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Abstract

In the modern world, the scale of industrial production within all sectors has reached unprece-

dented levels due to ever-growing demand and consumption of various products. A vast majority

of industrial processes exploits the benefits brought by the multiphase flows whose complex dy-

namics are governed by the concoction of fundamental physics. Probing the details of such

flows, experimentally and/or theoretically provides an ability to develop and optimise the needs

of industrial applications. Yet, this progression is gradual as it depends on the advancement of

measurement technologies that enable the investigation of the complex behaviour and topologies

of many different possible combinations of phases utilised in industry. Use of the novel optical

diagnostic techniques coupled with bespoke capacitance probes in the present study enables us to

explore uncharted territory of two-phase phase gas-liquid annular flows in vertically orientated

pipes. In the present study, a recently developed variant of laser-induced fluorescence (LIF)

technique, termed structured-planar laser-induced fluorescence (S-PLIF), is used which allows

us to eliminate biases commonly encountered during film-thickness measurements of gas-liquid

flows due to refraction and reflection of the light at the interface. In parallel, a bespoke capac-

itance probe is also employed which permits us to conduct film thickness measurements with

high temporal resolution along the perimeter of the pipe. Simultaneous application of these two

measurement techniques provides an opportunity to study the subtle differences found in thin

annular film structures caused not only by the function of liquid and gas flow rates, but also by

the surface-active agents which are widely known to cause drastic changes in flow behaviour due

to surface tension gradients. The flow characteristics are studied in terms of mean film thickness,

roughness, probability density functions, time-scales of the flows, and gas entrainment in the

liquid film.

The analysis of the data reveals important changes in the flow characteristics due to the

presence of soluble surfactant. Firstly, it is observed that surfactant promotes thinning of annular

films at nearly all flow conditions investigated herein, hinting at its influence on the turbulence
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within the bulk flow. The behaviour of interfacial waves was also found to be notably altered by

the surfactant where the film roughness and the time-scale of the waves increase in gas-sheared

film flows with low to moderate turbulence and low gas entrainment. This corresponds to flows

not in the ‘regular wave’ regime. A decrease in both characteristics then follows upon an increase

in turbulence to a sufficiently high level of the two phases. The high gas-shear rate not only

limits the highest attainable wave amplitude downstream, but also results in high agitation

of air and water phases, and thus, high gas and liquid entrainment. Ultimately, this smooths

the base film populated with small-amplitude waves and substantially reduces the amplitude of

large interfacial waves. Generally, good agreement with relevant literature correlations is found.

The estimated time-scales of the wave dynamics and Marangoni flow showed that the surfactant

plays an increasingly important role on waves with lower amplitudes. The sizes of the bubbles

entrained in the surfactant-free liquid film are found to exhibit log-normal distributions that

become flatter with a decrease in the gas Reynolds number, while this distribution is maintained

for surfactant-laden flows. On the other hand, wider distributions in the bubble sizes are found

for the surfactant-laden flows at the highest gas-shear rate for all liquid Reynolds numbers. The

normalised location of the bubbles (quantified as the relative entrainment depth, i.e., distance of

the bubble from the local air-water film height in the wall-normal direction divided by the local

film thickness) follows a Gaussian distribution where the majority of the bubbles accumulate in

the middle of the thin film. Understanding the need for further development of the multiphase

flows that involves the use of surfactants, motivated us to develop a method to prepare water-

soluble fluorescent surfactant, which is described in the present work. Furthermore, a detailed

characterisation of the fluorescent surfactant is also provided, which may encourage further

experimental and modelling investigations of the relevant surfactant-laden multiphase dynamics

found in small- and large-industrial scale applications.
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Chapter 1

Introduction
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In this chapter, firstly, a general overview of multiphase flows, and particularly of gas-liquid

flows in vertically orientated pipes, the effect of surfactants on these flows, the development

works on interfacial phenomena and various measurement techniques is provided. The level

of significance that these developments have on a wide scope of industrial applications is also

emphasised. Motivation and objectives for this project are also set forth. Lastly, a thesis

structure comprised of brief contents for each chapter is presented.

1.1 Background

An incredibly vast variety of fluid dynamics phenomena occurs at every moment in nature and

our lives. These complex events can be met at a multitude of scales starting from nanoscopic

sizes e.g., nanofluidic circuitry where typical characteristic dimensions are < 0.1 µm, and as big

as our planet earth e.g., swirling clouds and the Great Red Spot located on the planet Jupiter

where the size of the latter is ∼ 16350 km (10159 miles) - large enough to engulf Earth [151].

These are typically comprised of more than one fluid (gas or liquid), hence, the term ’multiphase

flows’.
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Multiphase flows are encountered in a broad-spectrum of practical applications, where typ-

ically two immiscible fluids are used (e.g., gas and liquid) which are separated by an interface.

Specifically, pertinent to the present work, simultaneous two-phase air-water flows are typically

utilised in pipes that can closely replicate industrial applications such as falling film evaporators,

pressurised water reactors or vertical risers, in all of which thin liquid films are flowing across the

surface of the wall e.g. pipe, while the core is occupied by the air/vapour phase. The dynamics

of such flows in pipes, termed annular flows, are typically characterised in terms of the film

thickness, interfacial waves, and entrainment rates, and are determined by a number of physical

factors such as the pipe diameter and its orientation, fluid velocities, and the properties of the

fluids. Consequently, these will directly influence the inertia, buoyancy, turbulence forces and

interfacial tension.

The underpinning work on gas-liquid annular flows was started in the last century by nu-

merous research studies, most notable of which were conducted by Azzopardi [13, 11], Chu and

Dukler [39], Hall-Taylor and Nedderman [69], Hewitt and Hall-Taylor [73], Hewitt and Whal-

ley [74], James et al. [81], Woodmansee and Hanratty [177], and many more. These works

demonstrate that with progressive advances made in electronic and optical engineering this un-

veiled capabilities of various experimental methods that allowed one to directly investigate the

annular flows for the aforementioned characteristics. The in-depth understanding attained from

these and other academic works permitted one to make a significant advancement in relevant

industrial processes and technologies that involves the use of gas-liquid annular flows. Owing

to an increased controllability of this type of multiphase flows, various unit operations could be

designed with an optimal efficiency and productivity, whilst maintaining safety at the highest

level.

Furthermore, having an extensive amount of data for various pipe configurations and fluid

properties and flows, many predictive tools were developed that further facilitates the design

and operation of industrial processes. Specifically for gas-liquid annular flows, the proposed

correlations in the literature are able, to some extent, to describe the behaviour of the interfacial

flows and predict various characteristics such as wave celerity, frequency and amplitude, droplet

entrainment rates, their sizes and velocities, and film thickness. Quantitative details of such

models are explored in the reviews by Berna et al. [20, 21]. Despite the substantial progress that

was made from the experimental and theoretical perspectives, the highly complex behaviour

of annular flows due to the presence of a multitude of phenomena that are discussed in the

works of Azzopardi [11] and Hewitt and Hall-Taylor [73], are yet to be fully understood. For
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this reason, most of the works mainly focus on two-phase flows using pure fluids i.e., without

the addition of contaminants. However, many industrial processes, by design, employ so-called

SURFace ACTive AgeNTs (surfactants) such as in the case of falling film reactors [187].

There exists an exhaustive amount of different surfactants, properties of which was demon-

strated to have significant effects on gas-liquid systems. For instance, Benjamin Franklin wrote

his qualitative observations on application of oil to the sea by the sailors in order reduce and

‘calm’ the sea waves [19]. Later, more advanced quantitative work was conducted by Agnes

Pockels in her application of powders on thin liquid films and the effects of surface tension [131].

Soon thereafter, various scientific fields focusing on surface science and interfacial phenomena

started to rapidly evolve due to the broad attention of scientists from many different disciplines

towards the inherent versatility of surfactant molecules.

An interface, which is an infinitesimal boundary separating two immiscible fluids e.g., air

and water, is formed due to intermolecular interactions. Water molecules located at a surface

interact more strongly with the other water molecules located in the interior (due to hydrogen

bonds) than with the widely-spaced gas molecules located above the surface. Due to this, water

molecules located at the surface have higher potential energies than those in the interior, so work

input is required to draw the molecules from the interior to the surface to form an interface [139].

The amount of work required to create this interface equates to a product of surface tension and

the area of that created surface. The presence of surface tension acts to minimise surface area

while inducing a discontinuity in the pressure field at the interface. Lowering the temperature

of the system leads to an increase in the strength of hydrogen bonding in the bulk giving rise

to an increased surface tension.

The concept of surface tension was introduced in the famous work of Thomas Young [163].

Following on from this, an equation was derived that describes the interface force balance at the

contact line where three phases meet (i.e., gas, liquid, and solid, as shown in Fig. 1.1):

σlg cos Θ = σsg − σsl, (1.1)

where σlg, σsg, and σsl are the liquid-gas, solid-gas, and solid-liquid interfacial tensions, and

θ denotes the contact angle. The other significant advance corresponds to the derivation of

the Young-Laplace equation which postulates that the pressure discontinuity across a curved

interface is expressed as

∆p = σlg

(
1

R1
+

1

R2

)
, (1.2)
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where ∆p is the difference in pressure across either side of the interface and the principal radii of

curvature are R1 and R2, respectively. The pendant drop tensiometry, shown in Fig. 1.2, offers a

simple method to measure the interfacial free energy per unit area which essentially determines

the surface tension between the gas and liquid phases (or other immiscible fluid-fluid pairing

that forms an interface).

Figure 1.1: Schematic showing the contact angle at a solid-liquid-gas contact line (adapted
from [2]).

The structure of the aforementioned water molecules at the surface can be easily broken

by the surfactant molecules. Owing to the possession of amphiphilic characteristics by the

surfactant allows it to adsorb at the interfaces in an oriented manner i.e., non-polar moiety,

termed as the ‘tail-group’, is water-insoluble (air molecules are also essentially non-polar in

nature), whilst polar moiety, termed as the ‘head-group’, is water-soluble. Upon the adsorption

onto the gas-liquid interface at sufficient concentration, surfactant molecules alter the interfacial

free energy in a reducing manner (decreasing dissimilarity between the two contacting phases).

The distribution of surfactant between the interface and bulk phases depends on the difference

in chemical potential and also kinetically on energy barriers for transfer [54]. The representation

of the surfactant molecule transport between the bulk and the interface is shown in Figure 1.3.

By increasing surfactant bulk concentration at a fixed temperature, the surface tension is

reduced up to a certain value only, after which a plateau is reached. When this point is reached

the interface is saturated with a monolayer of surfactant molecules, and no additional area

is available for adsorption. This is called the Critical Micelle Concentration (CMC), and the

process is depicted in Figure 1.4. This minimum surface tension value (at the CMC) depends

on the physico-chemical properties of the surfactant which are dictated by size of the head-

group, length and number of the tail-groups, chemical composition [43]. Further increase in

bulk concentration does not alter the surface tension significantly, and leads to spontaneous

processes of surfactant self-assembly in the bulk phase into various ensemble shapes e.g., micelles,
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vesicles, bilayers, etc. Such processes are driven by an increase of entropy when the surfactant

hydrophobic groups are removed from the water phase and the ordered structure of the water

molecules around these groups is lost.

Capillary with drop

Light 

source

Video 

camera

Cuvette with 

air

(a) Pendant drop tensiometer

(b) Pendant drop profile

Figure 1.2: Measurement of surface tension using the pendant drop method. (a) Schematic
drawing of the pendant drop profile analysis tensiometry, and (b) schematic of a pendant drop
profile with the associated variables used to determine the interfacial tension (adapted from [22,
50]).

Relating these phenomena to gas-liquid annular flows, the adsorption of surfactant onto a

liquid film may substantially influence the hydrodynamical properties of the surface. This occurs

due to continuous change in the shape of the surface by the moving waves, which subsequently

stretches and compresses the surfactant film. As a result of this, the surface concentration also

changes, varying across the wavy surface, and thus, leading to the existence of surface tension

gradients. Areas containing higher surfactant concentration (lower surface tension) will result

in surfactant spreading towards regions with lower concentration (higher surface tension), in

turn, giving rise to Marangoni stress. This transport of surfactants along the interface is a
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Figure 1.3: Surfactant adsorption and desorption fluxes from the interface, depending on the
adsorption state. (a) net adsorption flux to the interface, (b) adsorption and desorption fluxes
are equal, (c) net desorption flux from the interface (adapted from [50]).
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Figure 1.4: The plot represents the change in the surface tension as a function of a surfactant
bulk concentration, and schematic drawings of surfactant molecule, its adsorption process, and
formation of micelles above the CMC (adapted from [1]).
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well-known phenomena called the Marangoni effect [41, 55]. The presence of surfactants in gas-

liquid annular flows leads to various observable changes in the flow behaviour, particularly for

the flows with high gas and liquid mass flow rates. Numerous works showed that surfactants

can alter the morphology of the gas-liquid interface by formation of foam and suppression of

interfacial waves. Such flows were also shown to change the complexity of liquid film topology,

pressure drop, and entrainment of liquid and gas rates, which consequently influences the flow

regime transitions [170, 171]. Yet, majority of the research work was conducted on upwards gas-

liquid annular flows due to wider relevance to industrial applications, particularly in oil-and-gas

industry, while no studies were found to focus on the effect of the surfactant on downwards

gas-liquid annular flows.

As briefly stated above, a variety of measurement tools have been developed for testing and

real-time data acquisition in annular flows, which have been investigated actively throughout the

last several decades using multiple intrusive and non-intrusive methods including resistive and

capacitive impedance, ultrasonic, electromagnetic, and optical methods. At the present time,

typical methods employed for evaluation of the effect of the surfactant on gas-liquid annular

flows are mainly qualitative (using high-speed imaging) which does not provide reliable quan-

titative information on the aforementioned flow characteristics. A quantitative study typically

utilises non-intrusive methods such as conductance probe, which allows one to acquire the flow

characteristics of the annular flows such as the film thickness, wave amplitude and frequency.

Even with this, only several works are found in the literature to study surfactant-laden gas-liquid

annular flows, one of which was performed recently by Rivera et al. [136] on co-current upwards

annular flows with surface tension variation by addition of 1-butanol. More advanced methods

that use optical diagnostic techniques such as Planar Laser Induced Fluorescence (PLIF) [186]

and Structured-PLIF (S-PLIF) [32] were developed and successfully applied to study downwards

air-water annular flows. Due to high accuracy and reliability of these methods, PLIF and S-

PLIF allowed one to quantitatively evaluate a wider-scope of flow characteristics that were not

accessible before by other foregoing non-intrusive methods. Consequently, this opened up new

avenues to study complex gas-liquid annular flows.
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1.2 Project motivation and objectives

To date, only a limited number of studies were found on downwards gas-liquid annular flows,

all of which focused solely on surfactant-free flows. The unexplored area of surfactant-laden

flows offers an opportunity to expand our understanding of the effect of surfactant on complex

gas-liquid annular flows. With the simultaneous application of advanced laser-based diagnostic

technique, S-PLIF in this case, and capacitance technique it is aimed to identify the differences

between surfactant-free and surfactant-laden flows in terms of bulk and interfacial flow dynamics

for a wide-range of flow conditions, which may be applicable for industrially relevant processes

e.g., falling film reactors. It is well-known that surfactants may lead to considerable effect on

phenomenological events such as liquid and gas entrainment, altering mass and energy transfer,

which can be explored by direct observation using S-PLIF method. Moreover, a growing inter-

est in understanding the physics of surfactant, especially in the area fluid mechanics, requires

detailed characterisation of specific type of fluorescent surfactant e.g., soluble in widely used

solvents such as water. Thus, such surfactant needs to be identified and analysed in terms of

physico-chemical and optical properties from which its practical usability to study various phys-

ical problems can be demonstrated (also potentially applicable to computational modelling). In

fact, its behaviour (in terms of bulk and surface concentration) can be measured using various

optical techniques such as PLIF. Based on these motivations, the following objectives are set:

1. Identify all molecules containing (1) a single tail-group, and (2) an aromatic head-group

with suitable optical properties e.g., that could be probed at 532 nm - the wavelength

emitted by Nd:YAG laser available in the laboratory for this project. Upon shortlisting

potential surfactant candidates, develop a method using which the selected surfactants can

be treated in order to transform them from water-insoluble to water-soluble state.

2. Conduct a series of analytical measurement techniques to characterise the selected fluores-

cent surfactant (under conditions to be used for large-scale experiments) for its (1) optical

properties, (2) molecular stability, (3) surface activity as an insoluble species, (4) surface

activity and transport properties as a soluble species.

3. Gather information on key air-water flow characteristics that are required to and can be

measured using S-PLIF and capacitance techniques. Concurrently, select the range of gas

and liquid flow conditions relevant to the literature data on downwards gas-liquid annular

flows, which would be attainable in large-scale experimental facility.
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4. Depending on objective (2), modify large-scale Downwards Annular Flow Laser Observa-

tion Facility (namely, DAFLOF) such that it would be feasible to conduct the required

measurements using S-PLIF and capacitance techniques for the selected range of air-water

flow conditions. This includes selection of pipe material and internal diameter, design

of the correction box to match refractive indices, independent pumps for liquid and gas

phases. For the measurements techniques select the optical filters and lenses for high-

speed cameras, data acquisition systems. Additionally, implement the required software

and protocols to operate the facility, health and safety and risk assessments. Finally,

perform necessary training for operation of laser and high pressure systems.

5. Perform calibration on S-PLIF and capacitance probe instruments for a combination of air

and water fluids to ensure accurate and reliable measurements of film thicknesses. Compare

preliminary results on mean film thickness measurements with available literature data to

ensure the data are within acceptable experimental error bounds.

6. Conduct experimental measurements in DAFLOF using S-PLIF and capacitance tech-

niques firstly for surfactant-free flows followed by surfactant-laden flows for the whole

range of selected flow conditions. Perform spatially- and/or time-resolved measurements

using at least one technique in order to capture details of important flow characteristics

and phenomenological events.

7. Upon successful execution of large-scale experimental campaign, extract all the data ac-

quired using each technique. Develop image processing tools using proprietary software

(DaVis) and MATLAB algorithms in order to process all the data that could be trans-

formed into meaningful information and compared with literature data and predicted re-

sults from various correlations.

Processed and analysed results within the present work aim to facilitate the operation of

industrially relevant processes, and advance our fundamental understanding of vertically down-

wards gas-liquid annular flows in the presence and absence of surfactants. This includes usage

of data in the process of engineering design and optimisation efforts, development of predictive

tools in the form of correlations and models, and validation of three-dimensional direct numeri-

cal simulations. In addition, the development of a method to prepare water-soluble fluorescent

surfactant aims to expand its use in a wide-range of research applications beyond the gas-liquid

annular flows.

9



1.3 Thesis structure

The present thesis mainly focuses on the systematic experimental study of downwards thin

film flows in an annular pipe configuration with and without the gas shearing effects. In two

sets of large-scale experiments the behaviour of annular air-water flows related to the bulk

film, interfacial waves and entrainment characteristics is analysed by performing simultaneous

measurements using two independent and non-intrusive methods. One experiment is studied

using uncontaminated (clean) air-water system, while the other, corresponds to an air-water

system seeded with water-soluble fluorescent surfactant. Both configurations are widely used in

various R&D, and industrial sectors, albeit the differences between the two, particularly on the

effect of the surfactant on multiphase flow behaviour, are not yet fully explored. The structure

of this thesis is organised in the following manner:

• Chapter 2 presents a review of the literature on vertically upwards and downwards gas-

liquid annular flows. This comprises quantitative and qualitative results of surfactant-

free and surfactant-laden flows using various experimental techniques. A review is also

conducted on the functionality of fluorescent surfactants and their application in related

gas-liquid systems.

• Chapter 3 describes the details of all the measurement techniques used to characterise

the fluorescent surfactant employed for large-scale experimental campaign. This includes

the analysis of molecular stability, optical properties and surface activity. The model

to describe the surfactant transport is formulated. Following this, a description of the

large-scale experimental facility along with the chosen flow conditions is provided. The

configuration of optical and capacitance methods are also described in detail.

• Chapter 4 provides details of an in-house developed treatment method to convert insol-

uble fluorescent surfactant into a water-soluble molecule. With this, the surfactant is

characterised for its (i) light absorption and emission properties, (ii) molecular stability

post-treatment with alkaline solution, (iii) behaviour and surface activity as a monolayer

and soluble species. On the basis of (iii), surfactant transport properties are established.

• Chapter 5 presents measurement details of both surfactant-free and surfactant-laden falling

film and gas-sheared film flows from which the effect of surfactant is evaluated based on

the qualitative and quantitative differences. The analysis includes the construction of

flow pattern maps, and the influence of the surfactant on the behaviour of annular films,
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specifically on the film thickness and its roughness.

• Chapter 6 focuses on the effect of surfactant on interfacial waves present in annular films.

The underlying differences are explored on the basis of the wave statistics that are pro-

cessed using various statistical analysis techniques. The influence of the surfactant on the

various interfacial waves is also examined by evaluating the time-scales associated with

the gravitational, viscous and Marangoni stresses.

• Chapter 7 offers a characterisation of the gas entrainment in the form of bubbles inside the

liquid film. The study presents statistics on the bubble sizes as well as the entrainment

depth for particular flow conditions that have distinct entrainment rates. Qualitative anal-

ysis on the formation of ‘foam’ close to and at the crests of large waves is also performed.

• Chapter 8 concludes the results of this work and provides suggestions for future work,

which includes not only on gas-liquid systems, but also on liquid-liquid.
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Chapter 2

Literature review

Contents

2.1 Vertical gas-liquid annular flows . . . . . . . . . . . . . . . . . . . . . 14

2.2 Experimental measurement techniques . . . . . . . . . . . . . . . . . 24

2.3 Applications of fluorescent surfactants in fluid mechanics . . . . . . 26

2.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

An in-depth review of developments up to the present time on the vertical gas-liquid annular

flows and the various measurement techniques is presented in this chapter. The review discusses

how with the aid of small- and large-scale experimental campaigns conducted through many

decades allowed the expansion of our comprehension of the associated flow characteristics found

in the surfactant-free and surfactant-laden flows. Using data acquired using various measurement

techniques flow pattern maps were constructed and these data were utilised for the elucidation

of various mechanisms that describe interfacial flows and entrainment events, and subsequently,

to build correlations and models that allow one to predict flow characteristics for a wide-range

of gas and liquid flow conditions, fluid properties, and pipe configurations. As a result of these

advancements, a significant enhancement in the controllability, efficiency, and productivity of

various industrial processes was achieved.

A comprehensive theoretical and practical understanding of the surfactants and their asso-

ciated phenomena has led to an enormous expansion of practical applications and processes in

which surfactants are being employed due to their unique physico-chemical properties. Nonethe-

less, many theoretical aspects require validation, which can be performed using the fluorescent

surfactants whose dynamics and effects can be measured. Thus, a review on the application of
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fluorescent surfactant in fluid dynamics problems is conducted and presented herein.

2.1 Vertical gas-liquid annular flows

There exists four main flow regimes in adiabatic and non-reacting gas-liquid flows in a vertically

oriented pipes. These can have either counter-current gas-liquid flows (i.e., upwards flows) or

co-current gas-liquid flows (i.e., downwards flows). Depending on the individual gas and liquid

mass flow rates, properties of selected fluids, and sizes of the fluid domains, typical flow regimes

that occur in this type of flow configuration are (1) bubbly flow, (2) slug flow, (3) churn flow, and

(4) annular flow, which are illustrated in Fig. 2.1 [16, 168]. Assuming a flow with a sufficiently

high and fixed liquid flow rate, flow regimes will transition from bubbly flow to annular flow as

the gas flow rate starts to increase. Each of these flow regimes can be described in the following

manner:

• Bubbly flow occurs in the continuous liquid phase when the gas flow rate is high enough

to form relatively small gas bubbles that experience no slippage [27]. The distribution

of bubble sizes is non-uniform as the bubbles can undergo coalescence with one another,

which typically increases with gas flow rate. In addition, the motion of gas bubbles are

complex, and have a tendency to flow upwards/downwards close to the centre of the pipe.

• Slug flow occurs once the flow rate of the gas phase increases to a sufficiently high value, also

in a continuous liquid phase, leading to large amount of small gas bubbles that continuously

coalesce forming large ‘Taylor’ bubbles. These ‘Taylor’ bubbles occupy cross-sectional

areas similar to that of the pipe in which the flow takes a place, and are separated with slugs

of liquid that are entrained with smaller bubbles. Taylor bubbles are of short cylindrical

shape with a semi-spherical-like front side, while the rear side has a deformed base. An

intermittent flow is typically observed at this flow regime due to alternating occurrence of

liquid slugs and Taylor bubbles [27, 65].

• Churn flow is characterised by the unstable Taylor bubbles that collapse resulting in a

highly turbulent flow pattern with both phases dispersed. Smaller liquid bodies are formed

due to disintegration of liquid slugs that decrease in axial length and become highly en-

trained with small sized bubbles forming froths [27, 65].

• In annular flow, a continuous gas phase flows through the core of the pipe while a thin
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liquid film with a wavy surface flows across the pipe wall. Entrainment of gas in the form

of bubbles inside the liquid film, and liquid droplets and ligaments into the gas core is often

observed at sufficient mass flow rates, especially of the gas phase. Thin liquid films are

characterised by the presence of interfacial waves of various amplitudes, frequencies and

velocities. Annular flows can be also generated in downwards flows even in the absence of

gas flow stream, referred to as falling films [73].
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Figure 2.1: Illustration of the well-established flow regimes that occur in vertically orientated
pipes of upwards or downwards co-current gas-liquid flows.

Focusing specifically on annular flow regime in vertical pipes, reveals its usage in a diverse

range of industrial applications. In oil-and-gas industry upwards annular flows are employed

in gas-liquid oil wells, raisers and transfer pipelines. On the other hand, vertically falling films

are employed for inspissation purposes in industrial units such as falling-film evaporators or

distillation columns. Many of the gas-liquid reactions are also carried out using falling films and

annular flows such as chlorination, sulfonation, hydrogenation or ethoxylation [44, 159]. Such

a flow configuration offers process benefits in terms of rapid heat removal and minimisation of

mass transfer resistance in the liquid phase [187]. Due to high complexity of the associated

annular flow characteristics in terms of surface instabilities that appear in the form of interfacial

waves and often lead to entrainment events (see illustration in Fig. 2.2). Such physical events

were shown to have a significant influence on the mass transfer during the absorption of carbon

dioxide by water i.e., increasing by up to 170% [122]. Thus, the continuous development of
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fundamental understanding of the annular film flow behaviour is key for practical applications

at various scales as well as theoretical works (e.g., prediction of mass and heat transfer [113]).
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Figure 2.2: Illustration of a typical downwards co-current gas-liquid annular flow and the asso-
ciated hydrodynamics.

The frictional pressure drop and interfacial waviness, where the latter is often termed as

surface roughness and expressed as standard deviation, increases with the growth of the wave

amplitude [145]. Once the interfacial waves attain sufficiently large amplitude (at least two times

of the mean film thickness) this typically leads to the liquid entrainment events in the form of

droplets and ligaments, particularly at high gas Reynolds number [73]. Redeposition of the

entrained liquid bodies, particularly those of large size (e.g., ligaments) and high velocity, may

promote erosion and corrosion of the inner walls of the process unit [14]. Moreover, in the small-

and large-scale processes where heat transfer plays an important role, as in the aforementioned

examples, the interface may significantly suffer from the so called ‘dryout’ areas (see Fig. 2.2)

that can form in annular flows where the film is dissipated typically due to high shear rate

exerted by the gas stream or evaporation of very thin residual film [82]. As a result of this

phenomena, not only the process efficiency can be substantially reduced, but this may also lead

to process safety concerns particularly where heat removal is of primary importance.

For all of the above reasons, the lack in understanding of the behaviour of annular flows,

especially of turbulent flows, can be improved with the use of advanced experimental measure-

ments techniques that provide both qualitative and quantitative data which could be utilised in
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the process optimisation, and validation and further development of predictive tools and models.

The early pioneering works of Chu and Dukler [39, 40], Telles and Dukler [162], and Webb and

Hewitt [175], has greatly expanded our knowledge on thin film flows occurring in annular flow

regime. Using various advanced experimental measurement methods allowed us to characterise

gas-liquid interfacial flows by identifying different types of waves and their corresponding activity.

For instance, Webb and Hewitt [175] for the first time described the dynamics of downwards

annular flows in terms of flow regimes that vary depending on the gas and liquid flow rates. In

their work, four main flow regimes were described: (1) ‘ripple wave’, (2) ‘dual-wave’, (3) ‘thick

ripple’, and (4) ‘regular wave’ regimes. Not until recently, owing to advancements made in

optical diagnostic techniques, was the existence of these flow regimes confirmed in the study by

Zadrazil et al. [186] who performed Planar Laser Induced Fluorescence (PLIF) measurements

for a wide-range of flow conditions in downwards annular flows (except for the ‘ripple wave’

regime which was limited due to practical reasons). Having a direct non-intrusive capability to

visualise thin films using PLIF method, permitted Zadrazil et al. [186] to characterise annular

flows more thoroughly in a spatially-resolved manner. This includes not only qualitative evidence

of mechanisms by which gas and liquid entrainment occurs, but also quantitative results that

characterise thin film flows in terms of various statistical moments, i.e., mean and standard

deviation of the film thickness, thickness of the base film, amplitude and frequencies of the

waves, and gas entrainment into the liquid film. Coupling their findings with the results of

Webb and Hewitt [175], a more accurate flow pattern map was constructed which included an

additional flow regime termed ‘disturbance wave’. Each flow regime was identified to occur over

a particular range of gas and liquid flow rates in terms of Reynolds numbers, ReG and ReL,

respectively, and to carry qualitative flow characteristics as per below:

1. ‘Ripple wave’ regime occurs at ReL ≤ 121 and ReG ≥ 0, observed to have relatively

quiescent liquid films with frequent occurrence of waves with small amplitudes typically

referred to as ‘ripple waves’.

2. ‘Dual-wave’ regime occurs at ReL between 306 and 613, and ReG ≤ 21×103, with relatively

quiescent base films characterised by long wavelength and occasional occurrence of waves

with large amplitudes (at least several times that of the mean film thickness).

3. ‘Thick ripple’ regime occurs at ReL between 919 and 1226, and ReG ≤ 21×103, where the

frequency and amplitude of waves increases, while the roughness of the base film increases

with waves of small amplitude. Infrequent bubble entrainment is observed.
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4. ‘Disturbance wave’ regime occurs at ReL ≥ 1532 and ReG ≤ 21× 103, with the formation

of irregular waves with larger amplitude and short wavelengths relative to the base film

and those observed in ‘thick ripple’ regime. The presence of waves with small amplitude,

most likely ripple waves, are present on the large waves and base films. More frequent gas

entrainment in the liquid film is observed, along with liquid entrainment events into the

gas core.

