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Abstract

In natural gas production, along with gas, a small amount of liquid is produced.
Towards the end of a reservoir life, the gas velocity reduces due to a decline in
pressure. A low gas velocity in a gas well causes undesirable liquid accumulation
(loading) in the production tubing. One of the ways to postpone liquid loading is
by injecting surfactants in the well. The agitation by gas/liquid flows causes the
surfactants to foam. The actual mechanism of how the surfactant injection which
causes deliquification is poorly understood.

There is an impetus from the gas industry to develop a mechanistic foam flow
model that can predict the flow in the well for different surfactants. This requires
identification of the surfactant properties that influence the flow characteristics.
Based on a literature study it was concluded that the dynamic surface tension (DST)
and equilibrium surface tension (ST) are few characteristic properties of a surfactant
that affects the foaming ability. There is no general agreement about the relation
between the foamability and the DST. This thesis is formulated to investigate the
influence of the DST and the ST on the foaming ability in a customized setup.

In gas well deliquification, foams serve the purpose of removing liquids. There-
fore, in this work foamability is defined as the liquid content of the created foam.
The foamability of different surfactants is tested in a modified Bikerman setup, in
which foam is generated by sparging N2 through the surfactant solution. The weight
of the produced foam was measured in time. High speed movies were also recorded
and analyzed to determine bubble sizes and their velocities in the foam as well as
in the bulk liquid. The calculated foam density includes the weight and the foam
velocity.

DST is measured by the maximum bubble pressure method in a time range of 1
ms to 100 s and the equilibrium surface tension is measured using the du Noüy ring
method. The equilibrium surface tension was compared through the correspond-
ing surface pressure, whereas, the DST was compared through the Rosen parameter
and the dynamic surface excess concentration. Dynamic surface excess concentra-
tion is defined as the surface excess concentration at the time scale of foaming.
In the experiments, Sodium dodecyl sulfate (SDS), cetyltrimethylammonium bro-
mide (CTAB) and polyoxyethylene - 4 lauryl ether (Brij 30) are used as the pure
surfactant. In addition a commercial proprietary surfactant successfully applied to
deliquify actual gas wells, Trifoam Block 820 (TB820) is also used. The influence
of salt is investigated by varying NaCl concentration in a solution with fixed SDS
concentration.

In the pre-micellar region the foam density increases with the Rosen parameter.
However in the micellar region this trend was not consistent for all the surfactants
used. An overall comparison showed a logarithmic dependance of the Rosen param-
eter on the foam density, whereas a linear dependance of the dynamic surface excess
concentration on the foam density was observed. In order to obtain a dense foam,
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the Rosen parameter and the dynamic surface excess concentration should be high.
More experiments are needed to determined if these trends are general.

This dependance of foam density on DST could assist in choosing the ideal sur-
factant for a particular gas well deliquification application. A denser foam would
potentially be more effective in removing liquids (owing to higher liquid content).
The mechanistic foam flow model being developed for real life applications should
benefit from this qualitative trend.
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1. Introduction

This thesis deals with the characterization of foamers for gas well deliquification.
Understanding this topic requires knowledge from different fields, including multi-
phase flows and colloid chemistry. While complete understanding is a far fetched
objective, this chapter will isolate concepts and gradually motivate the research
question of this masters thesis. The last section includes an outline of the whole
report.

1.1 Motivation

A natural gas reservoir produces small quantities of liquids along with gas. Water is
the main component of these liquids. The gas is transported by annular flows from
the reservoir to the production facilities. As production continues, the reservoir
pressure declines, decreasing the gas velocity. At a certain point, the gas is unable
to lift the liquid. Liquids will then accumulate in the well; this is called as liquid
loading. Liquid loading poses a major problem for exploiting the maximum potential
of a gas reservoir[2].

Several technologies[2] are employed to tackle the problem of liquid loading. The
most popular and easiest to use is the injection of foamers. Foamers help in produc-
ing foam which can remove the liquid at a lower gas velocity. The choice of foamer
is made from experience, as the exact mechanism is poorly understood in order to
make an educated estimate. There is no single theory which can predict whether
the foam will work in a given well. The effect of foam on the flow in a gas well is
not modeled. For such a model, it is essential that the foam is characterized. A lot
of parameters across over several length scales affect the bulk foaming behaviour in
a gas well. Referring to Fig. 1.1, the molecular chemistry (O(Å)) in a foaming so-
lution affect the behaviour of foam films at O(nm) − O(mm), which in turn affects

Figure 1.1: Different scales for study of foams[1]
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2 1. Introduction

Figure 1.2: Foam produced by bub-
bling N2 through needles.

(a) Surface active molecules

(b) Non-surface active molecules

Figure 1.3: Partition of surface active
molecules at water-air interface

the (very) large scale in a gas well (O(km)). Understanding the molecular scale
effects and their influence on foaming is required to obtain a (mechanistic) model
of the foam in the gas well. Considering the complexity, a suitable small scale exper-
iment can serve as characterization. This thesis will focus on the characterization of
foamers using a small scale experiment.

The molecular phenomena in aqueous surfactant solutions and their relation with
the foam formation, with a focus on physical chemistry, will be the subject of this
masters thesis. The large scale flow aspects of the foam are studied in a PhD project
by Ir. Dries van Nimwegen at Department of Multi-Scale Physics, Delft University
of Technology. Finally it is envisioned that using the learning from this thesis, Ir.
Dries van Nimwegen will bridge the gap between the small scale (molecular) and
the large scale (flow) phenomena by developing a foam flow model.

1.2 Foams

Foam is commonly encountered while using soaps[3] or drinking coffee[4]. Foam
consists of gas dispersed in liquid where the liquid forms a continuous phase. The
foam bubbles can be spherical or polyhedral; small or large; monodisperse or poly-
disperse. The type of foam bubbles obtained changes with the method of foam
generation, such as simple shaking, beating, and sparging.

Consider formation of foam due to rising bubbles in a soap solution as shown
in Fig. 1.2. As the bubbles reach the solution surface, they retain their form. With
more bubbles reaching the surface, a column of bubbles is created. This structure
of bubbles stacked together is called a foam. A unit volume of this structure weighs
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(a) Effect of surfactant concentration (b) Effect of time

Figure 1.4: Equilibrium and dynamics surface tension of aqueous surfactant solutions

about the same as the amount of water it contains. Thus a foam density, ρfoam

(g/cm3), can be defined to quantify the water content of the foam. Foam with
higher ρfoam corresponds to larger water content and vice-versa.

Several questions arise with such a simplified view such as (i) Why does foam
form? (ii) How does the choice of foamers influence the foam density? (iii) Which
properties of foamers can serve as a measure of the foam density?

1.2.1 Surface active agents

The component in a foamer (soap) responsible for foaming is known as a surfactant.
A surfactant is a molecule with two groups; the hydrophilic group forming the ‘head’,
and the hydrophobic group forming the ‘tail’.

The head group consists of functional groups which readily dissolve in water.
Examples are sulphates (OSO–

3), amines (NH+
2 ), hydroxyl (OH) and ethylene oxide

(OCH2CH2). The tail group is made of groups which do not dissolve in water like
hydrocarbon (or fluoro hydrocarbon) chains of either aliphatic and aromatic series.
For detailed literature on types of surfactant molecules see reference[3,5].

1.2.2 Physio-chemical properties of surfactants in water

The presence of a hydrophilic group and a hydrophobic group causes the surfactant
to preferentially adsorb at water-gas interface (Fig. 1.3). The surfactant tails have
lower surface tension, γ (mN/m), than water and thus the surface tension of the
water-gas interface is lowered. The magnitude of the reduction in γ depends on the
type and the number of molecules adsorbed at the interface, which is a function of
surfactant bulk concentration. Fig. 1.4a shows how γ of aqueous surfactant solution
depends on bulk concentration of surfactants.

Reduction in γ is a dynamic process. When a fresh interface is created (t = 0), the
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Figure 1.5: Foam structure and internal molecular film repair mechanism by Marangoni
flows.

interface consists only of water molecules and γ = γpure solvent (for water, 72.8 mN/m
as shown in Fig. 1.4b). In time surfactant molecules get adsorbed on the surface,
reducing γ. The time it takes to reach equilibrium can vary from milliseconds to
hours or even days depending on the surfactant. The equilibrium and the dynamic
surface tension are discussed in detail in Chapter 2.

1.2.3 Foamability

The term ‘foamability’ is ambiguous. To make foamability definite, (i) an experi-
ment must be specified, and (ii) the measured quantity (foam height, foam mass,
foam density) must be specified. The measured foam quantities vary substantially
for same surfactant solution if the foam is produced in different ways, for instance
by shaking or by sparging. The shaking method produces foam by a random and
turbulent mixing of the solution and gas. In two independent shaking experiments,
the foaming process would vary randomly. On the other hand, the foaming by the
sparging method is controllable and reproducible.

In gas well deliquification, foam serves the purpose of removing liquids. There-
fore, a foamability is defined as the density of produced foam in a sparging method
(see §3.3).

1.2.4 Foam formation

Fig. 1.5a shows a typical foam structure. We can see that the bubbles do not coalesce
(merge) unlike bubbles in pure water. The bubbles together form a 3D structure (not
visible) which possess a certain mechanical strength. "All foams are thermodynami-
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cally unstable, due to their high interfacial free energy"[6]. However the presence of
surfactants stabilizes the foam films, making them metastable.

The time dependant adsorption of surfactants plays an important role in foam-
ing. Gibbs[7] noticed that for an interface with adsorbed surfactant, a change in its
surface area causes a change in its surface tension. If an interface is expanded, then
the surface tension increases and vice-versa. The surface tension changes because the
surfactant surface coverage changes. This is known as the Gibbs effect. A perturbed
interface will relax over time to its equilibrium surfactant surface coverage. During
the relaxation period the surfactant will be transported to or from the perturbed
surface.

A foam film (Fig. 1.5b) subjected to disturbance leading to film thinning is seen
in Fig. 1.5d. Film thinning leads to an increase in the local surface area. Due to the
Gibbs effect, the surface tension at the locally thinned region is higher than at the
surrounding regions. These surface tension gradients over the thinned region cause
Marangoni flows from the region of low surface tension (healthy film region) to high
surface tension (thinned film region). These Marangoni flows transport liquid mass
to the thinned film, thus stabilizing it. Thus together, these Gibbs-Marangoni effects
assist in repairing the thinned film.

In the case of local thinning within foam films, the Gibbs effect is followed by
the relaxation period. The relaxation period includes transport of surfactant due to
concentration gradient, and the transport of surfactant via the Marangoni flows. Ad-
sorption of new surfactants from the bulk to the part of the interface with increased
surface tension should be sufficiently slow, to allow Marangoni flow to repair the
film. Very fast surfactant adsorption does not allow the creation of surface tension
gradients. Successful film repair instance requires that sufficient liquid mass is trans-
ported to the thinned region before the surface tension gradients disappear.

1.3 Rosen’s empirical approach

No general theory or model for foamability exists. Few attempts have been made to
connect the fundamental properties of the surfactant solution, such as the dynamic
surface tension, with the observed foam formation. Different methods to create foam
were used in these attempts, making a direct comparison of the results difficult.
There is no singular method to produce foams.

Rosen and Hua suggested an empirical approach to link the dynamic surface
tension (DST) with foamability. In a series of eight papers they showed a method
to analyze DST data using an empirical equation and successfully demonstrated a
connection between the DST of surfactants and their foaming behaviour[8–15].

A typical shape of DST curve behaviour such as shown in Fig. 1.4b can be fitted
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to the following equation[8],

γt = γm +
γ0 − γm

1 + (t/t∗)n
(1.1)

where γt (mN/m) is the surface tension at time t, γ0 is surface tension of the solvent
(in the current work 72.8 mN/m at 20◦C and 1 atm for water). Here γm, t∗ and n are
the fit parameters that are further explained in Chapter 2.

Consider the case of film thinning which increases the surface area initiating
the relaxation process. If the relaxation of surfactants is rapid, then the surface
tension gradients over the (foam) film surface will disappear halting the Marangoni
flows. On the other hand, in the case of slow relaxation, then the (foam) film
surface will not see sufficient magnitude of the surface tension gradients for the
Marangoni flows. Thus the relaxation in time plays an important role in the total
volume transported due to the Marangoni flows. The relaxation behaviour can be
studied by the DST curves. A larger gradient of DST indicates rapid relaxation of the
surface and vice-versa.

Rosen et al.[11] showed that dγt/dlog t has a maximum at t = t∗, Differentiating
Equation 1.1,

dγt
dt

=
(γ0 − γm)[n(t/t∗)n−1]

t∗[1 + (t/t∗)2]2

At t = t∗(
∂γt
∂t

)
t=t∗

=
n(γ0 − γm)

4t∗
(1.2)

Parameter n(γ0 − γm)/t∗ was shown to be strongly correlated with the foamability
(See Fig. 1.6). The foaming behaviour was tested by the Ross-Miles test[16], which
measures the height of foam created under standard conditions (§2.4).

1.4 Other correlations for foamability

The strongest correlation was shown by Rosen et al.[11]. Fig. 1.6 and 1.7 show their
correlation. This correlation was tested independently by different authors[17,18].
An increase in the Rosen parameter was shown to be inversely proportional to the
maximum weight of foam produced[17] and the initial foam height in the Ross-Miles
test[18]. This is opposite of the direct proportionality found by Rosen et al.[11]. It
was suggested that increased surface tension reduction rate decreases foamability
because a rapid surfactant transfer to interface does not allow creation of suffi-
cient magnitude and duration of surface tension gradients for healing action by
the Marangoni effect[18,19]. Contrary to the inverse proportionality dynamic sur-
face activity, R1/2 was shown to be directly proportional to initial foam height in the
Bikerman test[20,21].

R1/2 =
(γ0 − γm)

2t∗
(1.3)
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(a) C12EOX, 2× 10−4 mol/l (b) COEOX, 2.5× 10−4 g/l

Figure 1.6: Qualitative relation between the foam height and the Rosen parameter
vs. oxyethylene group number at 25◦C. C12EOX is dodecyl (X) polyoxyethylene ether and
COEOX is (X) polyoxyethylenated nonylphenols. From Rosen et al.[11].

(a) 23 EOXSNa, 2.5 g/l (b) 23 EOXSNa, 1 g/l

Figure 1.7: Qualitative relation between the foam height and the Rosen parame-
ter at different oxyethylene group numbers at 25◦C in 0.1 M NaCl. 23 EOXSNa is
C12-13H25-27(OC2H4)XSO4Na. From Rosen et al.[11].

When air is bubbled rapidly in a very short time using a Bikerman test, if the surfac-
tants cannot adsorb at the air-water interface, then, the foam thus formed will not
be stable[20,21].

