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INTRODUCTION
A question not easy to answer is whether “foam” is a liquid or a solid. Different scientists,
coming most of them with similar answers, have discussed this item. The main objective of this work
has to do with this question; we approach it by studying the physical phenomena of this complex flow,
in its structure, stability and hydrodynamic behavior. The resulting experimental database may be used
to validate rheological models developed for this complex fluid.
For an excellent review of a foam experience, please consider the following”:
“For a bottle of beer. Restraining your thirst for the moment, admire its lively performance. One
by one, bubbles of gas are nucleated, rise and crowd together at the surface. A foam, or froth is
quickly formed. Most of the liquid drains away; leaving the bubbles packed closely together in the
form of elegant polyhedral cells. This gradual change is punctuated by sudden local rearrangements.
In most brands of beer it is quickly overtaken by the collapse of the foam, as its individual films burst.
Drink it in time, and you can feel the foam is not a liquid. Paradoxically, it is a soft solid, creamy in
texture if the bubbles are small. Cheers!” [1].
The above excerpt covers many relevant observations concerning foam behavior, its
transformations and dependence on many elements and conditions. Besides following a detailed
review of foam research publications, this doctoral work conducted experimental validations of foam
parameters under complex conditions. Being of great importance for many industries the optimum
availability and handling of special foams, this work should result on practical applications, but
additionally be a base for further research projects on “Foam”.
The word “Foam” originates from the medieval German “Veim”. Foams form by trapping
pockets of gas in a liquid or solid. In most of them, the volume of gas is larger than the liquid one,
which forms thin films separating the gas. In practice, “froth” usually designates foam on top of a
liquid. It never refers to solid foam. The closest analogue is the emulsions, in which two liquids
combine, the same way as do liquid and gas in a foam. The same behavior also occurs in polymer gel
(carbopol) and biological systems as cytoskeletal arrangements.
Foam may contain more or less liquid. Dry foam, for instance, has lesser liquid in thin films.
The bubbles form polyhedral cells, which are not flat. The films meet in lines (edges of the
polyhedral), and the lines meet at vertices. In two dimensions, the dry foam consists of polygonal cells
(Figure I.1.a). The liquid is mainly to be found in Plateau borders, which are channels of finite width,
replacing the lines in the dry foam (Figure I.2). As the fraction of liquid increases, the swelling of the
plateau borders eventually leads to the extreme limit of a wet foam. The bubbles recover a spherical
form and any further increase of liquid will make them to fall apart. Then, the foam losses its rigidity
and it is replaced by a bubbly liquid. For a two-dimensional case, the bubbles become circular at the
stability limit (Figure I.1.b)
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Figure I.1 Dry and Wet Limit [2]

Beating, shaking or nucleation may create foam. The bubbles have a wide size distribution,
randomly mixed and arranged. If seen as a macroscopic system, its elements undergo no significant
thermal fluctuations, exploring minimum energy alternatives. In this sense, foams are always in a
metastable state, even if the bubbles do not coalesce. It continually evolves according to the
coarsening process (Figure I.3).

Figure I.2 Plateau Border: liquid film located between bubbles.

Foam has unusual rheology properties: they present low densities and an important interfacial
surface. They are mainly composed of gas. But under low applied stress, foam behave as a solid;
hence shaving foam adheres to the shaver´s face, the weak force of gravity being incapable of letting it
flow. This results from an elastic shear modulus, as occurs in isotropic solid materials. It depends only
on bubble size and wetness. They can also behave as elastic solid or a plastic one. Beyond a certain
yield stress foam flows, as topological changes are promoted indefinitely. This is the second most
important parameter characterizing its rheological properties. Dry foams follow the same order as the
shear modulus. Wet foams present the same behavior, but their yield stress presents a smaller value.

Figure I.3 Foam Coarsening. Air diffusion trough the liquid films [1].

It is pertinent to indicate the sizing and scales considered in foams (Figure I.4). The smallest
length-scales are that of the surfactant molecules, typically in the order of nanometers. The forces of
repulsion (often expressed as a disjoining pressure) determine the thickness of the film, in the range
5nm to 10 nm in relative dry foam. There is a medium scale usually applied by physicists to the
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relation between bubbles, and in topology transformations -usually in static mode-. The bubble
diameter is widely variable, but is in the order of a few millimeters. The Plateau border width is
typically a small fraction of this, i.e. a fraction of a millimeter. In an engineering approach, the air and
liquid phases are taken as a continuum model. It is normally studied as a foam flow [3]. This author
applied the PIV (Particle Image Velocimetry) to evaluate the behavior of aqueous foam along a
channel.

Figure I.4 Characteristics length of the foam.

Foam flow has become a mayor study subject for industries around the world. It is
indispensable to better understand its main characteristics, especially the knowledge of the rheological
behavior and of the foam stability. Most of the studies carried out focus on the geometry and topology
of stationary foam and not on the flow itself, due to its complexity [1,4,5].
Blondin (1999), as we mentioned above, tried to set a rheological model for foam flow, taking
into account pressure losses along a duct, but concluded that the losses alone did not allow building
the model. Tisné (2003) added an innovative measurement method to combine the pressure losses with
the wall shear stress. But at the end, he could not collect enough data to propose a model. The major
problem is that a foam flow is influenced by an enormous quantity of parameters. Looking at the high
interest shown for foam flow along the industries, it is indispensable to achieve the capacity to
understand and evaluate all the variables concerning the hydraulic behavior: pressure losses, velocity
distribution and wall shear stress.
Reviewing possible CFD (computational Fluid Mechanics) tools to assist us on this matter, we
evaluated ANSYS ®. It is a computer program that can model mechanical processes like fluid flow,
heat transfer, chemical reactions, yielding, stress, etc. ANSYS ® acquired other program, FLUENT®,
creating an improved fluid simulator. Some other simulations have focused on foam generation [6],
physical properties [7], complex rheological behavior [8] and heat exchanges [9]. But they have not
compared numerical and experimental results, or have made an intensive study on foam flow.
This experimental work will be a database to validate rheological models, capable of predicting
the behavior and reorganization of foam flow through a channel flow disruption devices (fdd) or
singularities or obstacles. At the same time, a numerical simulation, using ANSYS-CFX® software
will be undertake. Comparing this one with the experimental results, it will be able to test its aptitude
to represent this kind of foam flow. Through this research, we will like to understand the behavior of
foam flow: its physics, its stability and hydrodynamics. At the same time, establish some guideline to
perform the characterization of any complex fluid.
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Chapter 1 presents an introduction to the study of foam flow, the theoretical factors surrounding
the study of such a complex fluids. It also contains a review of previous works, which talk about
structure, stability, rheology, and other properties of flowing foams. These ones will allow a solid
background in the study and identify the main concerns around it.
Chapter 2 describes the experimental devices used for the characterization and study of aqueous
foam flowing horizontally inside a square channel with flow disruption devices. At the same time, the
innovative measurement techniques used, and the setting arrangement for each one of them, especially
for the polarographic technique, which allows obtaining the wall shear stress, without an influence
over the flow behavior. The measurement chains and the treatments methods will also be specified.
Chapter 3 is dedicated to the experimental and numerical results. First for a square channel
without fdd, they alter the rheology and properties of the foam. This allowed obtaining the static
pressure losses, the surrounding liquid film thickness, and the wall shear stress, using different
measurement techniques. Three different disruption devices, a half-sudden expansion, a fence, and a
cylinder, were put inside the channel. They permitted the study of the foam behavior when faced
against a change in its pattern. CFD simulations, using a Bingham fluid, reproduce the behavior of
aqueous foam flow. The velocity fields and profiles are also presented in this part.
Finally, we conclude this work by summarizing the main obtained results during this research.
We propose different aspects to improve the research over foam flow, and which should be the next
studies for flowing aqueous foam.
“Great things are done by a series of small things brought together” Vincent Van Gogh

CHAPTER 1
BIBLIOGRAPHY
Aqueous foam is a structured fluid where the air bubbles are separated by a liquid film,
generally thin. For an emulsion they are often called disperse and continuous phase, but
this is not in a gas (liquid foam). When bubbles congregate to form foam, they create
fascinating structures that evolve as they age. This chapter undertakes a general
description of foam flow, its properties, characteristics, and aspects involved in its study.
At the same time, a brief narrative is done for the software ANSYS-CFX, used to
represent the numerical approximation of the flow behavior.
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Foam Structure

To better understand the evolution of a foam structure along time, it is important to comprehend
some basic parameters: the bubbles characteristics such as distribution, mean diameter, form,
influence of the surface tension, the foam viscosity and the void fraction. Foams may be divided into
closed-cell foams and open-cell foams. In closed-cell foam, the gas forms discrete pockets, each
completely surrounded by the continuous phase. In open-cell foams, the continuous phase can easily
flow through the entire structure, displacing the air. These concepts are also known as the dry and wet
limit.