5. ‘Regular wave’ regime occurs at all ReL values when ReG ≥ 42 × 103, where high shear

rate exerted by the gas stream results in generation of frequent waves with much smaller

amplitudes and short wavelengths than in the previous flow regimes. Significant increase

in the bubble entrainment inside the liquid films, and liquid entrainment into the gas core

is observed.

To date, many of the research works describe annular flows based on only two types of

interfacial waves - ripple waves and disturbance waves. The majority of the research works

differ in the way in which these two types of interfacial waves are defined based on their specific

characteristics (e.g., amplitude, wavelength, velocity). This is not surprising due to utilisation of

various measurement methods where each one provides specific information on annular films, and

may carry inherent measurement errors such as spatial-averaging, or simply being an intrusive

method which directly disturbs the flow and may provide incomplete picture of the interfacial

flow patterns.

Optical diagnostic techniques permitted direct observation of these interfacial waves for a

wide-range of flow conditions, which helped to narrow down the defined features of disturbance

waves and ripple waves [4, 5, 35, 186]. While in the former case, the waves have distinct large

structures which are typically defined in the literature to have an amplitude of at least two mean

film thickness, ripple waves, on the other hand, are of much smaller amplitudes which makes it

challenging to distinguish them from the base film which continuously varies in thickness. It is

worthy of note that the majority of the most advanced non-intrusive methods, as in the case

of optical diagnostic techniques discussed in the following section, only provide two-dimensional

information on flowing films. However, the film topology can be reconstructed if the technique

allows to perform spatio-temporaly resolved measurements with high spatial resolution.

To expand on the present understanding of the ripple and disturbance waves, it is known

from the most advanced experimental measurements using optical-diagnostic techniques that

ripple waves are typically classified by their velocity. The study of Alekseenko et al. [4, 5]
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showed the existence of slow- and fast-moving ripple waves that are formed at the rear side of

the large amplitude (disturbance) waves (see Fig. 2.3). Slow ripples are found to be generated

at the lower end of the disturbance waves (behind the stagnation point of the re-circulation

zone within the large wave) trailing at or close to the base film. These waves move at a slower

velocity than the ‘parent’ disturbance waves, thus, starting to lag behind, until the succeeding

disturbance wave approaches and absorbs it. On the other hand, fast ripples are found to be

formed at the front-slope of the ‘parent’ disturbance wave (above the stagnation point of the re-

circulation zone within the large wave in a reference frame moving with this wave). In this case,

ripple waves are moving at a higher velocity than the ‘parent’ disturbance wave, which results in

movement over the top of the large wave until it either decays near the wave-front, or becomes

highly unstable induced by the high gas-shear rate which consequently leads to fragmentation

into liquid droplets and ligaments (depending on the mechanism) [11, 129, 177].

The understanding of the characteristics and dynamics of the disturbance waves are more

broad than of the ripple waves. Although the mechanism responsible for the formation of

the disturbance waves is not yet fully understood, it is suggested that these waves occur due

to imbalances between inertial, pressure, surface tension and viscous forces that result in the

growth of interfacial instabilities [14]. Similarly, the ‘birth’ of the disturbance waves may occur

by the rapid changes in the momentum of the fluid [91]. In near-turbulent and turbulent flows,

there are fluid regions that move with lower momentum and higher momentum, where the latter

may inflow into the former resulting in a surge of fluid perpendicular to the flow, and thus,

forming an unstable flow region with higher liquid volume and momentum which grows with

distance. In support of this, an experimental study by Thwaites et al. [164] on the effect of drag

reducing agents on falling films has shown that the addition of such agents leads to stabilisation

of turbulent flows. This was characterised by a delayed transition of disturbance waves to a

higher Reynolds numbers and decrease in the wave frequency. This mechanism was also later

confirmed by Martin and Azzopardi [110]. Another observed mechanism on the formation of

disturbance waves is built on the basis of experimental and numerical studies [7, 6, 59, 79]. In

the case of gas-sheared downwards annular flows, where the liquid film is in laminar flow, at

the inlet of the film formation of two-dimensional waves with high frequency is observed. This

type of waves is also termed as Kelvin-Helmholtz waves due to their interfacial characteristics.

As these two-dimensional waves flow downstream, they become disrupted by the gas-stream

resulting in formation of localised solitary three-dimensional waves. Downstream distance at

which this disruption occurs decreases with increasing gas flow rate. Moreover, it is found that

the frequency of these three-dimensional waves grows with gas superficial velocity. As a matter
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(a) Disturbance and ripple waves

(b) Slow and fast ripples

(c) Re-circulation zone

Figure 2.3: Spatio-temporal measurements of film thickness evolution. (a) Film structure in
the presence of disturbance and ripple waves, (b) Film structure in the presence of slow and
fast ripples on the back slope of disturbance waves, (c) Mean shape of disturbance wave with
inception regions for slow and fast ripple waves (adapted from [4]).
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of fact, for flow with very high gas-shear rate, the two-dimensional waves are disrupted almost

immediately after the inlet point. With this, the rate of liquid entrainment also substantially

increases.

For both of the aforesaid mechanisms, disturbance waves are found to grow in size and

velocity with downstream distance, which are promoted with increasing liquid Reynolds num-

ber [39, 40, 86]. It is suggested that this occurs through the coalescence of large amplitude waves

that are moving at different velocities. Interestingly, once the coalescence takes a place of two

waves where one moves slower than the other, the resultant larger wave will travel at the veloc-

ity of the faster wave [68]. Similarly, the frequency of disturbance waves are found to increase

with gas and liquid Reynolds numbers, with the former having a greater effect. With further

propagation from the inlet, disturbance waves start to attain circumferential coherence which

is attributed to the periodic circumferential velocity variations within the liquid film [91, 190].

The amplitudes of these disturbance wave structures are reported to be approximately five

times the size of the mean film thickness [186], but not uniform circumferentially due to the

presence of other waves, i.e., ripples, which is visible from spatio-temporal field measurements

of the film thickness shown in Figure 2.3(a). Once the sufficient amplitude of the disturbance

wave is attained (at least three times higher than the base film thickness), the aforementioned

re-circulation zone within the bulk of the wave is generated (see Fig. 2.3(c)). The presence of

such zones were also confirmed using particle image velocimetry in the study of Zadrazil and

Markides [185]. These may be generated due to differences between the interfacial velocity and

the wave velocity, where the former being higher [28].

A combination of all the above disturbance wave characteristics is found to be the key

driver of liquid entrainment into the gas core [11, 36, 177]. As noted earlier, with downstream

propagation of disturbance waves, coalescence events between large amplitude waves occur.

Hall Taylor et al. [68] and Wilkes et al. [176] explained that at a moment of such events, liquid

entrainment occurs due to imbalance of the resultant mass and momentum of the coalesced

waves.

The occurrence of liquid entrainment due to fast-moving ripple waves (touched upon earlier)

was shown to be one of the major reasons for high fraction of liquid entrainment in the gas-

core due to the high frequency of these waves. The evidence of such events (using high-speed

imaging) were demonstrated in the work of Woodmansee and Hanratty [177] for co-current gas-

liquid flows in the horizontal rectangular duct. Analogous observations were reported by Pham
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et al. [129] for vertical gas-liquid flows. Two entrainment mechanisms that these fast-ripples

follow are ‘ligament break-up’ and ‘bag break-up’ [11]. In the former case, a liquid jet elongates

in front of the disturbance wave until it disintegrates and atomises into droplets. In the latter

case, a liquid bag is formed which also expands in front of the disturbance waves until ruptures

resulting in formation of droplets that are smaller but faster than those produced via the former

mechanism [38].

Ishii and Grolmes [80] expanded our understanding about liquid entrainment by experimen-

tally demonstrating three additional mechanisms by which it takes place: (1) ‘bubble burst’,

(2) ‘liquid impingement’, and (3) ‘wave under-cutting’. These mechanisms were later confirmed

using PLIF method applied in the study of downwards gas-liquid annular flows by Zadrazil et

al. [186]. Many of the foregoing liquid entrainment mechanism lead to entrainment of gas in the

form bubbles inside the liquid film. These are found to be located with higher concentration

in the region beneath the disturbance wave than in the base film [71, 174]. The bubble sizes

and their volumetric density was also shown to increase with gas and liquid Reynolds num-

bers [71, 174, 186]. Mostly, the bubbles travel slower than the disturbance waves, lagging into

the base film. If the bubble size is small enough, it may travel interchangeably either in the base

film or beneath the disturbance wave, potentially undergoing coalescence with other bubbles. If

the bubbles are of larger size than the base film, it is likely to burst resulting in generation of

fine droplets directed into the gas-core [71].

With increasing gas Reynolds number, the concentration of the entrained droplets was shown

to increase, while the size distribution shifts towards larger sizes [12]. In the presence of turbulent

gas flows, smaller sized droplets are found to travel at higher velocities than the larger droplets

due to greater effect exerted by the high gas-shear rate [11]. The entrained liquid droplets in

the gas-core can be redeposited back onto the liquid film via two different mechanisms, ‘direct

impact’ and ‘diffusion’, which are dictated by the droplet momentum and size [81]. If the

droplets are moving at high momentum and are sufficiently large at which their trajectory is not

influenced by the gas stream, redeposition will likely undergo the former mechanism. Otherwise,

if droplets are small in size and momentum, their motion is observed to be random due turbulent

gas stream, and thus, redeposition will follow via the latter mechanism. Interestingly, the

redeposition process by ‘direct impact’ mechanism can generate secondary droplets as it was

shown in the experimental measurements by Che and Matar [33].

The complexity of the annular flows is also altered by the inherent presence of various addi-
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tives in the bulk fluid that can reduce the surface tension e.g., surfactants. Relevant industrial

applications are found in the production of natural gas, where surfactants are utilised as foam-

ing agents that are injected at the bottom of the reservoir, which delays the process of liquid

loading permitting the extraction of additional and substantial quantities of gas prior to closing

the well [96]. The surfactants affect the gas-liquid flow in the well tubing such that the minimum

gas velocity required to lift the liquid to the surface decreases. To date, the effect of surfactant

on annular flows, particularly in large-scale applications, has not been thoroughly studied. Only

a handful of works are present in the literature that focused their efforts on studying falling

film flows and especially annular flows in the presence of soluble surfactant and its effect on

hydrodynamics and phenomenological events.

Amongst few works on gas-liquid flows with surfactant, Nimwegen et al. [170, 171] studied

the effect of the surfactant on upwards annular flows. Using high-speed imaging, they report

that for surfactant-laden flows the morphology of the film becomes more complex relative to the

surfactant-free flows due to formation of the foam. In the presence of the foam, the entrainment

of large liquid droplets into the gas core is supressed. For flows at low liquid and high gas

Reynolds numbers foam is observed to exist only at the crests of small waves (large waves are

reported to be absent at these flow conditions). Once the liquid flow rate increases (at high

gas Reynolds number), formation of foam across the surface, including on the crests of large

waves, and entrainment of bubbles of various sizes within the bulk, especially beneath the large

waves, is observed. Similar work was also conducted by Furukawa et al. [61] and Matsuyama

et al. [114] which investigated the effect of reduced surface tension (relative to the clean water)

on the liquid film structure in vertically upwards gas-liquid annular flows. It was reported that

the reduction in surface tension led to a decrease in the frequency of large waves, while the

roughness of the base film increased. As a result of higher base film roughness, the interfacial

friction force also increased, explaining the observed increase in the mean velocity of the base

film, and thus, a reduction in the measured mean film thickness. In contrast, the amplitude

of large waves was observed to decrease when the surface tension is reduced, while the mean

velocity was affected insignificantly. Moreover, a number entrained bubbles inside the bulk film

and liquid droplets into the gas-core increases. Analogous results were also reported in the work

by Rivera et al. [136] on upwards gas-liquid annular flows.

The study by Setyawan et al. [147] investigated the effect of surface tension on the wave

velocity and wave frequency of gas-liquid annular flows in a horizontal pipe. The work reports

a decrease in wave frequency with decreasing surface tension, while the wave velocity decreases
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(increases) for low (high) superficial liquid velocity upon reduction in surface tension. At a

mild flow conditions and using PLIF method, Bobylev et al. [26] studied the effect of soluble

surfactant on gravity-driven water falling films on a vertical plate with liquid Reynolds number

below 50 (laminar flow). The study shows that the amplitude of the waves depends on the

liquid Reynolds number and the surfactant concentration. Particularly for the latter case, while

a stabilising effect by the surfactant is observed at low to moderate concentrations, the opposite

(destabilising) effect is observed in the presence of surfactant at large concentrations. Moreover,

at high surfactant concentration the absence of initial evolution of two-dimensional waves and

immediate development of three-dimensional waves is observed.

2.2 Experimental measurement techniques

Due to the aforementioned reasons in the previous section, accurate measurement of primary flow

quantities, such as the film thickness and entrainment rate, can enhance significantly engineering

design and optimisation efforts. A variety of measurement tools have been developed for testing

and real-time data acquisition in annular flow, which have been investigated actively throughout

the last several decades using multiple intrusive and non-intrusive methods including resistive

and capacitive impedance, ultrasonic, electromagnetic, and optical methods.

Intrusive methods, such as conductivity-based (i.e., resistive impedance based) wire sensors,

measure electrical conductivity of the fluid in contact with the wires, which can be transformed

into void fraction information. Early on, Barnea et al. [16] investigated the flow pattern transi-

tion of two-phase flows in pipes of 25.5 mm and 51.0 mm inner diameter (ID) and orientations

spanning the range from 0° (horizontal) to 90° (downwards) using conductivity probes. Such

probes were sufficient to evaluate flow regime transitions and the results were used to generate

predictive mathematical models. While easy to use, these sensors are invasive and are also

incapable of resolving thin films and small bubble sizes (typically smaller than the wire size).

Karapantsios et al. [86] measured the film thickness using a series of parallel-wire conductance

probes in a Plexiglass pipe of 50 mm ID. Despite the good agreement reported with previous

efforts of e.g., Chu and Dukler [39], Takahama and Kato [157], the authors claimed that the

use of thinner wires, which increased the spatial resolution, required greater amplification and

introduced errors due to electronic noise. More recently, Andreussi et al. [9] employed an array

of conductivity-based wire probes in an effort to increase the spatial resolution of the sensors

and performed measurements in near-horizontal pipe configurations of 80 mm ID with films in
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the range of 4-20 mm. They reported good agreement with published data for centimetric films,

but highlighted uncertainties greater than 20% for thinner films, which were still an order of

magnitude thicker than those typical of gas-liquid annular pipe flows.

Non-intrusive methods such as capacitance sensors record void fractions by exploiting the dif-

ference in permittivity between the fluid phases. These sensors measure the capacitive impedance

which can be correlated back to void fraction and film thickness. Although these methods are

capable of high-frequency acquisition (> 104 Hz), their designs exhibit limitations in spatial

resolution, similarly to the conductivity-based sensors mentioned in the previous paragraph,

particularly in situations when the gas core moves eccentrically, or fine reconstruction of the

interface is required. Webb and Hewitt [175] studied the characteristics of downwards annular

two-phase flow in tubes of 31.8 mm and 38.2 mm bore. They used a capacitance probe to mea-

sure the film thickness, and produced a flow regime map, which showed good agreement with

of Telles [161]. Recently, Belt et al. [18] performed film-thickness measurements in upwards air-

water annular flows in a pipe of 50 mm ID and used a series of capacitance probes. The reported

time-averaged film-thickness values were only 10% smaller than those predicted by theory.

Optical non-intrusive methods have been developed in more recent years. Laser-induced

fluorescence (LIF) techniques for film-thickness measurements are based primarily on mea-

suring the intensity of the fluorescent light emitted by a tracer present in the liquid phase.

Zadrazil et al. [186] performed a thorough investigation using planar LIF (PLIF) to generate

two-dimensional slices of downwards annular flows. The imaging angle was set at 90° perpen-

dicular to the laser-sheet (PLIF90). Häber et al. [67] performed ray-tracing simulations, and

revealed an overestimation in PLIF-derived instantaneous film-thickness measurement of up to

30% (in PLIF90), primarily caused by total internal reflection and refraction effects about the

gas-liquid interface. Nevertheless, as discussed in the study by Charogiannis et al. [32], PLIF90

measurements are also prone to a second source of error, associated with the imaging angle used,

resulting in underestimation of the film thickness. Interestingly, the two errors were found to be

of same order, but with opposite effects, which almost cancelled each other out during the time-

averaging process in falling films (resulting in measurements close to theoretical predictions).

This behaviour remains unclear for gas-sheared annular flows. Cherdantsev et al. [37] developed

a variation of LIF, named brightness-based LIF (BBLIF), which employs the Beer-Lambert law

and small imaging angles (∼ 15°), to combat such problems. BBLIF was found to be reliable in

smooth/flat film regions, but exhibited larger errors in rough and/or thick films.
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Correction methods based on ray-tracing simulations for classical PLIF measurements have

been since proposed by various researchers e.g., Häber et al. [67], Cherdantsev et al. [37], Xue et

al. [183], Xue et al. [182]. These methods, however, are not robust being underpinned by several

assumptions, and are validated primarily against ‘idealised’ smooth falling films, even though

downwards gas-liquid annular flows are typically cirumferentially non-uniform, with enhanced

wave activity and entrainment. To obviate the need for a posteriori corrections, Charogiannis

et al. [32] proposed a new experimental method, ‘Structured-PLIF’ (S-PLIF), which unlike the

aforementioned methods, does not depend solely on light intensity but also on the direction of

the light path. The light is structured in an alternating dark/bright pattern, which reveals the

change in the direction of the light when it hits the gas-liquid interface. The S-PLIF method

was demonstrated in falling-film flows in a pipe at two different imaging angles, 70° and 90° to

the laser-plane, and a good measurement accuracy was found with the former (< 10% deviations

compared to theoretical predictions).

2.3 Applications of fluorescent surfactants in fluid mechanics

The surface active agents (known as surfactants) possess versatile characteristics that are ef-

fectively used in incredibly diverse range of industrial applications spanning from large-scale

technological processes such as enhanced and improved oil recovery [42, 154, 160], remediation

of contaminated soil [93, 120], pharmaceutical [63, 119, 141] and food industries [95] to devel-

opment and production of small-scale technologies such as semiconductors [58, 83, 134] and

nanomaterials [75, 78, 105, 106].

The unique versatility of surfactants arises from their amphipathic structure that contains

both lyophobic and lyophilic groups (weak and strong attractions for the solvent, respectively).

These molecules will have higher potential energies at the interface, particularly in the gas-

liquid system, relative to a system’s interior. Taking a specific example of an air-water system,

this allows surfactants to adsorb onto the fluid-fluid interface primarily forming a monolayer

with their amphipathic structure orientating accordingly to the property of fluids. Surfactant

molecules will start to replace some of the water molecules in the surface where the forces of

attraction between water molecules and surfactant are less than the force between water-only

molecules, which results in marked reduction of the surface free energy. This brings multiple

practical benefits which have been widely recognised specifically in the field of fluid mechanics.
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To elaborate further, the work by Kovalchuk et al. [94] has extended our understanding

in the spreading performance achieved by a close study on wetting and adsorption kinetics of

surfactant solutions on hydrophobic substrates. They experimentally showed that the solution

spreading rate is dependent on the surfactant adsorption rate which subsequently determines

the rate of Marangoni flow (due to the gradient of surface tension) i.e., the higher the Marangoni

flow, the faster the surfactant-enhanced spreading. This was supported by earlier work of Kara-

petsas et al. [88] who numerically showed that the fast spreading is attained by high Marangoni

stresses that are induced close to the droplet edge due to continuous surfactant adsorption from

liquid-air to solid-liquid interface. The rate of fast spreading will depend on sorption kinetics

that determines the replenishment of surfactant at liquid-air interface and maintaining high

Marangoni stresses. Similarly, Aytouna et al. [10] investigated experimentally the effect of sur-

factant on droplet impact on hydrophobic surfaces. Their measurements have showed that the

substantial increase in wetting of surfactant-laden drops relative to the clean water-only drops

can significantly reduce the retraction dynamics, thus, preventing droplets partly or even fully

bouncing off the surface. Later, Che and Matar [33] explored similar impact of droplets but

on liquid films in the presence of surfactants (in drops and/or films) using high-speed imaging.

They highlighted several important observations related to the presence of Marangoni stresses

and its effect on inertial, gravitational and viscous forces. To name just few, Marangoni flow

leads not only to faster propagation of capillary waves (created due to surfactant-laden droplet

impact with clean water film) but can also rigidify the film surface promoting droplet bouncing

(in surfactant-laden film case) instead of coalescence in the water-water configuration. Within

the same field, Liao et al. [99] closely investigated how soluble surfactants affect the deformation

and breakup dynamics of stretching liquid bridges. Briefly, with the use of high-speed imag-

ing they found that surfactants not only have a thinning effect on the liquid bridges but also

significantly alters the limiting length and the break shapes.

The pronounced effects of surface tension gradients due to the presence of surfactants were

also found in more complex air-water flows. Early works, for example, of Temper and Riet [169]

and Miles [115] showed from a theoretical perspective that surfactants are capable of damp-

ing surface waves. Experimental evidence produced by Davies and Vose [45] confirmed that

capillary waves can in fact be damped by different types of surface films. More recently the

effect of surfactants on falling film flows was investigated by Karapetsas and Bontozoglou [87].

Performing a linear stability study of a film flowing down a solid substrate in the presence of

soluble surfactant has shown that a particular level of solubility, bulk concentration and sorp-

tion kinetics of the surfactant can have different stabilising effects due to the presence of varying
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Marangoni stresses. Similar findings were also reported by Hu et al. [76] and Katsiavria and

Bontozoglou [89]. The above observations were confirmed experimentally by Georgantaki et

al. [64] for gravity-driven film flows of aqueous solutions of soluble surfactant. Only recently

the group of Bobylev et al. [26] have started to use more advanced experimental techniques

that gave a deeper insight about the effect of soluble surfactants on interfacial wave dynamics.

Preparing aqueous solutions containing fluorescent rhodamine dye and non-fluorescent surfac-

tant they used laser induced fluorescence (LIF) technique to acquire data of instantaneous film

thickness distribution of falling films for a range of different surfactant concentrations. They

concluded that damping of waves occurs for low to medium surfactant concentrations, whereas

at large concentrations the damping effect is reversed, and the growth of interfacial waves was

observed.

While all of the above works have significantly developed our understanding about multiphase

flow dynamics in the presence of surfactants, direct experimental evidence of surfactant transport

would allow us to make further advancements within this complex field. In fact, attempts of such

measurements have already been demonstrated by a number of different groups where surfactant

exhibiting fluorescent properties were used allowing to track concentration gradients that are

responsible for surfactant effects linked to Marangoni stresses. One of the first ones to perform

direct measurements of surfactant concentration simultaneously with small surface disturbances

was Fallest et al. [57]. In their experimental setup a laser profilometer and a digital camera

was used to conduct spatio-temporal measurements of fluorescent insoluble surfactant (lipid)

spreading. Despite having attained concentration gradients along the interface, they found sig-

nificant discrepancies relative to various well-established models, which may have arisen due to

limitations of the optical measurement technique used to obtain quantitative information. Sim-

ilar measurements using the same fluorescent lipid were done by Strickland et al. [155] who also

performed spatio-temporal measurements of dynamic surface concentration and the amplitude

of gravity-capillary waves. The progress was made by finding good agreement with some of the

numerical results in literature (e.g. Matar et al. [112]), but was noted by authors that further

developments are required as the damping factors for waves and surfactant concentration in cer-

tain locations of the waves do not agree with literature. Several advancements were also made

using liquid-liquid configurations. Chen et al. [34] have synthesised a polyether-based surfactant

and used confocal microscope to track surfactant transport by means of fluorescence along the

interface of oil-water droplets in a pipe flow as well as liquid-infused surfaces undergoing shear-

driven drainage. Subsequently, not only that they conducted direct visualisation of surfactant

dynamics along the liquid-liquid and solid-liquid interfaces, but also managed to track surface
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concentrations from fluorescence intensity recordings, and hence, couple this with Marangoni

stresses due to the presence of concentration gradients. Their findings were reported to be in

good agreement with literature. Nonetheless, some limitations, as outlined by the authors, need

to be resolved e.g., accuracy of fluorescence intensity quantification, depth of field for confocal

microscope and direct measurement of dynamic surface tension. In the work by Dong et al. [49]

a LIF technique was used to capture surfactant concentration distribution along the interface of

a coalescing aqueous drop with a mixture of organic-aqueous at a flat interface. Using the same

fluorescent surfactant as Fallest et al. [57] and Strickland et al. [155] they managed to find very

good agreement with literature and verify previously reported numerical predictions of various

coalescence dynamics.

All in all, a gradually increasing interest in the use of fluorescent surfactants to study various

multiphase flow problems is evident. However, the majority of fluorescent surfactants are not

soluble in sustainable and safe solvents such as water and are typically prepared in volatile

and/or toxic solvents such as chloroform, methanol, acetonitrile, DMF or DMSO. While this

can be sufficient for certain types of experiments, at the same time this creates barriers for

certain other experimental setups where, for instance, an alternative solvent is required for direct

comparison with theoretical works or use of large quantities of solvent is needed for large-scale

experiments making validation a rather difficult task. Hence, specific fluorescent surfactants are

required to make further advancements within this field. Recently, such amphiphile molecules

have been synthesised by McWilliams et al. [152]. Widely used fluorescent dyes Rhodamine

B and Eosin Y were attached (as head-groups) to aliphatic chain of different lengths (6 to 16

carbon atoms). Their respective critical micelle concentration (CMC) and optical properties

were measured. As it was shown, these surfactants suffer from rather low surface activity due

to small reduction in surface tension (∼62 mN m−1 for C12 tail-group), and the corresponding

CMC values range between 0.7 mM and 3 mM, depending on the head-group and chain length.

Apart from that, these type of amphiphile molecules hold a significant potential as candidates

for further research developments due to sufficient solubility in water. It is worth noting that

fluorescent surfactants (typically called fluorescent probes) in the reported works above have

been previously extensively used in various other fields such as biology, chemistry and medical

science (see an example of a review by Xu and Xu [181]).
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2.4 Concluding remarks

In-depth literature review has emphasised on the up-to-date progress made by experimental ef-

forts on gas-liquid flowing films. Attention was drawn mostly to the flows in pipes with vertical

orientation, with few exceptional works that studied horizontal flows as well as vertical planar

flows. Moreover, key differences between surfactant-free and surfactant-laden flows were identi-

fied particularly on the the effect of the surfactant on flow characteristics (i.e., film thickness,

amplitude, frequency and velocity of interfacial waves, and gas and liquid entrainment). The

wide-scope of experimental studies that were performed over several decades, have employed dif-

ferent measurement techniques. The application of these techniques (including advanced optical

diagnostics) to study film flows were also reviewed. Lastly, the scope of applications of fluores-

cent surfactants in relevant fluid dynamics and their potential for advancement is evaluated.
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Methods

Contents

3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Spectrofluorometer and LIF measurements . . . . . . . . . . . . . . . 32

3.3 Ultra-high performance liquid chromatography measurements . . . 33

3.4 Langmuir-Blodgett trough measurements . . . . . . . . . . . . . . . . 33

3.5 Pendant drop measurements . . . . . . . . . . . . . . . . . . . . . . . . 35

3.6 Model formulation for surfactant transport . . . . . . . . . . . . . . . 36

3.7 Large-scale flow facility . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.8 Optical measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.9 Capacitance measurements . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.10 Comparison of optical and capacitance measurements . . . . . . . . 48

This chapter contains a description of all the materials, experimental details, apparatuses

and techniques used to characterise fluorescent surfactant and to study behaviour of thin an-

nular flows. Firstly, methods used for detailed characterisation of the fluorescent surfactant are

presented. A theoretical model to describe surfactant transport is also developed. Secondly, a

large-scale experimental set-up along with the optical (S-PLIF) and capacitance measurement

techniques used to study downwards annular flows over a range of flow conditions at the ab-

sence and presence of surfactant are described in detail. A comparison of S-PLIF and capacitance

measurements is provided for a range of flow conditions in the absence of surfactant.
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3.1 Materials

Anionic SDS surfactant (sodium dodecyl sulfate, M r = 288.38 g mol−1) was purchased from

Sigma-Aldrich (GC grade, purity ≥99.0 %). DAF surfactant (5-dodecanoylaminofluorescein,

M r = 529.63 g mol−1) was purchased from Thermo Fisher Scientific (HPLC grade, purity

≥99.0 %). Rhodamine 6G fluorescent dye (M r = 479.01 g mol−1) was purchased from Sigma-

Aldrich (dye content ≥99 %). NaOH pellets (sodium hydroxide, M r = 40.00 g mol−1) was

purchased from Sigma-Aldrich (analytical grade, purity ≥99.9 %). AF dye (5-aminofluorescein,

M r = 347.32 g mol−1) was purchased from Sigma-Aldrich (HPLC grade, purity ≥98.3 %). DA

surfactant (dodecanoic acid, M r = 200.32 g mol−1) was purchased from Sigma-Aldrich (GC

grade, purity ≥99.0 %). MeOH (methanol, M r = 32.04 g mol−1) was purchased from Sigma-

Aldrich (HPLC grade, purity ≥99.9 %). ACN (acetonitrile, M r = 41.05 g mol−1) was purchased

from VWR Chemicals (HiPerSolv HPLC LC-MS grade, purity ≥99.9 %). H3PO4 (phosphoric

acid, M r = 97.99 g mol−1) was purchased from Sigma-Aldrich (BioUltra grade, ≥85 %). All

reagents were used as received without further purification. All samples in the experiments were

prepared using ultra-pure deionised water (UPDI) with resistivity of 18.2× 106 Ωcm and pH of

6.6 at 25 ◦C obtained from Elga Centra R200 water purification system.

3.2 Spectrofluorometer and LIF measurements

Fluorescence measurements were performed using a Horiba FluoroMax-4 spectrofluorometer

system. A quartz cuvette of 1 cm pathlength was used and the temperature was at 25 ◦C. Data

acquisition was performed using FluoroEssence v.3.5 software. The slit width was set to 2 nm for

both emission and absorption which ensured sufficient signal and prevention of signal saturation.

Integration time was set to 0.5 s to attain good signal-to-noise ratio. Three solutions of DAF

were prepared at equal concentrations of 18.9 µM but different pH values (= 11, 12 and 13).

Samples were weighted using AND BM-252 micro analytical balance. Liquid dispensed using

Thermo Scientific Finnpipette F2 single-channel pipettors. Solutions were placed on stirring

plates (Heidolph MR Hei-Tec) for continuous mixing using a magnetic bar at 170 rpm and

constant temperature of 25 ◦C for 20 min prior to measurements.