Prins and van Kalsbeek[22] present a general overview of studies linking foaming
behaviour with interfacial dynamics. Several attempts were made to relate dynamic
surface tension to foamability[11,17–21,23–25] with varying extent of success. Of these,
very few correlations are within the context of gas well deliquification[17,24]. In all
these studies a connection between the dynamic surface tension and foamability
was found. However, the validity of these results should be carefully evaluated.
Nguyen[17] uses the Gibbs isotherm to calculate the surface excess concentration
when the bulk concentration is 4 to 20 times the c.m.c. (§2.1.1). It is well known
that the Gibbs isotherm is only valid for dilute surfactant solutions[26], such that
the activity coefficient equals one. Using the (wrongly) determined surface excess
concentration a relation to foamability was shown by Nguyen[17].

Widely contradicting ideas and correlations for foamability are present through-
out the literature. Though such contradictions could also be attributed to the method
of foaming; it might also indicate that the rate controlling step for foaming varies
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with the method of foam generation.

1.5 Research question

A model of large scale foam flow is crucial to be able to optimize the use of foamers
for the purpose of gas well deliquification. To develop such a large scale model, the
foaming behaviour at a small scale should be known, which in turn depends on the
dynamics of the surfactants. It is thus important that these dynamics of surfactants
and the foaming behaviour are characterized using suitable parameters.

The mass density of foam produced is relevant for the current application as liq-
uid needs to be removed from the gas well. The mass density can be determined
using a Bikerman setup (sparging), modified to allow foam overflow into a weigh-
ing scale. Surface tension reduction due to surfactants is essential for stabilizing a
foam film. As foam is a dynamic structure, the surface tension does not reach the
equilibrium value.

The dynamic surface tension has been previously shown to correlate with foam-
ing (Fig. 1.6) and elsewhere[11,17–21,23–25] in the literature. However their is no agree-
ment on how exactly, for any experimental setup. It is the intention of the current
study to understanding the effect of DST on the mass density of foam; which, is
crucial for the application in gas well deliquification.

This thesis will answer following the research question,

How does the dynamic and the equilibrium surface tension relate to the mass
density and the total mass of foam generated in a modified Bikerman setup?

1.6 Outline

Chapter 2 presents the theories and concepts which are essential for the reader to
comprehend the analysis. The theories of dynamic and equilibrium surface tension
relevant to current work are described. In addition, a section on foams will describe
the phenomena within foams affecting its foamability/stability. A section on various
methods of foam generation and existing correlations for foamability is meant to
present the state-of-art.

Chapter 3 describes all the experimental tools employed during the current the-
sis. Chapter 4 contains important experimental results and their analysis. The re-
search question outlined in the previous section will be answered based on the re-
sults from this chapter. Finally, Chapter 5 is dedicated to summarize and conclude
the masters thesis. Additional work will be recommended based on the conclusions
and experience gained during thesis. These recommendations will indicate the focus
areas to continue the current work.



2. Background theories

This chapter will present an overview of the scientific literature relevant for this
thesis. Starting with the fundamental properties of aqueous surfactant solutions the
discussion will continue to a general physiochemical theory of foams. Additional
information on foam drainage and the importance of micellar kinetics in foams is
also presented. The typical methods of measuring foamability along with a summary
of existing correlations between the dynamic surface tension and the foamability in
the literature, are discussed at the end.

2.1 Surfactant properties in aqueous solutions

In a surfactant solution, surfactant adsorption at the interface lowers the surface ten-
sion. Adsorption is a dynamic process. Therefore properties of aqueous surfactant
solutions can be studied at equilibrium and as a function of time.

Bulk concentration and surface tension are directly measurable while adsorption
is not. Accordingly, the study of aqueous surfactant solution uses the bulk concen-
tration and the surface tension as a means to determine the adsorption properties.

2.1.1 Equilibrium surface tension

As the bulk concentration, c (mM/l), increases, the surface tension, γ (mN/m), re-
duces until the critical micelle concentration (c.m.c.). Beyond the c.m.c., γ remains
almost constant (See Fig. 2.1). At the c.m.c., surfactants in the bulk self-assemble
into aggregates known as micelles. Micelles are 3D structures containing at least
around hundred monomers[27], arranged such that their hydrophilic heads face the
water, shielding the hydrophobic tails from being exposed to water. The c.m.c. is
a property of the surfactant in a given solvent and is a measure of the surfactant
monomer solubility and its adsorption saturation. The driving force for micelliza-
tion is related to increasing the total entropy of surfactants and water molecules[28].

Adsorption is quantified using an isotherm which is an equation relating the
bulk concentration, c (mM/l), to the corresponding surface excess concentration,
Γ (mol/m2). It is derived from fundamental thermodynamic principles. However,
in order to obtain Γ from experimentally accessible parameters, γ and c, a surface
equation of state is required in addition to the isotherm.

A surface equation of state can be conceptually compared with an equation of

9
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Figure 2.1: Schematic of equilibrium surface tension as a function of surfactant concentra-
tion with molecular picture at bulk and interface.

state1 for gasses, such as the ideal gas law. The surfactant monomers at a 2D in-
terface behave analogous to the gas molecules in a 3D space. Thus a monolayer
of surfactants exhibit surface pressure, Π (mN/m), with the dimension of force per
length; one length dimension less than the bulk pressure. A 3D equation of state
relates the bulk gas pressure and the concentration; similarly, a 2D surface equation
of state for surfactants is a relation between their surface pressure, Π = γ0 − γ and
surface excess concentration (i. e. Γ). γ0 is the surface tension of water devoid of
any surfactants. The adsorption isotherms and the surface equations of states can
be derived from thermodynamics[29].

Adsorption isotherms

The choice of appropriate isotherm depends not only on the concentration and the
molecular nature of that surfactant, but also on the presence of electrolytes. All the
isotherms described here are applicable only at the pre-micellar concentrations. At
dilute concentrations, the activity coefficient equals one and the chemical potential
can be approximated by the concentration. This allows the use of the Gibbs isotherm
in the following form,

Γ = − 1

n1RT

(
dγ

d ln c

)
(2.1)

where R (mN.m/mol.K) is the gas constant; T (K) is the temperature. n1 is a factor
accounting for adsorption of counterions. The value of n1 depends on the charges

1The equations of state intended for a comparison are the ones which relates pressure versus concentration
and not between other state variables.
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of the surfactant ion, the counterion, and the salt ions[26,27,30]. An isotherm must be
applicable to the physical nature of adsorbed surfactants. For instance, an isotherm
including the effect of charged adsorbed layer should be used for ionic surfactants.
A good fit to equilibrium surface tension alone does not ensure correctness of the
derived parameter, Γ. In the next section few isotherms which will be used later are
described. The isotherms including typical effects such as the surface layer compres-
sion, ionic surface charges, and the surfactant reorientation are presented.

Langmuir isotherm: The Langmuir isotherm is a popular isotherm which gives a
satisfactory fit for a lot of surfactants. It includes a uniform lattice-type model with
no solvent or solute interactions. In principle, this assumption is incorrect for all
the surfactants, but it can still provide a satisfactory fit for pure surfactants or with
electrolytes in the solution (via n1). The corresponding surface equation of states
are Szyszkowski or Frumkin (not to be confused with Frumkin isotherm)[26],

Γ = ΓLm
KLc

1 +KLc
Langmuir isotherm (2.2a)

Π = n1RTΓLm ln(1 +KLc) Szyszkowski equation of state (2.2b)

Π = −n1RTΓLm ln(1− Γ

ΓLm
) Frumkin equation of state (2.2c)

where Π (mN/m) is the surface pressure; R (mN.m/mol.K) is the ideal gas con-
stant; ΓLm (mol/m2) is the theoretical maximum surface excess concentration and
KL (l/mM) is the Langmuir equilibrium adsorption constant. n1 is a factor account-
ing for the adsorption of counterions.

Frumkin Compressibility (FC Model): This is the classical Frumkin isotherm modi-
fied to include 2D compression of surfactants. It includes solute-solvent interactions
(via a) at the surface, but does not include effect of ionic charges.

bc =
θ

1− θ
exp(−2aθ) FC isotherm (2.3a)

− Πω0

RT
= ln(1− θ) + aθ2 Equation of state (2.3b)

ω = ω0(1− εΠθ) (2.3c)
θ = Γω (2.3d)

where ω0 (m2/mol) is the molar area of the surfactant at Π = 0, that is molar area
of the solvent molecule; a is the intermolecular interaction constant; b (l/mM) is
the adsorption equilibrium constant; and ε (m/mN) is the 2D compression ratio of
surfactant monomers in a packed surface layer. Usually ε ' 0.005− 0.01 m/mN[31].
This model considers that the molar area of surfactants, ω (m2/mol), is a linear
function of surface pressure and fractional surface coverage, θ = Γω. When ε = 0,
the model is same as the classical Frumkin isotherm.
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Frumkin Ionic Compressibility (FIC Model): This is the FC model modified for ionic
surfactants and presence of electrolytes.

b [c(c+ cc)]
1/2 f =

θ1+2ϕ

1− θ
exp(−2aθ) FIC isotherm (2.4a)

Π = −2RT

ω0

[
ln(1− θ)− ϕθ + aθ2

]
Equation of state (2.4b)

ω = ω0(1− εΠθ) (2.4c)
θ = Γω (2.4d)

log10 f = − 0.5115
√
I

1 + 1.316
√
I

+ 0.055I (2.4e)

where cc (mM/l) is the counterion concentration; ϕ is the parameter to account for
the fraction of surface-active ions which are not bound by counterions in the surface
layer (0 ≤ ϕ ≤ 0.5); f is the average activity coefficient of ions in bulk solution
from the Debye–Hückel equation 2.4e corrected for short-range interactions[32,33].
I (mol/l) is the ionic strength given by I = 1

2

∑n
i=1 ςiz

2
i . Here ςi, (mol/l) is the

concentration of ion i; zi is the charge number of ion i.

Reorientation Compressibility (RC Model) This model considers that two states of
surfactant monomers coexist at the surface with molar areas ω1 and ω2, which is
often the case for non-ionic polyoxyethylene surfactants. For definiteness, ω2 >
ω1. For instance state 1 can be the surfactant molecule adsorbed at an angle (or
convoluted) to the surface. The state 2 can be the surfactant molecule adsorbed
while lying flat (along) the surface.

b1c =
Γ1ω

(1− θ)ω1/ω
Reorientation A isotherm

(2.5a)

− Πω

RT
= ln(1− θ) Equation of state (2.5b)

Γ = Γ1 + Γ2 (2.5c)
Γω = θ = ω1Γ1 + ω2Γ2 (2.5d)
ω1 = ω10(1− εΠθ) (2.5e)
Γ2

Γ1

=

(
ω2

ω1

)α
exp

(
ω2 − ω1

ω

)
exp

[
−Π(ω2 − ω1)

RT

]
(2.5f)

where ω10 is the molar area of the surfactant in state 1 at Π = 0. α is a constant
accounting that the adsorption of the surfactant molecules in state 2 (with larger
area) can be more than that of state 1. Further details can be found elsewhere[31,34].
As an example, the existence of nonionic CnEOm surfactants in two states of vary-
ing molar areas is justified based on the molecular structure. The hydrophilic part
(that is EO) exhibits surface activity at low surface pressures[35]. At larger surface
pressures, the surfactant molecule adsorption has to occupy minimal area; that is
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the hydrophilic EO group reorients in the water phase to reduce the molar area.
In addition, at larger surface pressures the molar area linearly decreased as ob-
served by X-ray diffraction[36]. This effect is included by the linear compressibility
of the convoluted state 1 at higher surface pressures (see Eq. 2.5e). The RC model
considers these effects together with approximation for non-ideal entropy (details
elsewhere[35]).

FC, FIC and RC models are complex isotherms requiring advanced numerical
solving techniques. Aksenenko[37] presents an approach to solve these isotherms
numerically. A collaborative project led by Dr. Reinhard Miller, Max Planck Insti-
tute of Colloids and Interfaces has made these isotherms available via ISOFIT, a free
software[38].

2.1.2 Dyanamic surface tension

When an air-water interface is newly formed in an aqueous surfactant solution it
has the surface tension of water, i. e. 72.8 mN/m[39] at 20◦ and atmospheric pressure.
In time the surface tension will drop to it’s equilibrium value. The time depen-
dant surface tension is called as the dynamic surface tension (DST). Surface tension
of the surfactant solution depends on the surface excess concentration of the sur-
factants. Adsorption is a dynamic process which depends on the transport of the
surfactant monomers from the bulk to the surface. This transport includes two steps
– (i) transport of surfactants from the bulk to the subsurface (an imaginary layer
below the physical surface which is few molecular diameters thick[40], O(Å)), and
(ii) exchange between the subsurface and the surface[26,39,41].

In absence of flow, the first step consists of surfactant transfer due to diffusion
towards the subsurface. Molecules reaching the subsurface will then adsorb on the
surface in the second step. The adsorption can involve activation energy barriers due
to effects like reorientation as shown in Fig. 2.2b. Ward and Tordai[40] modeled the
first step, that is, the surfactant transfer due to diffusion from the bulk to the subsur-
face. Assuming that adsorption is faster than diffusion, the Ward-Tordai model can
be used to determine the diffusion coefficients. In foaming the positive contribution
from the convective transfer can have a big impact on the characteristic time scales
of surfactant transport to the subsurface for a diffusion controlled adsorption. To be
precise, the characteristic time will be lower in a diffusion-convection transport than
a pure diffusion transport[42,43] which might change the rate controlling step. Chang
and Franses[26], Eastoe and Dalton[39] present a review on the diffusion-adsorption
models for surfactant transport.

Rosen and Hua[8] proposed an empirical method to model a DST curve. A typical
DST plot shown in Fig. 2.3a consists of four regions; (I) induction region; (II) rapid
fall region; (III) meso-equilibrium region; and (IV) equilibrium region. An equation
of the following type fits the first three regions,

γt = γm +
(γ0 − γm)

[1 + (t/t∗)n]
(2.6)
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(a) Adsorption layer snapshots and dynamic surface tension (b) Molecular mechanisms occur-
ring in time

Figure 2.2: Schematic diagram of dynamic adsorption layers leading to time dependance of
surface tension

where γt is the surface tension at a surface age t. Three fit parameters; t∗, n, and
γm, can be determined by using a curve fitting technique such as the method of least
squares[44].

At t = t∗, γt has dropped by half of γ0 − γm (Fig. 2.3b) and the DST curve
has its maximum slope[10]. n is shown to be related to the hydrophobicity of a
surfactant in a given environment. Higher hydrophobicity implies a steeper gradient
(see Fig. 2.3c) in the rapid fall region and thus higher value of n[14,20,21]. γm is
crudely defined as "surface tension which shows little further change with increase in
time (< 1 mN/m in 30 s)"[9] as shown in Fig. 2.3d. It is also observed that in many
cases γm is approximately equal to γeq.

In order to make a definite three parameter curve fit, the γm should be distinctly
visible in the measurement data. At low surfactant concentrations it might take very
long to reach γm. If γm is not visible in the available data then a two parameter fit is
performed by assuming γm = γeq in current work.