1.1

Bubble

Although real foams often have polydisperse disordered bubbles, they are metastable, and the
mean size of them tends to increase with time. It is useful to simplify the structure of idealized
monodisperse foam. The most conventional structure is the bcc packing of rectangular octahedral
whose six corners are truncated and create square faces. A commonly used name for this shape is the
Kelvin bubble in honor of Lord Kelvin.
According to Lord Kelvin (1887), a bubble is a tetrakaidecahedron (Figure 1.1) or Kelvin cell;
six square faces and eight hexagonal ones compose it. Kelvin was inspired by Plateau studies and
made a conjecture on the ideal structure of monodisperse foam. He started a chain of investigations
and debates that continues today. For example, in 1994 Wearie and Phelan determined which is the
optimal arrangement for dry foam composed only of same size bubbles. Applying the software
“Surface evolver”, they established that a group of polyhedrons would be the perfect match. The most
common cell was made out of fourteen faces: two hexagonal and 12 pentagonal.

Figure 1.1 Lord Kelvin cell or tetrakaidecahedron [10].

1.2

Surface Tension

Surface Tension (ST) is defined as the quantity of energy needed to augment a liquids surface
while maintaining constant entropy. It means that liquids have resilience to augment their surface. It is
a manifestation of the intermolecular forces inside the liquids.
𝜕𝐸
𝛤=( )
𝜕𝐴 𝑆
(1. 1)
ST depends on numerous factors: the size of the hydrophobic and hydrophilic parts, their nature,
and their dispercity. Indeed, the energy presented by a molecule can vary according to its location.
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Energy is larger if it is located at the liquids surface, because being surrounded by a lower number of
similar molecules.

1.3

Void Fraction and Foam Quality

For foam made out of a known gas volume Vg and a known liquid volume Vl, we can define the
void fraction, as a measure of the empty spaces inside the foam.
𝑉𝑔
𝜙=
𝑉𝑡
(1. 2)
where Vt corresponds to the total foam volume; such as 𝑉𝑡 = 𝑉𝑙 + 𝑉𝑔 . For a foam flow, the foam
quality expression is often used:
𝑄𝑔
𝛽=
𝑄𝑡
(1. 3)
where Qg represents the gas flow and 𝑄𝑡 = 𝑄𝑔 + 𝑄𝑙 , with Ql as the liquid flow. Some authors prefer to
apply the expansion factor term [11,12,13].
1
𝐸𝐹 =
1−𝜙
(1. 4)

1.4

Foams, Wet and Dry

Foams may be classified as dry or wet according to liquid volume fraction. It ranges from less
than 1% to about 30%. At each extreme (the dry and the wet limits) the bubbles come together to form
a structure which resembles one of the classic idealized paradigms of nature’s morphology: the
division of cells in the dry limit, and the close-packing of spheres in the wet limit.
Bubble size is important in determining the resulting equilibrium under gravity. If the average
bubble diameter is less than the capillary length l0, a thin layer of foam consisting of small bubbles
will be wet (i.e. have liquid fraction larger than about 20%).
𝛤
𝐿𝛾0 2 =
∆𝜌𝑔
(1. 5)
where Γ is the surface tension of the liquid, g the acceleration due to gravity and Δρ is the density
difference between the gas and liquid.

1.4.1 The Dry Limit
In the dry limit, the soap films that constitute the interface between bubbles may be idealized as
infinitesimally thin curved surfaces, which are generally not simply spherical. These surfaces
constitute the faces of polyhedral cells. Many varieties of polyhedral are found in equilibrated dry
foams [14]. As showed before in 2D geometry, dry foam consists of polygonal cells. Since the vertices
can only be threefold, it follows -from the Euler’s theorem- that the average number of sides a cell is
exactly six [1].

1.4.2 The Wet Limit
In the wet limit, only spherical bubbles form foam. There are restrictions on the possibilities for
such packing of hard spheres, familiar in the idealized models used in the field of granular material.
Each sphere must be in contact with at least three others. For a random compact stacking of the
spheres, it has been proved that the sphere bubbles will occupy 63.5% of the volumetric fraction [15].
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For the 2D case, the cells are touching circular disks. As in the 3D case, we make contact with
close packed structures and hence with the theory of granular materials [16].

1.4.3 Between the Two Limits
A real foam must lie somewhere between these two idealized cases. Let us start from the dry
end, first considering the addition of an amount of liquid that is large enough that we may neglect the
liquid content of the films, but nevertheless still close to the dry limit. It is not obvious what happens
in the intermediate regime. Some authors have established a value of 85% for the change of limit, but
they also admit that it may seem a bit arbitrary [17].
The gas volume fraction changes constantly along the foams age (time that separates it from the
instant of its generation). A humid foam losses progressively the liquid inside it, normally by drainage
and becomes dry foam.

1.5

Foam Density

The density of aqueous foam is defined as its mass per unit volume. It is, essentially, a
measurement of how tightly matter is crammed together. The Greek scientist Archimedes created the
first principle of density as an innovative way to quantify the materials used to elaborate the king’s
crown. As foam is made out of gas and liquid, it can be usually calculated as [18]:
𝜌𝑓 = (1 − 𝛽)𝜌𝑙 + 𝛽𝜌𝑔
(1. 6)
where 𝜌𝑙 and 𝜌𝑔 are respectively the densities of water and air.

1.6

Thin liquid film

In foams, the liquid films between two adjacent gas bubbles are composed of two surfactant
monolayers separated by a thin layer of water. The overlap of interaction between the two layers
induces a force normal to the interfaces. The pressure can be either positive or negative, and its
magnitude depends upon the thickness of the film.
This pressure has been measured experimentally by maintaining a balance between capillary
and thin film forces [19]. In later experimental improvements, a single thin-liquid film is formed in a
hole drilled through a solution saturated fritted glass disk fused to a capillary tube. The film holder is
enclosed in a hermetically sealed Plexiglas cell with the capillary tube exposed to a constant reference
pressure. The solution under investigation is placed in a glass container within the cell to prevent
contact or any contamination with the Plexiglas chamber. Manipulation of the cell pressure with a
precise screw-driven syringe pump alters the imposed capillary pressure, Pc, on the film and sets the
disjoining pressure. Once equilibrium is established, the aqueous core film thickness, h, is measured
using an optical interferometer [20].

2.

Local Equilibrium Rules

2.1

The Law of Laplace

The surfaces that constitute the cell faces of any foam must normally conform to the law of
Laplace-Young. It expresses the balance of forces on a small element of soap film, in terms of a
pressure difference ∆𝑃, and the force of surface tension.
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2𝛤
(1. 7)
𝑟
where r is the local radius of curvature of the surface. This one is the inverse mean local curvature,
which is related to the two principal curvatures by:
2 1 1
= +
𝑟 𝑟1 𝑟2
(1. 8)
In the general case of dry foams, 𝑟1 differs from 𝑟2 . For the case of a sphere 𝑟1 = 𝑟2 . In an ordinary
soap bubble in air, or in a film within foam, eqn. (1.1) must be adjusted on account of the surface
involved, although 𝛾𝑠 is sometimes used in place of 2.
4𝛤
∆𝑃 =
(1. 9)
𝑟
∆𝑃 =

The pressure within the films is the mean of the two gas pressures in the adjacent cells. This is
inconsistent with the equality of pressure throughout the liquid, since a much lower pressure exists
inside the Plateau borders. To resolve this discrepancy, we need to recognize that the thin film is
prevented from shrinking to zero thickness, by the repulsive forces between its two surfaces. These
forces per unit area may be represented as a pressure to be included in the equilibrium condition. This
is the disjoining pressure (Figure 1.2).

Figure 1.2 Disjoining Pressure: presence of a repulsion force inside the liquid films [1].

2.2

The Laws of Plateau

Plateau [21] developed some geometrical rules (“equilibrium rules”) for the foam structure.
They define an equilibrium configuration, studying foams in the dry limit and also in the more general
case.
Equilibrium rule A1. For dry foams, the films intersect only three at a time, that being at 120º.
In two dimensions, this applies to the lines that define the cell boundaries. This union gives form to
the Plateau border, or film liquid between bubbles. Results into the equilibrium of three equal surface
tension force vectors acting at the intersection.
Equilibrium rule A2. Again for dry foams, no more than four of the intersection lines (or six of
the surfaces) may meet at the vertices of the structure, and this tetrahedral vertex is perfectly
symmetric. All the angles (Maraldi) have the value 𝜙 = 𝑐𝑜𝑠 −1 (− 1⁄3). This union is also called
Plateau junction. For wet foams, the above rules must be reconsidered, and the film thickness may
still be treated as infinitesimal. The thickness depends on the volume fraction and tensoactive quantity
[15].
Equilibrium rule B. Where a Plateau border meets an adjacent film, the surface is joined
smoothly, that is, the surface normal is the same on both sides of the intersection. This means that the
Plateau borders terminate in sharp cusps, as in Figure 1.3 and in previous figures. There are however
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no general stability rules for the multiplicity of the intersections at Plateau borders, or their
intersections junctions.

Figure 1.3 Plateau borders are smoothly joined to the adjacent film [1].

2.3

Bubble-bubble interaction

The bubbles in a flow with a high liquid content are spherical or nearly so. As the liquid drains
out, due to gravity the individual bubbles are deformed into polyhedral shapes. The osmotic pressure
is described as the average force per unit area necessary to counter the increasing bubble-bubble
repulsion, as they are squeezed together.
𝜕𝐸
𝛱 = −( )
𝜕𝑉 𝑉𝑔
(1. 10)
where E is the total surface energy as 𝐸 = 𝛾𝑆, and V the total foam volume. Regarding the bubbles as
the primary constituents of wet foam, may lead to limiting views of their interactions.