A range of concentrations (4–195 ppm) of DAF solutions at pH 11 placed in a quartz cuvette

of 1 cm pathlength at 25 ◦C were also tested using the LIF method to determine threshold

concentration at which the effect of self-quenching occurs. We use a frequency-doubled Litron
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Nd:YAG 532 nm laser and form a sheet of 1 mm thickness by connecting LaVision sheet gen-

eration optics (optical laser arm, collimator, and 10° divergent lens). A mid-speed camera

(LaVision VC-Imager Pro-HS 500) equipped with Sigma 105 mm f/2.8 lens and a 533 nm notch

filter (FWHM = 17 nm) was positioned at 90° angle to the wall-normal. Camera recording was

performed with a spatial resolution of 64.9 px mm−1 at a frequency of 100 Hz. Recorded images

were subsequently processed using a MATLAB algorithm where an area with a short pathlength

(20 px) was chosen with a minimal (<1 %) variation in fluorescence intensity across the path

length.

3.3 Ultra-high performance liquid chromatography measurements

The stability of DAF molecule under alkaline conditions was evaluated using ultra-high per-

formance liquid chromatography (UHPLC) analysis. An in-house devised procedure has been

implemented. A solution of pH 14 was prepared by dissolving 0.63 mg of DAF (weighted us-

ing AND BM-252 micro analytical balance) in 16.50 mL of 1 M NaOH (liquid dispensed using

Thermo Scientific Finnpipette F2 single-channel pipettors). A sample vial with solution was

covered with foil to protect it from light and subsequent photodecomposition. The solution was

placed on a stirring plate (Heidolph MR Hei-Tec) for continuous mixing using a magnetic bar

at 170 rpm and constant temperature of 25 ◦C. Samples of 500 µL were taken using 0.45 µm

PTFE syringe filter at different reaction times (see Table 3.1) and diluted with 500 µL of mobile

phase (ACN:H3PO4 (1%)/H2O, 40:60% v/v). A Nexera XR UHPLC system coupled with a

UV-Vis absorption detector was used in all measurements. A Shim-pack XR-ODS column (in-

ternal diameter = 3.0 mm, length = 50 mm) was used with a constant temperature of 50 ◦C. A

total flow rate was set to 0.5 mL min−1 and a data acquisition of 10 min at sampling frequency

of 12.5 Hz. Absorption data at 225 nm were acquired for all analytes with high signal-to-noise

ratio. Instrument control, data acquisition and analysis were performed using LabSolutions

software (v. 5.89).

3.4 Langmuir-Blodgett trough measurements

DAF molecule is readily soluble in alcohols, thus, a solution of methanol/DAF at concentration

of 4.72×10−4 M was prepared by weighing 1 mg of DAF (AND BM-252 micro analytical balance)

and dissolving in 4 mL of methanol (liquid dispensed using Thermo Scientific Finnpipette F2
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Table 3.1: Sampling time periods for UHPLC analysis.

Time period Reaction time (min) at pH = 14

t1 23

t2 80

t3 155

t4 225

t5 290

t6 1365

single-channel pipettors). Isotherm measurements at the air-water interface were performed us-

ing Langmuir-Blodgett (LB) trough with Teflon edges (MicroTrough X, Kibron). The trough was

fixed to a vibration-free optical table. The compression rate of the moving PTFE barriers was

controlled through the FilmWare (v.3.62) installed on a computer and set to 8.250 mm min−1.

The compression rate was sufficiently slow so as not to produce hysteresis during the re-expansion

with surfactant film. Initial effective area was 12272 mm2. Surface pressure was measured using

the Wilhelmy method with a wire rod (1.07 mm diameter and 20 mm length) at sensitivity of

0.01 mN m−1.

Prior to each measurement, the trough and barriers were thoroughly cleaned using methanol

followed by ultra-pure de-ionised (UPDI) water repeatedly three times. These were then dried

using dry compressed air and placed back into the instrument. The wire rod was also cleaned

several times using methanol and UPDI water followed by flaming with a butane welding torch

to remove any organic contaminants. Each time the trough was filled with 35.0 mL ±1 mL of

UPDI water. The clean wire rod was placed back on the sensor and lowered vertically down until

the tip penetrated through the water surface. The tip position was then adjusted to the water

level to avoid buoyancy effect. The surface pressure was then calibrated by compressing the

clean interface and ensuring that the surface pressure remains constant within 0.1 mN m−1 for

at least 10 min. For larger surface pressures, the subphase surface was cleaned using a vacuum

aspirator, and the barriers were then re-expanded and compressed again. When target surface

pressure was attained, the surface pressure was set to zero state. The trough was closed within

an acrylic case to avoid any surface contamination (e.g. by dust particles) and to minimise

external perturbation of the system during the sample deposition process and data acquisition.

The spreading volume of 50 µL (±0.5 µL) were applied using microsyringe (Hamilton 84856)

through an opening in the acrylic case. A time period of 30 min was given for the methanol

to evaporate and for the surface pressure to stabilise (0.01 mN m−1). Compression and surface

pressure measurements were then initiated at room temperature of 21.0 ◦C (±0.2 ◦C) and hu-
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midity of 36% (±1%). Once the measurements were completed, the acrylic cover was removed,

and the liquid subphase was extracted using the aspirator. Cleaning of all instrument compo-

nents was then repeated as per the above procedure, while the aspirator tip (glass) was replaced

by a new one after each cleaning process.

3.5 Pendant drop measurements

Surface tension measurements were performed using the pendant drop method, fitting the Young-

Laplace equation to an experimental image through computational routine performed via Krüss

ADVANCE software (v.1.11). The experimental setup (Fig. 3.1) was comprised of key compo-

nents: a camera, light source and a needle attached to a syringe. A Krüss DSA25 instrument

integrated with a camera (160 fps at 1200 by 1200 px) and high-power monochromatic LED

(470 nm dominant wavelength) was used. The syringe was clamped inside a software-controlled

dispensing system. Stainless steel needles (Krüss NE45) of 1.80 mm (±0.01 mm) outer di-

ameter were used. Prior to each measurement, the capillary tip of the needle was positioned

vertically (i.e. parallel to gravity) with the help of software edge-detection feature in order to

avoid incurring error in the magnification factor. The majority of the needle was placed inside

a glass cuvette through a sealable cover (Krüss SC30) fixed to the sample stage below the dis-

penser. The temperature inside of the jacketed cuvette was controlled by continuous flow of

water at 25.0 ◦C (±0.1 ◦C) through a combined refrigerated and heating bath circulator (Grant

LT ecocool 150). Relative humidity of 44% (±4%) and temperature was measured using digital

hygro-thermometer with remote probe (Extech 445715) just outside of the cuvette cell. Data

were recorded at 10 fps for the first 10 seconds and at 1 fps afterwards. A droplet for each

measurement was generated of consistent volume ≈ 6.6 µL (±0.3 µL), which provides a suffi-

ciently large Bond number (> 0.2) and Worthington number (> 0.2) for accurate and sensitive

measurements for the given setup as demonstrated in a detailed study by Berry et al. [22]. The

image focus and the brightness of the background illumination have been adjusted accordingly

for correct droplet profile recognition (as per manufacturer’s calibration procedure).

The measured surface tension of UPDI water at pH of 6.3 using this technique is 71.78 mN m−1.

This agrees well with accurate values presented by Vargaftik et al. [173] at 25 ◦C. The surface

tension of alkaline (NaOH) solution is 71.44 mN m−1. This is in good agreement with the work

by Beattie et al. [17], where they have shown that the surface tension of water is almost inde-

pendent of pH values between 1 and 13. A marginally lower recorded value is most likely due
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to small amount of impurities present in the dissolved NaOH pellets.

To validate the pendant drop method with surfactant, we firstly performed measurements

using SDS at pH of 6.3 and compared the acquired data to literature values. The measured

equilibrium surface tension values for a range of concentrations (0.2–14 mM) are in excellent

agreement with other works such as Casandra et al. [30] and Woolfrey et al. [178] (see Fig. 3.2).

The CMC value was found to be ≈ 8.8 mM which also agrees with the aforementioned publica-

tions.

Monochromatic (470 
nm) LED illumination

High-resolution 
camera

Water in Water out

Temperature
probe
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Cover

Height adjustable stage
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Syringe

Blunt
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Thermohygrometer

Figure 3.1: Schematic drawing of the pendant drop tensiometer apparatus.

3.6 Model formulation for surfactant transport

The transport of surfactant molecules towards the fluid interface and away from it is determined

by the diffusive flux and kinetic flux as shown by Chang and Franses [31]. The former describes

surfactant exchange between the fluid bulk phase (far away from the interface) and the sublayer

(region close to the interface). The latter describes the exchange between the sublayer and the

fluid-fluid interface. These rates of exchange can be determined using Arrhenius framework -

the Frumkin equation of state, which is employed in our study:

dΓ

dt
= βaΓ∞Cs(1− Γ/Γ∞)− kdΓeKΓ/Γ∞ , (3.1)
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Figure 3.2: Comparison between the measured equilibrium surface tension for air/SDS aqueous
solutions and published data.

where Γ is the surface concentration, t is time, βa is the adsorption rate parameter, Γ∞ is the

maximum packing concentration, Cs is the sublayer concentration, kd is the desorption rate

constant, and K is a parameter that accounts for linear variation of the activation energy for

desorption on Γ. The product of βa and Γ∞ (βaΓ∞) is defined as the adsorption rate constant,

ka, and is given by:

ka = k′a exp

(
−EA(0)

RGT

)
, (3.2)

and kd is given by:

kd = k′d exp

(
−ED(0)

RGT

)
, (3.3)

where k′a and k′d are the kinetic coefficients for adsorption and desorption, respectively, and

EA(0)/RGT and ED(0)/RGT are the activation energies for adsorption and desorption (divided

by the thermal energy RGT ), respectively, both evaluated for a clean interface. One of the ways

to determine kinetic rate constants and bulk diffusion coefficients was demonstrated by Pan et

al. [128] where they conducted a series of experimental measurements involving clean interface

adsorption with soluble surfactant to directly compare with the modelling predictions of surface

tension relaxations. For this, the change of surface concentration over time, Γ(t), was predicted

as a function of the surfactant transport parameters by modelling the kinetic exchange using

the above Eq. 3.1, and the bulk diffusive and convective transport with the convective-diffusion

equation to obtain the dynamic surface tension, γ(Γ), from the EoS (see Eq. 4.2 in Section 4 for

37



further details).

The importance of the effect of surfactant bulk concentration, C0, on the time scales over

which kinetic and diffusion controls dominate the relaxation was also closely investigated by

Pan et al. [128] using scaling arguments. Assuming individual maximum rates of adsorption by

diffusion control and kinetic control, a ratio of characteristic times (τdiff and τkin, respectively)

to achieve an equilibrium monolayer (when C0/α is very large) is given by:

Φ2 =
τdiff

τkin
=

Γ2
∞β

2
a

Dbkd [C0/α]
, (3.4)

where Db is the bulk diffusion coefficient and α = kd/βa. This shows that the characteristic

time scale for diffusion becomes shorter than the time scale for kinetic adsorption as bulk con-

centration increases. We demonstrate this in Section 4. Such an effect is also evident in different

types of surfactants including short chain alcohols (Fainerman and Miller [56]), Triton X-100

(Lin et al. [101, 100]) and bolaform (Bleys and Joos [25]).

We set up the model as per Pan et al. [128] work who studied (polyethoxylated) surfactant

exchange at an air-water interface. We assume that the pendant drop is a sphere of radius

rd with bulk farfield concentration C0. During surfactant adsorption to the clean interface we

assume that the surfactant transport is spherically-symmetric with no convective flow. The bulk

concentration (C(r, t)) is uniform as per C0, and the surface concentration, (Γ(t)), is equal to

zero at t = 0. We nondimensionalise kinetic equation 3.1 by scaling the surface concentration,

Γ, by Γ∞ (θ = Γ/Γ∞), the sublayer concentration by the concentration scale α (C∗s = Cs/α),

and time by the scale for bulk diffusion (Γ∞/α)2/Db(τ = tDb(α/Γ∞)2) giving us:

dθ

dτ
= κ(C∗s (1− θ)− θ exp (Kθ) , (3.5)

where κ is the ratio of the bulk diffusion time scale ((Γ∞/α)2/Db) to the kinetic scale for

desorption k−1
d : κ = kd((Γ∞/α)2/Db) = βaΓ2

∞/(Dbα). To solve Eq. 3.5 we need to determine the

sublayer concentration, C∗s as a function of τ . For this, we implement the Laplace transformation

of the Ward and Tordai equation to express the sublayer concentration as a convolution integral

of the change in the surface concentration with time:

C∗s (τ) =
C0

α
− 2√

π

∫ √τ
0

dθ

dτ ′
d
√
τ − τ ′

+
1

b

∫ τ

0

dθ

dτ ′
exp ((τ − τ ′)/b2)ercf

(
1

b

√
τ − τ ′

)
dτ ′,

(3.6)
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where erfc(x) denotes complimentary error function and b = (αrd)/Γ∞. The value for b is

equal to 0.38 for all simulations, which corresponds to our experimental conditions. The model

requires the simultaneous numerical solution of the differential equation Eq. 3.5 and the integral

equation Eq. 3.6. To improve the robustness of the algorithm, we opt to split the problem into

the solution of two one-dimensional root-finding steps. Given initial values θ(τn) and C∗s (τn),

and a timestep ∆τn+1, we proceed as follows: (1) guess a value for θg(τn+1); (2) guess a value

for C∗s,g(τn+1); (3) calculate dθ/dτg|τn+1 using Eq. 3.5 and the guesses for the new timestep; (4)

calculate C∗s (τn+1) from the guess of the derivative, using Eq. 3.6; (5) compare C∗s with the initial

guess; if the values differ by more than a prescribed tolerance, repeat from (2); (6) calculate

θ(τn+1) = dθ/dτ )|τn+1∆τn+1; (7) compare θ(τn+1) with the guess; if values are different, repeat

from (1) with a new guess; (8) using Eq. 4.2, calculate the surface tension at time τn+1. The

guesses are obtained through Brent’s method for root-finding, and the value of the integral in

Eq. 3.6 is obtained with the trapezoidal rule, with an analytical integration of the timestep close

to the singularity τ = τ ′. In order to efficiently cover several orders of magnitude of time-scales,

we utilize a timestep growth ∆τn+1 = 1.2∆τn. We nondimensionalise surface tension γ by:

γ∗ =
γ(τ)− γe

γc − γe
, (3.7)

where γe is the equilibrium surface tension for the equilibrium surface coverage Γe (and C0) as

per Eq. 4.1 and Eq. 4.2. The value of γ∗ is specified by varying values of κ and C0/α.

3.7 Large-scale flow facility

The large-scale experiments to study downwards co-current gas-liquid (air-water) annular flows

are carried out in an in-house designed and commissioned facility as shown in Fig. 3.3. Previous

experimental campaigns in this facility were carried out by others ([186, 32, 37, 185]).

The test-section consists of a vertical ∼ 5 m long fluorinated ethylene propylene (FEP)

pipe of internal radius, R = 16.2 ± 0.2 mm. The material of the test-section is selected so

that it matches the refractive index of the liquid phase and hence enables near-wall optical

measurements [179, 77]. Water is circulated using a centrifugal pump (Grundfos CRN5-5), which

is connected to a variable autotransformer (Carroll and Meynell). By adjusting the supplied

voltage a desired flow rate is achieved and measured using a flow meter (Fluidwell F110) with

an accuracy of ±0.5% across the full scale. Annular flows are generated in the test-section by
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Figure 3.3: Piping and instrumentation diagram of the downwards co-current gas-liquid annular
flow facility employed in this work.
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supplying water to an in-house manufactured injector; details of its design are provided by [190].

The gas phase is provided from the compressed air central supply at approximately 5.5±0.5 bar.

Prior to entering the test-section the air is passed through a filter-regulator (Norgren Olympian),

and a mass flow rate controller (Mass-Stream M14) with an accuracy of ±0.2% across the full

scale. After the fluids leave the test-section they pass through a open-top gas-liquid separator

discharging the air from the system into atmosphere.

The range of the investigated flow conditions (see Table 3.2) is selected so that it allows for

comparisons with available literature data. The Reynolds number for the gas phase (air), ReG, is

calculated based on the assumption that the gas occupies the whole internal cross-sectional area

of the pipe, A = πR2, which can be justified due to the negligible volume occupied by the thin

liquid film. The corresponding gas superficial velocity is defined by us,G = QG/A, resulting in

ReG = 2us,GR/νG, where νG is the kinematic viscosity of air, which is equal to 1.55×10−5 m s−2

at 25 ◦C. The Reynolds number for the liquid phase (water), ReL, is calculated based on the

bulk-averaged film velocity, approximated as 〈us,L〉 = QL/ (2πR〈h〉), where 〈h〉 is the time-

averaged film thickness. Thus, ReL = 〈us,L〉〈h〉/νL, where νL is the kinematic viscosity of water,

which is equal to 8.94× 10−5 m s−2 at 25 ◦C. As the film thickness and velocity are not known

a-priori, ReL is essentially taken to be four times smaller than the liquid Reynolds number

based on the liquid superficial velocity and the pipe diameter in accordance with previous work

of our research group [186, 32, 185]. The ReG is varied between 0 (falling films) and 40000 with

increments of (ReG =) 10000, while ReL between 500 and 1375 with increments of (ReL =) 125

(Table 3.2).

3.8 Optical measurements

A novel in-house developed S-PLIF method was used in the present study (as per earlier work

of Charogiannis et al. [32]), and the schematic of the optical arrangement is shown in Fig. 3.4.

The optical laser-based measurements are performed at 118D (∼ 3.8 m) downstream of the

annular film formation point to eliminate flow development effects. The development of the

flow for a similar range of flow conditions was investigated in the same experimental facility in

earlier work, e.g., An et al. [8]. It was demonstrated that the velocity of the disturbance wave

reaches a near-constant value as the wave approaches a downstream distance of about 3.5 m.

For the non-surfactant case, fluorescent dye Rhodamine 6G was dissolved in the UPDI water

at a concentration of 4.2× 10−4 mM. For the surfactant case, DAF solution at a concentration
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Table 3.2: Flow parameters investigated.

FG FL QG × 10−3 QL × 10−3 us,G us,L × 10−2 ReG ReL

L min−1 L min−1 m3 s−1 m3 s−1 m s−1 m s−1 ×103

0.00 2.73 0.00 4.55 0.00 5.52 0 500
0.00 3.41 0.00 5.69 0.00 6.90 0 625
0.00 4.09 0.00 6.82 0.00 8.27 0 750
0.00 4.78 0.00 7.96 0.00 9.65 0 875
0.00 5.46 0.00 9.10 0.00 11.03 0 1000
0.00 6.14 0.00 10.23 0.00 12.41 0 1125
0.00 6.82 0.00 11.37 0.00 13.79 0 1250
0.00 7.50 0.00 12.51 0.00 15.17 0 1375
237.3 2.73 3.95 4.55 4.80 5.52 10 500
237.3 3.41 3.95 5.69 4.80 6.90 10 625
237.3 4.09 3.95 6.82 4.80 8.27 10 750
237.3 4.78 3.95 7.96 4.80 9.65 10 875
237.3 5.46 3.95 9.10 4.80 11.03 10 1000
237.3 6.14 3.95 10.23 4.80 12.41 10 1125
237.3 6.82 3.95 11.37 4.80 13.79 10 1250
237.3 7.50 3.95 12.51 4.80 15.17 10 1375
474.6 2.73 7.91 4.55 9.59 5.52 20 500
474.6 3.41 7.91 5.69 9.59 6.90 20 625
474.6 4.09 7.91 6.82 9.59 8.27 20 750
474.6 4.78 7.91 7.96 9.59 9.65 20 875
474.6 5.46 7.91 9.10 9.59 11.03 20 1000
474.6 6.14 7.91 10.23 9.59 12.41 20 1125
474.6 6.82 7.91 11.37 9.59 13.79 20 1250
474.6 7.50 7.91 12.51 9.59 15.17 20 1375
711.8 2.73 11.89 4.55 14.39 5.52 30 500
711.8 3.41 11.89 5.69 14.39 6.90 30 625
711.8 4.09 11.89 6.82 14.39 8.27 30 750
711.8 4.78 11.89 7.96 14.39 9.65 30 875
711.8 5.46 11.89 9.10 14.39 11.03 30 1000
711.8 6.14 11.89 10.23 14.39 12.41 30 1125
711.8 6.82 11.89 11.37 14.39 13.79 30 1250
711.8 7.50 11.89 12.51 14.39 15.17 30 1375
949.1 2.73 15.82 4.55 19.19 5.52 40 500
949.1 3.41 15.82 5.69 19.19 6.90 40 625
949.1 4.09 15.82 6.82 19.19 8.27 40 750
949.1 4.78 15.82 7.96 19.19 9.65 40 875
949.1 5.46 15.82 9.10 19.19 11.03 40 1000
949.1 6.14 15.82 10.23 19.19 12.41 40 1125
949.1 6.82 15.82 11.37 19.19 13.79 40 1250
949.1 7.50 15.82 12.51 19.19 15.17 40 1375
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of 0.114 mM and pH of ∼ 8 was used. It is worthy of note that the initial pH of NaOH/DAF

solution is likely to decrease throughout the experiment forming sodium carbonate, which should

not have an effect at the concentration employed for large-scale experiments. To closely match

the refractive index of the pipe material and to minimise optical distortion due to its cylindrical

shape, an acrylic optical correction box is installed on the periphery of the FEP pipe and

filled with UPDI water. We employ a frequency-doubled Litron Nd:YAG 532 nm and LaVision

sheet generation optics (10 ° divergent lens, collimator and optical laser arm) to form a sheet

of approximately 1 mm thickness. The laser-sheet is positioned at a 30° angle (± 1°) to the

streamwise (flow) direction and is passed through a Ronchi ruling of 10 cycles/mm that is

attached to the outside wall of the correction box resulting in formation of required structured

light pattern, as shown in Fig. 3.4(b).

WaterAcrylic

FEP

Camera (70 °)
Laser (532 nm)

Ronchi ruling

Liquid phase
(water and fluorescent tracer) Gas phase 

(air)

(a) y-z view

Water
Acrylic

FEP

Gas phase
Laser

Ronchi ruling

Liquid phase

x
y

g

(b) x-y view

Figure 3.4: Schematic illustration of the optical arrangement used in the large-scale experiments.

We use an 8-bit mid-speed camera (LaVision VC-Imager Pro-HS 500) equipped with a

Sigma 105 mm f/2.8 lens, and either a 540 nm long-pass filter or a 533 nm notch filter (FWHM

= 17 nm) for the dye-only or surfactant case, respectively. The camera is positioned at a 70 °

angle to the wall-normal, as shown in Fig. 3.4(a). The imaging angle has been selected based

on the past findings by our research group on falling films [32], which details how PLIF-based

measurements of circumferentially non-uniform (‘rough’) films performed typically at 90° suffer

from underestimation of the actual film thickness, as the wavy film obscures the measurement

region of interest (referenced as ‘Type-II’ errors by [32]). The camera recording frequency is set

at 100 Hz. Each experimental flow condition is recorded for 20 s.

The image analysis procedure steps followed to obtain spatially resolved film-thickness in-

formation with the S-PLIF method are shown in Fig. 3.5 and are detailed below:
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• Image correction (distortion effects due to the imaging angle) and calibration is performed

by recording reference images with a custom made graticule target located inside a water-

flooded pipe (see example image in Fig. 3.5(a)). The spatial correction algorithm of

DaVis v.10.0 (LaVision) is used (Fig. 3.5(b)). The spatial resolution is 15.4 µm/pixel,

the total field of view spans 1295 × 961 pixels2 or 20× 14.8 mm2, and the standard devi-

ation of fit for the camera is equal to 0.77 pixels.

• The images are eroded over 15 × 15 pixel2 areas to artificially enhance the laser-light

modulation and increase the signal-to-noise ratio, as shown in Fig. 3.5(c). The filter

achieved a significant increase in the intensity ratios between the bright and dark areas of

the film from about 1.5 to 5.

• In each recorded image a considerable change in the direction of the incident laser light at

the air-water interface is observed. The location of all such occurrences is tracked in each

image by obtaining a reference image (with the pipe fully flooded with water and dissolved

fluorescent tracer) and by using a digital image correlation (DIC) algorithm of DaVis to

correlate (in the frequency domain; similarly to particle image velocimetry algorithms)

between the reference and test images over 8 × 8 pixel2 windows with 75% overlap. The

resulting tracking resolution is 2 pixels or approximately 31 µm.

• The resulting displacement fields (Fig. 3.5(d)) are segmented with a global thresholding

algorithm, binarising areas with a higher than 0.9 correlation values derived from the DIC

algorithm (Fig. 3.5(e)). The boundaries of the binarised image are then captured, as shown

in Fig. 3.5(f).

2 mm

I (counts) I (counts) I (counts) |U|(µm/s) Correlation I (counts)
0 4000 10 3-50 500 3000 300

(a) Raw (b) Spatially

corrected

(c) Eroded (d) Velocity

magnitude

(e) Correlation

value

(f) Interface

tracking

-
PLIF

S PLIF

Figure 3.5: An illustration of the image analysis procedure followed to obtain spatially resolved
film-thickness measurements with the S-PLIF method. The images are cropped here to focus
on the area of interest. The flow direction is from top to bottom.
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For each flow condition we select 20 film-thickness data points per image pair for the whole

recording period consisting of 2000 images. Data points are selected at random and without re-

placement, and results in standard errors of less than 1% (typical statistical convergence tests are

shown in Appendix A). The calculated errors (by DaVis) in the correlation of the DIC algorithm

based on the method proposed by [146] and are found to be negligible (approximately 2% of the

velocity magnitude). We find the last subroutine of the image analysis procedure (Fig. 3.5(e)

to (f)) is the most ‘sensitive’ part of the film-thickness measurement as the segmentation of

the correlation fields requires a selection of a correlation value. The effect of the selection of

different correlation values during the segmentation stage of a film-thickness measurement for

a typical image is shown in Figure 3.6. We examine a range of correlation values (from 0.6 to

0.95) for all flow conditions and ∼ 300 images, and find that values of 0.9 ± 0.025 provide the

most accurate tracking of the interface. Based on this analysis, the worst-case relative error

is estimated in the substrate film (〈hSPLIF,base〉) ∼ 16%, in the mean film thickness (〈hSPLIF〉)

at ∼ 14%, and in the wave amplitude (〈hSPLIF,waves〉) < 6%. Larger errors may occur due to

gas entrainment inside the liquid film particularly where air bubbles are located at the interface

as shown in Fig. 3.7 for the larger bubble. Such events are neglected during the processing as

they exhibit low correlation values, as demonstrated in Fig. 3.7(b). Areas with smaller bubbles

entrained deeper in the bulk of the film, as for the small bubble in Fig. 3.7, are included in the

processing as in such case it does not affect the correlation close to the gas-liquid interface.
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Figure 3.6: Sensitivity analysis performed for the S-PLIF film-thickness measurements and
shown for different correlation values used in the segmentation subroutine. The flow direction
is from left to right.

At the same time, we can use the images to obtain spatially resolved information of the film-

thickness using the traditional PLIF method. The spatially corrected images are segmented with

an adaptive image binarisation algorithm, which is based on local first order statistics. The
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resulting PLIF-derived film-thickness information is shown for a typical image in Fig. 3.5(f).

Similar methods have been developed for film-thickness measurements via PLIF [186, 32, 185].

Evidently, uncorrected instantaneous PLIF measurements overestimate the film-thickness due

to reflection and refraction effects about the interface (Type-I errors referenced by [32]), which

cause the fluorescent light to extend further inside the gas core. For this reason, the PLIF

measurements are only shown here to illustrate the need for structured-light measurements and

for holistic purposes (demonstrate the aforementioned Type-I error in such flows).
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Figure 3.7: Interface tracking for liquid films with bubbles present at the interface and inside the
film. The dotted green line denotes the ‘false’ interface around the bottom/downstream bubble
(artifact). The flow direction is from top to bottom.

3.9 Capacitance measurements

The capacitance probe measurements are performed at 133D (∼ 4.3 m) downstream of the water

injection point. The capacitance probe consists of two 16 mm long electrodes where both are

placed with an angle of 100° on opposite sides of the probe (see Fig. 3.8). Each electrode has a

length in the circumferential direction of 2.78 cm and is located between two ‘guard’ electrodes

(cf. Fig. 3.8) to achieve a more uniform electric field [135]. Flexible circuit material (R/Flex 3000

from Rogers Corporation) is used to form the inner tube wall of the sensor. The electrodes are

etched out of the copper cladding on this circuit material. The thickness of the dielectric layer

is 50 µm (±12.5%), with an electrical resistance of 1012 MΩ cm−1 and a relative permittivity

of ∼ 2.9 at 25 ◦C. After the electrodes are etched on the circuit material they are glued in
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polymerising vinyl chloride (PVC) parts, which provide structural strength. These PVC parts

are then placed into a stainless steel cylindrical casing, and the annular gap between the PVC

and the casing are filled with an epoxy resin. Note that the casing is not shown in Fig. 3.8(a).

(a) Computer-aided design (CAD) of the capacitance probe
construction.

100°

0° Electrode

(b) Close-up of the electrode arrange-
ment with dimensions.

Figure 3.8: Schematic drawings of the capacitance probe and its key components.

The capacitance between the electrodes is measured using an in-house made transducer.

The transducer design is based on the one proposed by Yang and Yang [184]. The output of

the transducer is a voltage between 0 and 10 V, while its sensitivity is 1.16 V pF−1 and the

output accuracy is 4 mV. The voltage is logged with a data acquisition (DAQ) system. For

measurement of each flow condition the capacitance time-trace is acquired for 20 s (identical to

optical measurements) at a frequency of 10 kHz. A calibration procedure is followed to relate the

capacitance measured to the film thickness. It has been found that the measured capacitance

does not necessarily vary linearly with the void fraction [46], which can be attributed to the

geometry (curvature) of the electrodes. This curvature imposes a non-homogeneous electric

field. The capacitance will also change based on the spatial distribution of the gas and liquid

phases.

Two approaches are conventionally used to calibrate the probe. The first one uses inserts

to mimic the gas-liquid interfacial structure. The drawback of this approach is that the inserts

are severely limited by their shapes and size, and they need to have similar dielectric constants

as the fluid phases. The second technique uses finite element analysis simulations to determine

the void fraction-capacitance relation. For each flow regime a simplified gas-liquid interfacial

structure is assumed and subsequently simulated. Due to limitation of the former case, the latter

approach, based on finite elements analysis, is followed. Technical details about the calibration
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procedure can be found in the work by De Kerpel et al. [47] and Lecompte et al. [97], but a brief

outline of the procedure followed is offered here for completeness:

• The flow structure of the annular films is simplified by assuming that the liquid flows

between two concentric circles (i.e., as a smooth and circumferentially uniform film). Note

that this void fraction thus defines a three-dimensional volume-averaged value.

• The dielectric constant for air is set to unity and for the liquid phase (UPDI water-only

and NaOH/DAF solution to 80 [60, 116], while the dielectric constant for the FEP is set

to 3.5 [127] and of the PVC to 2.1 [52].