2.2 Foam structure and density

Aqueous foam is a dispersion of gas in water with a relatively large fraction of air.
Foam structure is determined by the volumetric liquid fraction. Two extreme types
of foams are; (i) small liquid fraction with polyhedral bubbles, or (ii) large liquid
fraction with spherical bubbles. The common wall between two bubbles is called
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Figure 2.3: Rosen’s empirical approach for DST analysis using fit parameters t∗, n and γm.

as the foam film. A plateau border is where three films meet at an angle of 120◦ [1].
Four plateau borders meet at angle of 109.47◦ in a vertex. Any other arrangement
will immediately cause structural rearrangement to meet these rules. These rules
are only for dry foams. Wet foam structure can vary depending on geometry of the
bubbles[45].

A foam with polyhedral bubbles contains less water than a foam with spherical
bubbles; hence is termed as dry foam and wet foam respectively. Foam wetness
defined by a density term could be used as a foamer characterization parameter for
current application of removal of liquids from gas wells. Higher foam density means
a wet foam and vice-versa.
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(a) Below interface (b) Lifting interface

Figure 2.4: Schematic of a bubble rising in surfactant solution. Presence of surfactants
creates surface tension gradients when a rising bubble stretches the interface.

2.3 Physiochemical theory of foaming

As foam contains immiscible phases, according to thermodynamic principles there
is a driving force to reduce the interfacial area between phases. Thus all foams
are inherently meta-stable. Pure liquids do not foam whereas presence of surfac-
tants leads to foam of a certain lifetime. Thus surfactant adsorption prevents the
foam from collapsing. The main surfactant induced stabilizing mechanisms will be
described in this section.

2.3.1 Gibbs-Marangoni effect

Consider a bubble rising through a bulk surfactant solution as shown in Fig. 2.4a.
As it rises surfactants get adsorbed on its surface. Surface coverage at the top of
bubble is lower than at the bottom of bubble[46]. Such uneven surface coverage
increases the drag force reducing bubble rise velocity. A bubble approaching the
air-liquid interface will lift a film of liquid, thereby, increasing the surface area. The
lifted section has a smaller surface excess concentration than the rest of the surface.
Gibbs[7] discovered that a change in surface area of surfactant solutions leads to a
change in the surface tension and thus defined surface elasticity as,

E =
dγ

d lnA
(2.7)

where, E (mN/m) is the Gibbs elasticity; and A (m2) is the surface area.

The tangential gradients in the surface tension causes convective flow of liquid
towards the high surface tension region[47] (low surface pressure). Such a flow
stabilizes a film lifted by the rising bubble preventing it from rupturing. Bulk motion
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induced by the tangential gradients in surface tension, is known as the Marangoni
effect. This effect is critical to ‘stabilize’ the newly formed films. Collectively these
Gibbs-Marangoni effects are responsible for foam film existence.

Considering the case of an isothermal interface with adsorbed surfactants, the
only way to create surface tension gradients will be through non-uniform surfactant
surface excess concentration. A non-uniform surfactant surface excess concentration
will relax in time. The relaxation period includes transport of surfactant due to
concentration gradient, and the transport of surfactant via the Marangoni flows. As
relaxation occurs, the surface tension gradients, which are the driving force for the
Marangoni flow decrease. Successful film repair instance requires that sufficient
liquid mass is transported to the thinned region before the surface tension gradients
disappear. An estimate of the magnitude of the surface tension gradient, which is the
key driving force for the Marangoni effect, can be made by experimentally measuring
the dynamic surface tension. Rosen et al. suggested an approach to quantify the
Marangoni effect in a given solution. Differentiating their empirical DST equation
2.6,

dγt
dt

=
(γ0 − γm)[n(t/t∗)n−1]

t∗[1 + (t/t∗)2]2

Evaluating this at t = t∗,(
∂γt
∂t

)
t=t∗

=
n(γ0 − γm)

4t∗
(2.8)

Thus the parameter n(γ0 − γm)/t∗ was shown as a measure of maximum Marangoni
effect for any given surfactant solution. Foaming includes creation of a large num-
ber of bubbles in a short period of time. Thus for instantaneous rapid foaming
the Marangoni effect might be the rate controlling factor for foamability. Using
this argument, foamability was shown to be strongly correlated with the parameter
n(γ0 − γ)/t∗ (Fig. 1.6).

The gradients in surface excess concentration of surfactants cause both, Marangoni
effects and surfactant transport by bulk/surface diffusion[48]. The key is that the lo-
cal surface tension gradients occurring in foams must result in sufficient Marangoni
flow to ‘heal’ the film before the surfactant transport destroys these gradients. If
the adsorption is too little, then the surface tension gradients might be too low to
cause any significant Marangoni effect. On the other hand, if the bulk concentration
is too high then surface tension gradients might never appear. Maximum foamabil-
ity is usually observed when the bulk concentration is around the critical micellar
concentration[27,49]; that is the surface coverage is close to its saturation limit.

2.3.2 Drainage

Drainage is the loss of interstitial liquid in foams. The driving force for drainage
is the gravitational force and capillary suction. Gravity effects are higher in wet
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foams than dry foams whereas capillary suction contribution is larger for dry foams
than wet foams. This is intuitively justified as wet foams have relatively higher mass
and that the gravitational force is proportional to the mass. Capillary suction is the
loss of liquid through the plateau borders due to pressure difference between the
plateau border and the vertices. In a wet foam with spherical bubbles, the radius of
curvature at the plateau border and at the vertices is almost the same. Thus from the
Young-Laplace law (Eq. 3.1) there is almost no pressure drop between the plateau
borders and the vertices; consequently capillary suction effect is negligible.

The drainage through plateau borders depends on the bulk viscosity and the
water-air interfacial properties. Liquid with higher bulk and surface viscosity2 will
drain slower. The interfacial properties can be determined using surface rheology
experiments[50]. The drainage through vertices is poorly understood currently[51].

2.3.3 Micellar kinetics

A micelle is like a reservoir of neatly packed monomers. Above the c.m.c., the
monomer concentration no longer increases with increasing surfactant concentra-
tion. All additional surfactants are incorporated in the micelles. When a lot of
interface is created in a short time during foaming, the monomers in the bulk so-
lution get adsorbed at the interface. In order to sustain a newly formed interface
sufficient monomers must be available in the bulk. If the supply of monomers falls
short while creating new interface then the interface will rupture. Thus the relative
micellar break up time should be faster than the foaming process, if not, the foaming
can be adversely affected.

The micellar dissolution time constant for ionic surfactants, τ2 is O(ms) whereas
for nonionics, τ2 ∼ O(s). The magnitude of τ2 depends on the stability of micelles
and it generally increases with the bulk concentration and the structure of a micelle.
Micelles in 200 mM sodium dodecyl sulfate solution (literature value of c.m.c. =
8mM) are most stable (highest τ2) and at that concentration the foamability was
found to be lowest[52] using the Ross-Miles test. The typical concentration for gas
well deliquification application is two to three times c.m.c., so micellar kinetics might
have an impact.

2.4 Methods of foam generation

No common generally accepted test for determining the foaming ability[53] exists.
This makes the results from research on foam hardly comparable, as the methods
used to generate foam vary. The three most common methods of generating foams
are – (i) Bartsch (shaking), (ii) Ross-Miles (pour test), and (iii) Bikermann (sparg-
ing). These methods are described below.

2Surface viscosity is 2D rheology analogous to the 2D bulk viscosity. The surface viscosity depends on the
surfactant adsorption kinetics.
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The Bartsch test is a simple shaking test. A fixed liquid volume is taken in a closed
cylinder or a bottle such that more than 80% of the volume is occupied by air. The
container is then shaken with a fixed frequency, amplitude and orientation, either
mechanically or by hand. At the end of shaking the instantaneous foam height serves
as a measure of foamability. The total liquid and gas volumes remain constant during
foaming. The foam is formed rapidly due to the shaking motion and the foaming
time scale is ∼ O(ms).

The Ross-Miles test is a standard ASTM test[16]. 50 ml of the solution is taken in a
cylinder. Using a pipette and a funnel fixed at a height of 90 cm, 200 ml of the same
solution is allowed to fall into the cylinder. When all of 200 ml solution has fallen,
the foam height is recorded (immediately) as the initial foam height. This value
is a measure of foamability, while stability can be studied by measuring the rate of
foam collapse. Ross-Miles test data is widely reported in literature concerning foam
correlations and drainage analysis. In this method the liquid volume in the foam
remains constant while the gas volume entering foam is not controlled. The foam is
formed by impact of the falling liquid on the stationary solution. After a few layers
of foam bubbles are created additional falling liquid can break the existing foam on
impact. Thus the initial foam height already includes aspects of stability. The time
scales of foaming are ∼ O(ms)

The Bikerman test was first suggested by Foulk and Miller[54] and then used by
Bikerman[55] with an aim to define foamability as a physical property of solutions.
It is essentially a sparging test in which a fixed volume of air is sparged through
porous septum into a fixed volume of solution. The height of foam obtained imme-
diately after sparging gas serves as a measure of foamability. Bikerman also used the
following definition as a standard[56],

Σ =
V t

υ
(2.9)

where Σ (s) is the Bikerman’s unit of foamability, V (m3) is the volume of foam
(from height), υ (m3) is the volume of air injected in time t (s). This test was further
modified[53,57] and patented[58] to include standard porous plate and automation.
KRÜSS DFA100[59] implements this method.

The foaming mechanism in the Bikerman’s method consists of three steps; (i) for-
mation of bubbles at the gas sparger, (ii) rise of the bubbles through the bulk, and
(iii) their transformation at the bulk liquid-air interface to foam. Here the gas vol-
ume in the foam is controlled but the foam is allowed to expand in volume freely,
unlike the Bartsch test, in which the total volume in the closed contained remains
fixed.The time scale of foaming in the Bikerman test depends on the time spend
by the bubbles during its motion from the gas sparger to the height of surfactant
solution in the column. Typically it is between a few seconds and less than a minute.
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2.5 Summary

The fundamental physiochemical properties of aqueous surfactant solutions and
their importance in foaming have been described. The number of parameters rel-
evant for foams are too many for a complete analysis. Gibbs-Marangoni effect is
suggested as one of the most important phenomena controlling foamability and an
empirical method to quantify it has been shown. Brief sections on the drainage
of foam and the importance of micellar kinetics are also included. A state-of-art on
foamability study is presented to summarize the current status on the study of foams
as a function of physiochemical properties.



3. Experimental setup

This chapter is dedicated to introduce and describe the experimental setups. These
include the foam column used to measure foamability and the equipment used to
measure surface tension (both dynamic and equilibrium). For each experimental
setup, the reproducibility test will be shown. The chapter ends with information on
chemicals used during this thesis.

3.1 Equilibrium surface tension

Equilibrium surface tension is measured by the du Noüy ring method using the
KRÜSS K9 tensiometer commercially sold by KRÜSS GmbH, Germany. The prin-
ciple behind the du Noüy ring method is to directly measure the maximum pull on
the interface. A du Noüy ring is a circular ring made of a noble metal alloy (usually
Platinum-Iridium). Referring to Fig. 3.1, the ring is first immersed in the liquid sam-
ple and at this point the force is zero. As the ring is pulled up, the force increases.
Due to the surface tension the ring will lift the liquid. The maximum force equals
the surface tension of the interface. As the contact angle for noble metal alloy is
zero, the force, F (N) is given by F = mg, where m (kg) is mass; g (m/s2) is the
acceleration due to gravity). This maximum force per unit of the wetted length is
related to the surface tension of that interface.

The ring lifts a certain mass of liquid. The contribution on the measured surface
tension due to this mass is corrected by using correction factors. See Appendix A.1
for description of these correction factors and the procedure for measuring the sur-
face tension.

Figure 3.1: The du Noüy ring method

21
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Figure 3.2: Schematic of bubble growth at tip of capillary immersed in a liquid[60]

Before measuring the surface tension every sample was stored undisturbed for 5
minutes in a temperature controlled glass vessel to ensure equilibrium at the surface
and a uniform temperature. Each measurement was repeated at least three times
successively while waiting for 2 minutes in between to restore the surface equilib-
rium.

3.2 Dynamic surface tension

Dynamic surface tension (DST) measurements are performed using a commercially
sold tensiometer BPA-1S by SINTERFACE Technologies, Germany. The tensiometer
employs the maximum bubble pressure method (MPBM). It involves creating a bub-
ble at the tip of a capillary as shown in Fig. 3.2.

The Young-Laplace law relates the surface tension of an interface with the pres-
sure difference across that interface. It is given by,

∆P = γ

(
1

R1

+
1

R2

)
(3.1)

where, ∆P (Pa) is the pressure difference across the interface; γ (N/m) is the surface
tension of the interface; R1 and R2 (m) are the two radii of curvature. In case of a
spherical interface, R1 = R2. Fig. 3.2 shows the schematic of the maximum bubble
pressure method. A bubble created at the tip of a capillary immersed in a liquid
will grow from t = 0, when the liquid-air interface is flat. At a certain t = tl the
bubble will have same diameter as the capillary. This is the smallest possible bubble
diameter. Thus, from Equation 3.1 the pressure inside the bubble will be maximum.
At tl < t < td the bubble grows and it finally detaches at t = tl + td. Dead time, td (s)
is the time a bubble takes to detach from the time when it has maximum pressure.
By controlling the rate of bubble formation and measuring the maximum pressure
inside the bubble the surface tension can be measured as a function of time.
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(b) Independent dynamic surface tension measure-
ments by SINTERFACE (open symbol) and self (closed
symbol) showing reproducibility within ±2 mN/m.

Figure 3.3: Reproducibility and validation of BPA-1S

BPA-1S allows measurement of the DST over a time range of 1 milliseconds to
100 seconds. The detailed routine employed to measure from the sub-millisecond
time range until 100 seconds is described elsewhere[60–63]. To ensure a clean capil-
lary, before every measurement a control experiment with ultra pure deionized water
with a resistivity ρ̇ ≥ 10 MΩ.m was performed at the temperature of 20 ± 0.5◦C.
Fig. 3.3a shows the dynamic surface tension over the measurement range of BPA-1S.
Decrease of the surface tension in time is an indication of the presence of surface
active impurities. To ensure that the capillary is free of surface active contaminants,
a control measurement with Milli-Q water is performed before each experiment. If
the measured surface tension of the water is 72.8±1 mN/m for the entire time range
covered by the device, the capillary is considered clean. If a deviation is observed,
then the capillary is cleaned using the procedure described in Appendix A.2

3.2.1 Validation and reproducibility

From the three independent measurements with ultra pure water shown in Fig. 3.3a,
it is seen that the reproducibility is within ±0.5 mN/m. This was additionally
checked by measurements by SINTERFACE for the same samples at their laboratory
in Berlin, Germany. Fig. 3.3b shows that the agreement between the DST measure-
ments performed at different locations and persons is within acceprable range (≈ 2
mN/m). The deviation is due to unavoidable surface active impurities present due
to variations in cleaning procedure and the laboratory environment.
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Figure 3.4: The foam column used to measure foamability. Foam is generated by (needle)
gas sparger and flows upwards to collect in a bucket which is weighed. The weight of
collected foam in time collected (unloading) is a measure of foamability.