Products

Bubble diameter
(μm)

Shaving foam

10-20

Estimated
number density
(cm-3)
108

Ice cream

15-40

107

For a 100% overrun ice cream
ϕ = 0.926 [23].

Microcellular
starch foam

50-200

106

Continuous supercritical
extrusion [24].

Bread

2500 area av.
600 number av.

103

Many small cells contribute to the foam,
but the large cohort of the population
dominates the visual appearance [25].

Hand dish
washing-up
detergent

3000

102

Shaking/tumbling/impinged jets, initial
ϕ = 0.995 [26].

Bubble bath

5000

10

Bubble size depends on generation
method.

Notes
Aerosol generated with initial
ϕ = 0.926 [22].

Table 1.1 Bubble size and density in different products [2]

CO2

fluid
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Making Foams

Many foam production techniques are applied for the range of consumer products. This range
from stable, monodisperse foams of micro-sized bubbles in shaving foam, to the transitory ones, up to
a centimeter in bubble baths and laundry detergents. The location of creation also varies, from the
production line, to the actual point of use. The range of foam creation requirements is illustrated in
Table 1.1.

3.1

Surfactants

Liquids that are absolutely pure generally do not foam, as any gas bubble will immediately
coalescence on contact or rupture at a surface. As foams last longer, they move from a transient
(unstable) nature, in some applications, to a persistent (metastable), nature desired in most consumer
products.
Even in aqueous foams, there is a vast choice of surfactants. They offer a wide range of
properties, useful for specific industries areas: capability to foam and disperse, to lubricate, anti-static,
softener, anti-corrosive and dampener.
Most surfactants are organic amphiphilic compounds, meaning they contain both hydrophobic
(tails) and hydrophilic (heads) groups (Figure 1.4). A surfactant contains both water insoluble and
water-soluble components. The insoluble hydrophobic group may extend, into the air, out of the bulk
water phase while the water-soluble head group remains in the water phase.

Figure 1.4 Sodium stearate, the most common component of most soap, makes about 50% of commercial
surfactants.

The polar head part defines three groups of surfactants (Figure 1.5):


The ionic surfactants: The hydrophilic head presents a positive or a negative charge. The
anionic surfactants ionize themselves, in the aqueous solution, to give negative charged
ions. They are normally used in the cosmetic and detergent industry, also in the assisted
recovery of oil. In the cationic surfactants, the heads present positive charged ions. They
are applied in the bituminous coal emulsion fabrication.



The amphoteric surfactant: The heads have both, positive and negative, localized
charges. They are biodegradable and are normally used in the cosmetics industry.



The non-ionic surfactants: The polar group does not present any type of charge. They are
commonly applied in the pharmaceutical applications.
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Figure 1.5 Surfactant Groups accordingly to its head charge

The size of a surfactant molecule affects its diffusivity in solution. While a larger molecule (for
example, a protein) might have a high surface active, it may not diffuse quickly enough to stabilize a
surface that only exists for a short period of time. This can be significant when the objective is to
create very small daughter bubbles by break-up. It is not sufficient to make bubbles small enough; a
surfactant layer must be adsorbed quickly enough to stabilize the bubble before it experiences a
collision that risks coalescence [27].
The industrial application of these molecules is growing every day, because of their
physicochemical properties. They attach to interphases and lower the surface tension of the solution
and the liquid films energy, prompting foam formation.

3.1.1 Critical Micelle Concentration (CMC)
The surfactant properties of a foaming agent may include: effectiveness at reducing surface
tension, diffusion ability, disjoining pressure properties in films, elastic properties given to films [28].
Generally, foaming characteristics increase up to the critical micelle concentration (CMC). As already
established, the principal foam property is its surface tension. As the surfactant concentration
increases, the superficial tension diminishes.
In colloidal and surface chemistry, CMC is defined as the concentration of surfactant above
which micelles form, and all additional surfactants added to the system compose them. It is an
important characteristic of a surfactant. Before reaching the CMC, the surface tension changes
strongly with the concentration of the surfactant. After reaching the CMC, the surface tension remains
relatively constant, or changes with a lower slope (Figure 1.6).

Figure 1.6 Surface Tension vs. Surfactant Concentrations and the Critical Micelle Concentration (CMC).
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Solutions used to create foam present a surfactant concentration over the CMC (ten to one
hundred times it). Higher than this point, the gas/liquid interphase is supersaturated and cannot
accommodate more molecules.

3.2

Foam Creation

In foams, bubbles can develop in three different forms: by nucleation of a new small bubble, by
the introduction of a gas into the liquid phase through entrainment or injection, or by break-up of
smaller bubbles.

3.2.1 Nucleation
Nucleation means the creation of a supersaturated solution of a foaming gas in liquid, until gas
spontaneously comes out of the solution to form a gas bubble. Often, a rapid pressure drop can achieve
this; for instance, the passage of shaving foam flowing from a pressure canister (Figure 1.7). If the
bubbles nucleate randomly within a continuous liquid phase, it is known as a homogeneous
nucleation. It can be effective at producing large number of small bubbles quickly, but there is little
control over the process. There is a risk that once formed, bubbles will grow rapidly, consuming the
supersaturated gas from the solution, instead of propagating the growth of future bubbles. This leads to
polydisperse bubble size and reduction in the total number of bubbles [29]. Nucleation agents are used
for the production of polymeric foams by, continuous extrusion with a blowing agent.

3.2.2 Entrainment of gas occlusions
It is essentially the bringing together of liquid surfaces, trapping gas between them. An example
of long agitation processes is massaging shampoo into hair with hands or laundry solution in a rotating
drum. Another high agitation process is that of food whisking or rotor-stator structuring devices. Any
newly created bubbles are likely to undergo further changes once incorporated into the fluid, most
significantly of breaking-up during the processing stage. Experimental studies normally start with a
liquid with little entrained gas, increasing the amount of entrained gas. The rate of disentrainment is
typically a function of the quantity of gas entrained, and so plays a role with time. It has been found
that in non-soluble gases, volumetric entrainment is largely independent of mixing pressure, and the
rate of entrainment per impeller revolution is fairly constant, at typical operation conditions [30].

Figure 1.7 Foam flowing through a pressure canister and its nucleation.
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3.2.3 Injection
The direct injection of gas into a liquid is other way of creating foams. The injected bubbles
may act as seeds for further bubble growth, or more frequently, are the final bubbles of the foam. It is
a method used for drinks, such as in beer can containers, which release a burst of nitrogen when the
can is opened, or sparklers on bar taps, which avail small bubbles as a beer is pulled.

3.3

Practical application

In everyday life, liquid foam is present in soaps, cleaning agents, shaving products and
beverages. In many cases, its appeal is largely psychological, as a factor in customer perception and
satisfaction. What purpose the suds in a washing machine serve, other than to indicate that one has not
forgotten to add the detergent? The foam properties of soaps and shampoos is often said to have no
purpose. But the particular rheological properties, to be explained further, do have some value, in
enabling the clearly visible foam to a vertical surface – being the face of a shaver, or the wall of a
factory – before being washed off.
This ability to coat surfaces without immediately running off is also helpful when foams are
used in fire fighting. For fire made out of petrol, the foam invades the fire triangle (oxygen, heat and
combustion) excluding oxygen from the combustion zone, cooling the fuel below the ignition point,
and trapping the fuel vapor of the liquid surface.
In chemical engineering, foams are used in separation of impurities through foam filtration and
flotation. Here, the solute carries at the surface of bubbles created at the bottom of a fractionation
column, by blowing air through a liquid pool. One well-known application is the segregation of ore.
Foam is a substitute of more violent means of controlling civil disorders. To be enveloped in
foam is a relatively innocuous means of stopping violence. Indeed, it can be a positive pleasure; hence
the popularity of the foam parties in children celebrations and other events. This same application of
foams occurs in the decontamination of materials in nuclear reactors, to avoid contact with the
hazardous zones.
In traditional “Secondary Recovery of Hydrocarbons”, water is injected in the reservoirs with
surfactants, to displace and recover some of the residual oil and gas in-situ. Foams provide a more
efficient mixing of the chemicals, optimizing water requirements. They are also used in the oil
industry “air-drilling” and drilling of unbalanced formations, where it is necessary to maintain a lower
density drilling-fluid column, so as not loose circulation.
Many products inside the agro alimentary industry are made out of foam, e.g. ice cream,
chocolate mousse, beer, champagne. These ones suffer an important change in structure from the
production to the packaging. This is mainly due to the transport of the product from one chain to
another.
In many cases, the final foam structure is a combination of a nucleation or entrainment break-up
process, followed by bubbles growth. This has particular applications in products where the foam is
created at the point of use by an action of the user, but also finds applications in other processes.
Pressure gas expansion: The bubble size in an “aerated insoluble liquid” will change along with
headspace pressure, applying Laplace equation principles to surface tension effects. However,
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significant changes may occur when a highly soluble gas is used under pressure. This is applied in
extrusion processing, carbonated drinks, and pressurized cans such as shaving gels. For example,
sparkling wines bar will form foam when poured if the bottle CO2 pressure reaches at least 3.5 bars
[31].
Chemical gas creation: Foam is to be created on specific demand; for example cake-raising
agents.
Biochemical gas creation: Fermentation processes in the wine, beer and bread industries have a
significant role in the taste as well as rheology of the liquid phase.
Heat: Rapid heating of a liquid material results in the creation of a large volume of vapor. This
is normally generated on the surface along with bubbles and foams in, baking and frying are both
effective ways of inflating pre-existing bubbles in a liquid to create a foam product as the liquid phase
sets.