• The resulting electric potential distribution for a typical annular flow with a film thickness

of 1.62 mm is illustrated in Fig. 3.9(a), which shows that the gradient of the electric

potential in-between the electrodes is very consistent. This consistency is achieved by the

choice of the electrode-placement at 100°, which promotes the homogeneity of the electric

field. As a result, the void fraction and the capacitance approaches a desired linear relation.

The FEA simulation is repeated for 20 evenly distributed steps between void fractions, ψ,

of 0 and 1. The result of this calculation can be found in Fig. 3.9(a). The capacitance, Cp

is normalised with its minimum (Cp,min for ψ = 0) and maximum value (Cmax for ψ = 1).

The normalised capacitance is taken as C̃p = (C − Cmin) / (Cmax − Cmin), and is determined by

defining the calibration voltage (which in turn depends linearly on the capacitance) for Cmin

and Cmax, i.e., ψ = 0 and 1, respectively. The relation between the void fraction and normalised

capacitance is quasi-linear, as shown in Fig. 3.9(b). This calibration curve can effectively be

used to determine a volume-averaged void fraction, and hence film thickness, hCP, from the

measured capacitance.

3.10 Comparison of optical and capacitance measurements

In order to better understand the capabilities of each measurement method applied in the large-

scale experimental study (as explained above) and to evaluate differences between the two,

film-thickness measurements were performed for a wide-range of flow conditions for the non-

surfactant (clean) case. In addition to the flow rates outlined in Table 3.2, additional 24 flow

conditions were added i.e., ReG = 15×103, 25×103 and 35×103 for all 8 liquid flow rates. For
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Figure 3.9: Capacitance probe calibration procedure.

comparative purpose, contour plots of the joint probability distributions of the film thickness,

standard deviation, relative film roughness, base film thickness, wave amplitude and frequency

of waves have been generated and are shown in Figures 3.10(a)-(f), respectively. Figure 3.10(a)

shows a direct juxtaposition of the time-averaged film thickness (normalised with R) measured

with S-PLIF and the capacitance probe. For 〈h〉 < 0.045R, the S-PLIF measurements are

approximately 10% higher than the capacitance probe, while the behaviour reverses at higher

film thickness (〈h〉 > 0.045R), with the capacitance probe recording about 20% higher values

than S-PLIF.

The comparison between the film roughness measured with each method portrays a clear

pattern, shown in Figure 3.10(b). The S-PLIF-derived film roughness is consistently higher than

that of the capacitance probe. This trend can be explained by the spatial-averaging effects in-

herent to the measurement principle of the probe (discussed in Section 3.9), which in turn inhibit

large variations in the measured film thickness. The σrms = 0.0065R or 105 µm with a mean

relative deviation measured for all data at 17% (with a maximum of 33 %). Figure 3.10(c) shows

the overall capability of the two methods in measuring the mean and standard deviation of the

film thickness, by illustrating the differences in the relative film roughness (σ/〈h〉). The relative

film roughness is measured higher by the S-PLIF method for all cases, for the aforementioned

reasons, resulting in a 0.162 rms value (with a maximum of 0.369).

Figures 3.10(d) and (e) show comparisons of the base film thickness and the amplitude of

the waves, respectively. The former is defined as hbase ≤ 2×〈h〉, while the latter as hwave = h >

2 × 〈h〉. The factor of 2 was selected after careful consideration of the data, and according to
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previous experimental studies [186]. The comparisons of hbase and hwave follow similar trends as

those of 〈hbase〉 and σh. The frequency of the waves, fwaves is defined as the number of samples

with h > 2× over the total. The joint probability distributions of it are shown in Fig. 3.10(f),

does not a exhibit a clear trend. Both the probe and the optical methods are able to capture the

higher frequency of waves present in the strongly gas-sheared films. Interestingly, the deviations

between the capacitance probe and the S-PLIF measurements are found primarily at lower

ReG, i.e., not in the ‘regular wave’ regime. This may be due to the same spatial-averaging

measurement effects inherent in the capacitance probe, which will become more apparent in

Chapter 5 when the normalised film roughness measurements are compared.

Implementation and use of two methods simultaneously provides not only a comparison

between the two, but also it stands as a compliment to each other by providing access to

crucial data on the annular and interfacial film behaviour. For instance, whilst one method

carries limitations in terms of inherent spatial-averaging effects (as in the case of CP), which

may conceal fine details of the differences between surfactant-free and surfactant-laden flows,

the other (S-PLIF) method provides local film thickness data that are highly accurate for all

given flow conditions as demonstrated earlier in Section 3.8. That said, CP allows to obtain

highly temporally-resolved measurements of the film thickness that permits to determine time-

scale of interfacial wave activity in turbulent flows, as the ones used herein, while the S-PLIF

system used for this study is not able to offer the acquisition of such data due to camera’s

technical limitations. Nevertheless, on the basis of reliable and statistically significant data that

is collected using S-PLIF (owing to large amount of data points), it permits to elucidate the

fine differences between surfactant-free and surfactant-laden flows using key flow characteristics

that are most relevant to industrial practical applications, and to explain key fundamentals of

gas-liquid annular flows, in agreement with literature, forming the basis of the present work.
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Figure 3.10: Contour plots of the joint probability distributions of the film-thickness measure-
ments recovered with S-PLIF and the capacitance probe. The effect of the gas Reynolds number
is shown by the data point fill color. Two ‘outlier’ data points have been removed from each
figure.
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Chapter 4

Surfactant characterisation
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As discussed in the Literature review Chapter, pronounced effect of surface tension gradients

due to the presence of surfactant were found in a wide-range of air-liquid and liquid-liquid

systems. This was demonstrated in small-scale experiments (e.g. [33]), large-scale experiments

(e.g. [26]) and from a theoretical perspective (e.g. [87]). Only several works in recent years have

practically demonstrated that the actual surface tension gradients can be evaluated from direct

optical measurements of surfactant concentration distribution along the fluid-fluid interface (e.g.

[34, 49, 57, 155]). Tracking molecular concentration became feasible by exciting fluorescent lipids

using a laser and recording its subsequent fluorescence with a camera. The obtained results have

already helped to verify some numerical predictions and explain effects caused by Marangoni

stresses ([34], [49]). However, all the fluorescent surfactants used to date in fluid dynamics

applications have proven to be insoluble in safe and sustainable solvents such as water essentially

limiting its usability. A vast range of aforementioned theoretical works as well as small- and

large-scale experiments found in the literature have particularly focused on the study of air-water

systems. Moreover, what is missing is the detailed characterisation of such fluorescent surfactants
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(e.g. optical and transport properties) which would allow to better describe surfactant behaviour

in various gas-liquid systems from a quantitative perspective and expand its usability. In order to

fulfil these crucial areas, the previously mentioned DAF fluorescent surfactant (structure shown

in Fig. 4.1) is analysed for its optical properties, molecular stability under alkaline conditions,

behaviour as an insoluble monolayer, and its surface activity at an air-water interface as a water-

soluble surfactant. A combination of different transport models are investigated in order to

identify the type of control responsible for surface relaxation, and thus, the resultant surfactant

transport rate constants are determined.

Figure 4.1: Visualisation of a model molecular structure of 5-dodecanoylaminofluorescein (DAF),
where circles of different colours represent a particular atom (light grey = hydrogen; dark grey
= carbon; red = oxygen; blue = nitrogen) and the lines connecting atoms represent single bonds
(one line) and double bonds (double line). Displayed interatomic distances and angles are not
strictly correct.

4.1 Optical properties of DAF

In this section, the light absorption and emission spectra of DAF molecule are analysed under

various alkaline conditions using spectrofluorometer. DAF fluorescence is also measured as a

function of its concentration using LIF method. This is required to determine the threshold

concentration of self-quenching. The results will permit to design the optical measurement

arrangement for the large-scale experiments.

Measurements show (Fig. 4.2) that individual peaks have remained constant at 467 nm and

54



517 nm for absorption and emission, respectively. Reducing the pH value from 13 to 11 increases

the total intensity of absorption from a normalised value of ∼ 55 to ∼ 69. Similarly, the total

intensity of emission also increases from ∼ 36 to ∼ 46, which is in agreement with literature

[137, 104, 111]. At a fixed dye concentration (18.9 µM) this is a direct indication of self-quenching

mechanism, where with an increase in pH the emission intensity first plateaus and then follows

a gradual reduction past a certain threshold in pH value [121]. This can be due to the fact that

structure of fluorescein (head-group) in aqueous solution can hold different prototropic forms

i.e., neutral, cationic, anionic and dianionic [111, 137]. These forms are directly affected by

the presence of ions in the solution (e.g., basic or acidic) which alters its light absorption and

emission properties.

It is worth noting that for non-surfactant fluorescein dye as the pH of the solution decreases

from basic to acidic the absorption intensity decreases, and the peak is blue-shifted. Likewise,

emission spectrum starts to broaden towards infrared while the peak maintains constant [111,

137]. Due to high pH value for the current measurements, weak, yet similar behaviour is observed

in Fig. 4.2, particularly between pH value of 13 and 11.

                     

               

 

   

   

   

   

   

   

   

   

   

 

   

 
 
  

 
  
  
 
  
 
  
 
  
  

                 

               

                 

               

                 

               

Figure 4.2: Measurements of absorption and emission of DAF at fixed concentration of 18.9 µM
for three different pH values (11 = red; 12 = blue; 13 = purple).

Additional measurements of DAF solutions as a function concentration at a constant pH value

of 11 were carried out in order to determine the threshold of self-quenching. These measurements
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have been performed using high-speed camera equipped with a notch filter that allows to filter

out excitation light (532 nm) simultaneously capturing DAF fluorescence light at all wavelengths

below 524 nm and above 541 nm. The corresponding measurement data, shown in Fig. 4.3

(image noise = ±5 counts), indicate that the self-quenching occurs at approximately 50 ppm

(∼0.09 mM). This is in good agreement with Doughty [51] who used sodium fluorescein dye in

basic solutions to find critical concentration at which self-quenching occurs.

Given sufficient amount of fluorescence light is still attained by means of using an alternative

laser of shorter excitation light wavelength (i.e., Argon-ion or Copper vapour), more sensitive

cameras (high quantum efficiency) or image intensifier, higher surfactant concentrations can be

used for broader analysis particularly with LIF methods. Alternatively, DAF can be dissolved

in polar solvents such as ethanol which will result in red shift of both absorption and emission

spectra allowing to use either Nd:YLF or Nd:YAG [188]. Excitation with Nd:YAG laser light was

found to generate sufficient amount of fluorescence light at the full laser power (photodegradation

is negligible due to short exposure times).

                             

                      

 

  

  

  

  

  

 
  
 
  
 
  
 
  
  
 
  
 
 
  
 
  
 
 
 

Figure 4.3: Measured data of DAF fluorescence as a function of concentration (pH = 11) using
LIF method.
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4.2 DAF molecular stability

The generic hydrolysis reaction mechanism of amides follows a nucleophilic hydroxide ion addi-

tion to the carbonyl carbon to form a tetrahedral intermediate (shown Fig. 4.4a). The nitrogen

is then removed as the free amine in the presence of water and a carboxylic acid is formed.

Similar decomposition would be expected for DAF molecule where dodecanoic acid (DA) and

aminofluorescein (AF) would be formed. The molar ratio in the present hydrolysis reaction of

DAF (as shown in Fig. 4.4b) is equal, thus, an increase in the absorption signal for one of the

decomposition products would appear and the signal for DAF would subsequently reduce.

(a)

(b)

Figure 4.4: (a) Mechanism of the base catalysed hydrolysis of amides; (b) Hydrolysis reaction
of DAF and resultant products.

In the present case, it was found that DA is not sensitive to absorption of light at the

given spectra, but AF produced a strong signal with a peak at approximately 1.73 min (see

Fig. 4.5). Signal for DAF is detected at approximately 5.60 min, which provides a very distinctive

separation (retention time) between the two components. Insets in Fig. 4.5 show other signals

detected at 1.1 – 1.4 min and 8.2 – 9.6 min that correspond to signals of pure sodium hydroxide

solution. The latter signal appears most likely due to the formation of a salt. Evidently, there

are more salt groups present in dissolved DAF molecule than AF or Na+ alone, hence, a much

stronger signal.

The measured absorption data for the whole reaction cycle (see Fig. 4.6) was found to
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have consistent signals in terms of retention time and intensity. This shows that the molecular

stability of DAF is high under basic conditions (pH = 14). The recorded absorption signal was

identified to stay within the measured error bounds (see Fig. 4.6b). It was shown previously

that the secondary amides have resistance to hydrolysis by hydroxide groups [29, 124].

            
    

    

    

            
    

    

    

Figure 4.5: Combined data of individual analysis of AF, DAF and NaOH solutions. Insets show
overlapping signals of individual components which are excluded from further analysis.

A more effective cleavage of C-N bond would require elevated temperatures (∼ 100 ◦C) and

presence of metal ions to catalyse the reaction [142]. Moreover, from the analysed solutions

we have not observed any evident signal at ∼ 1.7 min which would correspond to signs of AF

molecule. Other noticeable signals could appear due to various impurities that are present in

individual chemicals, but the peaks do not change in their respective areas over time and are

well-aligned with signals of pure NaOH solution. Thus, we conclude that DAF surfactant does

not undergo hydrolysis reaction in alkaline solution at high pH during continuous mixing for

almost 23 hours at temperature of 25 ◦C.
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(a) UHPLC chromatogram

(b) Absorption intensity

Figure 4.6: DAF hydrolysis reaction results measured using UHPLC. (a) Chromatogram of
DAF samples at pH = 14 taken at six different time points during the reaction process, inset:
a magnification of signals (corresponding to DAF retention time); (b) Measured absorption
intensity of DAF samples at different time points.
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4.3 Surface pressure-Area isotherms

In this section, the behaviour of DAF surfactant as an insoluble monolayer is investigated by con-

ducting Langmuir-Blodgett trough measurements. Determining the existence of various mono-

layer phases at particular surface pressures with respect to surface concentration permits for

direct comparison with the results obtained for the soluble case discussed in further sections.

The measurements of surface pressure (Π) against molecular area (ADAF) isotherms for 50 µL

spreading volume of DAF at concentration 4.72× 10−4 M was performed and the corresponding

data is shown in Figure 4.7. Measurements have been repeated three times resulting in good

reproducibility. The isotherm has shown the existence of several phases. At flat region of up to 68

Å
2
/molecule (∼0.13 µg/cm2) corresponds to a gas (G) phase. At this range of surface pressures

the hydrophobic tail-groups of DAF makes little contact with each other but a significant contact

with the water surface [62]. It is clearly visible from Fig. 4.7 that surfactant molecules do very

little in reducing the surface tension, hence, close to zero surface pressure.

As the film continues to be compressed beyond 68 Å
2
/molecule, the molecules start to re-

orientate resulting in transitioning from G state to liquid-expanded (LE) state. An increasing

number of hydrophobic tail-groups of DAF molecules begin to point outwards from the water

surface making less contact with it. This growth continues up to approximately 50 Å
2
/molecule

(0.18 µg/cm2) where the monolayer is fully in LE state. With further increase in surface density

a phase transition from LE to liquid-condensed (LC) state is observed, and continues up to

41 Å
2
/molecule (0.21 µg/cm2). After this point an abrupt increase in surface pressure with

nearly constant slope corresponds to a transition phase from LC to a solid condensed state.

This is in good agreement with measurements performed by Gutiérrez et al. [66] who used

similar surfactant to DAF, 5-hexadecanoylaminofluorescein (HDFL), at the air-water interface

by spreading 60 µL of HDFL at 1.00 × 10−4 M dissolved in ethanol-chloroform mixture. Our

results also agree with those of Dutta and Salesse [53] who used HDFL at the air-water interface

by spreading 100 µL of 2.00 × 10−3 M solution. They used fluorescence microscopy to confirm

the phase change of the monolayer during the film compression, which supports our results.

Interestingly, it was shown that during the evolution (compression) of LE film random segments

of the film produced bright fluorescent areas with patches of dark domains which was likely

caused due to the formation of agglomerates. Beyond a certain surface pressure (13 mN m−1

in their case) the concentration of these agglomerates increased so much such that a complete

fluorescence quenching occurred by the efficient (fluorescence) energy transfer from the active
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monomers to these aggregates. During film decompression the fluorescence re-occurred with

much higher intensity relative to initially non-compressed films at all surface pressures. From

the micrographs it is evident that agglomerates are still present even at low surface pressure

(∼ 3 mN m−1).

Returning to our case, as the compression continued below 23 Å
2
/molecule no significant

increase in surface pressure was observed. Such behaviour can be explained by the fact that

the monolayer has reached its compression limit and its 2D nature starts to destabilise, hence,

the increased noise. Very similar dynamics are observed by Gutiérrez et al. [66] for HDFL.

Consequently, monolayer collapses yielding a structure in the third dimension by means of

fracturing, ejection to the subphase or formation of aggregates [98]. The minimum surface

tension of DAF monolayer at this point is approximately 27 mN m−1.

A hypothetical area per DAF molecule occupied at an uncompressed close-packed layer can

be extrapolated by taking the second linear portion of the isotherm corresponding to the solid

phase transition and an intercept with x-axis at zero surface pressure [66]. The resultant limiting

molecular area is 48 Å
2
/molecule. It is important to note that this value is strongly dependent

on the spreading solvent as found by Orbulescu et al. [126], thus, the measured isotherms for

the same molecule need to be compared adequately as they may differ substantially.

4.4 Equilibrium adsorption and equation of state measurements

In this section, we show the results acquired from the pendant drop measurements, and sub-

sequent output from calculations used to construct a graph of equilibrium surface tension as a

function of concentration. A comparison of the two isotherms (soluble and insoluble cases) is

provided and key differences are analysed.

We have established a CMC value at 0.32 mM which corresponds to the surface tension γcmc

of 26.6 mN m−1 (±0.5 mN m−1). This is in good agreement with the work by Pinazo et al. [130]

who used N-dodecyl-N,N dimethyl amino betaine chlorhydrate (DDABC) surfactant (molecular

structure partially similar to DAF) to perform dynamic surface tension measurements using

spinning bubble tensiometry. To the best of our knowledge, as mentioned at the beginning,

there was only one other work carried out with similar water-soluble fluorescent surfactants by

McWilliams et al. [152] which focused more on the synthesis of such molecules rather than their
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in-depth characterisation. Yet, the work provides results of equilibrium surface tension as a

function of concentration for only one fluorescent surfactant which is capable of reducing surface

tension to only ∼ 63 mN m−1 at ≥CMC making it rather ineffective as a surfactant. The CMC

values of other surfactants were also provided. The most similar surfactant to DAF contains

Rhodamine head-group with twelve carbon atoms tail-group whose CMC = 0.75 mM, which

is more than double relative to DAF. Moreover, the CMC of all other studied surfactants are

higher by at least a factor of two even those with longer hydrophobic tail-groups (e.g. C16).

From the work presented in the previous chapter, the Frumkin equation (Eq. 3.1), we can

define the adsorption isotherm as

Γe

Γ∞
=

1

1 + (kd/(βaC0))eKΓ/Γ∞
, (4.1)

and equation of state (EoS) as:

γ(Γ) = γc +RTΓ∞

(
ln

(
1− Γ

Γ∞

)
− K

2

(
Γ

Γ∞

)2
)
, (4.2)

where γc is the surface tension of the uncontaminated air-water interface (= 71.44 mN m−1). For

a range of DAF concentrations we have measured corresponding equilibrium surface tensions

and using the last two Frumkin equations (Eq. 4.1 and Eq. 4.2) we generate a fit of least

squares method (see Fig. 4.8). During the adsorption process there is a possibility of significant

depletion of surfactant concentration in the bulk of the pendant drop which can result in a lower

bulk concentration than the apparent solution concentration. To account for this, we make a

correction for each data point:

Ccorrected = Capparent − Γe

(
Adroplet

V droplet

)
, (4.3)

where Adroplet and V droplet is the area and volume of the measured pendant drop, respectively.

Performing this correction provides a good fit of the corrected equilibrium data to the Frumkin

EoS. The resultant output values for α = kd/βa = 1.66 × 10−3 mol/m3, K = 3.75, and Γ∞

= 4.78 × 10−6 mol/m2. The obtained value of K is positive which signifies that the repulsion

forces between DAF head-groups are higher than the cohesive van der Waals forces between the

tail-groups in the monolayer. Hence, such marked reduction of surface tension at ≥CMC. Also,

this interaction is particularly evident for higher concentrations where a good match is found,

whereas at lower concentrations (i.e., 0.045 mM) the model underpredicts due to significance of

the cohesion forces, hence, the higher surface tension. These forces can also determine formation

63



of different monolayer phases as the surface concentration increases. Such evidence was gathered

by Gutiérrez et al. [66] for HDFL (as discussed above). They have shown experimentally how the

molecular orientation relative to the interface is changing as the monolayer becomes compressed

(surface concentration increases).

                            

                  

  

  

  

  

  

  

  

  

  

  

 
 
 
  
 
 
  
 
 
 
  
 
  
 
 
  
 

Figure 4.8: (a) The equilibrium surface tension as a function of concentration for air/DAF
aqueous solutions and the Frumkin model fit (solid line); (b) The inset shows the equilibrium
surface tension as a function of equilibrium surface concentration.

By performing a comparison between the surface concentration at equilibrium obtained from

Equations 4.1 and 4.2 and the measured Γml values from the Π-ADAF isotherm we find interesting

results (see Fig. 4.9). Evidently, a higher surface concentration at any given surface pressure

of the insoluble monolayer relative to the soluble surfactant is observed. What is more, even

before the surface tension starts to rapidly decrease in the insoluble surfactant case, the surface

tension of ∼56 mN m−1 was already reached in the soluble surfactant case. Once the same

surface tension is reached in the insoluble surfactant case, the corresponding Γml exceeds Γe by

∼ 1.5×10−6 mol/m2. Interestingly, the maximum surface concentration of Γml also exceeds Γ∞

(maximum packing) by 2.77× 10−6 mol/m2.

Such behaviour can be caused by a difference in phase transitions and intermolecular inter-

actions. It is evident that the surface pressure at which transition of the same phase takes a

place for soluble and insoluble monolayers is different. For instance, while an abrupt increase in
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Figure 4.9: Comparison between modelled equilibrium surface tension as a function of surface
concentration (blue circles) and Langmuir-Blodgett film measurements (orange circles).

surface pressure is observed at very low concentrations for soluble case due to early formation of

LE state, in the insoluble case the formation of the full LE state occurs at Π = 7 mN m−1. The

clustering of surfactant molecules in each case during the phase transition is probably different

due to dissimilar molecular attraction. While the hydrophobic tails are flexible in both cases,

soluble surfactant molecules, due to increased affinity, may have a weaker ordering dictated by

balance of forces at the interface hinting that tails can also be in partial contact with the solvent

(yet still pointing into the air) together with the ionised head-group. Large size of DAF head-

group and its high hydrophilicity suggests that it is, most probably, located below the air-water

interface but are sterically hindered preventing from close contact with other neighbouring DAF

molecules [53]. Such probable molecular arrangement was previously demonstrated by Tomas-

sone et al. [165] who carried out a systematic Molecular Dynamics (MD) study of the phase

behaviour of soluble and insoluble surfactants on a liquid-vapour interface. Due to stronger

hydrogen bond formation between polar groups and water molecules on the surfaces of soluble

surfactants it may lead to a higher mean tilt angle of the molecular dipole with the interface

normal than in the insoluble case. Similar measurements for the insoluble monolayer were per-

formed previously by Gutiérrez et al. [66] using optical second harmonic generation technique

coupled with Π-ADAF isotherms (as mentioned earlier). Consequently, soluble molecules should
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occupy a larger area resulting in a more effective surface tension reduction, hence, a lower surface

concentration at the same surface pressure. To support this, our calculated minimum molecular

area at the highest surface pressure for soluble case was found to be ∼ 44 Å
2
/molecule, which is

similar to the extrapolated value of 48 Å
2
/molecule occupied at an uncompressed close-packed

layer, and is higher than the insoluble monolayer (∼ 22 Å
2
/molecule) at the same Π.

4.5 Numerical results

Three plots (Fig. 4.10, 4.11, 4.12) have been generated of nondimensional dynamic tension γ∗ as

a function of the nondimensional time τ from which the effect of different κ values (0.5 – 500)

for fixed values of C0/α (11.36, 113.61 and 567.58) is investigated (see Chapter 3 for definition).

The diffusion control dynamics are plotted with κ → ∞. The selected C0/α values correspond

to our investigated concentration range in the experimental measurements. As explained earlier,

κ and τ are independent of C0, thus, surface tension relaxation can be studied from a physical

perspective at different bulk concentrations and fixed kinetic parameters. Values of the param-

eter Φ2 (see Chapter 3 for definition) ranges from 8.8 × 10−4 to 43.9 for the corresponding κ

values which shows the relative importance of kinetics to bulk diffusion.

The first observation we can make from these plots is the relationship between the bulk

concentration and diffusion. We see that the diffusion limited relaxation becomes more rapid

with increasing bulk concentration. This occurs due to fast kinetics that essentially drain the

sublayer concentration to zero of newly created clean interface resulting in surfactant transport

by bulk diffusion where the rate is proportional to the bulk concentration (i.e., the higher the

concentration the faster is the surfactant transport). Similarly, we can clearly see that for any

fixed value of κ and with increasing bulk concentration the finite kinetic curve moves away from

the diffusion limited curve meaning that the relaxation is largely controlled by the kinetic effects.

If for any fixed C0/α value the κ is increased, this results in faster kinetic rates (kd and βa) while

their ratio, α, is held constant over the same time scale. As a result of faster kinetic exchange,

the mixed diffusive-kinetic control starts to approach diffusion control. The parameter Φ2 (=

κ/(C0/α)) also provides a good indication about the type control for surfactant adsorption

process. In all cases we see that as Φ2 decreases the curves shift away from the diffusion limited

curve towards kinetically controlled relaxation (i.e., Φ2<44).
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Figure 4.10: The comparison of the diffusive control and mixed diffusive-kinetic control surface
tension relaxations as a function of nondimensional time, for C0/α = 11.36 and decreasing κ
from left to right. The corresponding Φ2 for each κ also decreases from 43.92 to 0.043 (left to
right).

Figure 4.11: The comparison of the diffusive control and mixed diffusive-kinetic control surface
tension relaxations as a function of nondimensional time, for C0/α = 113.61 and decreasing κ
from left to right. The corresponding Φ2 for each κ also decreases by a factor of 10 from 4.39 to
0.0044 (left to right).
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Figure 4.12: The comparison of the diffusive control and mixed diffusive-kinetic control surface
tension relaxations as a function of nondimensional time, for C0/α = 567.58 and decreasing κ
from left to right. The corresponding Φ2 for each κ also decreases by a factor of 10 from 0.88 to
0.00088 (left to right).

4.6 Clean interface adsorption experiments

Using kinetic-diffusive transport model we have generated individual fits for dynamic surface

tension measurements at three different concentrations (0.053 mM, 0.094 mM and 0.189 mM)

applying a single kinetic parameter βa and diffusion coefficient Db (see Fig. 4.13). From this, we

have estimated that the βa value = 0.02038 m3/mol/s and Db = 5.6×10−10 m2/s. Subsequently,

we calculate the βa×Γ∞ = ka = 9.73×10−8 m s−1 and kd = 3.39×10−5 s−1. The corresponding

Φ2 values are 0.0044, 0.0087 and 0.0156 for highest to lowest concentrations, respectively. As

noted previously, since Φ2 < 44 for all three cases, relaxations follow mixed diffusive-kinetic

control. In order to avoid overcrowding in the plot, we avoid displaying all the dynamic surface

tension runs. Pinazo et al. [130] have also found that a mixed kinetic-diffusive control model

better describes the dynamic surface tension behaviour of the DDABC surfactant. Moreover,

their obtained diffusivity and adsorption rate constants also agree well with our calculated rate

constants.

Having a very good fitting of the chosen model, we observe several marginal differences for

two concentrations (0.094 mM and 0.189 mM). The overpredictions and underpredictions are
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associated with the presence of phase transitions that occur at different time periods. As a new

clean interface is created an induction period exists at which the surface tension remains close

to that of the clean interface until a decrease in γ is observed. During this period the surfactant

initially starts to adsorb into the gaseous state reducing the surface tension marginally followed

by a plateau, which we have observed when starting data recording after ∼1 s from the drop

formation. As the adsorption continues with time, liquid-expanded state appears and coexists

with the gaseous state. As the former state grows at the expense of gaseous state, a negligible

change in the surface tension continues until the surface is fully occupied by surfactant at the

liquid-expanded state. After this point, the induction period ends, and a sudden decrease in the

surface tension occurs. This induction period shortens as the bulk concentration increases due

to larger diffusive flux. For the DAF surfactant the observed induction period is below 2 s for

concentrations above 0.28 mM.

Since the Frumkin model does not account for the phase transition, hence a slight mis-

alignment of the model fit, a transport model that would account for this is required. This was

well-demonstrated both experimentally and theoretically by Subramanyam and Maldarelli [156].

For the surfactant adsorption into a gaseous state the group has used Arrhenius rate law by

considering a critical surface concentration in this phase as a function of time. Once this crit-

ical concentration is attained, a second regime is introduced with additional adsorption whilst

being in thermodynamic equilibrium (i.e., coexistence of gaseous and liquid-expanded phases).

Once the surface is completely covered with liquid-expanded state, a third regime of adsorption

into the liquid-expanded state is initiated. Although they found a good agreement with no ad-

justable constants, their model fits for all concentration (and particularly for higher values) also

marginally misalign as the equilibrium values are approached (at approximately second elbow).

4.7 Concluding remarks

In this chapter, we presented a commercially available fluorescent surfactant (DAF) and a novel

method to prepare an aqueous DAF solution along with detailed characterisation of DAF sur-

factant that proves suitability for a wide-range of applications in the field of fluid dynamics. By

performing quantitative measurements we obtained detailed information about optical proper-

ties, molecular stability, and surfactant monolayer and transport properties. This allowed to

prove the usability of DAF in sustainable and safe solvents (i.e. water) with addition of sodium

hydroxide which can be neutralised by using a buffer. Such configuration opens opportunities
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for new experimental work where the use of surfactants hold an interest in practical solutions as

well as validation of modelling results. This was already shown by numerous researchers where,

for instance, interfacial concentration gradients lead to Marangoni stresses that markedly affect

fluid behaviour. We have provided light absorption and emission spectra as a function of pH

from spectrofluorometer measurements. In agreement with literature, we found that intensity of

spectra decrease as the pH increases above 11. We have also applied LIF technique for the pur-

pose of not only to identify a critical concentration for self-quenching but also to demonstrate

the usability of DAF solution for multi-scale experimental investigations. The self-quenching

was found to occur at about 0.09 mM at pH = 11.