Figure 3.5: Details of the gas sparger fitted at the bottom of the foam column.
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(a) Isometric view of the visualization pocket. (b) Cross section of the vi-
sualization section with di-
mensions.

Figure 3.6: Visualization schematic.

3.3 Foam column

The experimental setup for generating foams is a Bikerman type sparging column
modified to weigh the overflowing foam (see Fig. 3.4). It consists of a glass column
' 84 cm high and with a 2.11 cm inner diameter. The bottom of the column is fitted
with a gas sparger plate containing 19 needles, shown in Fig. 3.5. Foam is generated
by sparging N2. The top of the column contains a constriction with connection to a
flexible hose. The other end of the hose is placed in a bucket on a weighing scale.
The weighing scale data logging is automated to record weight each second. In time
the foam created in the column flows upwards to the top of the column and through
the flexible hose before collecting in the bucket. The weight of foam collected over
time is analyzed to give a measure of the foamability of the test sample.

The needles are unevenly extended across the sparger plate (Fig. 3.5). Nee-
dles extend 0.1 cm from the top of the sparger; this is the side facing the column
(i.e. exposed to the foaming solution). It was observed that the bubbles (formed
at capillary tip) which foamed before traveling less than ' 5.5 cm from the tip of
capillary affected the foam quality. This height corresponds to a ‘dead volume’ as
the bubble dynamics strongly affects foaming than the properties of the test sample.
In order to compensate for this dead volume the initial volume should be increased.
In current work, a sufficiently large initial volume (150 ml ≡ 43 cm liquid height) is
used along with the sparger design shown in Fig. 3.5.

The entire column is enclosed in a concentric column (temperature bath) through
which water at fixed temperature is circulated. Thus the experiments can be per-
formed at constant temperature. However the presence of this thermal jacket with
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water introduces visual distortion while observing the foam column. A perspex rect-
angular pocket having same width as that of the outer concentric cylinder is glued
outside of the outer concentric cylinder (Fig. 3.6). When this rectangular pocket is
filled with water the visual distortion is corrected.

The rectangular pocket filled with water as shown in Fig. 3.6 corrects the visual
distortion caused by the concentric thermal jacket. High speed movies of the bubbles
in bulk liquid and of the foam are recorded at 400fps and at a resolution of 640×240
pixels using the Nikon 1 J1 consumer series camera. A 1000 W lamp is placed on the
other side of the rectangular pocket with a light diffuser (sheet of translucent paper)
in between.

3.3.1 Procedure

A typical experiment consists of placing 150 ml of test sample in the column. Nitro-
gen is sparged through the needles at a fixed flow rate of 200 ml/min. The nitrogen
flow and the weighing scale data logging are started simultaneously. The sparger
creates bubbles which rise through the bulk liquid and at the (interface) top layer
of the bulk liquid, foam is formed. As foam production occurs, the bulk liquid level
in the column drops. The experiment can have two possible outcomes; either all
the bulk liquid transforms to foam, or the remaining liquid is unable to foam due
to surfactant depletion[64]. The experimental run is terminated at either of these
two outcomes. The cleaning procedure for the foam column is described in Ap-
pendix A.3.

3.3.2 Visualization

A typical foam column experiment yields a plot and video stills as shown in Fig. 3.7.
There are three main sections associated with processes within the column. As N2
sparging begins, certain time lag is observed during which the foam generated trav-
els through the column and then through the flexible hose. After the generated foam
reaches the weighing scale a linear rise region is observed. This indicates that the
liquid content in this foam does not change which is also confirmed by observing the
foam structure (refer to the image stills in Fig. 3.7). Most of the liquid is unloaded
during this linear rise region. In the third and last section the liquid content of foam
decreases corresponding to decreasing slope in the graph. The end of third section
is also the end of the experiment.

Five second long movies of the foam and the bubbles just below the foaming
interface are recorded. These movies are analyzed to calculate the bubble sizes and
the velocities, both, in the foam as well as in the bulk liquid. Almost all the bubbles
were spherical, so their sizes were calculated by measuring the number of pixels and
converting it into length units using a calibration movie of a paper with (known)
metric grid line spacing. The velocities are measured by tracking the leading edge
of the moving bubble over several frames (time steps).
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Figure 3.7: A typical result from the foam column test showing the three main sections
corresponding to foam quality. The images show foam structure from the start to the end of
an experiment.

0 400 800 1200 1600 2000
0

0.2

0.4

0.6

0.8

1

Time (s)

N
o

rm
a

liz
e

d
 u

n
lo

a
d

in
g

 (
g

/g
)

 

 

4 mM Run 1

4 mM Run 2

15 mM Run 1

15 mM Run 2

(a) The unloading curves obtained for Sodium Dode-
cyl sulfate. The measurement runs are performed on
separate days.

10 100 1000
−14

−10

−6

−2

0

2

6

Time (s)

1
0

3
 ×

 A
b

s
o

lu
te

 e
rr

o
r 

o
n

 n
o

rm
a

liz
e

d
 u

n
lo

a
d

in
g

(g
/g

)

 

 

4 mM

15 mM

(b) Absolute error for the different runs shown in (a).

Figure 3.8: Reproducibility test results showing the absolute error of ±10−2.
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(a) Sodium dodecyl sulfate, (C12H25)SO4Na, (SDS)

(b) Cetyltrimethylammonium brimode, (C16H33)N(CH3)3Br, (CTAB)

(c) Polyoxyethylene (4) lauryl ether, C12H25(OCH2CH2)4OH, (Brij30)

Figure 3.9: Molecular structure of the pure surfactants used in the this study.

The foam density can then be calculated using,

ρfoam =
v × nUF′

φfoam × πr2c
(3.2)

where ρfoam (g/cm3), is the density of foam; v (g), is the weight of the initial solution
taken for foamability test (150 g in this thesis); nUF′ (1/s), is the rate of normalized
unloading (i.e. d(nUF)/dt); nUF, is the normalized unloading; φfoam (cm/s), is the
velocity of the foam through column; rc (cm), is the radius of the foam column.

3.3.3 Reproducibility

Fig. 3.8a shows the reproducibility for two unloading experiments over time. The
absolute error over the two experiments is less than O(10−2) (Fig. 3.8b).

3.4 Chemicals

A surfactant from each category (anionic, cationic and non-ionic) was chosen. The
interfacial properties of all selected surfactants are well studied in past and pub-
lished literature is available.

Sodium dodecyl sulfate, SDS, (Fig. 3.9a) is the most commonly studied[29,65,66]

anionic surfactant. It was chosen as the anionic candidate and the BioXtra grade
having a purity of ≥ 99% (GC) was purchased from Sigma-Aldrich Co. LLC. (Ams-
terdam). Cetyltrimethylammonium bromide, CTAB, (Fig. 3.9b) is a popular cationic
surfactant whose interfacial properties are well studied[32]. Analytical grade with a
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Table 3.1: Foam column specification sheet

Foam column dimensions and experiment setup parameters

Height (cm) 84
Diameter (cm) 2.11
Temperature (◦C) 22
N2 flowrate (ml/min) 200

Sparger specifications

Type (–) Needles
Needle length (cm) 2
Number (–) 19
Layout (–) Triangular
Pitch (mm) 3.544
Length distribution around
plate(top/bottom)a

(cm) 0.1/18.25

Rectangular visualization pocket specifications

Height (cm) 54
Width (cm) 5
Minimum depthb (cm) 2.5
a Refer to Fig. 3.5
b Refer to Fig. 3.6b

purity of ≥ 99% was purchased from VWR International, LLC. (Amsterdam). The
Non-ionic surfactant, Brij 30 (Fig. 3.9c) having a purity of ≥ 99%, was chosen as it
was used by Rosen et al.[11] to establish correlation for foamability. Nevertheless it
has also been investigated elsewhere in the literature[67,68]. It was purchased from
Sigma-Aldrich Co. LLC. (Amsterdam). All surfactants were used without any further
purification. The effect of salt is studied using analytical grade NaCl. Before use, it
was baked at 80◦C for at least 48 hours.

Apart from the pure surfactants, Trifoam 820-Block, TB820 (by OILCHEM GmbH,
Germany), a commercial foamer applied in gas-well deliquification, was also used.
The chemical composition of TB820 is unknown. TB820 has been tested at the
flow loop in the Kramers Laboratory, Delft University of Technology by Ir. Dries van
Nimwegen.

Ultra pure deionized water having resistivity of ρ̇ ≥ 10 MΩ m was used for prepar-
ing all solutions. It was produced using the Milli-Q water purification system by
Merck MilliPore, Darmstadt, Germany.
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3.5 Summary

The foam column used for quantifying foamability has been described and the spec-
ifications are summarized in Table 3.1. It is in principle a modified Bikerman type
setup in which foam is generated by sparging N2 through 150 ml of test sample.
Instead of measuring the height of foam; the weight of foam (i.e. water content) is
measured in time. In addition, high speed movies at 400 fps with a resolution of
640× 240 pixels are recorded. These were used to determine bubble sizes and their
velocities in the foam as well as in the bulk liquid. The test is complete when no
more foam is produced. Reproducibility of foam column experiments measurements
is within ±5%.

The method and procedure used to measure equilibrium and dynamic surface
tension of the test sample is described. Equilibrium surface tension is measured
using the du Noüy ring method (KRÜSS K9 tensiometer) and the dynamic surface
tension is measured using the maximum bubble pressure method (SINTERFACE BPA-
1S tensiometer). Reproducibility for the KRÜSS K9 is within ±1 mN/m and for the
BPA-1S it is within ±2 mN/m.

Surfactants whose properties are well studied and published in literature are cho-
sen as the test candidates. Commercially available purest forms of sodium dodecyl
sulfate (SDS), cetyltrimethylammonium bromide (CTAB), polyoxyethylene (4) lau-
ryl ether (Brij 30) were obtained and used without further purification. Analytical
grade NaCl is used after baking it at 80◦C for at least 48 hours. Additionally a com-
mercial foamer used in gas well-deliquification and in the flow loop at the Kramers
laboratory, Delft University of Technology[69], has also been tested.



4. Results

This chapter will present the experimental results and their analysis. The sections
on analysis will refer back to the theories introduced in Chapter 2 where required.
The three correlations outlined in the research question will be tested for three pure
surfactants, one commercial surfactant and one pure surfactant with salt. The de-
fault unit for concentration is mM/l, but for comparison in other units, please refer
Table 4.1.

4.1 Sodium Dodecyl Sulfate (SDS)

4.1.1 Preparation of the solutions

Experimental results of SDS are described in this section. The SDS solution was used
within 5 hours of its preparation. Aqueous SDS auto-hydrolysis to n-dodecanol. The
n-dodecanol is more surface active than SDS; thereby changing surface properties
substantially[65]. Although the SDS hydrolysis to n-dodecanol can neither be pre-
vented nor can the n-dodecanol content be precisely determined by surface tension
alone; for the sake of reproducibility and to ensure comparison of data, all SDS solu-
tions were freshly prepared every day. Thus the n-dodecanol presence is controlled
to its concentration in the salt as purchased.

Table 4.1: Range of surfactant concentration in various units. See §3.4 for details on the
surfactant source and chemistry

Concentration MW x× c.m.cc

mM/l ppm wt.a g/l g/mol (–)

SDS 0.1 − 50 28.8 − 14400 0.0288 − 14.4 288 0.015 − 7.7
CTAB 0.1 − 2 36.4 − 728 0.0364 − 0.728 364 0.11 − 2.2
Brij 30 0.01 − 0.5 3.62 − 181 0.00362 − 0.181 362 0.16 − 8.3
NaClb 1 − 600 58 − 34800 0.058 − 34.8 58 N/A
TB820 N/A 100 − 3000 0.10 − 3.00 N/A 0.22 − 6.67d

a Note for future sections: To obtain concentration in ppm by weight for any surfactant, multiply the
concentration in mM/l with its respective molecular weight

b Together with fixed 1 mM/l SDS concentration
c Range in terms of the c.m.c.
d c.m.c. of TB820 = 450 ppm weight.

31
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Figure 4.1: (a) Measured SDS surface tension compared to the data published by Chang and
Franses[26] for pure SDS. The FIC model (Eq. 2.4) is used to obtain fit for the measured data;
(b) the theoretical surface excess concentration at the surface tension for SDS according to
the FIC model.

4.1.2 Equilibrium surface tension

Fig. 4.1a shows the equilibrium surface tension at various SDS concentrations in
ultra pure deionized water. The equilibrium surface tension was measured using the
technique described in §3.1.

Even for fresh SDS solution, a minimum in surface tension at 6 mM/l can be
seen (Fig. 4.1a). The data shown alongside is taken from Chang and Franses[26]

for highly purified SDS. Existence of a minimum is a clear indication of presence
of n-dodecanol. n-dodecanol is more surface active than SDS thus it preferentially
adsorbs at the surface. Thus at 6 mM/l the surface contains n-dodecanol. Beyond
6 mM/l, as micelles are formed, the n-dodecanol is transferred from the surface to
the micelles (due to higher surface activity/hydrophobicity) and the SDS surface
concentration increases (increase in surface tension is observed). Thus the value
of surface tension at high SDS concentrations with n-dodecanol impurity coincides
with that of pure SDS.

The measured SDS data is fitted to the FIC model (Eq. 2.4). The fit parameters
are summarized in Table 4.2. The compressibility of the adsorbed layer, ε (m/mN),
requires the dilational rheology data. As this is not measured the value of compress-
ibility was taken from literature[66] as 0.008. Fig. 4.1b shows the theoretical SDS
surface excess concentration, Γ (mol/m2), at measured surface tension, γeq (mN/m)
according to the FIC model. The FIC isotherm is a pure surfactant isotherm, it does
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not include phenomena such as competitive adsorption1. The SDS data with the n-
dodecanol impurity fits the FIC model, the derived parameters have a pseudo nature.
Due to the presence of n-dodecanol, some inaccuracies will occur in the Γ derived
by using the FIC model.

4.1.3 Dynamic surface tension (DST)

Fig. 4.2 shows the dynamic surface tension from 1 ms until 100 s for aqueous SDS
solutions. The DST is measured using the technique described in §3.2. The SDS
concentration was varied from low to high concentrations relative to it’s measured
c.m.c. (§2.1.1), which lies between 6 − 7 mM/l. It is seen that as the concentra-
tion increases, the surface tension reduction is greater and faster. At concentrations
greater than ≈ 2× c.m.c., the DST curve shape does not change.