4.

Imaging and Probing Foam Structure

The measurement methods of a static foam structure, and its dynamic evolution (bubble scale),
were mainly developed in the 80’s. They essentially measured the liquid fraction and its granulometry
distribution. The granulometry is the measurement of the size distribution in a collection of grains.
These methods are normally optic, photographic or by ultrasound. Nevertheless, the high light
diffusion of the foams at the test walls does not allow the direct visualization of their geometry, size,
distribution or dynamics.

4.1

The Principle of Archimedes

In a foam liquid column (Figure 1.8), the application of the principle of Archimedes may be
̅̅̅𝑙 .
stated as follows, for the average liquid fraction ̅Φ
𝑝
̅̅̅
𝛷𝑙 =
(1. 11)
𝐻
Where H is the total foam height, and p is the depth to which the foam extends beneath the liquid
surface.
This formula has been frequently utilized in the study of forced drainage, in which the uniform
drainage receives a continuous feed of light in the top. However, it is approximation that may include
error.

Figure 1.8 Archimedes principle may be used to estimate the (average) liquid fraction of a foam column [1].
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The Pressure Outlets Method

This method (Figure 1.9) allows calculating the foam density inside the channel. To achieve
this, at least two pressure outlets must be located at the test section wall.

Figure 1.9 The pressure outlets located at the walls allow us to measure the pressure losses [32].

Being P0 the atmospheric pressure, P1 the pressure at the first outlet, P2 the pressure at the
second outlet and zc the distance of the two outlets. It assumes that the foam fills the whole channel,
and that the liquid of the foam is the same as the one inside the manometer.
𝑃1 = 𝑃0 + 𝜌𝑓 𝑔𝑧1 + 𝜌𝑙 𝑔(𝑧𝑐 − 𝑧1 )
(1. 12)
𝑃2 = 𝑃0 + 𝜌𝑓 𝑔𝑧2 + 𝜌𝑙 𝑔(𝑧𝑐 − 𝑧2 )
(1. 13)
where 𝜌𝑓 is the foam density, and g is the gravity acceleration. The pressure difference ∆𝑃 between
the two outlets can be expressed:
∆𝑃 = 𝑃1 − 𝑃2 = 𝜌𝑓 𝑔(𝑧1 − 𝑧2 ) + 𝜌𝑙 𝑔(𝑧2 − 𝑧1 ) = 𝑔(𝑧2 − 𝑧1 )(𝜌𝑙 − 𝜌𝑓 )
(1. 14)
The foam density 𝜌𝑓 can be written:
𝜌𝑓 = 𝜌𝑙 (1 − 𝜙𝑔 ) + 𝜌𝑔 𝜙𝑔

(1. 15)

∆𝑃 = 𝑔(𝑧2 − 𝑧1 )[𝜌𝑙 − 𝜌𝑙 (1 − 𝜙𝑔 ) − 𝜌𝑔 𝜙𝑔 ]

(1. 16)

where:
where 𝜌𝑔 is the gas density.
Thus:
∆𝑃 = 𝑔𝜙𝑔 (𝜌𝑙 − 𝜌𝑔 )(𝑧2 − 𝑧1 )
And 𝜌𝑔 ≪ 𝜌𝑙 , the difference of pressure between the two outlets can be defined as:
∆𝑃~
̃ 𝑔𝜌𝑙 𝜙𝑔 (𝑧2 − 𝑧1 )

(1. 17)
(1. 18)

Knowing the foam density, the distance between the two outlets and the ∆P pressure “value”,
the gas fraction of the foam flow can be determined.
When the pressure outlets are at the bottom of the test channel, they are useful to define the
pressure losses along this one.
∆𝑃~
̃ 𝜌𝑙 𝑔(ℎ2 − ℎ1 )
(1. 19)
where h is the height of the liquid column out of the pressure outlets. They are full of the same liquid
filling the bottom of the channel.
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The Conductimetry Technique

The electric conductance in a foam flow, 𝜎𝑓 , is an accurate method to determinate the liquid
fraction. If divided by the liquid conductivity 𝜎𝑙 , the relative conductivity 𝜎𝑟 becomes a function of the
liquid fraction 𝜙𝑙 :
𝜎𝑓
𝜎𝑟 = = 𝑓(𝜙𝑙 )
𝜎𝑙
(1. 20)
A linear approximation of this equation occurs in a dry foam case (𝜙𝑙 → 0) [33].
𝜎𝑟 =

𝜎𝑓 1
= 𝜙
𝜎𝑙 3 𝑙

(1. 21)

The surfactant choice (ionic or non-ionic), its concentration, and the bubbles form and shape
don’t have any major effect over the foams conductance; but as the bubbles become smaller, the
conductance does the same. The gas phase is non-conductive. This means that the electric conduction
only occurs at the Plateau’s borders, which have higher liquid concentration, and have been defined as
the main electrical drivers [34]. Small bubble dependency is related to the electric conductivity of a
foam flow.
Nevertheless, it has been revealed [35] that for dry foams with a gas fraction over 96%, the
linearity between the foams conductivity and its volume fraction does not apply any longer.

4.4

The AC capacitance measurement (ACM)

It is a measure technique related to the conductance method. The difference is that in the ACM,
the electrodes are in contact with the foam flow (Figure 1.10), while in the conductance method they
are not. To perform capacitance measurements, a non-ionic surfactant is needed. A capacitor segment
is formed by transmit or excitation electrode and its projection on the opposite pick-up or detection
electrode. An AC excitation signal at a frequency in the kHz range is sent to each of the excitation
electrodes in sequence. By switching the corresponding pick-up electrode to a charge amplifier, the
capacitance of each capacitor segment can be obtained.

Figure 1.10 Capacitance measurements using segmented electrodes to obtain a vertical profile of liquid fraction
[36].
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The capacitance measurement offers an easy way to characterize the general properties of nonconductive foams. The relation between the measured capacitance and the observed liquid fraction,
however, is not a simple one [36].

4.5

The Electrical Impedance Tomography (EIT)

The EIT is used to study the interstitial liquid at foams flow center, from electric measures at
the periphery. As a known current passes through a pair of neighbor electrodes, the differential tension
is measured. This is repeated for every pair of electrodes where the spatial electrical conductivity
gradient can be measured.
The EIT has been used to detect local conductivity changes [37] and to control the conductivity
inside channels [38]. One of its main advantages is the velocity of its measure: Only few milliseconds
allow defining the liquid network at the center.

4.6

The Fluorescence Method

The addition of fluorescent dye, to be illuminated with ultraviolet light, has been used for
demonstration purposes. It has been shown to be also useful in actual measurements [39]. It allows
defining the spatial and temporal variations of the liquid fraction. The monitoring of fluorescence light
allows extending measurements to very low liquid fractions.
The fluorescent dye presented in the liquid part of the foam flow is excited with a U.V. light.
The small fluorescent quantity added to the solution absorbs this luminous radiation, and emits a
visible light. The intensity of this light is registered allowing measuring the liquid content of the foam.
This technique assumes a linear relation between liquid fraction and fluorescent light intensity,
which in cases may need adjustments for absorption and/or multiple scattering.

4.7

The Speed of Sound Method

By measuring the speed of sound inside the foam, this method allows calculating the liquid
fraction of a foam column [40]. Two microphones and one speaker are submerged inside the foam. An
oscilloscope quantifies the difference of a sound, emitted by the speaker and captured by the
microphones.
The speed of sound inside foam, 𝑉𝑠𝑓 , is related to the liquid fraction 𝜙𝑙 by treating it like a mix
of an ideal compressive gas and a non-compressive liquid [41]:
𝑈𝑠𝑓

𝐶𝑃
⁄𝐶 𝑃𝑎
1
𝑉
=√
(
)
𝜌𝑓
𝜙𝑙 (1 − 𝜙𝑙 )

(1. 22)

𝐶𝑃
⁄𝐶 is the isotropic expansion of an ideal gas, 𝑃𝑎 is the atmospheric pressure, and 𝜌𝑓 is the
𝑉
density of the foam.
where
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The Transmission and Reflection of Light

Unless foam is very dry, it is opaquely white, due to multiple scattering of light that reaches it.
The individual scattering events are reflection/refraction of formed films and Plateau borders. This
makes direct optical observation of structures and processes difficult or impossible within the bulk.
The observation of multiple scattered lights, in reflection and transmission, shows that useful
information could be extracted from it [42]. A wavelength laser reaches the foam inside a glass
column. The intensity of the laser transmitted, 𝑇𝑖 , through the foam is measured. The light
transmission is described as analogue to the diffusion phenomena (multiple light diffusion).
A relationship has been proposed for the light transmitted, the column thickness 𝑒𝑓 , and the
bubbles diameter 𝑑𝑏 .
6𝑑𝑏
𝑇𝑖 ~
̃
𝑒𝑓
(1. 23)
This method allows an easy measurement of the mean bubbles diameter; it was made over static
foam for a void fraction of 92%. However, it does not account for the diversity that can be
encountered inside the existent foam samples.