Since the preparation of DAF aqueous solution involves using a strong base (NaOH at pH

≥ 13), we carried out an analysis of potential hydrolysis reaction using UHPLC. By dissolving

DAF in basic solution (pH = 14 at 25 ◦C) and continuously mixing for almost 23 hours, we have

analysed samples at different periods of time in order to verify the extent of DAF decomposition

into its subsequent tail-group and head-group. Interestingly, not only that we did not find

any new signals that could be linked to the reaction products, but we also observed that the

signal intensity corresponding to DAF was stable and varied within the measured error bounds.

These observations suggest that DAF does not undergo hydrolysis reaction under the chosen

conditions.

In order to understand the ability of DAF to reduce the air-water surface tension and its

behaviour as a monolayer, we conducted Langmuir-Blodgett trough measurements and obtained

surface pressure-area isotherms. Compression of an insoluble DAF monolayer have shown the

presence of several different phases and their subsequent transition with increasing surface pres-

sure. It was established that up to 68 Å
2
/molecule the monolayer is in the gas phase. Further

compression leads to transition from gas to liquid-expanded phases until the latter is fully

formed at 50 Å
2
/molecule. Further increase in surface pressure results in transition towards

formation of liquid-condensed state at 41 Å
2
/molecule. After this point additional compression

creates an abrupt increase in surface pressure indicating transition from liquid-condensed to

solid-condensed phases up to about 23 Å
2
/molecule. Beyond this, no significant reduction in

surface tension is observed. These have been found in excellent agreement with literature data

for very similar fluorescent surfactants.

We also conducted pendant drop measurements from which we obtained dynamic and equi-

librium surface tension plots for different concentrations. We determined the CMC = 0.32 mM.
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By finding a good fit of the Frumkin model to the measured equilibrium plot we obtained

necessary fitting parameters. With these, we used kinetic-diffusive transport model to gener-

ate fits for the dynamic surface tension plots for three different concentrations which resulted

in very good agreement. Consequently, the calculated adsorption and desorption rate con-

stants are 9.73 × 10−8 m s−1 and 3.39 × 10−5 s−1, respectively, and the diffusivity constant is

5.6 × 10−10 m2/s. The maximum packing concentration was found to be 4.78 × 10−6 mol/m2.

Our numerical results on the comparative analysis of surface relaxation by diffusive control and

mixed diffusive-kinetic control has clearly shown that the latter control is in place for the range of

concentrations used in our experiments. This has been widely demonstrated in literature also for

other types of surfactants. A markedly different behaviour in the phase transition is observed

between the compression of an insoluble film and the monolayer at equilibrium of increasing

surface concentration formed by adsorption of soluble surfactant. Primarily, a higher surface

concentration at any given surface pressure is observed for the former case. Also, the maximum

obtained surface concentration for insoluble monolayer (highest surface pressure) exceeds the

maximum packing of a soluble surfactant by 2.77×10−6 mol/m2. We propose that such dynam-

ics can be caused due to differences in the intermolecular interactions between the two cases,

hinting at the fact that surfactant molecules can have different orientation relative to the water

surface. Such findings are in good agreement with previous experimental and modelling results

found in literature.
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Chapter 5

The effect of surfactant on annular

films

Contents

5.1 Phenomenology and flow regimes . . . . . . . . . . . . . . . . . . . . . 74

5.2 Mean film thickness measurements . . . . . . . . . . . . . . . . . . . . 81

5.3 Annular film roughness . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

The behaviour of annular films varies depending on the given flow conditions of both the

liquid and gas phases. Such variations have already been widely studied (e.g., Chu and Duk-

ler [39, 40], Karapantsios et al. [86], Liu et al. [103], Morgan et al. [117], Schubring et al. [144],

Webb and Hewitt [175], Zadrazil et al. [186]) which demonstrated the presence of distinct flow

characteristics that occur through and lead to various physical mechanisms. The most com-

monly measured annular flow properties are the change in the film thickness, the film roughness

(i.e., ‘waviness’), and the entrainment of gas and liquid phases into one another. Qualitative

and quantitative analyses of these data expanded our understanding of annular flows by e.g.,

categorising certain flow patterns into specific types of flow regimes and flow regime maps were

constructed by several works (see refs. [175, 186] and references therein). Substantial differ-

ences, however, are still found in the proposed flow regime maps which mainly differ due to

the type(s) of measurement method(s) used. Depending on the particular method, the acquired

data will correspond to either spatially-averaged or local film thickness information (e.g., heights

of the film and waves). In the former case, typically performed using capacitance probes (CPs),
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the classification of flow regimes is limited due to smoothing of film thickness measurements

and absence of other vital characteristic information such as gas and/or liquid entrainment.

In the latter case, often done using optical methods, the classification can be characterised by

additional data of the flow properties that are more distinctive such as local measurements of

thickness and wavelengths of substrate films and interfacial waves, and gas entrainment, allow-

ing for a more reliable assessment. As discussed in Chapter 2, such measurements have already

been performed using the PLIF method, which, however, was proven to incur significant errors

in identifying the film thickness and its interfacial structure due to total internal reflection and

refraction associated with the gas-liquid interface [32, 67]. To overcome these limitations, a

newly-developed measurement technique, S-PLIF [32], was used in the present study.

In this chapter, measurements of film thickness in adiabatic downwards annular flows for a

wide range of flow conditions (see Table 3.2) and flow regimes are presented, covering not only

the falling films, but also, for the first time, gas-sheared annular film flows. Simultaneous mea-

surements by S-PLIF and CP allows the identification of the complementarity and the limitations

present in the two measurement methods by analysing the flow characteristics. Moreover, no

such measurements were previously conducted by optical diagnostic techniques on downwards

annular flows in the presence of (fluorescent) surfactant. A flow regime map for surfactant-laden

flows (at a concentration of 0.114 mM, see Chapter 3) is also constructed for the first time. The

effect of the surfactant on annular film flows are identified and compared closely with literature

data, including predicted values from various correlations, in parallel, discussing the potential

causes for the observed complex gas-liquid flow phenomena.

5.1 Phenomenology and flow regimes

The range of flow conditions investigated in this work (see Table 3.2) gives a rise to a variety

of flow patterns that are characterised by distinct flow properties such as the interfacial wave

activity, base film flow behaviour, and entrainment of gas (bubbles) into the liquid film. Both

the wave activity and the base film behaviour are underpinned by a distinct range of amplitudes,

frequencies and wavelengths, with the base film typically exhibiting longer wavelengths compared

to large interfacial waves (e.g., quiescent flows are observed to occur in the laminar flow at

ReL < 540). The presence or absence of entrained gas bubbles inside the liquid film is also

controlled by several interfacial mechanisms, some of which are detailed in works by Hann et

al. [71], Rodŕıguez and Shedd [138], and Tran et al. [166], and discussed further below. All
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of these dynamics can be established using optical methods. Therefore, a flow regime can be

classified in a qualitative manner by direct visualisation of the images of the flow. This approach

was taken by Webb and Hewitt [175] from which they identified four key flow regimes present

in annular films, namely: ‘ripple wave’, ‘dual-wave’, ‘thick ripple’, and ‘regular wave’ regimes.

Later, Zadrazil et al. [186] explored downwards annular flows at even higher liquid Reynolds

numbers, and using the PLIF method, confirmed the four flow regimes mentioned above and

identified an additional one, the ‘disturbance wave’ regime.

In this study, we use S-PLIF and instantaneous images of wave fronts and base films to

construct flow regime maps for the flow conditions shown in Table 3.2. It is worthy of note

that the flow regime ‘ripple wave’ occurs at liquid Reynolds numbers that are below those used

in the present study. The presence of the defined characteristics of the film were also checked

from the time-traces obtained using the CP method. From the analysis of the combined data

obtained using two independent methods, the resulting flow regime maps for annular flows with

and without DAF surfactant are shown in Fig. 5.1(a). A summary of observations for each flow

regime follows:

• The ‘dual-wave’ regime is generated at low ReL (approximately 500-800) and ReG (ap-

proximately 0-25×103). The base film is characterised by long wavelengths with , with an

occasional appearance of waves with amplitudes (hwaves) 3-16 times higher than the thick-

ness of the base film (hbase) (see Figs. 5.1(b) and (f)), depending on the flow conditions.

Gas entrainment is rarely observed for the surfactant-free flows, while it is more frequent

for surfactant-laden flows.

• The ‘thick ripple’ regime is encountered at similar ReG (approximately 0-25×103), but at

higher ReL (ranging from 850 to about 1250). The frequency and amplitude of interfacial

waves appear to increase compared to the ‘dual-wave’ regime (see Figs. 5.1(f)), which lies

primarily in the similarity of these waves to the structure of quiescent base films of higher

thickness. Ripple-like waves of small amplitude and short wavelength also appear at the

base film. Rare gas entrainment in the bulk film is observed in the front of the travelling

waves (Figs. 5.1(b)) for surfactant-free flows, while more frequent and larger bubbles are

found in surfactant-laden flows.

• The ‘disturbance wave’ regime occurs at similar ReG as the aforementioned regimes, but

at the highest ReL explored (1125-1375 and 1250-1375 for surfactant-laden and surfactant-

free flows, respectively) in this work (Table 3.2). The range of this flow regime is spec-
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ulated to extend to even higher ReL and is characterised by the appearance of irregular

large amplitude waves of shorter wavelength than those of the base film, carrying small

amplitude waves (Figs. 5.1(d) and (f)) [186]. Disruption of these disturbance waves by

the co-current gas stream leads to the creation of droplets that are then entrained into

the gas core [11, 73, 80], and to the entrapment of gas by the liquid film in the form of

bubbles [71]. Details of these events are discussed further below.

• The ‘regular wave’ regime appears at all tested ReL, but only once the ReG is increased

above 25×103. The enhanced gas shear has a prevailing effect on the film flow, generating

waves of short wavelength and increased amplitude (Fig. 5.1(e)) in a regular (repetitive)

manner – clearly seen in the film thickness time-trace of Fig. 5.1(f). The frequency of

interfacial waves increases with ReG. This trend is even more pronounced as the gas

shear increases for the film flows at ‘regular wave’ regime. A significant increase in gas

entrainment is observed across the whole film bulk, which can be attributed to a marked

increase of interfacial disturbances.

The a wide-range of flow conditions explored herein, allows for a more detailed identification

of the flow regime boundaries compared to previously reported flow regime maps in downwards

annular flows. The resultant boundaries for surfactant-free flows were found to be in good

agreement with the results and observations made by Webb and Hewitt [175], and Zadrazil et

al. [186], where in the latter study the same pipe material and internal diameter was used as in

the present work.

By analysing the characteristics of each flow regime from S-PLIF images and CP time-traces

for every flow condition, it was found that flow regimes for two flow conditions have changed

for the surfactant-laden flows (Fig. 5.1(a)). At ReL = 500 and ReG = 30× 103 it was identified

that the flow regime shifted from ‘dual-wave’ to ‘regular wave’ relative to the surfactant-free

flows (see Fig. 5.1(a)). The first evident characteristics observed from instantaneous S-PLIF

images and film time-traces (for the latter see Fig. 5.2(a) and (b)) of this shift are the increase

in the frequency of large waves (defined as the number of samples with h > 2× over the total)

by ∼ 22%, and decrease in their mean height (i.e., waves with h > 2 × 〈h〉) by ∼ 26%. For

the surfactant-free flows (qualitatively visible from the film time-traces shown in Fig. 5.2(c)

and (d)), the frequency and the mean amplitude of large waves increase by ∼ 8% and ∼ 38%,

respectively. As a result of a stronger coupling between gas and liquid phases due to increased

gas flow rate, the peaks of the waves with sufficiently high amplitude are sheared by high gas flow
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Figure 5.1: Flow regime classification. (a) Flow regime map produced from a series of S-PLIF
images and instantaneous images of wave fronts and base films for the flow conditions listed
in Table 3.2. The continuous lines represent the boundaries obtained for the surfactant-free
cases, while filled shapes represent surfactant-laden cases; (b)-(e) typical instantaneous S-PLIF
images (clean case) for each flow regime encountered (left: wave front; right: base film); (b)
ReL = 625 and ReG = 0; (c) ReL = 1000 and ReG = 0; (d) ReL = 1375 and ReG = 20 × 103;
(e) ReL = 1250 and ReG = 40 × 103. The scale bar has a length of 2 mm. The flow direction
aligns with the direction of the acceleration of gravity, which is depicted by the symbol g; (f)
time-traces obtained using the capacitance probe method, corresponding to the flow conditions
of (b)-(e).
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stream limiting the highest attainable wave amplitude, forming droplets and ligaments that are

entrained into the gas core [11, 129]. The presence of surfactant reduces the interfacial tension

which, in turn, lowers the required shear force exerted by the gas on the interface to give rise to

entrainment events via various physical mechanisms such as, for instance, ‘wave-undercut’ [186].

As a result of this, it was shown previously by Alamu and Azzopardi [3], and James et al. [81] that

these mechanisms lead to an increase in droplet entrainment and subsequent droplet deposition

on the film as well as entrainment of gas pockets by wave breakage [186]. Additionally, a steep

reduction in the film roughness (normalised to mean film thickness) by ∼ 28% is observed for

surfactant-laden flows, while it increases by ∼ 6% for surfactant-free flows when ReG is increased

from 20×103 to 30×103 at ReL = 500. This change is delayed in the surfactant-free case to ReG

value of 40 × 103 (see Fig. 5.2(e)) at which the normalised film roughness also follows a rapid

reduction by ∼ 29%. Another typical feature of a ‘regular wave’ regime is high gas entrainment

(see Chapter 7), which was also qualitatively confirmed for the flow condition of ReL = 500,

ReG = 30 × 103 in the presence of DAF surfactant, while no marked entrainment is observed

for the same flow condition without the surfactant (see Fig. 5.3).

For ReL = 1125, and following an increase of ReG from ReG = 10× 103 to ReG = 20× 103,

it was found that the flow regime changes from ‘thick ripple’ to ‘disturbance wave’ for the

surfactant-laden flows. It was observed that the frequency of large waves with amplitudes above

1.5 mm increases by approximately a factor of 4 (see corresponding time-traces in Fig. 5.4(a)

and (b)). It is also evident that the structure of interfacial waves changes, where the frequency

of waves with longer wavelengths has decreased and, instead, waves with higher amplitude and

shorter wavelengths are created. This indicates that the mean wave amplitude increases while

the mean base film thickness (i.e., film with h ≤ 2 × 〈h〉) decreases. In fact, it is observed

that the former increases by ∼ 7%, and the latter decreases by ∼ 4%. For surfactant-free flows

both characteristics are observed to decrease by ∼ 7% and ∼ 10%, respectively. Moreover, the

film roughness (normalised to internal pipe radius R) is also found to increase by ∼ 12% for

surfactant-laden flows, supporting the observed change in flow regime. The normalised film

roughness for the same flow conditions is observed to increase by only ∼ 2% for surfactant-

free flows. In addition, from qualitative analysis of instantaneous S-PLIF images it was found

that a trail of small-amplitude waves on the rear side of the large waves appeared more often,

which agrees with the results of Rivera et al. [136] who studied upwards annular flows in the

presence of soluble surfactant. Moreover, as is typical for this type of flow regime, a higher

proportion of air bubbles are found to be entrained in the liquid film for surfactant-laden flows

(see Chapter 7 for a more detailed qualitative and quantitative analysis). This is often a result
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(a) ReL = 500, ReG = 20 × 103 (surfactant case) (b) ReL = 500, ReG = 30 × 103 (surfactant case)

(c) ReL = 500, ReG = 20 × 103 (clean case) (d) ReL = 500, ReG = 30 × 103 (clean case)

(e) ReL = 500, ReG = 40 × 103 (clean case)

Figure 5.2: Time-traces obtained with the capacitance probe showing a change in the film
behaviour during flow regime transition from ‘dual-wave’, (a) and (c), to ‘regular wave’, (b) and
(e), as a function of ReG at ReL = 500 in the presence and absence of surfactants as shown in
panels (a) and (b), and (c), (d), and (e), respectively.
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(b) Large wave (surfactant case)

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

 
 
 
  
  

 
  

 
 

 

                                                                                                                                                                                                               

             

(c) Base film (clean case)
     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

 
 
 
  
  

 
  

 
 

 

                                                                                                                                                                                                               

             

(d) Large wave (clean case)

Figure 5.3: Typical instantaneous S-PLIF images of surfactant-laden ((a)-(b)) and surfactant-
free ((c)-(d)) flows at ReL = 500 and ReG = 30× 103.
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of increased interaction between the two fluid phases that induces the formation and disinte-

gration of interfacial waves via mechanisms that are found to be responsible for gas and liquid

entrainment [170, 177]. One type of such waves are small-amplitude waves (e.g., ripple waves)

found at the rear of large waves that are responsible for significant liquid entrainment rate [4].

In comparison with the surfactant-free case for the same flow conditions, it is evident not only

from the qualitative assessment (i.e., rare gas entrainment), but also from the absence of the

aforementioned features seen on the corresponding time-traces (shown in Fig. 5.4(c) and (d)).

(a) ReL = 1125, ReG = 10 × 103 (surfactant case) (b) ReL = 1125, ReG = 20 × 103 (surfactant case)

(c) ReL = 1125, ReG = 10 × 103 (clean case) (d) ReL = 1125, ReG = 20 × 103 (clean case)

Figure 5.4: Time-traces obtained with the capacitance probe showing a change in the film
behaviour during flow regime transition from ‘thick ripple’ to ‘disturbance wave’ for surfactant-
laden flows (a) and (b) as a function of ReG at ReL = 1125, while ‘thick ripple’ regime is
maintained for surfactant-free case at the same flow conditions (c) and (d).

5.2 Mean film thickness measurements

In order to further understand the behaviour of annular flows as a function of ReL and ReG (as

per Table 3.2), data obtained using both S-PLIF and CP are analysed and presented below. The

results for surfactant-free case are compared with surfactant-laden flows, and the resultant dif-

ferences are examined. Figure 5.5 offers a comprehensive comparison between time-averaged film
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thickness (〈h〉) data of falling films (ReG = 0) obtained from the present study of surfactant-free

and surfactant-laden flows, and for surfactant-free flows obtained from the available literature,

from literature correlations, and from theoretical predictions. Three optical methods (variations

of laser-induced fluorescence) have been previously employed for the same large-scale experi-

mental facility (DAFLOF, described in Chapter 3), including PLIF and S-PLIF (both deployed

at two different imaging angles, namely 70° and 90°) [32, 186], as well as BB-LIF [37]. Addi-

tionaly, this includes the experimental results obtained by Karapantsios et al. [85, 86] using a

parallel-wire electrical conductance probe, Webb and Hewitt [175] using a conductance probe,

as well as the results of Takahama and Kato [157] obtained with the needle contact and elec-

tric capacity methods. The Nusselt solution [123], developed for surfactant-free laminar falling

films, as well as the correlation developed by Mudawwar and El-Masri [118] for surfactant-free

turbulent falling films is also shown. According to Fig. 5.5, it was found that the time-averaged

film thickness measurements of the optical method (S-PLIF70) and the capacitance probe are

in good agreement with each other and with literature data for the range of conditions explored

(ReL values between 500 and 1375).

Evidently, the obtained results herein are in good agreement with the literature data. Data

points from the present study and literature for low liquid Reynolds number (ReL = 500) is

well-described by the Nusselt flow predictions. Experimentally measured film is found to be

relatively flat at low ReL, which meets the assumption of the Nusselt flow (i.e., absence of

interfacial instabilities and a parabolic velocity profile), and hence, provides good agreement.

But as the ReL increases the theory begins to underpredict the mean film thickness due modified

velocity profile and appearance of various interfacial instabilities in the form of waves that

varies in amplitude. The present results for the surfactant-free flows show not only a very

good agreement with the previously published experimental work, but also with the theoretical

prediction for turbulent falling films.

Comparison between the surfactant-free film thickness measurements of Zadrazil et al. [186]

(with PLIF90) and those conducted in the present work (with S-PLIF70 and the capacitance

probe) show good agreement for falling films (Fig. 5.5), resulting in relative deviations < 8%.

However, this percentage increases for gas-sheared films. Specifically, it is found that relative

deviation between the PLIF90 film thickness measurements of Zadrazil et al. [186] and the

S-PLIF70 is equal to approximately −11%, while the deviation between PLIF90 and the capac-

itance probe is equal to about −18%. The underestimation of the film thickness by PLIF90 can

be attributed to the presence of stronger ‘Type-II’ errors [32] in gas-sheared flows, i.e., errors

82



due to refraction or total internal reflection of the light at the interface of a circumferentially

non-uniform film. No statistically significant increase between the relative deviation and ReG

was found.

For the first time, such comparison is also performed for downwards annular falling films

in the presence of water-soluble (fluorescent) surfactant. The measured data of time-averaged

film thickness was found to be consistently lower for all ReL relative to surfactant-free flows.

Additional set of measurements for both S-PLIF and CP unveiled that the highest mean relative

difference is less than 2.3% between two independent runs. Thus, the errors bars in all subse-

quent figures are omitted being smaller than the symbol size (applicable for Chapters 5 and 6).

Moreover, the analysis of the effect of the number of samples per each image on the calculated

values of the mean and standard deviation of the film thickness has showed that selection of

20 samples per image pair for every flow condition results in good statistical convergence and

statistical independence between the samples (see Appendix A). The total uncertainty in the

measurement of the instantaneous and local film thickness was 3 pixels, which corresponds to

±0.05 mm (error bars omitted in Fig. 5.5 for the purpose of visual clarity).

In order to further develop our understanding of surfactant-induced effects on the behaviour

of annular films, the effect of the gas shear (i.e., ReG > 0) on the time-averaged film thickness

and its standard deviation is also investigated. Figures 5.6(a) and (b) provide the time-averaged

film thickness measurements (normalised on the internal pipe radius, R) for the clean and

surfactant cases, respectively, acquired using the S-PLIF method. Similarly, Figures 5.6(c) and

(d) show the data acquired using the capacitance probe method for the clean and surfactant

cases, respectively. In accordance with the literature [186], a quasi-linear increase (decrease) of

the film thickness with ReL (ReG) is expected for the range of conditions investigated. Both

measurement methods capture this trend for the surfactant-free and surfactant-laden flows.

A minor difference (< 4%) is observed in the relative film thickness for nearly every ReL

value when increasing ReG from ReG = 0 to ReG = 20 × 103 for each individual case in the

presence and absence of surfactant. Only for some flow conditions, this difference is above 4%

with the highest being at 7.5% for the S-PLIF, and 9% for the CP data. It is also observed that

the percentage difference is narrower for the surfactant-laden flows than for the surfactant-free

flows. Referring back to the flow pattern map shown in Fig. 5.1, the annular flows within this

range of flow conditions behave as one of the three flow regimes (i.e., ‘dual-wave’, ‘thick ripple’

or ‘disturbance wave’), which differ more by the activity of interfacial waves rather than by
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(a) S-PLIF (clean case) (b) S-PLIF (surfactant case)

(c) Capacitance probe (clean case) (d) Capacitance probe (surfactant case)

Figure 5.6: Time-averaged film-thickness measurements, normalised by the pipe radius R, as a
function of the liquid Reynolds number, ReL, with ReG varying parametrically.

the reduction in the film height (discussed further below). Only as the ReG is set to a value

of 30 × 103 does film thinning become sufficiently pronounced. The high shear stress exerted

by the gas stream increases not only the velocities of the waves and the bulk film, but also

leads to a substantial change in the interfacial topology that may accelerate liquid and gas

entrainment events that were shown to occur through various mechanisms particularly at these

flow conditions [11, 80, 186]. This is one of the main characteristics of the ‘regular wave’ regime

described in the previous section.

One of the striking difference between the surfactant-free and surfactant-laden flows is ob-

served in the relative film thickness, where it is found to decrease in the presence of surfactant

for nearly all applied flow conditions measured with both S-PLIF and CP methods. The root-

mean-square error (RMSE) between the two cases for the S-PLIF and CP measurements are

0.074 mm and 0.077 mm, respectively. The only values for relative film thickness with insignif-
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icant difference between the two cases are found for S-PLIF at ReL = 1375 and ReG between

10×103 and 20×103 where 〈h〉/R ≈ 0.05. This may be due to the high thickness of the film and

wave amplitudes that are less affected by the surfactant (discussed further in Chapter 6). The

extent of the film thinning for the surfactant-laden flows is found to be greater under flow condi-

tions with high gas shear (ReG ≥ 30×103), evident from the individual data sets obtained using

S-PLIF and CP methods. This can potentially occur due several reasons. Firstly, DAF surfac-

tant can have similar effects on the film flow dynamics as drag-reducing agents, particularly in

thinner films and high gas shear rate, which were shown to increase the wave velocity [150, 164].

Interfacial waves are known to carry the highest amount of energy in the shape of the liquid

film interface (this will be discussed more closely in Chapter 6) [186]. The fast-moving small

amplitude waves (defined in Chapter 2) were shown to be the key drivers of liquid entrainment

into the gas core in the form of small droplets [4, 5, 15]. Thus, upon a potential increase of

the wave velocity for surfactant-laden flows, the observed film thinning may also occur due to

the greater disintegration of the small waves that may also result in the higher entrainment

rate and formation of initially larger droplets [153]. What is more, a sufficiently high gas flow

strongly interacts (by shearing stress) with the crests of the large waves potentially resulting in

the formation of small droplets that become entrained into the gas core, and the gas entrainment

into the liquid film. The latter was found to occur particularly at the crests and beneath of the

large waves in surfactant-laden flows (discussed further in Chapter 7). This is in agreement with

the extensive work by Nimwegen et al. [170] which has experimentally demonstrated that the

presence of surfactant in upwards annular flows leads not only to an increase of gas entrainment

rate in the bulk film, but also the respective size of the gas bubbles, which also promotes liquid

entrainment through ‘bubble burst’ mechanism [73]. Additional details on the mechanisms of

the above phenomena, and further reasoning for the observed film thinning must be analysed

together with the film roughness data which is discussed in the following section.

To date, many experimental campaigns were performed with an aim to use the obtained

data to construct different correlations that could predict flow characteristics for various flow

conditions, flow configurations and fluid properties. Particularly for an air-water system, one of

such studies was performed by Ishii and Grolmes [80] who developed a correlation that predicts

film thickness in vertical annular flows. Herein, this correlations is employed to estimate and

compare the corresponding values with the results of the present work (as per Fig. 5.6). To

estimate liquid film thickness a following correlation was proposed:

h = 0.347ReL
2/3

(
ρL

τint

)0.5 µL

ρL
(5.1)
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where τint is the interfacial shear stress defined as

τint =
1

2
fintρG (us,G − us,L)2 (5.2)

where fint is the interfacial friction factor, which can be calculated using Wallis correlation,

fint = fG

(
1 + 300

〈h〉
D

)
(5.3)

where 〈h〉 is the experimentally measured mean film thickness, and fG is the single-phase gas

friction factor, typically defined as

fG =
0.079

Re0.25
G

(5.4)

The predictions of the film thickness h (normalised by the internal pipe radius R) using

correlation expressed in Eq. 5.1 for the corresponding air-water flow conditions as per Table 3.2

(except for ReG = 0) are shown in Fig. 5.7. For the surfactant-free and surfactant-laden flows,

the correlation increases in an approximately linear manner in agreement with the experimental

data, but it appears to over-predict the film thickness for all ReL values at ReG = 10× 103 by

∼ 30% to ∼ 50%. Once the ReG increases to 20×103, the correlation results are under-predicted

relative to the present experimental data, but with better agreement than for the previous low

gas-shear rate i.e., difference was found to range between ∼ 7% and ∼ 30%. This shows the

sensitivity of the correlation to the shearing effects on the liquid film exerted by the high gas

flow rate. The difference between the predicted and experimental values for surfactant-free flows

at ReG ≥ 30× 103 increases and ranges between ∼ 20% and ∼ 55%. On the other hand, for the

surfactant-laden flows, the predicted values are in better agreement with a difference reaching

as low as ∼ 1% and a maximum of ∼ 35%, whilst the majority of the data points are within

a 20% difference. It is worthy of note that no reliable correlations were found in the literature

for vertical annular flows that account for the effect of surfactant in terms of surface tension

reduction. Evidently from the aforementioned results, surfactant has a marked difference on the

film thickness, and alters the liquid film flow behaviour, particularly at high gas shear rates.

Possible corrections to the present model are discussed further in Chapter 8.
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(a) S-PLIF (clean case) (b) S-PLIF (surfactant case)

(c) Capacitance probe (clean case) (d) Capacitance probe (surfactant case)

Figure 5.7: Results of film thickness normalised to internal pipe radius R obtained from the
present experiments (hollow shapes) and correlation using Equations 5.1–5.4 (dashed lines)
displayed as a function of the liquid Reynolds number.

5.3 Annular film roughness

The variation over time of the film thickness for the investigated flow conditions (Table 3.2) in

the absence/presence of DAF surfactant was also measured by both S-PLIF and CP methods

as outlined in Chapter 3. By taking the square root of the second moment (i.e., variance), the

standard deviation of the recorded film thickness is obtained, and is termed here as the film

‘roughness’. Since it provides an indication of how closely the values are spread about the mean,

it is normalised here either with internal pipe radius R or the mean film thickness h, where the

latter value corresponding to each individual flow condition is used. These two datasets have

revealed several interesting trends outlined further below.

By firstly investigating the film roughness normalised to R (shown in Figure 5.8), it was
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(a) S-PLIF (clean case) (b) S-PLIF (surfactant case)

(c) Capacitance probe (clean case) (d) Capacitance probe (surfactant case)

Figure 5.8: Measurements of film roughness normalised to internal pipe radius R displayed as a
function of the liquid Reynolds number.

found that it follows a pattern of increasing value with ReL in agreement with experimental

literature data for the surfactant-free case (downwards flows [186]) and for the surfactant-laden

flows (upwards flows [136]). In contrast, the pattern is observed to vary when gas Reynolds

number increases. For surfactant-free and surfactant-laden flows, the σh/R for all ReL values is

practically unaffected by an increase in ReG from 0 to 10× 103. This may be due to insufficient

shear force exerted by the gas stream to interact with the liquid film and generate higher

interfacial disturbances, particularly when the film is thin (i.e., at low ReL values). Only as

the ReG is set to 20× 103, does σh/R increase above that associated with the previous two gas

flow conditions (see Fig.5.8(a)-(c)). Although the mean film thickness remains very similar at

these flow conditions (as shown earlier in Fig. 5.6), a higher gas shear rate potentially interacts

more with the flowing film not only at the inlet which induces additional interfacial disturbances

in the form of Kelvin-Helmholtz (K-H) waves, but also along the whole flow pathway resulting

in greater film destabilisation and formation of solitary three-dimensional waves [7, 6]. As a
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result of this, it may increase the probability of gas and liquid entrainment events [11]. In fact,

such behaviour can be linked to the flow regime transition from ‘dual-wave’ to ‘thick ripple’

or ‘disturbance wave’. Since the mean film thickness is observed to vary very little, it can be

deduced that the mean film velocity grows with ReG [185]. Increasing ReG further to 30× 103

and 40× 103 begins to lower the σh/R for the surfactant-free and surfactant-laden flows (except

in the former case at ReG = 30 × 103 measured using CP, which remains close to the values

obtained at ReG = 20 × 103, see Fig. 5.8(c)). At these flow conditions, the film enters ‘regular

wave’ flow regime at which the gas shearing is sufficiently high which limits the maximum

attainable amplitude by the waves and the base film. Moreover, the slope for increasing ReL

decreases, which is particularly visible at the highest ReG value (i.e., = 40×103). For flows in the

presence of DAF surfactant, the extent of the reduction of the σh/R at two highest gas Reynolds

numbers is greater relative to these flow conditions for flows in the absence of surfactant. This

may occur due to an observed increase in the gas entrainment and foam wetness, which, as a

result, protects thin annular film from direct shearing effects exerted by the high gas flow stream

and dampens interfacial waves, particularly large waves [170]. The evidence of gas entrainment

events are discussed further in Chapter 7.