The solid (fit) line at each concentration in Fig. 4.2 is obtained by fitting DST to
the Rosen and Hua’s empirical equation described in Eq. 2.6. The variation of fit
parameters with SDS concentration is shown in Fig. 4.3. We can see from Fig. 4.2
that as the concentration increases, the DST curves shift towards smaller time scale;
this effect is quantified by the t∗ shown in Fig. 4.3a. The SDS DST curves also
become steeper with increasing concentration, which is seen visually in Fig. 4.2 and
quantified in Fig. 4.3b. Parameter γm indicates the plateau value of the ST in the
DST curve (Fig. 4.3c). As the minimum γm at all the studied SDS concentrations is
limited to ≈ 38 mN/m, it can be concluded that the effect of n-dodecanol adsorption
is likely to be significant at longer time scale; as shown experimentally elsewhere[66].

Fig. 4.3d shows the variation of the Rosen parameter with SDS concentration.
According to the correlation by Rosen et al.[11] (§1.3), the maximum in Rosen pa-
rameter should correspond to the maximum in foamability. The next section is ded-
icated to SDS foamability results.

4.1.4 Foamability results

The foamability test measures the weight of foam flowing out of the column over
time. At the end of this test, either all liquid ‘unloads’ (maximum unloading) or
the remaining liquid cannot foam (§3.3). Fig. 4.4 shows the results from the foam
column test for SDS at 22◦C. It can be seen that at low concentration (0.1 mM/l),
the unloading takes a long time whereas the maximum unloading is less compared
to high concentrations. The fact that at the end of the experiment, the remaining
solution does not foam indicates that the surfactant is depleted. The depletion is
due to adsorption at the large amount of interfacial area created during foaming.
This was confirmed by measuring conductivity2 of the SDS solution before and after
the foam test.

1In mixed surfactant systems the adsorption of each component will depend on the their individual chemical
potential and also on the relative hydrophobicity. Higher surface active components may adsorb more than the
lesser surface active components.

2The conductivity of 0.1 mM/l SDS was 67.7µS/cm whereas at the end of the foam experiment the remaining
liquid had a conductivity of ∼ 1.5µS/cm; a value close to that of the water used.
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Figure 4.2: Dynamic surface tension of SDS at 22◦C. The markers denote measurement
points whereas the continuous line is the best fit to Rosen’s empirical Eq. 2.6
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Figure 4.4: Normalized weight of foam collected for SDS at 22◦C.
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Figure 4.5: (a) Foam velocity for randomly selected bubbles of all sizes. The black marker
is the average velocity whereas the corresponding error bar indicates uncertainty (see text
for more details); [b] gradient of unloading curves in Fig. 4.4 between 300 s and 700 s. The
gradient is calculated by a linear fit.
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The normalized unloading curves can be characterized by their gradients, nUF′

(1/s). A linear fit was made in the region between 300 s and 700 s to extract the
gradients. These gradients are shown in Fig. 4.5b; it can be seen that the gradient
varies by one order of magnitude as the SDS concentraion changes from low (0.1
mM/l) to high (50 mM/l). The maximum gradient is around 4− 6 mM/l where the
equilibrium surface tension is lowest (Fig. 4.1a).

The flow visualization technique (§3.3.2) was used to determine the velocities
and sizes of the bubbles in the foam and the bulk solution. Fig. 4.5a shows the
foam velocity, φfoam (cm/s), for a randomly selected set of foam bubbles of all sizes.
The velocity varies in a short range, 0.75 − 0.9 cm/s over three orders of magni-
tude change in the SDS concentration. Thus, the foam rise velocity is not a strong
function of the SDS concentration. The black marker in the Fig. 4.5a at each SDS
concentration is the corresponding average velocity. The error bars indicate the un-
certainty3 in the measured velocity due to the resolution of the high speed movies.
The average foam rise velocity is used in Eq. 3.2. The velocity decreases at high SDS
concentrations. This can be explained by considering the foam flow through the
flexible hose from the column until the weighing scale. At low SDS concentration
the foam was unstable, breaking as it passed from the column to the hose through
a constriction (reduction in diameter of 2.11 cm to 0.5 cm). Thus the flow through
the hose did not contain foam. On the other hand at high SDS concentrations, the
foam was stable and retained its structure while flowing through the hose. Foam
flow creates higher pressure drop as foams have higher viscosity than the liquids
from which they are made[70].

By combining nUF′ and φfoam it is possible to calculate the foam density using
Eq. 3.2,

ρfoam =
150

πr2c
× nUF′

φfoam

The foam density serves as a ‘unit’ of foamability. In following sections we will see
how it correlates with the Rosen parameter, equilibrium surface pressure and the
dynamic surface excess concentration.

Correlation of foam density and maximum unloading with Rosen parameter

Fig. 4.6a shows the comparison between the ρfoam and the Rosen parameter; both
increase until 5 mM/l, beyond which the foam density decreases while the Rosen
parameter continues to increase. The magnitude of the Rosen parameter is maxi-
mum at 16 mM/l. The shape of foam density curve is not same as that of the Rosen
parameter; as Rosen et al.[11] (Fig. 1.6) predicted it should be, thus, illustrating
that a change in foaming method changes the measured quantities. A one to one
comparison is not possible. Note that the rosen parameters varies over six orders

3The velocity is measured by tracking the leading edge of the bubble over a given time. The accuracy is
in estimating the leading edge of the bubble is ±3.5%; giving an uncertainty in measured velocity of ±7% (as
leading edge is estimated twice, at the start and at the end of the bubble motion).
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(a) Observed foam density (in blue) and the calcu-
lated Rosen parameter (in green) for SDS.
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calculated Rosen parameter (in green) for SDS.

Figure 4.6: Correlation of foamability with the Rosen parameter for SDS.
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(a) Observed foam density (in blue) and the calcu-
lated equilibrium surface pressure (in green) for SDS.
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Figure 4.7: Correlation of foamability with equilibrium surface properties for SDS.

of magnitude whereas the foam density varies over a six fold magnitude. See Ap-
pendix B for a discussion on the magnitude of ρfoam.

SDS is a good foamer. This is reflected in Fig. 4.6b which shows that even at low
concentrations it achieves complete unloading. There appears to be no correlation
between the maximum unloading and the Rosen parameter in this case.

Correlation of foam density with equilibrium surface properties

In this section the comparison between the equilibrium surface pressure, Π (mN/m),
and the foam density will be shown. Equilibrium surface pressure is defined as the
reduction in surface tension at equilibrium due to surfactants; that is, Π = γ0 −
γeq. The term surface pressure indicates a ‘2D pressure’ of the adsorbed surfactants
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Figure 4.8: Correlation of foamability with dynamic surface excess concentration for SDS.

(§2.1.1).

Fig. 4.7a shows the comparison between Π and ρfoam at different SDS concentra-
tions. There is a good correlation between both these quantities. Thus given the full
curve of equilibrium surface pressure and one point on the foam density curve, the
foam density at other SDS concentrations can be qualitatively predicted.

Fig. 4.7b shows a comparison between the foam density and the theoretical equi-
librium surface excess concentration from the FIC model for SDS. From Fig. 4.7b
it is seen that a higher surface excess concentration leads to a denser foam. The
comparison is only valid until 4 mM/l as beyond that micellization occurs. As de-
scribed earlier (§4.1.2), the FIC model is a pre-micellar isotherm, thus it cannot
be used to obtain surface excess concentration in the micellar region. Although in
most cases the surface excess concentration remains constant after the c.m.c., the
presence of n-dodecanol in the case of SDS creates an uncertainty. Competitive ad-
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Table 4.2: Fit parameters for SDS and CTAB by the FIC model (Eq 2.4)

10−5 × ω0 a 103 × ϕ ε cc b
(m2/mol) (–) (–) (m/mN) (mM/l) (–)

SDS 1.70 2.00 1.2 0.008 1.82 0.107
CTAB 2.48 1.55 9.5 0.011 0.31 0.110

sorption between n-dodecanol and SDS can change their respective surface excess
concentrations in the micellization region.

Correlation of foam density with dynamic surface excess concentration

Foam formation occurs at a certain time scale. In this section the correlation of the
foaming time scale with the surface excess concentration at that time scale is made.
The time scale of foaming was determined by calculating the bubble residence time,
that is the time spent by the bubble from its formation at the sparger until it reaches
the foam. The bubble rise velocity is high at low SDS concentration and the bubble
size is larger at low SDS concentration. This observation is in agreement with Malysa
et al.[46]. The surface excess concentration reaches saturation from 4 mM/l onwards
and this creates a narrow bubble size and velocity distribution (the red and black
markers in Fig. 4.8b).

At any concentration, the velocities of bubbles vary based upon their location in
in a cross section of the column. The bubbles close to the wall usually had lowwer
velocity than the bubbles located near the center of the column. These effects are
also altered if the region is ‘more crowded’ or ‘less crowded’. Using the minimum
and maximum velocity at each SDS concentration, the range of the bubble residence
time, τ (s), is calculated at the start of experiment. Bubbles with a small rise velocity
have larger τ and vice-versa.

For definiteness the maximum distance is considered which will be at the start
of the experiment. With 150 ml initial solution, the height of bulk liquid for given
column geometry is ∼ 43 cm by neglecting the gas hold up. Using the velocity of
rising bubbles (measured from flow visualization) shown in Fig. 4.8b the bubble
residence times shown in Fig. 4.8a.

The surface tension, γτ , at any residence time τ is obtained from the DST curves.
This γτ is used to estimate the dynamic surface excess concentration, Γτ . Consider
an equilibrium surface which has γeq = γτ . It is assumed that the corresponding
Γeq for such an equilibrium surface will be equal to Γτ for a dynamic surface at the
time τ . In other words, it is assumed that Γτ is same as the Γeq for a solution having
γeq same as the γτ . This reasonable assumption is equivalent to saying that the a
particular value of surface tension is due to a particular surface excess concentration
of a give surfactant, irrespective of the dynamic state in which the surface exists.
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Figure 4.9: (a) Measured CTAB surface tension. The FIC model (Eq. 2.4) is used to obtain a
fit for the measured data; (b) the theoretical curve from the FIC model for the dependance
of surface excess concentration on the surface tension of CTAB.

Similar approach is also used in graphical method of studying dynamic adsorption
explained by Chang and Franses[26]. The dynamic surface excess concentration is
compared with the foam density in Fig. 4.8c. We see that as the dynamic surface
excess concentration is directly proportional to the foam density until the c.m.c.
Beyond this, although the surface excess concentration remains constant, the foam
density decreases.

The main simplification made in estimating, Γτ , was that τ directly corresponds
to a (uniform) surface coverage over the bubbles. The effect of bubble formation
and its rise through the bulk liquid was neglected. The actual surfactant coverage
will depend on the rate of bubble growth and expansion of the bubble interface at
the capillary tip. The motion of a rising bubble decreases the surface coverage at the
top surface of the bubble[71].

4.2 Cetyltrimethylammonium Bromide (CTAB)

Experimental results for CTAB are described in this section. It was used as received.

4.2.1 Equilibrium surface tension

Fig. 4.9a shows the CTAB equilibrium surface tension in ultra pure deionized water.
The equilibrium surface tension was measured using the technique described in §3.1.
The c.m.c. is located at 0.9 mM/l. The surface tension at the c.m.c. is ∼ 37 mN/l.

The FIC model (Eq. 2.4) is used to fit the pre-micellar surface tension data using
the parameters given in Table 4.2. The compressibility of adsorbed layer, ε (m/mN),
requires the dilational rheology data. As this is not measured the value of compress-
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ibility was taken from literature[32] as 0.011. The surface excess concentration, Γ
(mol/m2), determined from the FIC model at ε = 0.011 predicts a linear rise in sur-
face excess. Stubenrauch et al.[32] also observed a linear rise in Γ by using neutron
reflection experiments.

4.2.2 Dynamic surface tension (DST)

Fig. 4.10 shows the dynamic surface tension from 1 ms until 100 s for aqueous CTAB
solutions. The DST is measured using the technique described in §3.2. Similar to
the DST curves for SDS, it is seen that as the concentration increases, the surface
tension reduction is greater and faster. Fig. 4.11 quantifies the DST curves using the
Rosen’s empirical Eq. 2.6. Compared to the SDS DST at its c.m.c., the value of t∗ is
one order of magnitude higher for CTAB at its c.m.c. The Rosen parameter increases
with CTAB concentration and no maximum is observed (Fig. 4.11d).

4.2.3 Foamability results

Fig. 4.12 shows the results from the foam column test for CTAB at 22◦C. At low
concentration (0.1 mM/l), the time taken for maximum unloading is more than at
higher concentrations (1 and 2 mM/l). At 0.1 mM/l surfactant depletion is observed
as the normalized maximum unloading is less than one. Similar to the situation in
SDS, this was confirmed by measuring conductivity4 of the CTAB solution before and
after the experiment.

The normalized unloading curves are characterized by their gradients, nUF′ (1/s).
A linear fit in the region between 100 s and 250 s was made to extract the gradients.
These gradients are shown in Fig. 4.13b; it can be seen that the gradient varies by
little between the low, pre-micellar CTAB concentration (0.1 mM/l), and the high,
micellar CTAB concentration (2 mM/l). It seems that CTAB concentration does not
has significant influence on it’s foamability, but rather influences the maximum un-
loading. Higher CTAB concentration procrastinates the influence of surfactant deple-
tion on foamability. Fig. 4.13a shows the foam velocity, φfoam (cm/s), for a randomly
selected set of foam bubbles of all sizes. Similar to SDS, the velocity varies in a short
range, 0.75−0.9 cm/s over a one order of magnitude change in CTAB concentration.
Thus, the foam rise velocity is not a strong function of the CTAB concentration. The
black marker in Fig. 4.13a at each CTAB concentration is the corresponding average
velocity. The error bars indicates the uncertainty5 in the measured velocity arising
due to the resolution of the high speed movies. The average foam rise velocity is
used in Eq. 3.2 to calculate the foam density. The decrease in velocity at high CTAB
concentration can be explained using the justification given for SDS.

4The conductivity of 0.1 mM/l CTAB was 10.1µS/cm whereas at the end of the foam experiment the remain-
ing liquid had a conductivity of ∼ 1.5µS/cm; value close to that of the water used.

5The velocity is measured by tracking the leading edge of the bubble over a given time. The accuracy is
in estimating the leading edge of the bubble is ±3.5%; giving an uncertainty in measured velocity of ±7% (as
leading edge is estimated twice, at the start and at the end of the bubble motion).
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Figure 4.10: Dynamic surface tension of CTAB at 22◦C. The markers denote measurement
points whereas the continuous line is the best fit to Rosen’s empirical Eq. 2.6
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Figure 4.11: Characteristic rosen parameters of CTAB DST curves.
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Figure 4.12: Normalized weight of foam collected for CTAB at 22◦C.
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Figure 4.13: (a) Foam velocity for randomly selected bubbles of all sizes. The black marker
is the average velocity whereas the corresponding error bar indicates the the uncertainty
(see text for more details); (b) gradient of unloading curves in Fig. 4.12 between 100 and
250 s. The gradient is calculated by a linear fit.
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Figure 4.14: Correlation of foamability with the Rosen parameter for CTAB.
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The foam density serves as a ‘unit’ of foamability. In following sections we will
see how it correlates with the Rosen parameter, equilibrium surface pressure and the
dynamic surface excess concentration.