4.9

The Optical Glass Fiber Probe Method

In this method, a thin glass fiber probe is immersed into the foam [43]. The diameter of the fiber
can be under 50 𝜇𝑚, and that of the tip only 20 𝜇𝑚. It takes advantage of the difference between the
gas and liquid refraction. Light is reflected at the end of the tip. When there is a mismatch of the
refractive indices of the glass and the surrounding medium, thus light is reflected if the tip points into
a gas bubble. There are hardly reflections if its points into the liquid cell walls, or Plateau borders.
The returning beam is received by a light-sensitive cell and converted into an electronic signal.
The signal given by the light-sensitive cell is later amplified and transformed into a logic signal of
level two, which represents the medium phase. By slowly introducing the glass fiber into the sample, it
is possible to scan through the foam and detect gas or liquid as a function of the tip position. Some
statistics are applied to transform the measured signal into a bubble size distribution.
This method has been used to obtain the bubble size distribution in beer foam, generated by
bubbling nitrogen or carbon dioxide through a glass filter. Both foams had similar initial bubble size
distributions in this test, but differences showed up after the foam had evolved for three minutes [44].
It has been said, that the interaction between foam and the fiber does not alter the foam
structure. Because the bubbles contained inside the foam, do not collapse at the contact with the fiber.
This hypothesis has never been corroborated, but it may be truth if the liquid wets well the fiber. Also,
it leads to believe that some bubble, may slide aside the fiber, which will generate an error in the
measures.
The use of the double-clad fibre (DCF) allows the acquisition of an optic signal with two levels
(liquid and gas). It measures the void fraction, the bubble diameter and the local velocity of the foam.
The void fraction is obtained with the average value of the two optic fibers. The axial velocity comes
from the time that a bubble takes to pass through the two fibers, and the distance between these last
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ones. The bubble size value is a function of the retention time in each fiber and of its local velocity
[45].
From double-clad studies [46], the following relationship was obtained:
̅̅̅
𝑑𝑏 ~
̃ 1.5𝑙̅𝑑
where ̅̅̅
𝑑𝑏 is the average bubble diameter and 𝑙̅𝑑 the length of the average interceptions.

(1. 24)

4.10 The Photographic Method
There are two main ways of treating images of foam distribution: a) consider each bubble
distributed along the foam; and b) a Fourier transform to analyze the texture of an image [47].
The main advantage of this method is it not being an intrusive method. Accordingly, the process
of taking the measurements will not affect the foam flow itself, and the essays can be made without
stopping. Nevertheless, it also means that the only data that can be acquired is that of the bubbles
passing along the duct walls.
This type of wall measures present four types of error [48]:


The static derivative: There is possibility of seeing the big bubbles than the smaller ones,
which may require an adjustment [49]. This method presents an error of 1.8% [48].



Bubble deformation with the contact of the wall: The bubble diameter observed at the
wall is different from the actual bubble size, due to a deformation presented in the bubble
film. This difference can be neglected, as experiment showed the bubble size did not
change drastically at the contact of the wall [48].



Bubble segregation: It brings the opposite effect of the static derivative. In this case, the
small bubbles tend to stick to the duct walls, relegating the big bubbles to the interior. The
same static derivative corrections may be applied.



Foam stability effect: Occurs when the diffusion of gas and coalescence are weaker at the
walls. It is normally neglected as being difficult to recognize.

The influence of the foam structure over the bubble deformation at the wall (Figure 1.11) was
also studied by analyzing the photographic images [50]. The conclusion was that as the foam gets
dryer, it is harder to deform it.

Figure 1.11 Bubbles deformation at the channel wall [51].
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4.11 The Magnetic Resonance Imaging (MRI)
MRI can be used to determine the liquid density as a function of vertical position [52], and also
to monitor the cross-sections of foams, to study the process of coarsening.
In nuclear magnetic resonance (NMR), the atomic nucleus with non-zero spin angular
momentum absorbs radio frequency (RF) electromagnetic energy; they behave as magnetic dipoles in
a strong magnetic field. Their precession frequency is given by the Larmor relationship. Measuring the
dispersion of the frequency response in surrounding RF coil, gives information about structural and
chemical features of the sample.
MRI extends the idea of NMR by adding to the applied homogeneous external magnetic field a
pulsed linear magnetic field gradient. This alters the precession frequency and thus, linearly encodes
the spatial position.

4.12 Other foam measurement techniques


Long-path infrared spectroscopy: It was used to study the liquid films in foams. The
infrared light absorption gives information about the quantity of liquid inside the foam
films [53].



X-rays reflectivity: It was also used for liquid films research inside the foams that
presented big and uniform bubbles [54].



Interferometry: It was used for the measurement of the microscopic liquid films [55].

These techniques remain too complex and their interpretations of measurements required
making additional hypotheses concerning the films structure. As for the measurement techniques used
during this investigation, they are explained in detail on Chapter 3.

5.

Foam rheology

Rheological properties of foams, such as elasticity, plasticity, and viscosity, play a major role in
foam production, transportation and application. Obvious examples are foam extrusion through
nozzles and slits (used in cosmetic and food applications, and in plastic foam production),
transportation through pipes (for compartment cleaning in nuclear plants and in foam-aided natural gas
production), flow through permeable media (in enhanced oil recovery), foam perception in personal
and home care application (shaving and styling foams, facial cleanser, shampoos), and many other
applications.
If foam is subjected to small shear stress, it deforms like a soft solid (Figure 1.12). This
response can be characterized with visco-elastic moduli. For applied low yield stress, visco-plastic
flow sets in. In this regime, foams behave like shear-thinning fluids, being their effective viscosity a
decreasing function of shear rate [56].
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Figure 1.12 Schematic representation of the relationship between the shear and the strain for aqueous foam.

Additional rheological phenomena arise at the contact between foams and confining solid walls:
If the surface of the solid wall is smooth, on the scale of the bubble size, the foam tends to slip on the
wall (Figure 1.13). In this case, the velocity of the first layer of bubbles, in contact with the wall
velocity does not match, in contrast to what is observed with simple liquids [57].

Figure 1.13 Schematic presentation of the origin of elastic response of foam, subject to shear stress lower than
the foam yield stress close to the a channel wall [2].

The rheological properties of foams are complex, not only because both elastic and viscous
responses are nonlinear functions of the applied stress, but also because shear localization (coexistence
of moving and non-moving regions) may occur under certain conditions.
The elastic response is due to surface tension effects: each foam film bears a mechanical
tension, approximately equal to twice the surface tension of the liquid, from which the foam is
generated [58]. If shear stress is applied externally, the bubbles are deformed (Figure 1.14). As a
consequence, the average orientation of the film is biased in the direction of the applied stress. As long
as the applied stress is smaller than the foam yield stress, the films meeting at the Plateau borders are
in static mechanical equilibrium and the bubbles are trapped in a self-supporting structure.
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Figure 1.14 Foam yielding and plastic deformation, under applied shear stress, increasing from (a) to (c). This
structure can relax either elastically, by returning to structure (a), or by a bubble rearrangement, leading to
structure (d) [59,58].

If the applied stress is strong enough to separate neighboring bubbles, the foam structure yields,
a steady shear flow sets in, and the bubbles slide along each other. The bubble rearrangement leads to
local shear flow of the liquid inside the foam films, resulting in dissipation of energy and shear-rate
dependent (viscous) contribution to the macroscopic stress. If the applied stress is decreased back to
zero, the flow stops and the bubbles tend toward a new equilibrium (Figure 1.14) [59].

5.1

Linear Elasticity

Foam behaves like an elastic material when it is under a sufficiently small shear strain. In this
case, the stress 𝜏 varies lineally with the strain 𝛾. In this regime, the bubbles are deformed, but the
applied strain is too small to modify the topology of their packing. The specific surface area of the
foam increases with the applied strain, and so does the volume density of the bubble surface energy.
Dimensional models have shown that the foam shear modulus, 𝐺 = 𝜏⁄𝛾, scales as the surface energy
density, multiplied by a prefactor, which depends on foam structure, polydispersity and liquid content
[59].
For a given mean bubble size, wet foams are softer than dry ones; this is because the gas
volume fraction 𝜙 decreases, the shear modulus G also decreases. The latter tends toward zero as the
void fraction approaches the random close packing volume fraction 𝜙𝐶𝑃 , which is a weakly increasing
function of polydispersity. The loss of rigidity occurs when the packing reaches an isostatic
mechanical equilibrium, where the bubbles are spherical and barely touch each other [60].
At 𝜙 = 𝜙𝐶𝑃 , the foam can be sheared slowly without any interfacial energy cost. The following
empirical relation [15] shows the dependence of the shear modulus of polydisperse foam on 𝜙:
𝛾𝑙
𝐺 = 1.4𝜙(𝜙 − 𝜙𝐶𝑃 )
𝑅32
(1. 25)
3
2
Where 𝑅32 = 〈𝑅 〉⁄〈𝑅 〉 is a characteristic length in foams known as the Sauter mean radius, which
governs foam elasticity and 𝜙𝐶𝑃 = 0.64 [61].
Foams are much difficult to compress than to shear, and their Poisson ratio (relation between
the transverse and the axial strain) is close to 0.5. Neglecting the water compressibility and the
interfacial contribution, the foam compression modulus is given by the ratio 𝐾𝑇 /𝜙, where 𝐾𝑇 is the
compression modulus of the gas confined in the bubbles. The magnitude of 𝐾𝑇 is related to the gas
pressure outside the foam. Taking realistic values, one obtains that 𝐾𝑇 ⁄𝜙 ≫ 𝐺. Therefore, the bubble
volume is constant to a good approximation in foam undergoing shear flow [61].
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On the other hand, foam that flows under significant variations of the applied pressure may lead
to significant changes of the bubble air volume fraction.