Mixed patterns in σh/R were recorded using capacitance probe for flows in the presence of

DAF surfactant (see Fig. 5.8(d)). Firstly, a sudden decrease in σh/R at ReL = 875 for ReG

values ranging between 0 and 20× 103 has been recorded, which agrees with the trend obtained

using S-PLIF method, although the recovery of the values is not as rapid with ReL. With

further increase of ReL above 875, the σh/R increases between approximately 20% to 37% (with

ReG), and maintains a relatively stable σh/R values ranging between ≈ 0.013 and 0.019 for all

flow conditions at ReG = 0 to 20 × 103. A similar pattern is also observed for ReL ≤ 875 at

ReG values of 30 × 103 and 40 × 103 at which σh/R first decreases and then follows a gradual

increase as ReL exceeds a value of 875. As explained earlier, this may be due to the fact that in

the presence of surfactant the thickness of the base film increases while the height of the waves

decreases (this is investigated further below with σh normalised to 〈h〉). The mean relative

difference of σh/R between the cases with and without DAF surfactant is measured at 13.5%

and 48.9% for data acquired using S-PLIF and CP methods, respectively. Since it was found

that the normalised film thickness (〈h〉/R) is affected mainly in a decreasing manner due to the

presence of DAF surfactant (see Fig. 5.6 in the previous section), the normalisation of the film

roughness to the corresponding mean film thickness for each flow condition would describe the

observed pattern more accurately.
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(a) S-PLIF (clean case) (b) S-PLIF (surfactant case)

(c) Capacitance probe (clean case) (d) Capacitance probe (surfactant case)

Figure 5.9: Measurements of film roughness normalised to individual mean film thickness h
displayed as a function of the liquid Reynolds number.

From the Fig. 5.9, it can be deduced that generally a decreasing pattern of σh/〈h〉 with

both ReL and ReG is observed for surfactant-laden flows, whilst for surfactant-free flows ReL

has nearly no effect, while ReG also has a decreasing pattern (see Fig. 5.9). In the surfactant

case, it is evident that ReG has a more pronounced effect on σh/〈h〉 than ReL. As a matter of

fact, increasing liquid Reynolds number results in the higher probability of wave coalescence,

which subsequently leads to formation and increase in the frequency of large waves rather than

small waves, and thus, thickening of the base film [6]. This is also directly linked to the change

of flow regimes discussed in the previous section, and will be further evidenced in Chapter 6

by exploring these effects on thickness of the base film and large waves, and the frequency of

interfacial waves.

Increasing the gas shear rate (up to ReG values of 20 × 103 and 30 × 103 for flows with

DAF and without it, respectively), initially has an increasing pattern, as observed from the
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S-PLIF data, followed by a rapid decrease above this gas flow rate (observed by both S-PLIF

and CP methods). The influence of ReG on σh/〈h〉 is substantially higher for surfactant-laden

flows than for surfactant-free flows. This is due to the observed destabilisation of the base

film by generation of additional periodic small amplitude interfacial waves (examined more

closely in Chapter 6). This is in precise agreement with results of Furukawa et al. [61] and

Matsuyama et al. [114]. In their experiments for upwards annular flows with soluble surfactant

they also found the roughness of the base film to increase, which subsequently increases interfacial

friction force driving the base film faster. The obtained velocities of the small amplitude waves

were shown to increase for surfactant-laden flows, which, in both cases, supports the reason

not only for the presently increased normalised film roughness (σh/〈h〉) at ReG ≤ 20 × 103,

but also for the marked film thinning for the surfactant-laden flows shown earlier in Fig. 5.6.

Experimental work by Setyawan et al. [147] investigated the effect of soluble surfactant on the

interfacial wave velocities in horizontal flows. Similarly to the results of Furukawa et al. [61] and

Matsuyama et al. [114], their findings also reveal that the wave velocities increase for surfactant-

laden flows (relative to the surfactant-free case) at superficial liquid velocities similar to those

used in the present work. Moreover, their results agree with the current findings on the reduction

of frequency of large waves for surfactant-laden flows, particularly at lower range of ReL and

higher values of ReG (discussed in the Chapter 6). They also found that the difference in the film

velocity between clean and surfactant cases increases with increasing liquid Reynolds number.

This partly justifies the observed increasing difference in the mean film thickness 〈h〉 with ReL

for the falling films (Fig. 5.5) as well as gas sheared films (Fig. 5.6) between the flows in the

absence and presence of DAF surfactant.

The observed reduction in height of large waves and additional film thinning for surfactant-

laden flows may also occur due to an increase in liquid entrainment in the form of droplets

of various sizes into the gas core. Numerous well-known experimental works (e.g., Hanratty

and Hershman [72], Hewitt and Hall-Taylor [73], van Rossum [172]) were among the first ones

to have qualitatively demonstrated that the peaks of large amplitude waves are sheared-off

from the wave crests by the parallel turbulent gas flow. It was proposed that the drag force

acting on the wave tops deforms the interface against the restraining force of the liquid surface

tension. In the presence of surfactant (or reduced surface tension for the same fluid viscosity)

this phenomenon is likely to be enhanced. An additional mechanism by which liquid entrainment

occurs is through instabilities induced by the gas stream that creates small amplitude (ripple)

waves that travel over the large amplitude (disturbance/roll) waves until these get disrupted

and broken-up. The mechanism for this event was clearly demonstrated and explained by
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Woodmansee and Hanratty [177]. Primarily, liquid entrainment was shown to occur due to

imbalance between the pressure variations in the air flowing over wavelets and the stabilising

forces of gravity and surface tension, which is known as Kelvin-Helmholtz (K-H) instability. It

was shown that for K-H instability to occur a critical gas velocity needs to be reached which

reduces when the surface tension is lowered, which again, may reason the observed variation in

σh/〈h〉 (see Fig. 5.9). This instability grows as both ReL and ReG increases (with latter having a

greater effect) inducing the amplitude and the frequency of large and small waves (seen from the

flow regime transitions discussed earlier). More recently, this was confirmed by Alekseenko et

al. [5, 6, 7] using optical diagnostic techniques, and Pham et al. [129] using high-speed imaging.

Interestingly, a potentially higher rate of liquid entrainment occurring due to the shearing-off

the crests of the large waves by the turbulent gas stream may also lead to additional energy

dissipation, and thus, reduction in its wave velocity, which supports the observations of the

aforementioned studies by Furukawa et al. [61] and Setyawan et al. [147]. Moreover, these large

waves are formed and grow in size and velocity through coalescence with other waves, but since

it is predicted that the development length increases for surfactant-laden flows (see discussion

in Chapter 6), a lower frequency of large waves would be expected, which is in agreement with

findings of the present study. This indicates that the coalescence events are more infrequent for

surfactant-laden flows than in the surfactant-free flows, despite the recorded higher frequency

of waves with smaller amplitudes in the former case. In fact, it was shown by Alekseenko et

al. [6] that the absence of coalescence of waves results in deceleration and reduction in amplitude

of large waves. Moreover, small amplitude waves were shown to carry the highest amount of

energy in the shape of the liquid film interface [186], hence, the recorded thinner films (with

DAF surfactant) that potentially are flowing at a higher velocity relative to the clean films.

Further increase in the gas Reynolds number (≥ 30×103) for surfactant-laden flows substan-

tially decreases σh/〈h〉, which is due to the observed formation of ‘foamy’ crests of large waves

and overall increase in gas entrainment close to and beneath the film surface (further details

in Chapter 7). This agrees with qualitative observations by Nimwegen et al. [171] who showed

that such foams result in suppression of large interfacial waves as well as reduction in the liquid

entrainment in the form of large droplets. In addition, the presence of foam (or high fraction

of entrained gas in the form of bubbles) above the annular liquid film increases the interfacial

friction which potentially leads to faster flow of the foam, subsequently increasing the velocity

of the underlying liquid film, which supports the observed film thinning shown in Fig. 5.6 [171].
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(a) ReL = 750 and ReG = 20 × 103

(b) ReL = 875 and ReG = 20 × 103

(c) ReL = 1000 and ReG = 20 × 103

Figure 5.10: Time-traces obtained with the capacitance probe for annular flows in the presence
of DAF surfactant.
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g 2 mm

(a) Thin film with long wavelength.

(b) Thick film with interfacial disturbances in the form of waves with
short wavelength.

Figure 5.11: Instantaneous S-PLIF images of flow at ReL = 875 and ReG = 20× 103 showing a
typical example of thin annular film flow dynamics in the presence of DAF surfactant.

An interesting change in dynamics is observed for the flow conditions at ReL = 875 and

ReG = 20 × 103 (Fig. 5.9(b)) in the presence of DAF surfactant, seen as a sudden reduction

in the relative film roughness by as much as ∼ 45% measured using S-PLIF method. This is

also confirmed using CP method where a reduction by ∼ 58% was recorded (see Fig. 5.9(d)).

Smoother films in the presence of surfactant are also recorded at lower gas shear rates (i.e., ReG

ranging from 0 to 10×103) at the same ReL (= 875). Taking a closer look at the details for this

particular flow condition (ReL = 875 and ReG = 20×103), a reduction of the film interfacial ac-

tivity as well as relative wave amplitudes are clearly observed from the film time-traces obtained

with CP method (see Fig. 5.10) and from the instantaneous S-PLIF images (see Fig. 5.11). As

shown in Fig. 5.10, an enhancement in the stability of the film flow upon increase in ReL from

750 to 875 is attained, which showed a marked reduction in the highest spatially-averaged film

thickness by ≈ 1.05 mm (or ≈ 43%), yet the relative mean film thickness (〈h〉/R) increases with

the trend (as discussed earlier) due to an observed thickening of the base film. The observed

reduction in film roughness at these flow conditions may be explained by the stabilisation of the

film due to potential Marangoni stresses (discussed in Chapter 6) and reduced surface tension

which can suppress the formation of primary and secondary waves close to the inlet having a
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subsequent effect further downstream. As was shown by Alekseenko et al. [6], these waves are

potentially key influencers of interfacial flow instability and formation of disturbance waves,

which are predominantly absent as recorded using two independent measurement methods. The

reduction in the wave frequency (see Chapter 6) has naturally resulted in increase of number of

waves with long wavelengths, and hence, thickening of the bulk film, which is in good agreement

with experimental results of Rivera et al. [136] and Thwaites et al. [164]. In the latter work, sim-

ilar trends were observed for flows in the presence of drag-reducing agent, which stabilised the

film by delaying the disturbance wave transition to higher Reynolds numbers, increasing base

film thickness, and decreasing interfacial wave frequency. Such dynamics can also be potentially

associated with the transition of flow regime from ‘dual-wave’ to ‘thick ripple’ due to presence of

mutual characteristics e.g., waves with long wavelengths (common for ‘dual-wave’) and rare gas

entrainment in the form of small bubbles (common for ‘thick ripple’). This is evident also from

direct qualitative observations using instantaneous S-PLIF images (see Fig. 5.11). Thin base

films (Fig. 5.11(a)) are observed to be relatively quiescent, with the presence of large interfacial

disturbances (see Fig. 5.11(b)), where the spatial film thickness is at least twice the value of

the measured mean film thickness. In addition, small entrained bubbles in the bulk are also

observed. The recorded stability reverses upon further increase of ReL from 875 to 1000 (see

Fig. 5.10(c)), where the flow dynamics start to acquire characteristics typical of a ‘thick ripple’

flow regime.

The work by Ishii and Grolmes [80] proposed a correlation to predict the wave roughness

σw (comparable to the present work’s roughness σh), which can be estimated by assuming that

the motion of the wave crest with respect to the liquid film can be expressed by a shear flow

model. To elaborate, it is an approximation for the case of wave formation in vertical annular

flow, given that gravitational forces are neglected due to the calculation of the wave height in

the radial direction. On the basis of this, the correlation can be expressed as

σw =
√

2Cw
µL

(ρLτintfL)0.5 (5.5)

where τint is the interfacial shear stress, and Cw is a factor that takes into account the effect of

the surface tension on the circulation/dissipation flow in the wave, which was defined by Ishii

and Grolmes [80] as

Cw = 0.028N−0.8
µ for Nµ ≤ 1/15

Cw = 0.25 for Nµ > 1/15
(5.6)

where Nµ is the viscosity number, which compares the viscous force induced by an internal flow
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to the surface tension force, expressed as

Nµ =
µL(

ρLσ

√
σ

g∆ρ

)0.5 (5.7)

where ∆ρ is the density difference between gas and liquid (i.e., air and water). The parameter

fL defined in Eq. 5.5 is the interfacial liquid friction factor defined as

√
fL = KRemh

L (5.8)

where K and mh are given by

K = 1.962, mh = −1/3 for 100 < ReL < 1000

K = 0.735, mh = −0.19 for 1000 ≤ ReL

(5.9)

The τint in Eq. 5.5 is calculated similarly to Eq. 5.2, except for interfacial gas friction factor

fG, expressed as

fG = 0.079Re−0.25
L

[
1 + 24

(
ρL

ρG

)1/3 〈h〉
D

]
(5.10)

Using correlation shown in Eq. 5.5, the predicted values of the wave roughness σw are com-

pared with the experimental film roughness data (σh/R) of the present study. A comparison be-

tween σw/R and σh/R (for both surfactant-free and surfactant-laden flows) is shown in Fig. 5.12

from which it can be seen that the predicted values follow a decreasing trend with ReG in agree-

ment with both cases (absence/presence of DAF), while ReL displays a variable trend for both

cases. To expand on this, a fairly good agreement is observed for the surfactant-free flows at

ReG = 10 × 103 and all ReL values with differences spanning between ∼ 4% and ∼ 20%, and

∼ 3% and ∼ 40% in comparison for data acquired using S-PLIF and CP methods, respectively.

For the same flow conditions in the presence of surfactant, the differences are found to be higher

i.e., varying from ∼ 5% to ∼ 50% for the S-PLIF case, and from ∼ 8% to ∼ 60% for the

CP case. While a gradual increasing trend with ReL is observed for the predicted values for

surfactant-free flows (in agreement with experimental data), nearly constant values are predicted

for the surfactant-laden flows, albeit surface tension is considered in Eq. 5.5. A similar effect as

for the predicted h/R values (Fig. 5.7) is observed when increasing ReG above 10 × 103 i.e., a

steep decrease followed by a gradual to nearly no reduction in the film roughness. This change

appears to be better agreement for the surfactant-laden flows than for the surfactant-free flows.
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Interestingly, for the former case the film roughness appears to reach a plateau with increasing

ReG (i.e., = 40×103), particularly at the lower range of ReL values (≤ 875), which, as explained

earlier, may occur due to higher gas entrainment and formation of a foam above the bulk film.

(a) S-PLIF (clean case) (b) S-PLIF (surfactant case)

(c) Capacitance probe (clean case) (d) Capacitance probe (surfactant case)

Figure 5.12: Results of film roughness normalised to internal pipe radius R obtained from the
present experiments (hollow shapes) and correlation using Equations 5.5–5.10 (dashed lines)
displayed as a function of the liquid Reynolds number.

5.4 Concluding remarks

Downwards annular film flows in the absence and presence of water soluble fluorescent surfactant

were studied using two measurement methods simultaneously, i.e., S-PLIF and capacitance

probe. The study was conducted for a wide-range of flow conditions, spanning from falling films

to highly gas-sheared films. In order to overcome the limitations of PLIF method identified

by Charogiannis et al. [32], for the first time the interface is tracked accurately with a newly

developed S-PLIF method for gas-sheared films. Four different flow regimes were identified,
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namely ‘dual-wave’, ‘thick ripple’, ‘disturbance wave’ and ‘regular wave’, which are in good

agreement with the earlier findings of Zadrazil et al. [186]. Using this, flow regime pattern maps

were constructed for surfactant-free and surfactant-laden flows, where in the latter case this is

done for the first time in literature. It was found that in the presence of DAF surfactant the flow

regime has shifted for two flow conditions both of which are gas sheared films. The change in

the film flow characteristics in terms of interfacial wave activity and increased gas entrainment

was identified using both measurement methods. In agreement with literature, surfactant-laden

flows have been found to be strongly affected by the high gas shear rates due to reduced cohesion

forces, which results in greater agitation between air and water, and thus, higher gas entrainment

and potentially liquid entrainment rates [3, 81, 170].

Film thickness measurements for all flow conditions in the presence/absence of surfactant

were also performed. The obtained results for the surfactant-free falling films are found to

be in good agreement with literature. The acquired data of spatially-averaged film thickness

measurements for surfactant-laden flows were also found to be in good agreement with the

results for similar experimental investigations carried out by several works (e.g., [26, 136]). For

both surfactant-free and surfactant-laden flows the relative film thickness was found to increase

with ReL and decrease with ReG, in agreement with quasi-linear trends observed by Zadrazil

et al. [186]. Interestingly, for nearly all flow conditions the mean film thickness was found to

decrease in the presence of fluorescent DAF surfactant (relative to the clean case), which was also

observed earlier by Rivera et al. [136]. This may be a result of higher rates of liquid entrainment

in the form of droplets that can mainly occur due to the K-H instability. The critical value for

this instability to occur is reduced when the surface tension is lowered [5, 129]. This also agrees

with the observed changes in the film roughness of surfactant-laden flows where it was found to

increase for nearly all liquid Reynolds numbers and for gas Reynolds numbers up to 20×103. As

a result of increased ‘waviness’ it may lead to higher energy in the shape of the interface which

subsequently increase its velocity [61, 186]. Setting gas Reynolds number values to 30 × 103 or

40× 103 revealed that it has a greater effect on the film thinning for the surfactant-laden flows

than for the flows in the absence of surfactant. It may occur due to higher gas entrainment rates

which lead to formation of foam at the crests of large waves subsequently reducing their peak

amplitudes, but increasing the thickness of the base film [170].

The obtained experimental results for the film thickness 〈h〉/R and film roughness σh/R are

compared with the predictions estimated using correlations developed by Ishii and Grolmes [80].

It is found that the correlation follows an increasing linear trend with ReL, and a decreasing effect
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with ReG in agreement with experimental data. Correlation is found to overpredict film thickness

at low gas shear rate, i.e., ReG = 10× 103, and underpredict at subsequently higher ReG values

indicating a stronger effect exerted by the gas stream on the film relative to experimental data.

Generally, data is agreement within ∼ 50% difference for the surfactant-free flows, and within

∼ 35% for surfactant-laden flows. Similarly, the predicted values for the film roughness follow

a decreasing trend with ReG in agreement with the experimental results. A gradual increasing

trend with ReL is observed for the predicted values for surfactant-free flows (in agreement with

experimental data), but nearly constant values are predicted for the surfactant-laden flows,

which agrees with the data only at the highest gas shear rate (ReG = 40× 103) and ReL ≤ 875.
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Chapter 6

The effect of surfactant on interfacial

waves of annular films
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Annular films are characterised by complex interfacial wave behaviour, which, depending

on the flow conditions, may often lead to numerous other multi-phase flow phenomena further

reducing controllability of the flow [80, 175]. Gaining an understanding of the interfacial flow

behaviour from a quantitative perspective requires information on the flow characteristics not

only of the film thickness (as discussed in the previous chapter), but also of the interfacial wave

activity which were shown to be the primary reason for gas and liquid entrainment [11, 186].

Furthermore, various surface active substances, i.e., surfactant, may also substantially alter the

flow behaviour either promoting or impeding the observed phenomena [170]. These character-

istics may have significant implications on the actual system operation and fluid process. To

overcome these difficulties, it is feasible to acquire quantitative information of the annular film

flows using non-intrusive methods i.e., optical or capacitance techniques, which can assist in

construction of e.g., predictive tools, and validation of numerical models.

In this chapter, measurements of downwards annular air-water flows (with and without DAF

surfactant) are performed using S-PLIF and CP methods simultaneously to study the behaviour

101



of the base films and interfacial waves for a range of flow conditions shown in Table 3.2. For the

first time, these types of measurements are performed on both the falling films and gas-sheared

films in the presence of water-soluble fluorescent surfactant, demonstrating the capability of DAF

surfactant to be utilised in other relevant applications. The height of the base film, amplitude

of large waves and their corresponding frequencies, probability density functions of the film

thickness distributions, and the time-scales of interfacial waves are investigated and statistical

data is presented for surfactant-free and surfactant-laden flows. The effect of the surfactant

on the annular flow is identified from a qualitative and quantitative perspective. Findings in

this chapter are closely linked with the observations made in Chapter 5, particularly on the

changes in the mean film thickness and behaviour of the film for surfactant-laden flows. Certain

correlations were also used to estimate flow characteristics for the present experiments.

6.1 Statistics of large waves and base film flows

Annular films can be characterised based on the activity of various interfacial disturbances in

the form of waves. The amplitude of these waves can vary substantially, ranging from very small

values (e.g., typically termed as ‘ripple’ waves whose standard deviation of film thickness is 0.3

of the mean film thickness in the base film region and 0.2 in the large wave region), to very

large values (e.g., ‘disturbance’ or ‘roll’ waves whose amplitude is at least several times higher

than the mean film thickness) [7, 186]. The residual liquid film that flows between the large

waves is often termed as ‘base’ film [35]. Due to the complex nature of interfacial waves, it is

often very difficult to distinguish, with high certainty, between a wide range of small amplitude

waves present at the base film and the varying thickness of the base film itself. For this reason,

the base film thickness and the amplitude of large waves are defined as hbase ≤ 2 × 〈h〉 and

hwave = h > 2× 〈h〉, respectively. The factor of 2 was selected after careful consideration of the

data, and according to previous experimental studies [186].

The measurements of the normalised base film thickness, 〈hbase〉/R, are shown in Fig. 6.1.

With increasing ReL for surfactant-free flows (Figs. 6.1(a) and (c)), the 〈hbase〉/R values fluctuate

within a fixed range particularly for the falling films and gas sheared films at ReG ≤ 20 ×

103, while for ReG ≥ 30 × 103 values remain nearly unchanged. This fluctuation is observed

to be greater for data measured using CP method (Fig. 6.1(c)) than for the S-PLIF method

(Fig. 6.1(a)). This may be due to the inherent spatial-averaging effects present in the CP

method, meaning that the amplitude of smaller waves present in the ‘dual-wave’ and ‘thick
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ripple’ regimes (see Fig. 5.1) are smoothed, and thus, recorded as the base film (also evident from

marginally thinner 〈h〉/R values shown earlier in Fig. 5.6). In addition, occasional appearance

of large waves, which is characteristic for these flow regimes, may also influence the observed

higher 〈hbase〉/R values. As the gas Reynolds number increases, the thickness of the base film

decreases, observed using both methods, and in agreement with literature [136, 186]. As a result

of strong shear force exerted by the gas stream on the film substantially reduces the height

and limits the maximum attainable thickness by the base film and interfacial waves, potentially

leading to liquid entrainment events.

(a) S-PLIF (clean case) (b) S-PLIF (surfactant case)

(c) Capacitance probe (clean case) (d) Capacitance probe (surfactant case)

Figure 6.1: Measurements of the base film thickness, defined as hbase ≤ 2 × 〈h〉, displayed as a
function of the liquid Reynolds number.

In the case of surfactant-laden flows (Fig. 6.1(b) and (d)), the normalised base film thickness

is observed to increase with ReL, and a decrease with ReG, in agreement with Rivera et al. [136].

When ReG is increased from 0 to 20× 103 for all ReL values, it appears to have very little effect

on the base film thickness, similarly to 〈h〉/R (see Fig. 5.6 in Chapter 5). A noticeable reduction

is observed once ReG increases to a value of 30×103, and especially to 40×103, having a bigger
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difference between the recorded values of 〈hbase〉/R at these two highest gas flow rates. This

shows that the gas shearing effect is more pronounced in the presence of surfactant than for the

flows without it, a directly visible result of which is the increased entrainment indicating a higher

agitation of the two phases (see Chapter 7). Contrarily to the clean case, the 〈hbase〉/R values

recorded by the CP and S-PLIF methods are observed to be very similar at flow conditions

corresponding to ‘dual-wave’ and ‘thick ripple’ flow regimes. The difference appears to increase

once the film flow reaches ‘disturbance wave’ and ‘regular wave’ regimes where the measured

〈hbase〉/R values are observed to be higher for CP method than those recorded using the S-PLIF

method, likely due to the aforementioned limitation inherent in the former case.

Comparing the 〈hbase〉/R values obtained using S-PLIF method between surfactant-free and

surfactant-laden flows, the widest difference appears to occur at nearly all ReL values that

are ≤ 1000 for the falling films and gas-sheared films. This is not surprising since the base

film thickness increases with ReL to a level where both methods are capable of distinguishing

waves and base film at the set threshold. Yet, some difference is still observed when comparing

values obtained using the CP method, which may also be additionally influenced, as previously

discussed, by the thickening of the base film and reduction in the height of the waves for flows

in the presence of DAF surfactant. Whilst the 〈hbase〉/R values remain relatively unchanged

for surfactant-free flows with increasing ReL for ReG at 30 × 103 and 40 × 103, an increasing

trend in 〈hbase〉/R is observed for surfactant-laden flows. As discussed in Chapter 5, this may

be a result of the reduction of amplitude of large waves, and thickening of the base films with a

greater effect than for the surfactant-free flows (both points are discussed further below), which

was also observed in other studies [114, 136].

Since the thickness of the base film is found to be mostly affected by the gas flow rate

in a decreasing manner, it can be predicted that the ReG is an inverse function of the base

film thickness hbase. This agrees with the work of Schubring [143] in which a correlation that

approximates base film thickness is expressed as

hbase = 4.8DRe−0.6
G (6.1)

The predicted values for the flow conditions of the present study (Table 3.2) are shown

in Figure 6.2. The experimental data is in good agreement with the approximated values,

particularly for the surfactant-free flows, which demonstrates that ReL has nearly no effect on

hbase. On the other hand, the correlation would need to be adjusted accordingly in order to
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account for increasing base film thickness in the case of surfactant-laden flows.

(a) S-PLIF (clean case) (b) S-PLIF (surfactant case)

(c) Capacitance probe (clean case) (d) Capacitance probe (surfactant case)

Figure 6.2: Results of base film thickness normalised to internal pipe radius R obtained from the
present experiments (hollow shapes) and correlation using Equation 6.1 (dashed lines) displayed
as a function of the liquid Reynolds number.

As per measurements of the base film thickness, very similar trends are also observed for

measurements of amplitudes of large waves (see Fig. 6.3). As expected of increasing ReL, the

mean thickness of large waves, 〈hwaves〉/R, also increases, which is particularly visible when ReL

exceeds a value of 1000 when ReG ≤ 20×103 for the surfactant-free flows, and all ReG values for

the surfactant-laden flows. In both cases, this corresponds to a developed ‘thick ripple’ regime

followed by a ‘disturbance wave’ regime (ReG < 30×103) both of which are characterised by an

increase in large wave frequency and amplitude (see Fig. 5.1 in Chapter 5). It is evident from

both Fig. 6.1 and Fig. 6.3 that with increasing ReL for the surfactant-laden flows the growth

of the base film thickness is more pronounced than the amplitude of large waves. In the case

of surfactant-free flows, the growth of the amplitude of large waves appears to be marginally

bigger than the base film, indicating on the potential dampening effect by the surfactant [170].
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The observed amplitudes of large wave are also significantly lower for the surfactant-laden flows

at the highest gas shear rate (ReG = 40× 103), indicating a film thinning effect in the presence

of surfactant which may occur due enhanced liquid entrainment rates, especially at the crests

and bulk of the large waves.

(a) S-PLIF (clean case) (b) S-PLIF (surfactant case)

(c) Capacitance probe (clean case) (d) Capacitance probe (surfactant case)

Figure 6.3: Measurements of the amplitude of large waves, defined as hwave = h > 2 × 〈h〉,
displayed as a function of the liquid Reynolds number.

A correlation model that predicts amplitude of the waves, hwaves was proposed in the exper-

imental study of Han et al. [70] on vertical annular flows, which can is expressed as

hwaves = 4000DRe−1.12
G (6.2)

From Figure 6.4 it becomes evident that the predicted values are in agreement with the

experimental data, particularly on the reducing effect of increasing ReG on the wave amplitude.

This is in agreement with the work by Han et al. [70] which showed than by doubling the gas mass
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flux the wave amplitude decreases by as much as ∼ 43%. From Fig. 6.4 the approximated hwaves

for low ReG (= 10×103) is well-overpredicted in all cases by ∼ 100%, indicating its validity only

for higher gas flow rates. The correlation shows a much better agreement once ReG is increased

to 20 × 103. Although, the present correlation does not consider surface tension effects, the

predicted values are in better agreement with the present experimental results for surfactant-

laden flows than for the surfactant-free flows. The maximum difference is found to be ∼ 45%

for the former case, while the maximum difference doubles in the latter case (i.e., ∼ 90%). As

discussed previously, the predicted values also indicate that with increasing ReG the maximum

attainable wave amplitude is decreasing leading to high gas-shear forces exerted on the film, and

thus, high fractions of liquid and gas entrainment.

(a) S-PLIF (clean case) (b) S-PLIF (surfactant case)

(c) Capacitance probe (clean case) (d) Capacitance probe (surfactant case)

Figure 6.4: Results of wave amplitude normalised by the internal pipe radius R obtained from the
present experiments (hollow shapes) and correlation using Equation 6.2 (dashed lines) displayed
as a function of the liquid Reynolds number.

The acquired data on the frequency of the large waves, fwaves, defined as the number of

samples with h > 2× over the total, reveals several interesting observations (see Fig. 6.5).
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Firstly, it is evident that both in the surfactant-free and surfactant-laden flows the effect of

increasing liquid Reynolds number is insignificant. Nevertheless, the frequency of large waves

was qualitatively observed to increase with ReL, especially noticeable in the ‘disturbance wave’

regime, it is evident that the frequency of waves with amplitude below the set threshold (h ≤ 2×)

also increases in a quasi-linear manner. The effect of ReG is not clear for both surfactant-free

and surfactant-laden flows.