Correlation of foam density and maximum unloading with Rosen parameter

The foam density, ρfoam (g/cm3), is calculated using Eq. 3.2; and the Rosen parameter
is defined as n(γ0 − γm)/t∗ (mN/m.s), where n, t∗, and γm are fit parameters from
the Rosen’s empirical Eq. 2.6.

Fig. 4.14a shows the comparison between the ρfoam and the rosen parameter; both
increase with the CTAB concentration. Note that the Rosen parameters varies over
three orders of magnitude whereas the foam density doubles. Complete unloading
is achieved at micellar CTAB concentrations. The maximum unloading increases as
the Rosen parameter increases.

Correlation of foam density with equilibrium surface properties

The foam density, ρfoam (g/cm3), is calculated using Eq. 3.2; and the equilibrium
surface pressure is defined as Π = γ0 − γeq (mN/m). γeq is the equilibrium surface
tension of CTAB as reported in §4.2.1.

The equilibrium surface pressure and the foam density increases in the pre-
micellar region (Fig. 4.15a). In the micellar region, the equilibrium surface pressure
remains constant whereas the foam density continues to rise. The surface properties
affecting foam density continue to change beyond the c.m.c., whereas the equi-
librium surface remains almost constant. Fig. 4.15b shows that the foam density
increases as the equilibrium surface excess concentration increases.

Correlation of foam density with dynamic surface excess concentration

The surface excess concentration of the foaming interface at the time scale of its
formation is correlated with the foam density in this section. Fig. 4.16b shows the
variation of the bubble size and the bubble velocity at different CTAB concentrations.
Using the minimum and maximum velocities of bubbles, the residence time is calcu-
lated (See Fig. 4.16a). The residence time together with the DST curves and the FIC
model gives the dynamic surface excess concentration which is shown in Fig. 4.16c.
See §4.1.4 for more details on the calculation approach.

As the dynamic surface excess concentration increases, the foam density also
increases. This observation holds even in the micellar region of CTAB.

4.3 Polyoxyethylene (4) lauryl ether (Brij 30)

Experimental results for Brij 30 are described in this section. Brij 30 is a nonionic sur-
factant containing 4 polyoxyethlyene groups (EO). The molecular formula is C12EO4.
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green) according to the FIC model for CTAB.

Figure 4.15: Correlation of foamability with the equilibrium surface properties for CTAB.
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Figure 4.17: (a) Measured Brij 30 surface tension. The dotted line is a fit using the RC model
(Eq. 2.5); (b) the theoretical dependance of the surface excess concentration in two states
predicted by the RC model at the measured surface tension of Brij 30.

Table 4.3: RC model fit parameters for Brij 30

10−5 × ω10 10−5 × ω2 a ε b
(m2/mol) (m2/mol) (–) (m/mN) (–)

Brij 30 2.77 9.326 0.855 0.000425 2260

The maximum concentration Brij 30 used was 0.5 mM/l. It was not possible to in-
crease the concentration much beyond 0.5 mM/l as the Brij 30 precipitated into a
cloudy surfactant rich layer (cloud point).

4.3.1 Equilibrium surface tension

Fig. 4.17a shows the Brij 30 equilibrium surface tension in ultra pure deionized
water. The equilibrium surface tension was measured using the technique described
in §3.1.

The c.m.c. is located at 0.06 mM/l. The surface tension at the c.m.c. is ∼ 27
mN/l. The RC model (Eq. 2.5) is used to fit the pre-micellar surface tension data
(dotted line in Fig. 4.17a). The fit parameters are given in Table 4.3. The RC model
includes surfactant adsorption in two states (state 1 and state 2) having different
molar areas, ω1 and ω2 (m2/mol). For definiteness, ω2 > ω1. This can be imagined
as the flat surfactant monomer having an adsorbed molar area of ω2, whereas a
convoluted (or reoriented) state which has a molar area of ω1. (See §2.1.1 for
further details on the RC model)

Fig. 4.17b shows the theoretical surface excess concentration of Brij 30 in two
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states. At a surface pressure of 20 and higher (i.e. ST of ∼ 50 mN/m and lower), the
adsorbed layer consists of convoluted surfactant. This corresponds to 0.004 mM/l
(and higher) bulk concentration.

4.3.2 Dynamic surface tension (DST)

Fig. 4.18 shows the dynamic surface tension from 1 ms until 100 s for aqueous Brij
30 solutions. The DST is measured using the technique described in §3.2. Similar to
the DST curves for SDS and CTAB, it is seen that as the concentration increases, the
surface tension reduction is greater and faster. Fig. 4.19 quantifies the DST curves
using the Rosen’s empirical Eq. 2.6. Compared to SDS DST at its c.m.c., the value of
t∗ is three orders of magnitude higher for Brij 30 at its c.m.c. The Rosen parameter
increases with Brij 30 concentration and no maximum is observed (Fig. 4.19d).

4.3.3 Foamability results

As Brij 30 is a bad foamer, only micellar concentrations were used for the foamability
test. Fig. 4.20 shows the results from the foam column test for Brij 30 at 22◦C. The
maximum unloading increases with the Brij 30 concentration. Even at 10 times of
the micellar concentration, the normalized maximum unloading is ∼ 0.5. Thus due
to these low bulk concentrations the effects of depletion are noticeable.

The normalized unloading curves are characterized by their gradients, nUF′ (1/s).
A linear fit in the region between 100 s and 250 s was made to extract the gradients.
These gradients are shown in Fig. 4.21b; it can be seen that the gradient hardly
changes even when the concentration increases by a factor of 5. It seems that simi-
lar to the observation for CTAB, the Brij 30 concentration does not have a significant
influence on it’s foamability, but it rather influences the maximum unloading. Higher
Brij 30 concentration postpones the influence of surfactant depletion on foamability.

Fig. 4.21a shows the foam velocity, φfoam (cm/s), for a randomly selected set
of foam bubbles of all sizes. Similar to SDS and CTAB, the velocity varies in a short
range, 0.7−0.9 cm/s over a 5 fold change in the CTAB concentration. Thus, the foam
rise velocity is not a strong function of the Brij 30 concentration. The black marker
in Fig. 4.21a at each Brij 30 concentration is the corresponding average velocity.
The error bars indicates the uncertainty6 in the measured velocity arising due to the
resolution of the high speed movies. The average foam rise velocity is used in Eq. 3.2
to calculate the foam density. The decrease in velocity at high Brij 30 concentration
can be explained using the justification given for SDS.

The foam density serves as a ‘unit’ of foamability. In following sections we will
see how it correlates with the Rosen parameter, equilibrium surface pressure and the
dynamic surface excess concentration.

6The velocity is measured by tracking the leading edge of the bubble over a given time. The accuracy is
in estimating the leading edge of the bubble is ±3.5%; giving an uncertainty in measured velocity of ±7% (as
leading edge is estimated twice, at the start and at the end of the bubble motion).
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Figure 4.18: Dynamic surface tension of Brij 30 at 22◦C. The markers denote measurement
points whereas the continuous line is the best fit to Rosen’s empirical Eq. 2.6

0 0.1 0.2 0.3 0.4 0.5
1

10

100

1000

10000

Brij30 Concentration (mM/l)

t*  (
s
)

(a) Effect on t∗

0 0.1 0.2 0.3 0.4 0.5
0.3

0.4

0.5

0.6

0.7

Brij30 Concentration (mM/l)

n

(b) Effect on n

0 0.1 0.2 0.3 0.4 0.5
25

30

35

40

45

Brij30 Concentration (mM/l)

γ
m

 (
m

N
/m

)

(c) Effect on γm

0 0.1 0.2 0.3 0.4 0.5
0

2

4

6

8

Brij30 Concentration (mM/l)

n
(γ

0
−

γ
m

)/
t*  (

m
N

/m
)

(d) Rosen paramter

Figure 4.19: Characteristic rosen parameters of Brij 30 DST curves.



4.3. Polyoxyethylene (4) lauryl ether (Brij 30) 49

0 200 400 600 800 1000 1200 1400 1600
0

0.1

0.2

0.3

0.4

0.5

Time (s)

N
o

rm
a

liz
e

d
 u

n
lo

a
d

in
g

 (
g

/g
)

 

 

0.1 mM

0.2 mM

0.5 mM

Figure 4.20: Normalized weight of foam collected for Brij 30 at 22◦C.

0.1 0.2 0.3 0.4 0.5

0.7

0.75

0.8

0.85

0.9

Brij 30 concentration (mM/l)

F
o
a
m

 v
e
lo

c
it
y
, φ

fo
a
m

 (
c
m

/s
)

 

 
0.1 mM

0.2 mM
0.5 mM

(a) Superficial gas velocity = 0.95 cm/s

0.1 0.2 0.3 0.4 0.5
0.05

0.055

0.06

0.065

0.07

Brij 30 concentration (mM/l)

1
5
0
 ×

 N
o
rm

a
liz

e
d
 u

n
lo

a
d
in

g
 g

ra
d
ie

n
t,
 n

U
F

′  (
1
/s

)

(b)

Figure 4.21: (a) Foam velocity for randomly selected bubbles of all sizes. The black marker
is the average velocity whereas the corresponding error bar indicates the the uncertainty
(see text for more details); (b) gradient of unloading curves in Fig. 4.20 between 100 and
250 s. The gradient is calculated by a linear fit.

0.01 0.1 1

0.01

0.03

0.05

0.07

F
o

a
m

 d
e

n
s
it
y
 (

g
/c

m
3
)

Brij 30 concentration (mM/l)
0.01 0.1 1

0.001

0.01

0.1

1

10

1
0

−
3
 ×

 n
(γ

0
 −

 γ
m

)/
t*  (

m
N

/m
.s

)

(a) Observed foam density (in blue) and the calcu-
lated Rosen parameter (in green) for Brij 30

0.01 0.1 1
0

0.25

0.5

0.75

1

M
a
x
im

u
m

 n
o
rm

a
liz

e
d
 u

n
lo

a
d
in

g
 (

g
/g

)

Brij 30 concentration (mM/l)
0.01 0.1 1

0.001

0.01

0.1

1

10

n
(γ

0
 −

 γ
m

)/
t*  (

m
N

/m
.s

)

(b) Observed maximum unloading (in blue) and the
calculated Rosen parameter (in green) for Brij 30

Figure 4.22: Correlation of foamability with the Rosen parameter for Brij 30.



50 4. Results

Correlation of foam density and maximum unloading with Rosen parameter

Fig. 4.22a shows the comparison between the ρfoam and the Rosen parameter. The
foam density increases slightly for a three order of magnitude increase in the Rosen
parameter. The maximum unloading and the Rosen parameters increase with the
Brij 30 concentration (Fig. 4.22b). The maximum unloading is incomplete for all
the Brij 30 concentration studied.

Correlation of foam density with equilibrium surface pressure

As all studied concentrations are in the micellar region, the equilibrium surface pres-
sure remains constant. The foam density however increases by little. Thus the sur-
face properties affecting the foam density continue to change in the micellar region.

Correlation of foam density with dynamic surface excess concentration

The surface excess concentration of the foaming interface at the time scale of its
formation is correlated with the foam density in this section. Fig. 4.24b shows the
variation of the bubble size and the bubble velocity at different Brij 30 concentra-
tions. Using the minimum and maximum velocity of bubbles, the residence time
is calculated (See Fig. 4.24a). The residence times together with the DST curves
and the RC model gives the dynamic surface excess concentration which is shown in
Fig. 4.24c. See §4.1.4 for more details on the calculation approach.

Fig. 4.24c shows only the total (minimum and maximum) surface excess con-
centration. Both, the dynamic surface excess concentration and the foam density
change by little over the Brij 30 concentration.

4.4 Sodium Dodecyl Sulfate (SDS) + Sodium Chloride (NaCl)

The effect of salt is considered by varying the NaCl concentration in 1 mM/l SDS.
The NaCl concentration is varied from very low (0.001 M) to very high (0.6 M). The
sea water contains ∼ 3.1% salts which corresponds to 0.53 M of NaCl. The DST and
foamability results will be shown in the next section.

4.4.1 Dynamic surface tension (DST)

Fig. 4.25 shows the dynamic surface tension from 1 ms until 100 s for aqueous 1
mM/l SDS + NaCl solution. The DST is measured using the technique described in
§3.2.

As the NaCl concentration increases, the time scale at which surface tension re-
duces is increased (quantified by t∗, Fig. 4.26a). The increase in NaCl concentration
causes the surface tension to decrease, at constant surfactant concentration. This is
quantified by γm in Fig. 4.26c. The Rosen parameter decreases marginally even at
large NaCl concentration (Fig. 4.26d).



4.4. Sodium Dodecyl Sulfate (SDS) + Sodium Chloride (NaCl) 51

0.0001 0.001 0.01 0.1 1
0

0.01

0.03

0.05

0.07

F
o

a
m

 d
e

n
s
it
y
 (

g
/c

m
3
)

Brij 30 concentration (mM/l)
0.0001 0.001 0.01 0.1 1

0

10

20

30

40

50

E
q

u
ili

b
ri
u

m
 s

u
rf

a
c
e

 p
re

s
s
u

re
,

 Π
 =

 γ
0
 −

 γ
e
q
. 

(m
N

/m
)

Figure 4.23: Observed foam density (in blue) and the calculated equilibrium surface pres-
sure (in green) for Brij 30.
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4.4.2 Foamability results

Fig. 4.27 shows the the normalized unloading weight of foam collected over time for
1 mM/l SDS + NaCl. The normalized unloading curves are characterized by their
gradients, nUF′ (1/s). A linear fit in the region between 100 s and 1000 s was made
to extract the gradients. These gradients are shown in Fig. 4.28b. We can see that
the presence of NaCl has no effect in the unloading gradients.

Fig. 4.21a shows the foam velocity, φfoam (cm/s), for a randomly selected set of
foam bubbles of all sizes. Similar to SDS, CTAB and Brij 30, the velocity varies in a
short range, 0.65−0.9 cm/s over three orders of magnitude change in the concentra-
tion. Thus, the foam rise velocity is not a strong function of the NaCl concentration.
The black marker in Fig. 4.21a at each NaCl concentration is the corresponding av-
erage velocity. The error bars indicates the uncertainty7 in the measured velocity
arising due to the resolution of the high speed movies. The average foam rise veloc-
ity is used in Eq. 3.2 to calculate the foam density. The decrease in velocity at high
NaCl concentration can be explained using the justification given for SDS.

The foam density serves as a ‘unit’ of foamability. In the following section we will
see how it correlates with the Rosen parameter.

Correlation of foam density and maximum unloading with Rosen parameter

Fig. 4.29a shows the comparison between the ρfoam and the Rosen parameter. The
foam density increases slightly whereas the Rosen parameter decreases with the
NaCl concentration. The maximum unloading and the Rosen parameter decrease
with increasing NaCl concentration (Fig. 4.29b). The maximum unloading is incom-
plete at high NaCl concentration. Presence of salt at the adsorbed layer increases the
surface concentration (thus a lower γm in Fig. 4.26c), leading to faster depletion.