5.2

Non-Linear Elasticity

For larger strains, still too small to induce bubble rearrangements, foam film rotations and
stretching lead to nonlinear mechanical response. For instance, shear deformation of a foam in the 𝑋1
direction (Figure 1.15) induces the shear stress component 𝜏12 (proportional to 𝛾) and two normal
stress differences, 𝑁1 = (𝜏11 − 𝜏22 ) and , 𝑁2 = (𝜏22 − 𝜏33 ). These differences arise because, with
increasing strain, the foam films become predominantly oriented perpendicularly to the direction 𝑋2 .
As a result, the surface tension of the foam films contributes more to the normal stresses 𝜏11 and 𝜏33 ,
and less to 𝜏22 , thus leading to the normal stress difference 𝑁1 and 𝑁2 [62].

Figure 1.15 A cube of foam is sheared in the 𝑋1 direction. The arrows illustrate the components of the induced
stress [62].

Aqueous foams subject to mechanical stress, not only store elastic energy – they can also
dissipate energy, via viscous friction in the liquid contained in foam films and Plateau borders,
intrinsic viscous friction on the bubble surfaces and/or diffusive exchange of surfactant molecules
between the solution and the air-water interface [63].

5.3

Yielding

Foams subjected to increasing shear stress or strain exhibit a transition from solid-like to fluidlike behavior, called yielding [64]. As described in the previous section, the stress first increases, as in
elastic solid. Afterwards, the stress passes through a weak maximum and settles at a plateau. In this
latter regime, the stress (height of the plateau) is in increasing function of the applied shear rate, 𝛾̇ .
The stress threshold, beyond which the flow sets in, is called yield stress and is denoted by 𝜏𝑐 . The
corresponding strain threshold is the yield strain, denoted by 𝛾̇ .
The foam yielding occurs at the scale of the individual bubbles when the applied macroscopic
stress or strain is large enough to induce rearrangements in the bubble packing. For real polydisperse
3D foams, the bubble structure is more complex, but similar irreversible bubble rearrangements lead
to yielding and plastic flow on the foam.
The experimental time scale, over which the mechanical response is probed, is another control
parameter of the foam response. This time scale is set by the inverse frequency of an applied
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oscillatory strain, or by the inverse strain rate for a steady flow. For sufficiently long time scales, so
the bubble coarsening induces a significant number of bubbles rearrangements, foam flows like a
highly viscous liquid, in spite of low stress 𝜏 < 𝜏𝑐 . Even if the experimental time scale is so short that
coarsening is negligible, the time scale can still affect the yielding behavior [65].

5.4

Plastic Flow

Plastic Strain is defined as the irreversible deformation that takes place when material is sheared
beyond its yield strain. In a slow plastic shear flow, one may expect the sample to relax almost
instantaneously towards static equilibrium whenever the applied shear rate is released suddenly. Such
behavior is called quasi-static. In practice, even slow foams flows may only approach quasi-static
behavior, due to the slow viscoelastic relaxations.
As a first step towards a general constitutive law, relating stress and strain in rearrangementdriven plastic flow, the elementary plastic events have been modeled as forces dipoles acting on an
elastic continuum [66]. This has shown a good agreement with numerical simulations [67]. In another
approach, so far limited to 2D foams, the anisotropy of the foam microstructure is captured by a
texture tensor related to the macroscopic stress [68].

5.5

Foam-Wall Viscous Friction

If foam is in contact with a smooth solid wall, the application of external stress leads to sliding
of the boundary bubbles along the wall surface, violating the common non-slip boundary condition for
fluid flow at solid surfaces [69]. This foam-wall slip phenomenon may affect the rheological
measurements because the actual shear rate inside the foam cannot be directly deduced from the
motion of the walls bounding the sample.
This “wall slipping” is studied by placing the foam in contact with a smooth surface inside the
rheometer and applying a stress lower than the yield stress of that foam [57].
Most of the theorems [70,71,72] trying to model the viscous friction between the bubbles and
the walls are based on calculations made over the fluid velocity profile in the wetting films formed in
the contact zone (Figure 1.16). In these calculations, a non-slip boundary condition is applied for the
liquid film flowing along the solid wall, whereas different conditions are considered for the gas-liquid
interface. Two cases merit retrieving: The first one is that when exists a tangentially mobile bubble
surface; there is no velocity gradient in the wetting film, so that the bubble-wall fraction originates
only in the zones around the film. The second case considers a tangentially inmobile bubble surface
where the friction occurs in both zones of the liquid film surrounding the bubbles.

Figure 1.16 Schematic presentation of the zone of bubble–wall contact with the profile of the fluid velocity: a) In
the case of tangentially mobile bubble surface, there is no velocity gradient in the wetting film (b) In the case of
tangentially immobile bubble surface, the friction occurs in both zones – of the film and in the surrounding
meniscus regions [72].
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Theoretical models for the first case predict a foam-wall friction stress 𝜏𝑤 [73]:
𝜏𝑤 ∝ (𝐶𝑎∗ )2/3
(1. 26)
∗
where 𝐶𝑎 = 𝜇 𝑢0 /𝛤 is the capillary number, 𝜇𝑙 is the viscosity of the liquid, 𝑉0 is the characteristic
velocity and Γ is the surface tension.
In the second case where the bubble-wall friction is dominated by the viscous stress inside the
wetting film and is only possible if the bubble surface is tangentially inmobile [72], the foam-wall
friction is a result of:
𝜏𝑤 ∝ (𝐶𝑎∗ )1/2
(1. 27)

5.6

Rheological parameters

One of the objectives of this work is the use a rheological model that may be capable of
representing the behavior of complex flows, such as the foam one. Accordingly to previous studies, it
is indispensable for any rheological foam model to present the following parameters [74]:












Relationship between the bubbles diameter and the conduct hydraulic diameter ,
Wall-slip layer thickness,
Bubbles size distribution,
Flows anisotropy due to the bubbles size distribution,
Boundary effects: Slipping, absorption, shear, etc.,
Geometry characteristics and flow rates,
Gas volume fraction (Foam quality),
Physicochemical properties of both phases,
Absolute pressure (Gas compressibility),
Surfactants and their properties,
Rheological properties of the in-between bubbles liquid films and their stability
If the model does not consider any of these parameters, it will remain only an approximation.

6.

Foam evolution

Despite the stabilizing influence of the surfactants, aqueous foam never reaches a steady state.
As mentioned, foam will stay at a metastable state, and will exhibit a continuous evolution through
time and space. From the thermodynamic point of view, foam will always try to diminish its interfaces
to lower its inside energy. The foam evolution may be explained through a series of mechanisms.
Foam presents a simple composition: gas bubbles, highly concentrated in a fluid with small
amounts of surfactants. To achieve present level of understanding on this matter, it has taken over a
century of considerable effort by the scientific community. Still today most models that try to recreate
the behavior of aqueous foam remain empirical, and several questions remain unanswered.
In foam evolution, we distinguish two main dynamic processes: the redistribution of liquid
(foam drainage or syneresis) and the redistribution of gas between bubbles (coarsening or Ostwald
ripening) [75,76]. We may recognize how the “normal” shrinking head on a beer freshly poured into a
glass, is a complicated process that involves both processes.
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Drainage

“Foam drainage” was described as the phenomena by which liquid flows out of foam [77]. It
has had many applications like: cleaning services, mineral extraction, water purification, and many
features of production of food and porous materials, among others. Consequently, foam drainage has
received much more attention than fluid flowing between compressed bubbles.
Foam drainage may appear to be a relatively straightforward fluid problem dealing with the
flow between bubbles, but it is rather a complex one, with length scales ranging from nanometers for
surfactant molecules, micrometers for films, millimeters for bubbles, and centimeters for bulk foams.
Two main flow stages may be distinguished: the drainage of the films between the bubbles and
the liquid flow to the center of the channels towards the Plateau junctions. The flow inside the liquid
film is due to phenomena like: the gravity force, the capillarity force, and the pressure force between
the Plateau regions and the film between the bubbles.
The drainage physics’, physicochemical and geometrical parameters included the: liquid
volume fraction, density, liquid viscosity, bubble size distribution, surface rigidity, surface tension and
nature of the surfactants. If a constant input of liquid is applied to the top of the foam to achieve a
constant flow, it is called forced drainage. The opposite of this, the free drainage, is in which no liquid
is added.
Foams composed of larger bubbles have greater drainage pressure and so they tend to drain
rapidly from their films. They also have larger Plateau border cross-sectional areas (for the same
wetness of foam); accordingly they will drain more rapidly under gravity. Also, higher surface tension
increases film drainage forces, so stability is enhanced with smaller bubbles or surfactants that further
reduce surface tension.