An increase in fwaves is observed for the surfactant-free falling film flows at ReL ≤ 750 using

S-PLIF method. This may be associated with the relatively quiescent films that are in ‘dual-

wave’ flow regime. Under these flow conditions the presence of waves with long wavelengths and

intermittent waves with larger amplitudes are qualitatively observed from instanteneous S-PLIF

images (see Fig. 5.1(b)) and CP time-traces (see Fig. 5.1(f)). Other noticeable differences in

fwaves are found for gas sheared flows when ReG ≥ 30× 103. Here, the frequency of large wave

decreases in agreement with the work of Rivera et al. [136]. Interestingly, numerous works (e.g.,

Pham et al. [129], Zadrazil et al. [186], Zhang et al. [189]) have experimentally demonstrated that

energy dissipation of large amplitude waves can occur due to various mechanisms (promoted by

high gas shear) that lead to disintegration of the interfacial waves e.g., ‘wave undercut‘, ‘bubble

burst‘ and ‘liquid impingement‘, which are enhanced for surfactant-laden flows.

A steep decrease in fwaves is recorded for the surfactant case using CP method for all ReG

values and ReL ≥ 875. This agrees-well with the observed reductions in the measurements of

normalised film roughness (σh/R and σh/〈h〉, see Fig. 5.8 and Fig. 5.9, respectively) for the same

flow conditions. Since a reduction in the amplitude of large waves was not observed (see Fig. 6.3),

this may be a result of an increased number of interfacial waves with smaller amplitude. As

discussed in Chapter 5, large amplitude waves are formed and grow in size and velocity through

coalescence with other waves which depends on the development length [6, 8]. Since the present

data for surfactant case suggests that there is a higher number of smaller waves and/or lower

number of large waves (with amplitude satisfying hwave = h > 2× 〈h〉), it is feasible that DAF

surfactant reduces the coalescence events, and thus, increases the development length. Very

similar reduction in fwaves is also observed in the S-PLIF case at ReL = 875 for ReG ≤ 20× 103,

which follows a gradual increase to its initial values with ReL. In addition, fwaves data acquired

using CP method in the strongly gas-sheared films suggests that the interface is saturated with

waves whose height are below the set threshold. Nevertheless, as it was explained in Chapter 3

using joint probability distributions (see Fig. 3.10) the comparison of fwaves between S-PLIF

and CP methods does not exhibit a clear trend, and thus, the measurements may differ. This
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may be further promoted by the substantial increase gas entrainment qualitatively observed at

the highest gas flow rate, which results in waves with lower amplitudes and smoother films.

(a) S-PLIF (clean case) (b) S-PLIF (surfactant case)

(c) Capacitance probe (clean case) (d) Capacitance probe (surfactant case)

Figure 6.5: Measurements of frequency of the waves, defined as the number of samples with
h > 2× over the total, displayed as a function of the liquid Reynolds number.

6.2 Distribution of film thickness

The quantities discussed in the previous section are primarily based on the first and second

moments of the film thickness, which inherently carry certain limitations in their ability to

illustrate the whole range of properties of a distribution. Rather than showing higher moments

(i.e., skewness and kurtosis) in a similar fashion, the probability density functions (PDFs) of the

film thickness distribution, obtained both from the CP and the S-PLIF methods are investigated

instead. The fitted log-normal PDFs produced from the measurements in falling films are shown

in Fig. 6.6, while for the gas-sheared films are shown in Figs. 6.7-6.8. Both measurement methods
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exhibit a dominant peak at low film thickness (attributed to the base film), which decreases with

ReL and increases with ReG. To elaborate, the ‘tails’ of the distributions include values up to

2.5 mm when ReG = 0, and gradually decreases up to ≈ 2 mm with ReG. The density of these

‘tails’ increases with ReL, indicating stronger wave activity, and decreases with ReG. The effect

of the gas shear at different fixed liquid flow rates is also well-described by the PDFs plotted

as a function of ReG (see Appendix B). The trend in the data for the surfactant-laden flows

obtained using CP method somewhat differs from these observations and is discussed further

below.

For all flow conditions in the presence of DAF surfactant higher dominant peaks towards

thinner films and a reduction in the ‘tails’ of the distribution are obtained, supporting obser-

vations of film thinning discussed previously (see Fig. 5.5 and Fig. 5.6). This is also evident

from the earlier intersection and denser stacking of the distributions towards thinner films for

flows with surfactant starting from lower liquid Reynolds number (ReL ≥ 875), while for the

surfactant-free flows it is observed to initially occur at ReL ≥ 1125. Distributions obtained for

surfactant case using CP method (Fig. 6.6(d)) are somewhat different from those observed using

the S-PLIF method. While the peaks gradually reduce and the ‘tails’ increase for ReL ≤ 750

at ReG = 0, a dominant peak appears with very short ‘tail’ at ReL = 875 and ReG = 0 (simi-

lar to the observed reduction in σh/〈h〉 discussed in Chapter 5). Increasing ReL further when

ReG = 0, marginally reduces the peaks of the distributions and shifts them towards thicker

films, also with relatively short ‘tails’. For the gas-sheared films (Figs. 6.7, 6.8), an increase in

the peaks of the distributions towards thinner films are observed for ReL values between 625 and

1000 at ReG = 20×103, and ReL values between 625 and 1125 at ReG = 30×103. In the former

case, distributions gradually shift towards thicker films with ReL as the flow regimes change

from ‘dual-wave’ to ‘thick ripple’ and ‘disturbance wave’. In the latter case, the shift of the

distributions is not as pronounced due to high gas-shearing effects, particularly for ReL ≤ 1125

where all flow conditions correspond to ‘regular wave’ regime (in agreement with data obtained

using S-PLIF method). Such change in the film thickness can be ascribed to smoother films and

explains earlier observations made on the reduction of frequency of large wave (Fig. 6.5) and

normalised film roughness (Fig. 5.8 and Fig. 5.9).
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(a) S-PLIF (clean case)

     

                   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(b) S-PLIF (surfactant case)

     

                   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(c) Capacitance probe (clean case)

     

                   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(d) Capacitance probe (surfactant case)

Figure 6.6: Log-normal probability density functions of the film thickness measurements for gas
sheared annular flows of Table 3.2, for ReL ∈ [0; 1375] and ReG = 0.
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(a) S-PLIF (clean case)

     

                   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(b) S-PLIF (surfactant case)

     

                   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(c) Capacitance probe (clean case)

     

                   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(d) Capacitance probe (surfactant case)

Figure 6.7: Log-normal probability density functions of the film thickness measurements for gas
sheared annular flows of Table 3.2, for ReL ∈ [0; 1375] and ReG = 20× 103.
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(a) S-PLIF (clean case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(b) S-PLIF (surfactant case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(c) Capacitance probe (clean case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(d) Capacitance probe (surfactant case)

Figure 6.8: Log-normal probability density functions of the film thickness measurements for gas
sheared annular flows of Table 3.2, for ReL ∈ [0; 1375] and ReG = 30× 103.

6.3 Interfacial wave activity

A highly temporally-resolved signal (recorded at 10 kHz) from the capacitance probe provides a

reliable representation of the film thickness time-trace of each flow condition of Table 3.2, which

is, in turn, used to calculate the corresponding integral time-scale, τi. The method followed here

is similar to the one typically employed in turbulence measurements (e.g., see refs. [132, 167]),

i.e., integrating the auto-correlation (auto-covariance) function of the time-trace of the velocity

components. Figure 6.9(a) shows the effect of ReL on the auto-correlation functions for the

surfactant-free falling film cases, i.e., ReG = 0. The auto-correlation coefficient (A) exhibits a

global minimum peak, which is shifted to shorter time delays (τd) and decreases in absolute value

with an increase in ReL. The effect of ReL on the behaviour of the auto-correlation functions

is observed for all investigated values of ReG, however, some deviations can still be identified,

especially in the transitions between the flow regimes. The inset of Fig. 6.9(a) shows a typical film

113



thickness auto-correlation function for the whole available domain. It is found that the functions

have a non-periodic behaviour and decay to zero within a sufficiently large temporal domain

- similarly to the auto-correlation functions encountered in homogeneous isotropic turbulence

measurements. There is still some evidence of periodicity shown in the inset of Fig. 6.9(a), albeit

small, and may be attributed to the dominant frequency of the spectrum. Similar characteristics

were observed in the auto-correlation functions for higher liquid Reynolds numbers of free-falling

films by Karapantsios et al. [86].

The auto-correlation functions need to be integrated to obtain the τi of each flow condition.

Several methods were proposed for the selection of the temporal domain for the integration, see

for example the work by O’Neill et al. [125] who evaluate four different methods. By analysing

the temporal behaviour of the film thickness auto-correlation functions and according to available

literature (e.g., [90, 132, 167]), a commonly employed method is followed in the present work

for non-periodic auto-correlation functions. The functions are integrated until their first zero-

crossing, which, as the inset of Fig. 6.9(a) shows, corresponds to the maximum value of the

integrated auto-correlation function. The resulting integral time-scales, τi =
∫
Adτd, are shown

in Fig. 6.9(b) and (c) for the surfactant-free and surfactant-laden flows, respectively. The values

vary from approximately 9 ms to 29 ms for the surfactant-free flows, and from 10 ms to 28 ms

for the surfactant-laden flows for the range of flow conditions investigated herein (see Table 3.2).

In general, τi is found to decrease with an increase in the ReG, suggesting the presence of higher

frequency waves and in agreement with the film thickness PDFs (see Appendix B for additional

data). The effect of ReL on τi is not as pronounced, a behaviour which indicates that the

dominant frequency of the waves does not significantly alter with an increase in the liquid flow

rate, despite the change in the wave amplitude, which was shown in Figs. 6.6-6.8. Interestingly,

the effect of ReL on τi is more pronounced for the falling films and low ReG (≤ 20 × 103) flow

conditions. For high ReG, the integral time-scales appear to depend primarily on the strength of

the gas shear, particularly when the flow is in ‘regular wave’ regime, in agreement with the study

of Alekseenko et al. [7, 6] which showed that three-dimensional waves grow with increasing gas

superficial velocity. This is clearly evident from the film thickness time-traces that were shown

earlier in Fig. 5.1.

Comparing the τi values obtained for surfactant-free with surfactant-laden flows, it is evident

that for almost all ReL and ReG ≤ 20 × 103 flow conditions the integral time-scales decrease

in the presence of DAF surfactant by as much as 12%. This suggests that the frequency of

waves increases, most probably those with small amplitude, which agrees with the observations
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(a) Auto-correlation function

(b) Integral time-scale (clean case) (c) Integral time-scale (surfactant case)

Figure 6.9: Auto-correlation results obtained from the time-traces of the capacitance probe.
(a) Auto-correlation coefficient versus the time delay for the surfactant-free falling films, i.e.,
ReG = 0. The inset shows the auto-correlation function for τd ∈ [0; 20] s and its respective
integrated function. The arrows point to the zero-crossing value in A and the selected τi; (b)
Integral time-scales of all flow conditions in the absence of surfactant; (c) Integral time-scales of
all flow conditions in the presence of surfactant.

made from the film roughness (see Fig. 5.9), film thickness PDFs (see Fig. 6.6 and Fig. 6.7), and

frequencies of large waves (see Fig. 6.5). Moreover, this is directly linked to the change in the flow

regimes with evident variation (increase) in the activity of interfacial waves (see Fig. 5.1) [114,

136]. Higher frequency of small waves relative to the large waves suggests that these small waves

carry the highest amount of energy in the shape of the liquid film interface [186]. Thus, the

overall spectral energy contents of the interfacial signature signals are affected more significantly

by the smaller frequent waves. In addition, higher frequencies of smaller waves also suggest that

the development length may increase for the surfactant-laden flows, since the overall frequency

of interfacial waves typically decreases with downstream length, which was proposed to occur

due to coalescence of waves and development of coherent wave structures [69, 190].
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Interestingly, it was reported earlier that some fraction of smaller amplitude waves (with

amplitudes higher than of the ripple waves) may also travel at higher velocity than the large

waves due to the presence of surfactant [61, 114, 147]. If this is the case, the faster moving

waves may undergo partial coalescence with slower moving waves and partly result in droplet

entrainment occurring in a similar manner as the fast-ripples [177] (see also Chapter 2 on this

type of entrainment mechanism). In fact, it was experimentally demonstrated that the small

amplitude waves are one of the primary causes of liquid entrainment into the gas core [6, 7, 177].

Both observations justifies thinning of the annular films for surfactant-laden flows (see Fig. 5.6).

Increasing gas shear rate to ReG ≥ 30 × 103 led to increase in τi for surfactant-laden flows

in comparison to surfactant-free flows. This well-explains results of the present study on the

reduction of the film roughness (Fig. 5.9) and the changes observed in the film thickness PDFs.

In fact, this agrees with qualitative observations by Nimwegen et al. [171] who showed that due

to the presence of soluble surfactant in liquid annular films that are highly gas-sheared results

in increased gas entrainment and formation of foams (high fraction of bubbles near the liquid

surface) that suppress large and small interfacial waves. As a result of this, it may also lead to

a reduction in the liquid entrainment. On the other hand, the presence of foam and high bubble

entrainment close to and above the annular liquid film increases the interfacial friction due to

high gas-shear rate, which, potentially, leads to faster flow of the foam, and thus, increases the

velocity of the underlying liquid film [171].

An effect of ReL and ReG on the wave celerity (without considering surface tension effects)

can be calculated using an equation that was devised by Marmottant and Villermaux [109] from

their theoretical study on co-axial jets, which configuration is very similar to that of annular

flow. It was demonstrated that a shear instability governs the large waves on the jet. The linear

shear instability analysis outputs a following equation

uw =

√
ρGus,G +

√
ρLus,L√

ρG +
√
ρL

(6.3)

where uw is the wave celerity. An important assumption for validity of this equation is us,G �

us,L. A very similar equation was proposed earlier by Pearce [13], which shows a linear rela-

tionship between uw and us,G. Applying Eq. 6.3 for the flow conditions used in the present

study, apart from ReG = 0 (see Table 3.2), the same linear behaviour is observed from Fig. 6.10.

The wave celerity increases with ReL and ReG, but with a greater extent in the latter case, in

agreement with Belt et al. [18].
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Figure 6.10: Predicted values for interfacial wave celerity using Eq. 6.3 for the given gas-sheared
film flows.

The gas shear rate is an important factor which not only influences the wave velocities

and gas entrainment (discussed in Chapter 7), but also the liquid entrainment. Since it was not

feasible to acquire velocity profiles in the liquid film and quantitative data on liquid entrainment

due to optical constraints, a critical gas velocity for the onset of liquid entrainment (also called

the ‘entrainment inception velocity’) can be estimated from the Kutateladze number criterion

(Ku > 3.1) [20]:

Ku2 =
ρGu

2
iv√

σgρL
≥ 9.61 (6.4)

Rearranging for the entrainment inception velocity uiv leads to

uiv ≥

√
9.61
√
σgρL

ρG
(6.5)

Thus, the inception velocities for surfactant-free and surfactant-laden flows are found to be

≈ 14.7 m s−1 and ≈ 12.7 m s−1, respectively. Referring to the flow conditions used in the present

work (Table 3.2), for surfactant-free flows it is predicted that the entrainment of liquid is likely

to occur when ReG > 30×103 as it appears to be a transitional point due to marginal difference

between us,G at ReG = 30× 103 (14.4 m s−1) and uiv. Hence, some liquid entrainment may also

occur. For the surfactant-laden flows, the predicted uiv decreases relative to the clean case due

to the lower surface tension caused by DAF surfactant, which, most likely, leads to higher liquid

entrainment since the gas superficial velocities for ReG ≥ 30×103 are higher than the predicted

entrainment inception velocity. It is important to note, however, that surfactant concentration

gradients also induce gradients of surface tension, and therefore Marangoni stresses, which could
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potentially influence the interfacial dynamics as we will discuss below.

A qualitative example of liquid entrainment events that are found to occur in the present

experimental set-up is shown in Figure 6.11, which corresponds to surfactant-free flows at ReL =

1250 and ReG = 40 × 103. It appears that the wave disintegrates via ‘rolling’ mechanism

explained earlier by Hewitt and Hall-Taylor [73], which occurs at high gas flow rate as in the

present case. This leads to evident entrainment of droplets that vary in size between ∼ 0.2 mm

and ∼ 0.8 mm, and a ligament with a length of ∼ 10 mm and thickness of ∼ 0.7 mm. Similar

events were identified by Zadrazil et al. [186] using the PLIF method.

The observed dampening or a slower growth of interfacial wave amplitudes may lead to

a delay of the natural growth of hydrodynamic instabilities, and, as mentioned earlier, shift

the formation of large amplitudes waves to further downstream distances [102]. It is vital to

understand whether this occurs only due to the reduction in the surface tension or also because of

the dynamic surface tension. To elaborate, in the former case, it may be that the waves develop

in the same manner as for a pure liquid with physical properties modified by the surfactant [26].

In the latter case, when concentration gradients exist, the Marangoni flows are directed radially

along an interface from areas of high surfactant concentration (low surface tension) to areas

of low surfactant concentration (high surface tension). This phenomena can have a noticeable

effect in situations when surface tension is dominant. For instance, it is capable of suppressing

interfacial waves in the free-surface turbulent flows [149].

In order to understand the effect of the surfactant on the wave, two competing time-scales,

namely Marangoni flow in the liquid film, τM , and wave flow, τf , need to be defined and

compared; these are associated with the balance between: (1) gravitational and viscous stresses;

and (2) Marangoni and viscous stresses. The first scales as ρg = µ
d2u

dy2
∼ µ

uflow
h2

, and the second

as
∆σ

λ
= µ

du

dy
∼ µ

ufilm
h

, where uflow and ufilm are the characteristic velocities of the wave

and the liquid film, i.e., uflow ∼
λ

τf
and ufilm ∼

λ

τM
, respectively. Thus, the balance of (1) and

(2) gives τf =
µλ

gh2ρ
and τM =

µλ2

h∆σ
, respectively [33]. In the experiments of surfactant-laden

flows, water was seeded with DAF surfactant at a concentration of 0.114 mM, which results

in the difference in surface tension between the clean and surfactant-contaminated surfaces as

∆σ = 0.072− 0.041 = 0.031 N m−1. The time-scales are compared for two types of waves, small

(ripple) waves and large (disturbance) waves, with corresponding wavelengths λ = 0.001 m

and λ = 0.1 m, respectively [35]. The corresponding heights of disturbance and ripple waves

h = 0.002 m and h = 0.0004 m, respectively, where the former h value is taken from the
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(a) Instantaneous image of liquid entrainment

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

 
 
 
  
  

 
  

 
 

 

                                                                                                                                                                                                               

             

(b) Grayscale image of (a)

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

 
 
 
  
  

 
  

 
 

 

                                                                                                                                                                                                               

             

(c) Grayscale image of (a) with raster overlay

Figure 6.11: Instantaneous image of surfactant-free flow at ReL = 1250 and ReG = 40 ×
103 manifesting liquid entrainment into the gas core. (a) Spatially corrected and calibrated
instantaneous image showing film thickness on the right, and a breakdown of a wave by a
‘rolling’ mechanism (left side) leading to liquid entrainment events in the form of droplets and a
ligament; (b) Conversion of (a) into grayscale image; (c) Applied raster overlay onto image (b)
with one square with a size equal to 0.6 mm.
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experimentally measured mean amplitude of large waves (Fig. 6.3), while the latter h value is

taken from the experimental measurements of Schubring et al. [144]. For these experimental

parameter values, τf for large waves is of order 10−3 s, while τM is 10−1 s, which suggests that

Marangoni flow does not have a significant effect. For ripple waves, τf is also found to be in

the order of 10−3 s, but τM is 10−4 s, which indicates that Marangoni flow plays a key role

in the dynamics of ripple waves. In view of this, the effect of Marangoni flow decreases with

increasing wave amplitude for the given flow conditions, which was observed from the measured

flow characteristic analysed in the present and previous chapters.

As discussed in Chapters 3 and 4, surfactant can diffuse in the bulk of liquid phase and along

the gas-liquid interface. The former and latter terms are denoted here as Db and Ds, respectively.

In Chapter 4, Db was found to be = 5.6×10−10 m2/s, while Ds is taken as 7.7×10−9 m2/s (valid

for similar types of surfactants [48, 84, 108]). Diffusion time-scales can be evaluated on the basis

of given wave amplitude and its wavelength, i.e., Db ∼
h2

τb
and Ds ∼

λ2

τs
, where τb and τs are the

time-scales for bulk diffusion and surface diffusion, respectively. Thus, using corresponding λ

and h values for large and small waves (see above), τb is found to be in the order of 103 s for large

waves, while for the small waves it is 101 s. This shows not only that the bulk diffusion in large

waves is slower by two order of magnitude than in the small waves, but also that the surfactant

transport by bulk diffusion is also much slower than both Marangoni and interfacial wave flows.

The time-scales for surface diffusion in large and small waves are estimated to be in the order

of 106 s and 102 s, respectively, which shows an even weaker effect by the surfactant through

surface diffusion relative to Marangoni flow, especially for large amplitude waves. All of the

above findings are in agreement with the work of Bobylev et al. [26] who experimentally studied

the effect of soluble surfactants on wave evolution on falling films. Even though a surfactant

with different physico-chemical properties and substantially lower liquid Reynolds numbers were

used in Bobylev et al. [26] study relative to the present work, the group also observed a reduction

in the amplitude of waves and thickening of the base film, which is in good agreement with the

present work discussed earlier in this chapter. Moreover, they also observed a decrease in the

velocity of large interfacial waves which also agrees with earlier propositions made on the basis

of film statistics.
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6.4 Concluding remarks

In this chapter, an experimental characterisation of the interfacial waves and films of downwards

air-water annular flows in the presence and absence of water-soluble fluorescent surfactant is

conducted. This was done using two non-intrusive methods, namely S-PLIF and CP, on a wide

range of flow conditions that allowed to attain more understanding not only on the behaviour

of annular films with and without the gas-shear (often met in various industrial processes), but

also on the effect of soluble surfactant on the complex interfacial activity. The provision of

such quantitative data can be used for development and validation of predictive tools, from

correlations to three-dimensional direct numerical simulations.

It was found that the base film thickness marginally increases with liquid Reynolds number

for surfactant-laden flows, and decreases as the gas-shear rate increases for both clean and

surfactant cases. While a difference in the base film thickness is observed with every step-change

in ReG for surfactant-free flows, the gas shear appears to play a role only when ReG ≥ 30× 103

for the surfactant-laden flows. The presence of DAF surfactant was observed to have a reducing

effect on the base film thickness for flows at ReL ≤ 1000 and all ReG values, and even at higher

liquid Reynolds number i.e., once the ‘disturbance wave’ regime is reached. This is in agreement

with predicted values using correlation which shows that the base film thickness decreases with

increasing ReG. The effect of ReL appears to play nearly no role in thickening of the base film

for the surfactant-free flows. On the other hand, it appears to marginally increase for flows in

the presence of DAF surfactant, for which a correlation does not account for, and hence, a small

disagreement is found.

A slightly different trend was observed for the measurements of amplitude of large waves,

where it is found to increase with ReL. This becomes particularly evident when disturbance

waves are found more frequent and larger at the ‘thick ripple’ and ‘disturbance wave’ regimes,

which was characterised qualitatively in Chapter 5. Interestingly, it is observed that for the

surfactant-laden flows the growth of base film thickness is more pronounced than the amplitude

of the large waves, whilst the difference is marginal for surfactant-free flows. Moreover, it

is observed that at the high gas-shear rates (i.e., ReG = 40 × 103) the amplitudes of large

waves are significantly lower in the presence of surfactant relative to the flows without it. This

can be caused by the formation of a foam above the film and increased gas entrainment for

surfactant-laden flows, which is discussed in the following chapter. A good agreement is found

with correlation for all flows at ReG ≥ 20 × 103 that predicts the amplitude of large waves. It
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agrees with the present observations on a strong reducing effect of ReG on maximum attainable

wave amplitude. Similarly to the correlation used to approximate base film thickness, the

reduction in surface tension is not considered, hence, small deviation from the experimental

results.

The effect of ReL was found to be minimal on the frequency of large waves, while ReG

has not showed any specific trend, suggesting that additional waves of smaller amplitude may

be forming in a quasi-linear manner with large waves. An apparent difference in frequency

of large waves between the surfactant-free and surfactant-laden flows is found for gas-sheared

flows at ReG ≥ 30 × 103, where it is observed to decrease in agreement with literature. Some

differences between the data acquired for surfactant-laden flows using S-PLIF and CP methods

are in agreement with the results presented in the Chapters 3 and 5, which can be caused by

the increase in gas entrainment as well as spatial-averaging effects that are inherent in the CP

technique, thus, limiting its use for certain flow conditions.

The properties of mean film thickness distribution was investigated using probability density

functions. The presence of a dominant peak at low film thickness was identified, which decreases

with ReL and increases with ReG. The ‘tails’ of the distributions are found to extend up to

2.5 mm when ReG = 0, and reduce up to ≈ 2 mm with ReG. The density of these ‘tails’ increases

with ReL, indicating stronger wave activity, and decreases with ReG. These observations are also

in good agreement with literature. Higher dominant peaks towards thinner films and a reduction

in the ‘tails’ of the distribution are measured for all flow conditions of surfactant-laden flows, in

agreement with observations on film thinning for flows with DAF surfactant.

Auto-correlating the time-traces of the CP provided an insight into the integral time-scales

of the flows, which spanned a range from approximately 10 ms to 30 ms for both surfactant-free

and surfactant-laden flows. The shorter time-scales were measured at the highest gas-shear rates,

which can be attributed to the enhanced turbulent gas shear causing stronger wave activity. This

finding confirms the regime characterisation, where the ‘regular wave’ regime, encountered at

high ReG, displays an increased number of waves (shorter wavelengths and increased frequency).

For surfactant-laden flows it was found that the time-scales decrease for almost all ReL values

and at ReG ≤ 20×103 flow conditions, suggesting an increase in the frequency of small amplitude

interfacial waves. This agrees not only with the current observations on film thickness PDFs,

but also with literature. This seems a reasonable justification for the observed film thinning

for flows with DAF surfactant, since an increase in the frequency of waves may carry a higher
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amount of energy in the shape of the liquid film interface, which is typically affected most

significantly by the smaller frequent waves as it was shown in the study by Zadrazil et al. [186].

Subsequently, this may be a primary reason for increased gas and liquid entrainment observed

widely in literature.

Using a derived equation by Marmottant and Villermaux [109], wave celerity was calculated

for each flow condition at ReG ≥ 10 × 103. A linear relationship was found between the wave

celerity and superficial gas velocity, where the former increases with ReL and ReG. In addition,

using the Kutateladze number criterion, an entrainment inception velocity was also calculated

taking into consideration surface tension effects. For the surfactant-free flows it is predicted

that mainly liquid entrainment will occur only at ReG > 30 × 103 with some probable minor

entrainment at ReG ≈ 30× 103. The inception velocity is found to decrease for the surfactant-

laden flows, which results in probable occurrence of liquid entrainment at lower gas shear rates,

and higher liquid entrainment rates at the same gas flow rate e.g., ReG ≈ 30× 103.

The effect of DAF surfactant on large and small amplitude waves was also evaluated in terms

of the Marangoni flow. A comparison between two competing time-scales associated with the

wave flow and Marangoni flow in the liquid film revealed that surfactant plays a key role in

the dynamics of ripple waves, but not of large amplitude waves e.g., disturbance waves. This

suggests that the effect of Marangoni flow decreases with increasing wave amplitude for the given

flow conditions, in agreement with literature on similar experimental works. The estimated time-

scales for surfactant diffusion in the bulk and along the surface did not indicate that diffusion

will have any significant effect on the interfacial waves.
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Chapter 7

Gas entrainment characteristics in

annular films

Contents

7.1 Bubble size distribution . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.2 Bubble entrainment depth . . . . . . . . . . . . . . . . . . . . . . . . . 129

7.3 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

Gas-liquid annular flows are commonly characterised not only by their bulk film and inter-

facial behaviour (as described in the last two chapters), but also by the occurrence of gas and

liquid entrainment events via various mechanisms. These are typically caused by gas-induced

interfacial disturbances that grow with increasing gas and liquid Reynolds numbers, where the

former was shown to have a more significant influence on promotion of mechanisms responsible

for primary and secondary entrainment [170]. A high gas stream typically leads to a significant

increase in turbulent mixing and expansion of interfacial area, resulting in high rates of heat and

mass transfer which is beneficial for many processes. Some of the key entrainment mechanisms

were experimentally evidenced by Zadrazil et al. [186] who showed the presence of events such as

‘wave undercut’, ‘bubble burst’, and ‘liquid impingement’ using the PLIF method. Specifically,

gas entrainment (in the form of bubbles) into the liquid film, may occur, for instance, due to tur-

bulent wavy motions or gas injection [92]. Even though a vast amount of studies were performed

with focus on liquid entrainment (e.g., see refs. [11, 21, 80]), limited interest in the literature

is found in gas entrainment particularly for downwards flows in vertical orientation (e.g., see

ref. [186] for study on surfactant-free annular flows), and especially for surfactant-laden flows.
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Studies of flows in horizontal orientation have attracted more attention (e.g., see refs. [71, 138]),

amongst which, work by Vasques et al. [174] considered the effect of surface tension by addition

of butanol at different concentrations. To the best of our knowledge, no work was found to study

gas entrainment for downwards annular flows in the presence of water-soluble surfactant.

In this chapter, details of the entrainment characteristics of air bubbles in the water film

are presented. The study investigates the distributions of the bubble size and the bubble lo-

cation relative to the gas-liquid interface (entrainment depth). The measurements of size and

entrainment depth are performed on the S-PLIF images for the flow conditions where a suffi-

cient number of bubbles is present in the film, and thus, statistically meaningful results can be

obtained. For this, it is found that the number of bubbles measured in each case (300 bubbles

or more) results in a standard deviation of less than 5%.

7.1 Bubble size distribution

The area and perimeter of the bubbles are measured on the spatially-corrected and calibrated

S-PLIF images, and an equivalent bubble size, deq, is calculated assuming ellipsoidal shapes. It

is important to note that deq is not equal to an equivalent bubble diameter as the laser sheet

can ‘slice’ the bubbles at any depth (detailed discussions on this effect and potential ways to

correct for it are offered by Morgan et al. [117]). Figure 7.1 shows the normalised probability

distributions of the sizes of the bubbles entrained in the liquid film. The sizes are distributed in

bins of fixed length to 0.1 mm.

