubble rising in a liquid with terminal
velocity U.
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Figure 5.2: The surfactant concentration profile of a diffusion-controlled surfactant
above the CMC. The formation of a micelle free zone, along with a retarded cap region,
is shown at the leading end of the bubble rising in a liquid with terminal velocity U. Sy

is the thickness of the boundary layer over which the micellar concentration goes from
Cric=Cuicio) t0 Coic=0. 8 is the thickness of the micelle free zone, where the monomer

concentration goes from C=CMC to C=0, near the bubble surface.
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Figure 5.3: Effect of Addition of C,E, on the Drag of a Bubble Rising in a 7:3
Glycerol/Water Mixture.
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Figure 5.5: Effect of Addition of C,;E; on the Drag of a Bubble Rising in a 7:3
Glycerol/Water Mixture.
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Figure 5.A.1: Effect of temperature on the viscosity of (a) 70:30
glycerol- water mixture as measured by Haake Viscometer and (b) 100%
glycerol as measured by Cambridge Polymer Group, MA
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Figure 5.A.2: Measurements of the equilibrium tension of
glycerol/water surfactant solutions of C,4E; at the air/ 70:30 glycerol-
water interface and the Frumkin fit of this data.
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Figure 5.A.3: Dynamic surface tension relaxations for adsorption of C,,E; at
an initially clean air/ 70:30 glycerol-water interface as measured by the
pendant bubble technique. The continuous lines are fits with diffusion-limited
simulations of the relaxation for a value of D equal to 1.5x10™"" m¥/sec.
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Figure 5.A.4: Measurements of the equilibrium tension of glycerol surfactant
solutions of C, ,E¢ at the air/ 100% glycerol interface and the Frumkin fit of this
data.
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Figure 5.A.5: Dynamic surface tension relaxations for adsorption of C,,E, at
an initially clean air/ 100% glycerol interface as measured by the pendant
bubble technique. The continuous lines are fits with diffusion-limited
simulations of the relaxation for a value of D equal to 3x10™"* m%/sec.
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CHAPTER 6
Possible Future Work

The results of our computational work in Chapter 2 on the motion of the bubble in
the stagnant cap regime, showed the effect of surfactant kinetic exchange rates on the
amount of surfactant that could adsorb on the rising bubble and hence the drag on the
bubble. We used these results along with results from experiments on the bubble rise
velocities, in Chapter 3 to zero in on the adsorption/desorption rate constants of the
polyethoxy surfactant C,,E¢ at the air/glycerol-water mixture liquid interface. We showed
how this kind of a technique could be used over a wider range of surfactant transport
rates by kinetic exchange relative to bulk diffusion than the standard technique of
monitoring the dynamic surface tension relaxations due to surfactant adsorption at an
initially clean interface. It would be interesting to use this method in determining the
kinetic exchange rate constants of surfactants at a more common air/water interface. The
lower viscosity, would give higher rise velocities for air bubbles in water which would

decrease the Biot number(Bi=aa/U). Hence the effect of kinetic exchange could be more

distinguishable from the diffusion limited case than what we had seen in the 70:30
glycerol-water mixture case. We note that to be in the stagnant cap regime in water, we

need extremely low surfactant bulk concentrations (C,), lower than the ones we had used
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in glycerol-water mixture. This is due to the increased hydrophilic nature of the bulk

phase compared to the glycerol-water mixture case, which reduces the ratio o/p.

In Chapter 4, we developed the theory and presented our computational results on
remobilizing the surfactant laden bubble surface. All the arguments are valid when the
surfactant is present in the bulk in the monomeric form only. As we noted and observed
in Chapter 5, to attain remobilization we need high surfactant bulk concentrations. Real
surfactant systems form micellar aggregates above a critical bulk concentration called the
critical micelle concentration (CMC). Above this, the surfactant exists both in the
monomeric and micellar form. Some of our own experiments on remobilization in
Chapter S have been done above the CMC of the surfactants used. As noted in Chapter 5,
under these conditions, we need to take care of both the monomeric and micellar form of
surfactant, and the micellar breakup and formation kinetics rates. Developing a theory
taking care of these aspects in our computational work could verify the mechanism that
we presented in Section 5.2 to explain the experimental results on remobilization of the
bubble surface above the CMC. Also in real systems, the surfactants being used being
mostly above the CMC, such a theory would form the next step in explaining the effect of
surfactant transport in interfacial hydrodynamics in general.

From the discussion in Chapter 1, we see that in general, the accumulation of the

surfactants present in the bulk liquid, on the moving interfaces, could result in the
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reduction of the interfacial mobility. If there were a mass transport process between the
bubble/drop phase and the continuous phase, like a gas dissolution or a drop-wise
extraction process, then the mass transfer coefficient would depend on the flow behavior
in the vicinity of the interface. Across a solid/ fluid interface, because of the no-slip
condition, the mass transfer coefficient would be less than across a fluid/fluid interface
with a stress-free boundary and hence higher velocities. As mentioned before, in the limit
of high Peclet number (Pe), in creeping flow the mass transfer coefficient would vary as
O(Pe'?) at a solid/fluid boundary while there is a O(Pe'?) variation at a fluid/fluid
boundary. Since surfactants present in the bulk could alter the behavior of the interface,
the efficiency of the interphase mass transfer processes also could be altered. This has
been observed in many experimental studies as reviewed in Section 1.2. This alteration in
the behavior of the bubbles/drops is caused even in the presence of trace quantities of
surface active materials acting as impurities. Since it is difficult to get a pure system to
deal with in any physical process, the expected efficiencies for the interphase mass
transfer processes are never achieved.

The idea of remobilizing a surfactant retarded interface from the experimental
observations of the Stebe, et al25 and confirmed in this thesis, shows that through the use
of remobilizing surfactants at high concentrations, the interface will behave stress free

even in the presence of trace amounts of surface retarding impurities in the system. From
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the observations made before on interphase mass transfer, one may consider using the
remobilizing surfactants to regain the depleted mass transport efficiency in the two phase
systems due to the presence of trace amounts of impurities. It would be interesting to see
this effect experimentally, by considering the effect of the remoblizing surfactants on a
process like say dissolution rates of CO, bubbles in water. Here though we expect the
mass transfer rates to increase due to the increase in interfacial mobility, presence of
surfactants in the bulk phase at high concentrations may change the diffusive transport
rates of the solute (CO,). Selection of the right system where the high concentrations of
the surfactant needed for remobilization will not affect the bulk transport rates of the

solute, could greatly benefit industrial mass transfer processes.
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