6.1.1 Drainage Characterization
The stability of foam has been studied through volume phases. They are a function of
temperature and the surface tension between them. A simple experiment can measure the time needed
to reduce by half the foam contained in a column. It is the continuous phase (with a much higher
density) that separates from the rest of the flow. Experiments have been conducted in static foam to
determinate the liquid quantity drained through time by a column of known area [78]. However, this
type of analysis only considers the global drained liquid. Other factors are the foam fabrication
conditions, the column form, and surface.
More extensive methods allow evaluating the local properties in the column without affecting
the foam structure. They measure the conductance, AC capacitance and electrical impedance. This
way, not only we can evaluate the global drainage in a given static foam sample but also the local
drainage, by measurement of the gas liquid fractions, even in foam flows.
Other non-destructive methods, like the MRI or the tomography method, have been used to
characterize foam drainage [79]. Using the attenuation of the gamma rays, they were able to study the
drainage inside static perfectly isotropic foam. Because of this particular necessity, this method is not
suitable for foam flow.
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6.1.2 The Continuity Equation
The equation for the drainage of foam describes the spatial-temporal evolution of the liquid
fraction on the scale of several bubbles. It is based upon the continuity equation, a relationship
between the foams volume fraction and its liquid velocity.
From the continuum point of view, the foam’s liquid fraction is changed by the divergence of
the liquid flux, 𝜓. Assuming that the foam is confined, the conservation of liquid requires:
𝜕𝜀
= −𝛻 ∙ 𝜓 = −𝛻 ∙ (𝑢̅𝜀)
(1. 28)
𝜕𝑡
where 𝑢̅ is the mean-axial velocity.
Once the average liquid velocity 𝑢̅ is determined, and applied in the continuity equation, it leads
to a partial differential equation describing the spatial-temporal evolution of the liquid fraction, also
known as the foam drainage equation. Before, the velocity had a simple dependence over the liquid
gradient and its fraction [80]. However, the liquid velocity has a complex dependence on parameters
not accounted for in the original formulation, such as surface viscosity. To date, there is no a theory
covering foam drainage in its complexity and only exist semi-empirical approaches [81,82].

6.2

Coarsening

Also known as the Ostwald ripening, it expresses the gas lost through the bubbles film from a
high-pressure bubble to a low-pressure one. Through gas diffusion occurs this exchange is associated
to a decrease in the small bubbles size at expenses of the big ones (Figure 1.17). It is an important
phenomenon by which, liquid foam evolves toward a thermodynamic equilibrium. This process is
strongly coupled with drainage, and other rheological phenomena. It is mainly due to the increase of
the average bubble size, but also that ripening induces dynamics that are central in the complex
rheological behavior of foams.

Figure 1.17 Ripening of a wet bubbly system.

Wet foam is considered to be a suspension of well-separated spherical bubbles with radius R, as
shown in Figure 1.17. The concentration of gas 𝑐 = 𝑐 (𝑟, 𝑡) diffusing in the liquid surrounding each
bubble is spherically symmetric and described by Fick’s second law of diffusion:
𝜕𝑐
= 𝐷 ∙ ∆𝑐
(1. 29)
𝜕𝑡
where D is the diffusion coefficient of the gas in the liquid.
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Assuming that it takes a small time (in comparison to the bubbles radius evolution time) to
reach a fully developed concentration profile i.e. 𝜕𝑐/𝜕𝑡~
̃ 0, the expected concentration is:
𝑐(𝑟) = 𝑐∞ + 𝑅(𝑐(𝑅) − 𝑐∞ )/𝑟
(1. 30)
where 𝑐∞ and 𝑐(𝑅) are gas concentrations at 𝑟~
̃ ∞ and 𝑟 = 𝑅
In dry foam, gas bubbles resemble closely packed polyhedra. So, the gas diffusion will take
place through the thin liquid films separating neighboring bubbles. If we consider 2D dry foam that
satisfies the Plateau’s rules (Figure 1.18), where the length of the films separating the neighbor
bubbles 𝑖 and 𝑗 is known as 𝑙𝑖𝑗 , with an angle of 2𝜋/3. The gas flow rate (per unit of length) is given
by [83]:
𝑞𝑖𝑗 = −𝑘𝑓 (𝑃𝑖 − 𝑃𝑗 ) ∙ 𝑙𝑖𝑗
(1. 31)
where 𝑘𝑓 is the permeability of the complete film.

Figure 1.18 Schematic representation of 2D dry foam. The bubble noted by i has n = 7 sides of length lij. The
total angle covered by films’ curvatures along the perimeter of bubble i is equal to ∑𝑛𝑗=1 𝜑𝑖𝑗 = ∑𝑛𝑗=1 𝐼𝑖𝑗 /
𝑅𝑖𝑗 = 𝜋 (6 − 𝑛)/3. Arrows illustrate the exchange of gas between n-sides bubbles [83].

The Laplace law can be used to express the pressure difference as a function of the radius of
curvature 𝑅𝑖𝑗 , which is counted positively, when the center of the circle lies inside the bubble:
𝑃𝑖 − 𝑃𝑗 = 2𝜎/𝑅𝑖𝑗
(1. 32)
Then, from the sum of 𝑞𝑖𝑗 over the 𝑛 neighboring bubbles the von Neumann’s law states:
𝜕𝐴𝑛 2𝜋
=
𝛾𝑘𝑓 (𝑛 − 6)
(1. 33)
𝜕𝑡
3

6.3

Gibbs-Marangoni mechanism

The Gibbs-Marangoni mechanism explains the stability of the dilute aqueous surfactant
solution. A surface tension difference may result from surfactant deficit, stretching or drainage. When
the surface tension difference occurs, the surfactant from the neighbor cells will migrate to this weak
zone. They will fill the hole by dragging with them (hydrophilic heads) a liquid part that is present in
the film between bubbles. The entire zone will grow, and recover its meta-stable property by creating
the double surfactant layer [84]. This phenomenon gives an extra elasticity by the surface tension
effect. It will extend the foams life.
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The disjunction pressure

Excess in chemical potential characterizes the liquid films. This quality creates extra pressure
inside these areas, also known as disjunction pressure. It is normally a result of the repulsive
electrostatic forces (from the ions to the gas-liquid interface), the Van der Waals attraction forces and
the steric effect (intermolecular force).
The mutual electrostatic repulsion forces in the surfactants will eventually prevent the film
rupture and the bubbles coalescence [85].

6.5

Foam collapse

Once a soap film is formed, either by itself or within foam, it will keep on thinning until
equilibrium is reached. Most liquid foams do not last long, in comparison with other type of fluids.
They tend to collapse by the rupture of exposed films. Many factors are related for this, singly or in
combination. Drainage is one of the most important factors that reduce the film thickness, evaporation
may also affect it, and the surfactant selection or the presence of dust may also impact on the films.
Foam stability is a subject of great importance but offers many difficulties regarding its scientific
framework and comprehension. Three reasons for this are: the immense variability of chemical
composition; the large effect of small levels of additive and impurities; and the dynamic character of
the instability mechanisms.

6.5.1 The coalescence
Coalescence is a limiting mechanism in the foam evolution. It mainly appears in the rupturing
of the thin liquid film that separates two adjacent cells. In comparison to the drainage effect,
coalescence takes more time to affect the foam behavior. Along with, the coarsening and the drainage
are the principal phenomena of foam destabilization.
As a general principle, thin films break by spontaneous growth of thermal fluctuations of
thickness. The fluctuations are controlled by two contributions to the free energy of the film. The first
one is always positive, due to the increase film surface area (the surface energy is the product of the
surface area by the surface tension), and the second contribution may be either positive or negative,
depending on the sign of the disjoining pressure, and the film thickness [86].
In 2D foams, the bubbles of five or less sides shrink, and those of seven or more sides grow.
Accordingly, mean cell area < 𝑎 > grows along with time. Most significantly, in the case of Ostwald
ripening after a transient regime, the evolution is characterized by a steady regime, where the
normalized volume distribution is steady. The evolution of breaking foams is significantly different.
The process of breaking includes three distinct phases [87]. At first, foam is generated in a cell by
vigorous shaking of dodecyl sulphate solution. Removing some of the liquid regulates the liquid
fraction. In these experiments, coalescence is induced by the effect of gentle induction of heat. It is
noted that coalescence is a rapid process in comparison with Ostwald ripening. The destruction of the
foam is completed in less than 10 min, whereas Ostwald ripening relaxation proceeds over 10h. This is
one of many methods to study this mechanism, beside those of thermal induction with higher
viscosities [88] and acoustic experiments [89].
The parameters in charge of the coalescence process include: the film size, the surfactant
properties, the surfactant concentration, and the gas and liquid properties. Of them, the key one is the
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liquid fraction. Its effects are enhanced below a critical liquid fraction, which does not depend on the
size of the bubbles [90].
When the foam is left to coalesce and collapse freely, three successive regimes take place. First,
the height of the foam remains constant; the liquid flows and the foam dries. Second, the foam
continues to dry but the bubbles present at the air/foam interface break down. The rupture front
propagates in the foam, and the height of the foam decreases. This discontinuous evolution evolves by
avalanches separated by periods of stasis. Coalescence events only occur at the top of the foam.
Finally, in the third regime at the end of the experiment, a residual height of bubbles persists at the
lower part of the column.
The coalescence is a catastrophic process that takes place at critical liquid fractions. It is clearly
related to the T1 events occurring when the foam is drying or ageing. Experiments at the level of a few
bubbles in movement are required to better understand this point. Avoiding drainage will increase
dramatically the lifetime of foam. Foams with small bubbles, surfactants with high surface viscosity,
and jellified systems are thus more stable.