The effect of ReG for flows at ReL = 1125 is shown in Fig. 7.1(a) and (b). The lower range

of ReG (≤ 20× 103) for the surfactant-free flows is shown to produce ∼ 85% bubbles within the

size distribution of 0.1-0.7 mm. Larger bubbles are found for flows at ReG = 10 × 103, while

ReG = 20 × 103 generates bubbles with a more uniform size distribution. Increasing ReG to

≥ 30×103 results in a substantial shift of the distribution towards smaller sizes. Approximately

50% of the bubbles measured have a size between 0.1-0.3 mm for ReG = 30 × 103, while for

ReG = 40× 103 it is ∼ 70% for the same range of sizes. In comparison with the lower gas shear

rate (e.g., ReG = 20 × 103), only about 20% of the bubbles have that size. Moreover, bubbles

that are deq < 1.0 are found more frequently for the two highest gas shear rates. The enhanced

turbulent wave-activity induced at increased ReG results in the generation of smaller bubbles,

a behaviour which is also clearly highlighted in the inset of Fig. 7.1(a).
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ReL1125_ ReG10-40k clean

(a) Surfactant-free flows at ReL = 1125

ReL1125_ ReG10-40k daf

(b) Surfactant-laden flows at ReL = 1125ReG40k_ReL750-1000 clean

(c) Surfactant-free flows at ReG = 40 × 103

ReG40k_ReL750-1000 daf

(d) Surfactant-laden flows at ReG = 40 × 103

ReG40k_ReL1125-1375 clean

(e) Surfactant-free flows at ReG = 40 × 103

ReG40k_ReL1125-1375 daf

(f) Surfactant-laden flows at ReG = 40 × 103

Figure 7.1: Normalised probability distributions of the sizes of the bubbles entrained in the
bulk of liquid film. (a) Effect of ReG for surfactant-free flows at ReL = 1125; (b) Effect of
ReG for surfactant-laden flows at ReL = 1125; (c) Effect of low ReL for surfactant-free flows at
ReG = 40×103; (d) Effect of low ReL for surfactant-laden flows at ReG = 40×103; (e) Effect of
high ReL for surfactant-free flows at ReG = 40× 103; (f) Effect of high ReL for surfactant-laden
flows at ReG = 40 × 103. The symbols in the insets show the time-averaged equivalent bubble
sizes measured, while the corresponding ‘error’ bars show the associated standard deviations.
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The bubble size distributions are found to slightly change for the surfactant-laden flows as a

function of ReG (see Fig. 7.1(b)). Evident reduction in the bubble sizes is observed for flows at

ReG ≤ 20×103 where ∼ 90% of the bubbles have sizes deq < 0.4 mm. A significant reduction in

the mean bubble size and the standard deviation is measured for low gas shear (ReG = 10×103)

shown in the insets of Fig. 7.1(a) and (b), while for ReG = 20× 103 the values are fairly similar.

The distribution for ReG = 30× 103 is not significantly altered for flows in the presence of DAF

surfactant, except for the reduction in the mean bubble size. However, for ReG = 40× 103, the

distribution is observed to shift towards larger sizes where ∼ 80% of the bubbles are distributed

in the range of 0.2-0.6 mm. The mean bubble size appears to increase by approximately a factor

of two.

Figures 7.1(c)–(f) illustrate the effect of ReL for flows at the highest gas-shear rate (ReG =

40 × 103). Firstly, it is observed that increasing ReL appears to have an inverse effect to

increasing gas shear rate. For the surfactant-free flows (Figs. 7.1(c) and (e)), the distributions

at ReL < 1250 exhibit a prominent peak (quasi-mono-disperse) at low bubble sizes, i.e., ≈ 90%

deq ≈ 0.1-0.3 mm. The probabilities for each interval of deq appear to be fairly similar. As

the ReL increases to 1375 the distribution flattens, expanding the range of bubble sizes with

≈ 25% of deq ≥ 0.4 mm. Such shift in the bubble size distributions with ReL is comparable

to the shift observed in the film thickness PDFs (see Fig. 6.8). From the insets of Figs. 7.1(c)

and (e), it is evident that despite the change in the distributions, the mean bubble size, 〈deq〉,

and the standard deviation remains quasi-constant. On the other hand, a distinct effect of DAF

surfactant on the distributions is observed for surfactant-laden flows (see Fig. 7.1(d) and (f)).

In the lower range of ReL (≤ 1000) the bubble sizes are well-distributed with about 85% of deq

ranging from ≈ 0.2 mm to ≈ 0.9 mm, and with very similar probabilities for each interval of deq.

In the higher range of ReL (≥ 1125), the distribution is found to narrow with deq ≈ 0.1-0.6 mm,

where about 87% of bubble sizes are found to be distributed within this range. More bubbles

with deq ≥ 1.0 mm are expected to be found in the lower range of ReL (≤ 1000) relative to

higher ReL values.

Interestingly, very few bubbles with deq < 0.1 mm are found for surfactant-laden flows

relative to the clean case. This may be due to a higher stability of bubbles attributed to the

repulsive disjoining pressure due to the steric and hydration forces [140]. On the other hand,

due to relatively thinner films at ReL < 1000 for surfactant-laden flows, the entrained bubbles

move in a smaller volume which may lead to a more frequent coalescence, despite a delay in

coalescence due to Marangoni flows [107]. This shift in the distribution may also be directly

128



related to the observed increase in the height of large waves (〈hwaves〉/R) at ReL ≥ 1000 (see

Fig. 6.3), which may lead to more liquid entrainment in the form of droplets and ligaments

promoted by high gas-shear rate and interfacial disturbances, that subsequently undergo re-

deposition onto the liquid film causing entrapment of small bubbles relative to the events such

as ‘ligament break-up’ that lead to formation of larger bubbles [180, 186].

Similarly to surfactant-free flows, marginal differences in the mean bubble size and the

standard deviation are found with increasing ReL (see insets of Fig. 7.1(d) and (f)). That said,

the difference in these two dimensions is evident when comparing the data of surfactant-free

with surfactant-laden flows, for the latter case showing higher values i.e., formation of larger

bubbles. The dynamics of these bubbles within the film can have a significant contribution

towards increased liquid entrainment [92]. For instance, when an entrained bubble rises towards

the surface of the film, a thin liquid film forms at the top of the bubble. As the liquid is drained

from the bubble film to a critical point, it ruptures in several places ejecting fine droplets into

the gas phase. Even larger liquid droplets can be generated on the bursting of bubbles by

the motion of the surrounding liquid phase that fills the crater formed by the bubble. At the

centre of such craters liquid filaments can rise and disintegrate into larger droplets. The observed

presence of larger bubbles for surfactant-laden flows may potentially further promote these liquid

entrainment events.

7.2 Bubble entrainment depth

The depth of entrainment of the bubbles in the liquid film is defined as the distance of the

bubble centre from the local annular film height, lib, and is normalised with the local annular

film thickness, h, resulting in values that span the range from zero to unity, where zero and

unity translate to a bubble located at the gas-liquid interface of annular film and the pipe wall,

respectively. To the best of our knowledge, this measurement has not been presented before

in the available literature for such flows. As shown in Fig. 7.2, the locations of the bubbles

encountered in the film, form a PDF, which is Gaussian-like for the flow conditions investigated

(in the absence and presence of DAF surfactant), which means that the bubbles have the highest

probability to be located close to the middle of the film, i.e., equal distance between the wall and

the gas-liquid interface. As gravity does not play a significant role in the cross-stream motion

of the bubbles due to the vertical arrangement of the flow and its inertia, the location of the

bubbles is primarily dominated by shear forces. The highest shear gradients, present close to the
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solid and gas-liquid boundary, generate lift forces that can lead the bubbles to the film centre.

These shear-induced migration effects have also been encountered in a more canonical system

of wall-bounded linear shear flow [158].
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Figure 7.2: Probability density functions of the relative depth of entrainment of bubbles in the
liquid film (i.e., ratio of the distance of a bubble from the film’s free surface to the bubble
centre). (a) Effect of ReL for ReG = 40 × 103 in surfactant-free flows; (b) Effect of ReL for
ReG = 40 × 103 in surfactant-laden flows; (c) Effect of ReG for ReL = 1125 in surfactant-free
flows; (d) Effect of ReG for ReL = 1125 in surfactant-laden flows. The arrows show the spatially
mean values (〈lib/h〉) of that specific flow condition, while the corresponding ‘±’ bounds equate
to one standard deviation.

The effect of the gas-shear on the bubble entrainment depth is shown in Fig. 7.2(a) and

(b). Most importantly, it was found that by increasing the gas-shear rate from ReG = 10× 103

to ReG = 40 × 103, the probability to find bubble close to the centre of the film increases for

surfactant-free and surfactant-laden flows. As a result of increasing ReG, the spatially-averaged

values of the relative entrainment depth, 〈lib/h〉, are found to increase by ∼ 10% and ∼ 13%

for surfactant-free and surfactant-laden flows, respectively, where in the latter case bubbles

are found to be located marginally closer to the centre of the film by 5%-12%. As discussed
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previously, increasing superficial gas velocity should in parallel also increase superficial velocity

of the liquid film. As a result of this, bubbles show a tendency to move away from the pipe wall

towards the centre, which is particularly visible when comparing distributions for ReG = 10×103

with ReG = 40× 103.

The effect of ReL on the bubble entrainment depth is also investigated. Figure 7.2(c) and

(d) shows that an increase of ReL from 750 to 1375 signifies a gradual shift of the peak of

the relative entrainment depth PDFs towards the solid wall, an inverse effect to ReG. The

values of 〈lib/h〉 appears to increase by ∼ 16% and ∼ 20% for surfactant-free and surfactant-

laden flows, respectively. For ReL ≤ 1125 there is a higher probability for bubbles to be found

nearer to the gas-liquid film interface for surfactant-laden flows. This may be a result of higher

liquid entrainment caused by more frequent bursting of bubble mechanism described by Ishii

and Grolmes [80]. Thus, a wider distribution of liquid droplets, including those with fine sizes,

may be formed [23, 24]. Consequently, this may increase relative humidity within the gas core,

which, as a result, may decrease surface tension air-water annular films [133]. This marginally

reverses for ReL ≥ 1250 where bubbles are located closer to the centre with some fraction closer

to the wall as well. The presence of DAF surfactant does not meaningfully alter 〈lib/h〉, but

appears to reduce the standard deviation by as much as ∼ 26%.

For a complete picture, it is worth to qualitatively assess the difference in the extent of

gas entrainment between surfactant-free and surfactant-laden flows, particularly at the wave

front and beneath the large waves. To date, no such examination was done in the literature

for downwards annular flows, and especially with high-quality instantaneous images as those

acquired in the present work using S-PLIF method. Typical flow and entrainment events of

large waves are shown in Figure 7.3 and Figure 7.4 for surfactant-free and surfactant-laden

flows, respectively, all corresponding to ‘regular wave’ regime. Similar behaviour of the wave

fronts is observed in both cases (Fig. 7.3(a) and Fig. 7.4(a)), where small bubbles are found

to be entrained in the base of the film, and substantially larger bubbles are entrained in the

trailing edge of the large waves. The latter case may be one of the main liquid entrainment

mechanisms that occurs through bubble bursting as well as subsequent entrainment of smaller

sized bubbles. Looking beneath the large waves, evidently different gas entrainment in terms of

bubble sizes, concentration and the relative depth is observed between the clean and surfactant

cases (Fig. 7.3(b) and Fig. 7.4(b), respectively). Typically, bubbles with larger cord lengths are

found to be formed under the waves in surfactant-laden flows. Moreover, bubbles are found to

have a propensity to assemble close to the peaks of large waves, likely to occur by the ‘rolling’
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Figure 7.3: Instantaneous S-PLIF images of surfactant-free flows at two different flow conditions
at which gas and liquid entrainment events occur. (a) Wave front with a large bubble; (b) Gas
entrainment under large wave; (c) Gas and liquid entrainment; (d) Gas entrainment under large
wave; (e) Gas entrainment under large wave.
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Figure 7.4: Instantaneous S-PLIF images of surfactant-laden flows at two different flow condi-
tions at which gas and liquid entrainment events occur. (a) Wave front with a large bubble; (b)
Gas entrainment under large wave; (c) Entrainment of large bubble containing multiple small
bubbles; (d) Gas entrainment above and beneath a large wave; (e) Gas entrainment above and
beneath a large wave.
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mechanism [73]. This agrees with the observations made in Chapter 6 on reduction of wave

amplitude for flows with DAF surfactant. These type of ‘foamy’ crests were also observed

by Nimwegen et al [170] using high speed imaging for surfactant-laden upwards annular flows.

Possible event of bubble burst can be seen in Fig. 7.3(c), where a ligament appears to be forming,

likely to be redeposited by the strong gas shear, and thus, entrapping additional gas into the

film bulk. Very similar observation is captured for surfactant-laden flows shown in Fig. 7.4(c),

where an unbursted bubble appears in the wave forming a similar curvature in contact with the

liquid film to that observed in Fig. 7.3(c).

To elaborate further on the differences in the entrainment events, instantaneous images of

typical large wave flows at a higher liquid and gas mass fluxes are shown in Fig. 7.3(d)–(e)

and Fig. 7.4(d)–(e) for surfactant-free and surfactant-laden flows, respectively. The largest

concentration of bubbles is most frequently found under the large waves, in agreement with

Hann et al. [71]. For flows with DAF surfactant this concentration is observed to be higher. It

may be the key reason for formation of a foam-like structure close to and above the liquid surface

of large waves – expected result of surfactant-laden flows [170, 171]. Due to this, flattening of

large waves is observed, in agreement with quantitative results presented in Chapters 5 and 6.

7.3 Concluding remarks

Examination of bubble size distribution as a function of gas Reynolds number has revealed

several interesting observations. For surfactant-free flows at ReL = 1125 and ReG ≤ 20 × 103

about 85% of bubbles are produced within the size range of 0.1-0.7 mm. Higher gas shear rates

(ReG ≥ 30× 103) result in the formation of smaller bubbles where ∼ 50% are in the size range

of 0.1-0.3 mm at ReG = 30 × 103 and this fraction increases to ∼ 70% when ReG = 40 × 103.

This observation may be a result of enhanced turbulent wave activity that is promoted with

increasing ReG. For surfactant-laden flows, approximately 90% of bubbles have sizes less than

0.4 mm when ReG ≤ 20 × 103. While bubble sizes are not meaningfully altered when ReG is

set to 30× 103 relative to the clean case, the size distribution is observed to shift towards larger

sizes at ReG = 40×103. At these flow conditions, ∼ 80% of bubbles are distributed in the range

of 0.2-0.6 mm.

Increasing ReL was shown to have an inverse effect to increasing gas shear rate. For the

surfactant-free flows at ReL < 1250 and ReG = 40 × 103 about 90% of bubbles are within size
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distribution of 0.1-0.3 mm. Increasing ReL to 1375 results in the formation of ∼ 25% bubbles

with sizes ≥ 0.4 mm. A shift in the distribution was observed for surfactant-laden flows, where

∼ 85% of bubbles have sizes between 0.2 mm and 0.9 mm at ReL ≤ 1000. Increasing ReL above

1125, the narrowing of the distribution to a size range of 0.1-0.6 mm with ∼ 87% of bubbles

being found within it. Generally, the mean bubble size is found to increase for surfactant-laden

flows for all ReL values.

In terms of bubble entrainment depth relative to the air-water interface, a Gaussian-like

distribution is found for all flow conditions investigated for both surfactant-free and surfactant-

laden cases i.e., highest probability of entrainment depth is around the middle of the film. Such

an observation is likely to be a direct result of shear-induced migration effects found in such

flows. The probability of finding bubbles around the centre of the film also increases with ReG

for clean and DAF cases. On the other hand, an inverse effect is observed when increasing ReL

i.e., bubbles are prone to moving towards the pipe wall.

Qualitative assessment of gas entrainment has shown that areas of highest bubble concentra-

tion are typically found beneath the large waves, in agreement with the literature. Interestingly,

for flows with DAF surfactant, a higher proportion of bubbles of larger sizes are found to be

located closer to the liquid film surface with clearly visible thinning of the film and amplitude

of the waves. Foam-like structures close to the interface are visible which were also reported

earlier in the literature for similar experiments. This is found to agree with the results discussed

in the previous two chapters.
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Chapter 8

Conclusions and future outlooks
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The work presented in this thesis in relation to co-current downwards air-water annular

flows in the absence and presence of water-soluble fluorescent surfactant over a wide-range of

flow conditions revealed the complex hydrodynamic behaviour of the film and interfacial flows.

For the first time in the literature, the application of an in-house developed optical method,

namely S-PLIF, was applied for gas-liquid annular flows that provided detailed qualitative and

quantitative evidence on the effect of surfactant on these flows. The S-PLIF method was com-

plemented with measurements using a capacitance probe that provided even deeper insight into

the interfacial flows. The commercially acquired fluorescent surfactant that was employed in

the present study was further treated using an in-house developed method to transform it from

insoluble to soluble state in sustainable solvents such as water. To date, no such water-soluble

fluorescent surfactants were reported in literature. A detailed characterisation of this fluorescent

surfactant was also performed. In addition, recommendations for future work are included that

would further advance our understanding not only the development and behaviour of annular

flows, but also permit us to elucidate the mechanisms associated with effect of surfactants on

complex interfacial flows.
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8.1 Conclusions

In the present study, a novel method developed in-house to treat commercially available insolu-

ble fluorescent surfactant 5-dodecanoylaminofluorescein (DAF) to convert it to a water-soluble

fluorescent surfactant that can find its applicability in a wide-range of applications related to

fluid mechanics and interface science, particularly where surface tension plays a key role e.g.,

capillary and thin film flows. One of the primary advantages of this development is the abil-

ity to track surfactant concentration by the DAF molecule’s fluorescence signal, which was

demonstrated in the present work using a widely-employed Nd:YAG laser. DAF molecule was

experimentally characterised in detail to unveil its optical properties (i.e., light absorption and

emission spectra, self-quenching concentration), molecular stability under basic conditions (i.e.,

due to potential hydrolysis reaction), surfactant properties (i.e., surface pressure-area isotherm,

dynamic and equilibrium surface tension data, CMC, diffusivity constant, adsorption constant,

desorption constant, and maximum packing concentration).

To demonstrate not only the applicability of the DAF fluorescent surfactant in fluid mechan-

ics applications, but also to understand the effect of soluble surfactant on complex multiphase

flows, a detailed study of downwards annular film flows in the absence and presence of DAF sur-

factant was conducted. A novel adaptation of planar laser-induced fluorescence (PLIF), which

in the present work is referred to as structured PLIF (S-PLIF), was successfully applied not

only in the study of the falling films confirming previous experimental results for surfactant-free

flows, but also, for the first time, its application in the study of gas-sheared annular flows. This

methodology permits to probe film characteristics not only from a quantitative perspective by

detecting gas-liquid interface with a greater accuracy than other traditional methods such as

PLIF and capacitance probe (typical measurement tools used in multiphase flows studies), but

also maintaining access to qualitative assessment, i.e., gas and liquid entrainment statistics and

phenomenology. Comparing S-PLIF with the PLIF method, it was generally found that the er-

ror in the film thickness measurements present due to refraction or total internal reflection of the

light at the interface of a circumferentially non-uniform film is substantially reduced when using

the S-PLIF method owing to developments of both measurement and advanced image processing

techniques (outlined in Chapter 3). In addition, also for the first time, simultaneous measure-

ments of S-PLIF and capacitance probe (CP) were conducted in the present work. Assembling a

bespoke capacitance probe enabled to conduct temporally resolved film thickness measurements

with high temporal resolution along the circumferential perimeter of the pipe. Comparison of

time-averaged film thicknesses over a wide range of flow conditions showed a good agreement
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with S-PLIF and results obtained from the available literature, where deviations are found to

be below ∼ 20%. The application of S-PLIF method in the present experimental campaign

displays its versatility towards applications for a wide range of different pipe diameters, shapes,

and orientations.

Using the obtained qualitative and quantitative data from S-PLIF and CP methods, firstly,

the adequacy of the chosen flow conditions (shown in Table 3.2) was confirmed by identifying four

different annular flow regimes, namely ‘dual-wave’, ‘thick ripple’, ‘disturbance wave’ and ‘regular

wave’, in agreement with literature. The film characteristics (i.e., film thickness, roughness,

interfacial wave activity, gas entrainment) corresponding to each flow regime were found to differ

sufficiently enough to construct flow pattern maps for the chosen set of flow conditions. Close

assessment of these data revealed that the flow regimes are affected by the presence of surfactant

in annular flows, which were not explored in literature to date. The characteristic differences

were primarily found to be in interfacial wave activity and higher gas entrainment rates for

flows with DAF surfactant. These findings agree with literature works that also observed a

strong change in the behaviour of surfactant-laden flows under influence of high gas-shear due

to reduced cohesion forces.

Detailed quantitative measurements of the aforementioned film characteristics using S-PLIF

and CP methods allowed to improve our understanding of air-water annular flows in pipe in

the presence of surfactant. Firstly, the obtained results for the surfactant-free falling films

were compared with literature and good agreement was found, which verified the methodology

used herein. Following that, a comparison between flow characteristics of surfactant-free and

surfactant-laden flows in the absence and presence of gas-shear, led to several new findings. For

instance, a reduction in film thickness for surfactant-laden flows at nearly all flow conditions

was observed relative to the results for surfactant-free flows of the present study and literature.

The same observations were established for gas-sheared films, which was found to agree with

literature works on similar experimental studies (e.g., upwards co-current annular flows). It

is proposed that this may be caused by a higher rate of liquid entrainment events which are

related to higher and/or earlier occurrence of Kelvin-Helmholtz instability due reduced surface

tension. In fact, this agrees with the observed higher interfacial instabilities in terms of film

roughness. Moreover, quantitative and qualitative results showed not only the smoothing of the

interfacial films due to DAF surfactant, but also a change in gas entrainment characteristics,

which is proposed to be the primary reason for observed changes at high gas mass fluxes. Using

correlations developed by Ishii and Grolmes [80], a fairly good agreement is found between the
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predicted and experimental values. The film thickness was found to be within ∼ 50% difference

for the surfactant-free flows, and within ∼ 35% for surfactant-laden flows. This reveals the

inadequacy of current correlations found in literature, which do not account for surface tension

effects.

Findings from the present study may permit in the design and optimisation of relevant

industrial processes especially those where the control of heat and/or mass transfer plays a key

role. This is evident from the results that revealed not only on the aforesaid film thinning effect

by the surfactant, which may increase mass transfer by potentially higher film velocity, but also

change in the characteristics of interfacial waves and entrainment events. Surfactant was found

to generally lead to thickening of the base film, reduction in the amplitude of large waves, and

increase in the frequency of small waves, which subsequently may alter the surface area in a

desirable manner. Furthermore, potentially higher liquid entrainment, and recorded increase in

gas entrainment, change in entrained bubble size distribution and bubble entrainment depth for

surfactant-laden flows may also significantly modify the operation efficiency and controlability

of pertinent unit operations such as thin-film reactors or bubble column reactors. All in all,

the presented novel experimental methods and results of the current work may have positive

implications for industrially relevant processes and future technological advancements due to a

wide scope of applicability, which are elaborated in the following section.

8.2 Future outlooks

The results of the present work allowed us to identify a number of important fundamentals that

would require further study and development associated not only with the annular film flows,

but also with a wide-range of other multiphase flows. The scope of these are outlined in this

section. Evident results from the present work on the study of downwards air-water annular

flows have provided strong indication that water-soluble surfactants can considerably change

the flow patterns and interfacial wave dynamics. In order to elucidate the mechanisms for these

changes, the following studies should be carried out:

• The effect of the surface tension on the wave dynamics (e.g., development and velocity)

by varying the surfactant bulk concentration between zero/low values and values equal

to several CMCs. It is known that variation either in bulk concentration or surfactant

physico-chemical properties may stabilise or destabilise downwards flowing films [26]. In
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Chapter 5 it was proposed that surfactant may substantially alter the velocities of the

waves. Thus, acquiring a distribution of wave velocity/celerity as a function of wave

amplitude may explain the reported herein observations.

• Variation of surfactant bulk concentration will also have an influence on the development

of waves starting from the inlet point. To understand how the evolution of interfacial

waves are affected by this, it is necessary to perform S-PLIF measurements across the

whole flow development length. This could be performed not only at fixed locations along

the pipe, but also with a moving frame-of-reference [8].

• Design a simultaneous application of S-PLIF and PIV to closely evaluate velocity pro-

files within the liquid film. This would allow to establish not only the flow profiles for

surfactant-free and surfactant-laden flows, which could explain the observed differences in

the film thickness for the same mass fluxes, but also the effect of surfactant on various

flow properties such wave celerity, shear stresses close to the gas-liquid and liquid-wall

interfaces, turbulent characteristics (e.g., recirculation zones), liquid and gas entrainment

events.

• The applied correlations in the present study that were drawn from literature, were found

to be either overpredicted or underpredicted relative to the experimental results. Majority

of the chosen models do not take into account the potential effects of surfactant on film

dynamics (e.g., change in the ‘waviness’, thickness of the waves and base films, or frequency

of different types of waves) as well as liquid and gas entrainment. To advance the predictive

tools, a parametric study (more extensive than performed in the present work) is required.

Acquisition of the data also as a function of surfactant bulk concentration (as per above

points) would provide more accurate correlations.

• The developed method herein to treat insoluble DAF surfactant with basic solution in order

to make it soluble in sustainable solvents such as water, offers an opportunity to measure,

for the first time, the surfactant concentration in the film bulk as well as at the air-liquid

interface applicable for many relevant industrial applications. This can be potentially per-

formed using a structured light variation of two-colour laser-induced fluorescence. This

method typically uses the emission of two different tracer dyes, where the intensity ratio

contains the desired information. Both tracers must fluoresce at different wavelengths to

separate them with appropriate optical filters on two different cameras. Preliminary results

of most potential candidate dyes that would combine under these conditions with DAF

surfactant is Sulforhodamine B (SR), which is a naturally water-soluble (non-surfactant)
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dye. The in-house measured absorption/emission spectra is presented in Appendix D. The

feasibility of this combination is further demonstrated by the fluorescence intensity mea-

surements for a mixture of DAF and SR solution which are also included in Appendix D.

Successfully tracking surfactant concentration would allow to understand the mechanism of

interface rigidification at low gas flow rates i.e., how surfactant-induced Marangoni stresses

heal interfacial deformations, leading to wave amplitude reduction. Additionally, measur-

ing concentration fields would provide answers to mechanisms of interface destabilisation

at high liquid flow rates i.e., if inertial contributions to the flow are sufficiently large, sur-

factant can collect preferentially in the wave trough so that Marangoni stresses will drive

the flow from the troughs towards the wave crests leading to further destabilisation.

• Ability to measure surfactant concentration provides opportunities to study fluid mechan-

ics not only on a large-scale, but also at a small-scale e.g., droplet impact, tip-streaming,

as well as at a macro and micro scales e.g., adsorption of surfactant in capillaries of porous

rocks, flow in micro-channels for semiconductor applications.

• The statistics of gas entrainment presented in Chapter 7 was performed by identifying

bubble sizes and location in the bulk film manually. In order to make this process more re-

liable and systematic (as the present method carries human errors and is time-demanding),

a machine learning for image segmentation could be used. To elaborate, this type of im-

age processing would require to extract various features from the image(s) using different

filters (e.g., Gaussian, Mean, Sobel, Hessian, etc.) with different parameters and sizes of

the selected filter areas around the pixels within the uploaded image (2D Kernels). The

outputted results would then be merged into a single feature vector for every pixel, and

the resulting analysis model would generate a segmented image(s). An applied example

of this image processing technique to the current annular flows is shown in Appendix C.

Preliminary results on the determining bubble sizes and the entrainment depth appear to

be promising. Further adjustments and training of such module would be beneficial for

quantitative data analysis. This could be also potentially applied for wider application

e.g., analysis of liquid entrainment.

• Further characterisation of physico-chemical properties DAF surfactant would expand its

use in other applications. One of such characterisations could be focused on DAF foaming

properties, and applied in the large-scale experiments relevant to industrial-based processes

such as the carry-over problems in oil and gas separators [148].
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Appendix A

Statistical convergence tests

(a)

(b)

Figure A.1: Typical convergence of standard error towards > 1% in image analysis using S-PLIF
method. The process involves a random selection of 20 film thickness data points per image pair
from 2000 images per flow condition. (a) Surfactant-free flow at ReL = 1000 and ReG = 0; (b)
Surfactant-free flow at ReL = 1000 and ReG = 40× 103.
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Appendix B

Probability density functions of the

film thickness distribution: effect of

gas shear rate
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(a) S-PLIF (clean case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(b) S-PLIF (surfactant case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(c) Capacitance probe (clean case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(d) Capacitance probe (surfactant case)

Figure B.1: Log-normal probability density functions of the film thickness measurements for gas
sheared annular flows of Table 3.2, for ReG ∈

[
0; 40× 103

]
and ReL = 625. Dry-out regions

encountered in the high ReG cases were ignored.
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(a) S-PLIF (clean case)

     

                   

   

   

   

   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(b) S-PLIF (surfactant case)

     

                   

   

   

   

   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(c) Capacitance probe (clean case)

     

                   

   

   

   

   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(d) Capacitance probe (surfactant case)

Figure B.2: Log-normal probability density functions of the film thickness measurements for gas
sheared annular flows of Table 3.2, for ReG ∈

[
0; 40× 103

]
and ReL = 875.
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(a) S-PLIF (clean case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(b) S-PLIF (surfactant case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(c) Capacitance probe (clean case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(d) Capacitance probe (surfactant case)

Figure B.3: Log-normal probability density functions of the film thickness measurements for gas
sheared annular flows of Table 3.2, for ReG ∈

[
0; 40× 103

]
and ReL = 1125.
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(a) S-PLIF (clean case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(b) S-PLIF (surfactant case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(c) Capacitance probe (clean case)

     

                   

   

   

   

   

   

   

   

   

   

 
  
 
 
 
  
  
 
  
 
 
 
  
 
  
 
 

  
 

(d) Capacitance probe (surfactant case)

Figure B.4: Log-normal probability density functions of the film thickness measurements for gas
sheared annular flows of Table 3.2, for ReG ∈

[
0; 40× 103

]
and ReL = 1375.
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Appendix C

Machine learning-based image

segmentation for gas entrainment

statistics
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(a) Uploaded raw image

Unsegmented image 
with liquid film and 
entrained gas (black)

pi
pe
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l

Segmented image with 
liquid film (turquoise) 
and entrained gas 
(orange)

pi
pe
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al

l

(b) Sample result of image segmentation

Figure C.1: Example of applying machine learning-based image segmentation to one of the
instantaneous S-PLIF images of the annular flow. (a) Uploaded raw image to the training
module; (b) Resultant image segmentation based on the selected features – liquid film and
entrained air bubbles (left: film and entrained bubbles (black); right: film (blue-green) and
entrained bubbles (orange)).
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Figure D.2: Recorded fluorescence intensity of DAF surfactant as a function of concentration
(4 ppm to 195 ppm) and laser power (at a fixed SR concentration of 1.5 ppm) using camera
equipped with short-pass 550 nm and notch 532 nm (FWHM 17 nm) filters.
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Figure D.3: Recorded fluorescence intensity of SR dye (1.5 ppm) as a function of DAF concen-
tration (4 ppm to 195 ppm) and laser power using camera equipped with a long-pass 650 nm
filter.
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