4.5 Trifoam Block 820 (TB820)

Trifoam Block 820 (TB820) is a commercial foamer applied in gas well deliquifica-
tion. It’s chemical composition is unknown. In this section, the dynamic surface
tension data will be characterized by using maximum gradients and compared with
observed foam density.

4.5.1 Dynamic surface tension (DST)

Fig. 4.30 shows the dynamic surface tension from 1 ms until 100 s for aqueous TB820
solution. The DST is measured using the technique described in §3.2.

TB820 DST shows two gradients separated by the red line in Fig. 4.30. TB820
is likely to be a mixture of surfactants. These gradients will be characterized as the

7The velocity is measured by tracking the leading edge of the bubble over a given time. The accuracy is
in estimating the leading edge of the bubble is ±3.5%; giving an uncertainty in measured velocity of ±7% (as
leading edge is estimated twice, at the start and at the end of the bubble motion).
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short time gradient and the long time gradient as shown in the figure. The gradient
is calculated by fitting a logarithmic curve of type,

γt = m log t+ c

where m is the slope and c is the y-intercept. The Rosen parameter is the slope at
t∗, which is the time when γt = (γ0 − γm)/2. Similarly the logarithmic equation was
differentiated and evaluated at t∗short and at t∗long,(

dγt
dt

)
short

=
m

t∗short(
dγt
dt

)
long

=
m

t∗long

t∗short and t∗long is defined similar to the Rosen’s t∗ in its region. These gradients will
be shown alongside the foam density in the next section.

4.5.2 Foamability results

Fig. 4.31 shows the the normalized unloading weight of foam for TB820. The nor-
malized unloading curves are characterized by their gradients, nUF′ (1/s). A linear
fit in the region between 100 s and 1000 s was made to extract the gradients. These
gradients are shown in Fig. 4.32b. We can see that they increase marginally over a
three fold increase in TB820 concentration.
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Fig. 4.32a shows the foam velocity, φfoam (cm/s), for a randomly selected set of
foam bubbles of all sizes. The velocity is 0.75 cm/s for all the studied concentrations.
The black marker in Fig. 4.32a at each TB820 concentration is the corresponding
average velocity. The error bars indicates the uncertainty8 in the measured velocity
arising due to the resolution of the high speed movies. At a lower TB820 concentra-
tion the velocity might be higher as observed for SDS, CTAB and SDS + NaCl. Due
to lack of time these measurements could not be performed. The average foam rise
velocity is used in Eq. 3.2 to calculate the foam density.

The foam density serves as a ‘unit’ of foamability. In the next section we will see
how it correlates with the analogous of the Rosen parameter.

Correlation of foam density with the maximum DST gradient

The foam density, ρfoam (g/cm3), is calculated using Eq. 3.2, and the maximum DST
gradient is calculated as described earlier.

Fig. 4.33a compares the maximum DST gradient with the calculated foam den-
sity. Both the short and the long time gradient increase with the TB820 concentra-
tion. From 1000 ppm onwards the rise in gradient is less that at the lower concen-
trations. As not enough common measurements are available between the DST and
the foam density, a comparison cannot be made. However, a overall comparison of
foam density with Rosen parameters will be made in the next section.

Fig. 4.33b compares the maximum DST gradient with the maximum unloading.
The maximum unloading is incomplete at the measured concentration indicating
depletion of surfactant. As the TB820 concentration increases, the maximum un-
loading also increases. There is not enough experimental data to compare the effect
of maximum DST gradients with the maximum unloading due to time constraints.

4.6 Overall comparisons

In the previous sections three correlations were tested; (i) correlation of the foam
density with the Rosen parameter, (ii) correlation of the foam density with equilib-
rium surface pressure, and (iii) correlation of the foam density with the dynamic
surface excess concentration. Varying extent of interdependence was found, but
there was no single relation satisfying all studied surfactants. All surfactant concen-
trations could be divided into two sections, pre-micellar and micellar. Across the
c.m.c., the nature of trends changed. A summary of the partial trends is given in the
Table 4.4. In this section, a broader picture is considered, that is, all the foam densi-
ties are compared with all Rosen parameters, equilibrium surface pressures and the
dynamic surface excess concentrations.

8The velocity is measured by tracking the leading edge of the bubble over a given time. The accuracy is
in estimating the leading edge of the bubble is ±3.5%; giving an uncertainty in measured velocity of ±7% (as
leading edge is estimated twice, at the start and at the end of the bubble motion).
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4.6.1 Foam density with Rosen parameter

Fig. 4.34 shows overall relation of the foam density with the Rosen parameter. We
see that for a higher foam density a larger Rosen parameter is required. A change
in eight order of magnitude of the Rosen parameter causes a seven fold increase
in the foam density. The influence of DST on the foam density seems rather weak.
A logarithmic curve of following type fits this trend. This relation is valid for the
current experiment conditions, that is, N2 flow rate of 200 ml/min and an initial
solution volume of 150 ml. The slope of this fit should change with the experiment
conditions. Further experiments are needed to verify this.

The logarithmic trend between the Rosen parameter and the foam density was
not seen for some measurements with SDS at high Rosen parameters (O(103−104)).
It is unclear if the reason is due to the (n-dodecanol) impurity in SDS or due to the
high Rosen parameter.

4.6.2 Foam density with dynamic surface excess concentration

Fig. 4.35 shows the overall relation of the foam density with the dynamic surface
excess concentration. It is clear that for a higher foam density a larger surfactant
surface coverage is required at the time scale of foaming. Both, the foam density and
the dynamic surface excess concentration varies seven fold over the measurements.
There is a linear trend between these two quantities. This relation is valid for the
current experiment conditions, that is, N2 flow rate of 200 ml/min and an initial
solution volume of 150 ml. The slope of fit should change with the experiment
conditions. Further experiments are needed to verify this.

The dynamic surface excess depends on the time scale of foaming. The time scale
of foaming depends on the setup used to produce the foam, thereby linking such a
trend with the method used to produce foam.

4.6.3 Foam density with equilibrium surface pressure

Fig. 4.36 shows the overall relation of the foam density with the equilibrium surface
pressure. We see that there is a linear correlation at low surface pressure. These
low surface pressures are obtained (often) in the pre-micellar region. In the mi-
cellar region, the equilibrium surface pressure does not change whereas the foam
density continues to change. Thus the parameters affecting the foam density are not
constant beyond the c.m.c.

In the case of SDS, there seems to be a linear trend, but this is unique to SDS. It
is unclear if the n-dodecanol impurity caused this linearity, but comparing with the
Brij 30 measurements (Π = 45 mN/m), the general dependance clearly fails.

4.6.4 Maximum unloading with dynamic surface excess concentration

Fig. 4.37 shows the overall relation of the maximum unloading with the dynamic
surface excess concentration. We see that there is no trend between these two quan-
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tities. Maximum unloading is related to the depletion of surfactant. It depends on
the initial surfactant concentration, the mass and the total interfacial area of the
produced foam.

4.7 Summary

In this chapter the experimental results were shown together with their analysis. The
equilibrium surface tension is fitted to appropriate isotherms which were described
earlier in §2.1.1. The theoretical equilibrium surface excess concentration can be
calculated from the adsorption isotherms. The dynamic surface tension curves are
characterized by fitting them to the Rosen’s empirical Eq. 2.6. The Rosen parameter
is defined as n(γ0 − γm)/t∗ (mN/m.s); where n, t∗ (s), and γm (mN/m), are the fit
parameters.

The experiments from the foam column tests gave the unloading curves. These
unloading curves were characterized by the linear gradient. Flow visualization of the
rising foam and the rising bubbles in the surfactant solutions enabled calculation of
the size and velocity distribution of the rising bubbles and the rising foam. The foam
density is calculated by combining the foam velocity and the normalized unloading
gradient.

The analysis revealed that there is an overall correlation of the foam density with
the Rosen parameter and the dynamic surface excess concentration. For a denser
foam, a larger Rosen parameter and a larger surfactant surface coverage at the time
scale of foaming is required. The foam density for all studied surfactants changed
seven fold, whereas the Rosen parameter changed over eight orders of magnitude.
The correlation had a logarithmic trend, which (see Fig. 4.34) is believed to be
a function of experimental conditions (that is N2 flow rate and initial volume of
surfactant solution). This hypothesis could not be verified due to lack of time.

In the case of dynamic surface excess concentration, the variation was seven fold
for a seven fold change in the foam density. The correlation has a linear trend, whose
(see Fig. 4.35) is also believed to be a function of experiment conditions (that is N2
flow rate and initial volume of surfactant solution). This hypothesis could not be
verified due to lack of time.

The foam density variations for changes in the concentration of single surfac-
tants could not be explained by any of the tested correlations. Partial correlations
were found in some cases. These findings are summarized in Table 4.4. From this
table, we can say that DST can qualitative predict foamability at the pre-micellar
concentrations. However, in micellar solutions, DST alone is insufficient.
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5. Conclusions and recommendations

This chapter summarizes the conclusions from this study. Based on these conclu-
sions, recommendations for further work are made.

5.1 Conclusions

Surfactants can postpone liquid loading in the gas wells, thereby increasing the total
recovery of gas from the reservoir. The exact deliquifying mechanism of the sur-
factants is poorly understood. A mechanistic foam flow model is currently being
developed. Such a model requires the input of ‘foamability’ (foaming ability) for
a given surfactant physiochemical properties. This research makes the first step in
understanding the correlation of the foamability of surfactants with their dynamic
and equilibrium surface tension in a customized setup.

Foamability was tested experimentally by a modified Bikerman test in which the
weight of the overflowing foam is measured in time. Flow visualization allowed the
calculation of ρfoam (g/cm3), which served as a measure of foamability. In addition
to ρfoam, maximum unloading is defined as the total amount of foam unloaded in
each experiment. The foam density, ρfoam, and the maximum unloading were com-
pared with three physio-chemical properties of aqueous surfactant systems; (i) the
dynamic surface tension (through the Rosen parameter), (ii) the dynamic surface
excess concentration, and (iii) the equilibrium surface tension. The DST curves over
a time range of 1 ms to 100 s were characterized using the Rosen parameter, which
quantifies the maximum slope. The dynamic surface excess concentration includes
the surface coverage of the foaming interface at the time scale of its formation.
The equilibrium surface tension is compared via the corresponding surface pressure,
Π = γ0 − γeq, (mN/m).

Several previous attempts in finding the relation between the dynamic surface
tension (DST) and the foamability have ended with contradicting results (see §1.4).
Rosen et al. obtained the strongest relation using a Ross-Miles test to quantify the
foamability. The current study was started by applying the technique proposed by
Rosen et al.[11] to characterize the DST and determining the relation with the mass
density of foam in a completely different setup.

Previously well studied surfactant candidates of each type (ionic, cationic, and
nonionic) were selected for the experiments. The chosen ionic surfactant was sodium
dodecyl sulfate (SDS) in the concentration range1 of 0.1 − 50 mM/l. The chosen
cationic surfactant was cetyltrimethylammonium bromide (CTAB) in the concentra-

1Refer Table 4.1 on page 31 for the concentration ranges in ppm by weight and g/l.
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tion range1 of 0.1− 2 mM/l. The chosen nonionic surfactant was polyoxyethylene-4
lauryl ether (Brij 30) in the concentration1 range of 0.01− 0.5 mM/l. In addition to
pure surfactants, Trifoam Block 820, a commercial foamer which is used in gas well
deliquification was also used. It’s concentration1 was varied from 100−3000 ppm by
weight. As salt is always present in gas wells, the effect of salt was studied by using
sodium chloride (NaCl) in combination with 1 mM/l SDS. The salt concentration
was changed from 0.001 − 0.6 M, where a concentration1 of 0.53 M corresponds to
the salt in sea water.

5.1.1 Total produced foam mass

The total produced foam mass (maximum unloading) did not have an overall depen-
dance on the Rosen parameter, dynamic surface excess concentration (Fig. 4.37),
and equilibrium surface tension. Maximum unloading is related to the depletion of
surfactant. It depends on the initial surfactant concentration, the mass and the total
interfacial area of the produced foam.

For individual surfactants, the maximum unloading is higher if the corresponding
dynamic surface excess concentration is higher. Increasing initial concentration of
surfactant led to higher production of foam, and also higher dynamic surface excess
concentration. The increased loss by adsorption is compensated by the higher bulk
concentration of the surfactant.

5.1.2 Foam density

Equilibrium surface pressure

Foam density increases with increasing equilibrium surface pressure for pre-micellar
solutions. The equilibrium surface pressure does not (usually) change much after the
c.m.c., but the dynamic surface properties still change, affecting the foam density. It
must be noted that in the case of SDS, the equilibrium surface pressure has excellent
qualitative agreement with the foam density at all concentrations. This observation
is not fully understood, but could be related due to n-dodecanol impurity in the SDS.

Rosen parameter

A surfactant solution with a larger Rosen parameter was found to produce a denser
foam (Fig. 4.34). The trend is logarithmic. A change of eight orders of magnitude
of the Rosen parameter caused a mere seven fold increase in the foam density. The
relation is very weak. The logarithmic trend holds even for large salt concentra-
tions. At different experimental conditions in the current setup, the slope of this
logarithmic trend should change.

This trend is unable to capture changes in the foam density as the initial sur-
factant concentration was varied from pre-micellar to micellar solutions. The foam
density and the Rosen parameter always increased with the concentration until the
corresponding c.m.c. was reached for all the studied surfactants. Pure (micellar)
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SDS and SDS+ NaCl were exception to this trend. In the case of pure SDS near and
above the c.m.c., the foam density decreased while the Rosen parameter increased.
This behaviour is not understood fully; it might be related due to the micellar kinet-
ics or rigidity of the SDS/n-dodecanol adsorbed layer.

Dynamic surface excess concentration

In all the studied systems, the dynamic surface excess concentration, Γτ (mol/m2),
at the time scale of foaming increased with the surfactant concentration. As the
foam density also usually increased with the concentration it can be concluded that
for higher foam density a larger dynamic surface excess concentration is required.
When comparing over three surfactants; SDS, Brij 30 and CTAB, a clear linear trend
(Fig. 4.35) can be seen. The surfactant which has a larger dynamic surface excess
concentration was found to produce a denser foam.

The time scale of foaming for different foaming methods varies, and so does
their corresponding dynamic surface excess concentration. The surfactant adsorp-
tion when a foam film is formed will determine the stability of that film, thereby,
affecting measurements of foamability by different methods.

5.1.3 Limitations and opportunities

In all the foam column tests the experimental conditions remained same; that is,
150 ml initial solution and 200 cm3/min N2 flow rate. Preliminary tests at different
experimental conditions strongly affected the unloading gradients (and thus foam
density). It seems that the method of generating foam has a strong effect on the
foamability. Further work is needed to study exact differences.

This dependance of the foam density on DST could assist in choosing the ideal
surfactant for a particular gas well deliquification application. A denser foam would
potentially be more effective in removing liquids (owing to higher liquid content).
Whether such a potential can be realized requires knowledge of foam flow though
the gas well. The mechanistic foam flow model being developed for real life appli-
cations should benefit from this qualitative trend.

5.2 Recommendations

Foams are extremely complex systems to study. Many individual facts essential for
foaming are known, but there is no single coherent theory to describe any given
foam. Nevertheless, two correlations between physiochemical parameters and foams
were found in this thesis. The recommendations are divided based on the focus
areas, that is, (i) continuing the current approach, (ii) establishing the effect of
foaming methods, and (iii) isolating steps in foam formation.
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Continuing current approach

The logarithmic trend between the Rosen parameter and the foam density was not
seen for some measurements with SDS at high Rosen parameters (O(103 − 104)). It
is unclear if the reason is due to the (n-dodecanol) impurity in SDS or due to the
high Rosen parameter. In order to check if this is due to such high Rosen parameter,
further experiments (at same conditions) are needed for surfactant solutions with
a high Rosen parameter. Surfactants with t∗ in the millisecond range have a high
Rosen parameter. As a suggestion, Zonyl FS-50, a perfluoro surfactant by DuPont
chemicals, can be used. Zonyl FS-50 is a good foamer like SDS; it might also have
a high Rosen parameter. This surfactant was purchased during the thesis but could
not be used due to lack of time.

In the current work, experimental conditions were kept fixed at 200 ml/min N2
flow rate and 150 ml initial volume. It is recommended that, tests with (same) set of
surfactants should be performed while systematically varying the N2 flow rate and
the initial volume. The coefficients of (both) the correlations, Fig. 4.34 and 4.35,
are expected to be a function of the experimental conditions. Using such additional
test, the variations in these coefficients can be studied. It might also be possible to
include a function for the experimental conditions in the fits for the trend.

Effect of foaming methods

The current method of characterizing DST can be tested for the Ross-Miles test and
the Bartsch test. The objective is to determine if the observed foam density depen-
dence is unique to the foaming method. The correlation of foam height with the
Ross-Miles test has already been established[11], but a method to estimate the foam
density is needed. As a first suggestion, a total liquid balance can give the liquid
quantity in the foam structure whereas the foam height can be used to calculate the
gas volume. Together, a density term (g/cm3) can be defined for the correlation.
Calculating foam density for the Bartsch test is trivial.

Isolating steps in foam formation

This study is recommended to study the dynamic surface excess concentration in
greater detail by focussing on the mechanical process of the bubble formation at the
sparger. A study on the influence of bubble formation time scale at the sparger and
its travel through the bulk surfactant solution is recommended. Jachimska et al.[71]

showed that the foam film formed by bubble which traveled longer distance was
ruptured faster than the film formed by bubble traveling over short distances. The
author suggested that uneven surfactant coverage on a bubble surface caused the
foam film to rupture. Analogous the this study, the effect on foam density can be
studied. This would require that the bubble formation at the capillaries is visible,
requiring some changes in the foam column. If the time scale of bubble formation is
indeed important then this result can be used in analysis of foaming mechanism in
the large scale foam flow loop. In the large scale setup, foam is formed by shear at
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air-liquid interface. The shearing air creates satellite drop/bubble in a certain time
scale. This time scale can be used to estimate the (uniform) surfactant coverage
at formation; following which, the surfactant coverage becomes nonuniform due to
motion of the drop.

On foam characterization for a foam flow model

Quantifying the precise influence of physiochemical properties of a surfactant solu-
tion on the foam density still seems a difficult task. For the sake of the foam flow
model in development, an empirical method to characterize foam is suggested. For
instance, a given foam structure can be considered as a function of the bubble size
and of plateau border length[51,72]. Neethling et al.[51] showed that the liquid con-
tent in foam overflowing from a column can be estimated accurately by considering
interfacial rheology and bulk viscosity. Two empirical parameters were used to char-
acterize drainage through the plateau borders and the vertices. Further analysis on
using their approach in current work seems promising.





Acknowledgements

During this project, lots of people have contributed towards the results. Many thanks
to my supervisors: Dries, Luis, Menno and Ruud for guiding me throughout the
project. Their guidance helped in organizing my ideas which at first seemed simply
random. I would like to thank Dries, especially for the Skype meetings we had
to improve the report while I was away for an internship in Norway. Automatic
measurements from a 20 year old weighing scale was made possible due to Dries’s
LabVIEW skills, thanks for your unparalleled help.

Menno’s philosophy on de-mystifying mother nature’s secrets convinced me to
accept certain deviations (and move on) in the dynamic surface tension measure-
ments during the days when all experimental setups seemed to fall apart. He also
arranged a high speed camera which enabled measurement of velocities and bubble
sizes. His contributions in this project are appreciated.

Many thanks to Ger Koper, DelftChemTech for the discussions on the chemistry
within foams. I learnt of various researchers working on surfactant adsorption which
greatly helped in finding relevant literature.

In the STCA lab, I would like thank Rien, Albert and Arlette for their assistance
in getting started. Rien Oskam gave valuable ideas on improving the experimental
setup and simplified navigating through the complex Shell protocols. I am thankful
to the people at the instrumentation workshop for fixing the du Noüy ring (which
had a notorious habit of distorting often) always at a short notice.

Dr. Eugene Aksenenko at the Institute of Colloid Chemistry & Chemistry of Wa-
ter, (Ukrainian National Academy of Sciences) is thanked for sharing literature ref-
erences on adsorption models and providing prompt support on the adsorption soft-
ware.

I had several discussions with Alexander Makievski, SINTERFACE Technologies
(Germany) regarding the working principle of the maximum bubble pressure ten-
siometer. He helped in fixing the tensiometer and validating measurements. Thanks
for your close cooperation.

I am thankful to Vipul for sharing his technique of image analysis. I was able to
save considerable amount of time by partially automating the image analysis.

Lastly I would like to thank all my friends and family who were always there for
me. I could always count on them when I needed to socialize and when I sought
motivation.

69





List of symbols

Roman Symbols

Symbol Description Units
a Intermolecular interaction constant [–]
b Adsorption equilibrium constant [–]
c Concentration [mM/l]
cc Counterion concentration [mM/l]
f Activity coefficient [mM/l]
g Acceleration due to gravity [m/s2]
m mass [kg]
n Rosen fit parameter [–]
n1 Factor for adsorption of counterions [–]
rc Radius of the foam column [cm]
t Time [s]
t∗ Rosen fit parameter [s]
tl Bubble life time [s]
td Bubble dead time [s]
v Weight of initial solution [g]
z Charge number [–]
A Surface area [m2]
E Gibbs elasticity [mN/m]
F Force [N]
Ḟ Zuidema and Waters correction factor [–]
I Ionic strength [mol/l]
KL Langmuir equilibrium adsorption constant [l/mM]
P Pressure [Pa]
R Radius of curvature [m]
R Gas constant [mN.m/mol.K]
R1/2 Dynamic surface activity [mN/m.s]
R1 Radius of curvature [m]
R2 Radius of curvature [m]
T Temperature [K]
V Volume of foam [m3]
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Greek Symbols

Symbol Description Units
α Constant for adsorption in state 2 [–]
γ Surface tension [mN/m]
γ0 Surface tension of water [mN/m]
γeq Equilibrium surface tension [mN/m]
γm Mesoequilibrium surface tension [mN/m]
γt Surface tension at time t [mN/m]
γτ Surface tension at bubble residence time [mN/m]
ε 2D compression ratio [m/mN]
θ Fractional surface coverage [–]
ρ̇ Resistivity [MΩ.m]
ρfoam Foam density [g/cm3]
ς Concentration of ion [mol/l]
τ Residence time [s]
ϕ Fraction of unbounded

surface-active ions [–]
υ Volume of air injected [m3]
φfoam Velocity of foam [cm/s]
ω0 Molar area of the surfactant at Π = 0 [m2/mol]
ω Molar area of the surfactant [m2/mol]
ω1 Molar area of the surfactant in state 1 [m2/mol]
ω2 Molar area of the surfactant in state 2 [m2/mol]
ω10 Molar area of the surfactant in state 1 at Π = 0 [m2/mol]
Γ Surface excess concentration [mol/m2]
Γ1 Surface excess concentration in state 1 [mol/m2]
Γ2 Surface excess concentration in state 2 [mol/m2]
Γeq Equilibrium surface excess concentration [mol/m2]
ΓLm Langmuir theoretical maximum

surface excess concentration [mol/m2]
Γτ Dynamic surface excess concentration [mol/m2]
Π Surface pressure [mN/m]
Σ Bikerman unit of foamability [s]

Abbreviations

Abbreviation Description
Brij 30 Polyoxyethylene-4 lauryl sulfate
CI Confidence interval
c.m.c. Critical micelle concentration
CTAB Cetyltrimethylammonium bromide
DST Dynamic surface tension

72



EO Oxyethylene group
FC Frumkin compressibility
FIC Frumkin ionic compressibility
fps Frames per second
GC Gas chromatography
MW Molecular weight
nUF′ Normalized unloading gradient
ppm Parts per million
RC Reorientation compressibility
rmse Root mean square error
SDS Sodium dodecyl sulfate
ST Surface tension
TB820 Trifoam block 820
UFt Mass flow rate of unloading foam
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A. Measurement principles

A.1 The du Noüy ring method correction factors

When the ring lifts the air-liquid interface, the force it measures include contribution
from a small mass of liquid below the ring. The amount of mass lifted depends on
the dimensions of the ring, density difference around the interface, and the surface
tension of the interface. Harkins and Jordan[73] proposed correction factors by a
careful measurement of the mass lifted for various values of ring dimensions, den-
sity difference and measured surface tension. The empirical correction factors were
fitted to an equation given below by Zuidema and Waters[74]. As the data by Harkins
and Jordan[73] is available in a limited range, the Zuidema and Waters[74] equation
can be extrapolated to obtain the respective correction factors.(

Ḟ − a
)2

=
4b

π2
· 1

R2
× P

ρlower − ρupper
+ C (A.1a)

C = 0.04534− 1.679
r

R
a = 0.7252 b = 0.0009075

where Ḟ is the correction factor; P (mN/m) is the maximum force measured by the
ring; ρlower (g/cm3) is the density of the lower phase; ρupper (g/cm3) is the density of
the upper phase; R (cm) is the radius of the ring; r (cm) is the radius of the wire in
the ring. The correct value of surface tension is then given by the product Ḟ × P .

A.1.1 Procedure

For accuracy of measurements, it is critical that the ring’s motion is perpendicular
to the interface and that the ring is perfectly round. As the ring thickness is O(10−4)
m; in practice it is impossible to prevent distortion. Daily, prior to starting measure-
ments a calibration test using ultra pure deionized water having resistivity, ρ̇ ≥ 10
MΩ.m was made to test magnitude of error due to ring distortion. At 20◦C and 1
atm, pure water has γeq = 72.8 mN/m[75]. From experience, the ring was assumed to
be deformed if γeq < 71.0 mN/m. The results from calibration tests are maintained
in a log book.

Measurement of surface tension is highly sensitive to impurities. Thus utmost
care must be taken to clean the vessel which holds the sample and the ring. Rinsing
the ring with water and solvents (preferably analytical grade) is essential. Addition-
ally the ring must be heated to red hot using a benson burner. Heating the ring
ensures that any organic surface-active impurities are burned off. Using the Ben-
son burner will minimize the deformation due to uneven heating (thermal stresses).
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Contact of ring with bare skin should be avoided as the oil from skin can affect
subsequent measurements.

While measuring surface tension of solutions exhibiting dynamic surface ten-
sion; the ring must be pulled slowly. Ring’s motion can put the surface in a non-
equilibrium state. Pulling rate of 5− 10 mm/min by hand was used during measure-
ments.

A.2 BPA-1S capillary cleaning procedure

While cleaning the capillary air should always be flowing through the capillary, that
is, keep it under overpressure to prevent any liquid from entering. The capillary
must first be cleaned with ethanol or acetone (preferable analytical grade), then
several times with ultra pure deionized water. Each cleaning run should last for
8−10 minutes. Alternatively the capillary may also be cleaned in an ultrasonic bath.
Make sure that the capillary is not stored near organic substances as they are highly
surface active.

As a general note, experiments for the same surfactant solutions should be per-
formed in series with increasing concentration. This ensures that even if the cleaning
for next experiment is imperfect, the impurities will be at a lower concentration.

A.3 Cleaning procedure for the foam column

The cleaning procedure for surfactants which dissolve in water is described in this
section. Only water soluble surfactants were used in this thesis, so the cleaning
procedure might need some modifications for non-water soluble surfactants.

1. Without removing the connected hose and with N2 flow turned on, add ample
amount of distilled water from the top such that the hose is flushed and the
column is filled.

2. Disconnect the hose and block its connection to the column. Flush using dis-
tilled water by adding it at the top of the column and allowing it to flow out it
from the bottom drain value on the column (with N2 flowing always). Siphon
out the liquid below the drain valve. Repeat.

3. As surfactant is flushed out, noticeable changes occur in the bubble shapes and
velocity. The number of flushes before this happens depends on solubility of
the surfactant. It could be from a minimum of three flushing cycles to as much
as six flushing cycles.

4. Fill the entire column with ultra pure deionized water and let N2 sparge for
5− 10 minutes.

5. Remove the water from the top drain valve first and then from the bottom
valve. Use a clean hose to siphon out any remaining liquid.

6. Air dry the column for 15− 20 minutes.
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7. All the removable parts must be cleaned separately by hand. Make sure the
cleaning area where this is done is also devoid of organic waste. At all times
keep these parts on fresh clean tissues.





B. On the shape of foam bubbles and
corresponding foam density

The typical range of foam density, ρfoam (g/cm3), observed is in the range of 0.01 to
0.07. For a mono-disperse spherical foam bubbles the theoretical (fractional) limit is
0.24 of the continuous phase (liquid)[27]. This number is considerably larger that the
observed foam density. This is surprising as the bubbles seem to be spherical from
the recorded movies (see Fig. 1.2 as an example).

For understanding this deviation, let us assume that (somehow) a foam having
ρfoam = 0.24 g/cm3 is produced. We can then use Equation 3.2 to estimate UFt (mass
flow rate of the unloading foam, g/s) ,

ρfoam =
v × nUF′

φfoam × πr2c

0.24 =
150

π × 1.0552
× nUF′

φfoam

0.24 ' 43× nUF′

φfoam

Assuming φfoam = 0.85 cm/s, we have

UFt = nUF′ × 150

= 0.00474× 150

= 0.71

Thus, UFt = 0.71 g/s, for foam consisting of spherical mono-disperse bubbles. In
the case of 4 mM/l SDS, UFt = 0.17 g/s. This deviation is likely due to, (i) the fact
that poly-disperse bubbles are present in the foam (see Fig. 4.8b), and (ii) probably
due to non-spherical foam bubbles. The resolution of hi-speed movies is not high
enough to confirm the presence of non-spherical bubbles.
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