6.5.2 T1 and T2 Rearrangements
The topological structure of the foam may be brought to a configuration in which there is a
violation of Plateau’s rules by the introduction of a forbidden vertex. This dissociates rapidly and a
new structure is formed.
In 2D, the possibilities are rather simple: The so-called T1 process eliminates a fourfold vertex
and forms two threefold ones, while the T2 process is associated to the disappearance of a bubble and
coalesce (Figure 1.19).

Figure 1.19 T1 and T2 Rearrangement.

In 3D, the most elementary possibility involves the disappearance of a triangular face, or the
inverse process in which a line (Plateau border) is reduced to zero length. But the disappearance of
one triangle generally causes a neighboring triangle to vanish too. The topological changes often come
in cascades, particularly for wet foams [91].
For both dry and wet foams, the processes of phase change in ordered foams (for example, from
bcc to fcc) are largely unexplored. This may be of little direct importance, but the close analogy with
some metallurgical phase transformations could add interest.
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Foam Flow

The study of foam flow has been encouraged by a desire to understand the flow of fire-fighting
foams and the transport of cuttings in oil well drilling. As already explained, the foam is a nonNewtonian fluid that exhibits a slip boundary condition. This type of flow makes an important impact
in the wall shear stress and contributes to the entire pressure gradient. Because of this characteristic,
foam flow has been used for cleaning oil pipes and equipment like heat exchanger.
At glance, two different kinds of foam flow cases may be noted:


Micro-flow: Is when the confinement space of the foam flow has a size close to the
bubbles diameter (porous medium, capillarity tube)



Macro-flow: In this case the confinement space of the foam has a size bigger than the
bubbles diameter.

For the micro-flow, the bubbles take the form of the channel, or space surrounding it. As for the
macro-flow, the bubbles can move freely and will interact between them. Another important aspect
differencing them is the bubble diameter. For the smallest one, the bubbles can be bigger than the
channel; in that case the important size is the porous medium and the predominant interaction is
between the bubbles and the walls.
Basically, foam flow can be described as a perfect plug flow inside any tube. A liquid film is
noted at the wall of an acrylic channel, its slip velocity is obtained using the Mooney’s formalism [92].
Overall, it comprises two phenomena. The wall-slipping layer characterized by the slipping velocity
and its thickness. The second is the shear at the foam core.
It is important to relate the foam rheology to its flowing. This is the only way that the velocity
inferred by Lemlich can be explained. The observation of plug flow requires the existence of a yield
stress. There are many factors that influence the behavior of the foam flow. Because of this, a
rheological-equation that can describe it, is difficult to define. The foam flow study is at the border of
multiple scientific domains: mechanical engineering, chemical engineering, rheology, and physics.

7.1

Foam viscosity

It is known that viscosity stands as the resistance exerted by a fluid that is being deformed by
either shear stress or tensile stress. As the viscosity increases, the fluids capacity to flow diminishes.
The most common types of fluid viscosity referred to the dynamic viscosity and the cinematic
viscosity.
All along nature, most of the fluids present a Newtonian behavior. Non-Newtonian behavior
means that there is no proportionality between the stress and the deformation rate. So, the viscosity is
not constant over an extended shear velocity plateau. We can characterize this type of fluids with
visco-elastic behavior laws.
Foam viscosity has been object of many studies by the scientific community. Many authors
have proposed correlations between the viscosity and the structure. The most used model, based only
in the volumetric gas fraction, is [93]:
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𝜇𝑓 =
where 𝜇𝑙 is the liquid viscosity

𝜇𝑙
1 − 𝜙𝐺 1/3

(1. 34)

It is based on a heuristic model for concentrate emulsions, and does not take into account the
surface tension.
A viscometer can be used to measure the wall stress for different shear values inflict over foam.
The apparent viscosity can be calculated with these two values. Another viscosity model was created,
based on this tool [94]:
𝜇𝑓 = 𝜇𝑙 𝑒 𝐾𝜙𝐺
(1. 35)
where K is a constant, function of the shear rate 𝛾:
−3

𝐾 = 6.0 + 2.5𝑒 −5.3∙10 𝛾̇
(1. 36)
Nevertheless, the physic value of K in this model is not clearly established. It seems to be related to
the interaction between the bubbles.
Numerous experimental results have allowed adjusting the non-Newtonian model of HerschelBulkley. Then, the effective viscosity can be expressed as:
𝜕𝜏
= 𝑛 ∙ 𝑘 ∙ 𝛾̇ 𝑛−1
(1. 37)
𝜕𝛾̇
where 𝜏 is the stress, 𝛾̇ the shear rate, 𝑘 the consistency index and 𝑛 the Power Law index.
Other viscosity model was built considering Bingham’s non-Newtonian model. Drainage and its
viscous effects are taken into account. It is mainly based in the liquids viscosity and the gas volume
fraction [95]:
𝑘~
̃ 0.026 ∙ 𝜙 ∙ 𝜇𝑙
(1. 38)
This model remains restricted to monodisperse foams, where the gas fraction is extremely close to the
unity.
In most of these models, the viscosity results from mathematical analysis where the physic
approach is less taken into consideration.

7.2

Non-Newtonian flow models

Foam flows in a non-Newtonian way. Because of this property, a model with at least two
parameters better explains the behavior of such complex flow. For all continuum models, mechanical
properties, such as elastic and viscous moduli, effective viscosity and yield stress, are incorporated in
laws and models that relate the stress, strain and rate of strain. In a general approach, the most
common models are those that consider a shear at the middle of the foam. The continuum nonNewtonian models are:

Bingham:
When the stress applied to the fluid is higher, or the same, as the yield stress 𝜏𝐶 is:
𝜏 = 𝜏𝐶 + 𝑘𝛾̇
(1. 39)
where k is the consistency index and 𝛾 the shear rate. However, when the stress does not surpass
the yield stress, 𝛾̇ =0.

Ostwald de Weale:
In this model, the stress can be specified as:
𝜏 = 𝑘𝛾̇ 𝑛
(1. 40)
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where n is known as the Power Law index, k the consistency index and 𝛾̇ the shear rate.
Herschel-Bulkley:
It is the model most applied for foam flows, in case the stress applied to the fluid is higher than
the yield stress:
𝜏 = 𝜏𝐶 + 𝑘𝛾̇ 𝑛
(1. 41)
where n is known as the Power Law index, k the consistency index, and 𝛾̇ the shear rate. In case
the stress does not surpass the yield stress, 𝛾̇ =0.

Although these mathematical approximations are useful, they only broadly describe the
behavior of real non-Newtonian fluids. If n were less than one, the models will predict that the
effective viscosity will decrease with increasing shear rate. All real fluids have both a minimum and a
maximum effective viscosity, according to the physical-chemistry at the molecular level.
Power laws fluids cover three types of them, according to their flow behavior index n. For
Power Law index values lower than 1, the fluid is called Pseudoplastic. When it is equal to 1, it is
known as a Newtonian fluid. Finally, for values above 1 it is called Dilatant.
For foam and concentrated emulsions, the power-law index, n, is typically between 0.2 and 0.5,
reflecting the strong shear-thinning behavior of these systems [57,96]. The dimension of the
consistency index, k, is (Pa.s)n and it is, therefore dependent of the specific value of n.
The wall shear stress can also be obtained experimentally, with a Couette type rotational
rheometer [97]. They put in evidence an Ostwald de Weale, or a Herschel-Bulkley, fluid behavior. For
these studies, the important parameters are the foam quality and the bubbles diameter. The wall shear
stress for a laminar regime, was established as:
𝑑ℎ
𝑑ℎ
𝜏𝑃 = 𝜏𝐶 ( , 𝜙) + 𝑘 ( , 𝜙) ∙ 𝛾̇ 𝑛
̅̅̅
̅̅̅
𝑑𝑏
𝑑𝑏
(1. 42)
where 𝜏𝐶 is the yield stress, 𝑑ℎ the hydraulic diameter, ̅̅̅
𝑑𝑏 the bubbles mean diameter, 𝜙 the gas
volume fraction, 𝑘 the consistency index, 𝛾̇ the shear and 𝑛 the Power Law index.
The foam texture has less influence than the gas volume fraction, as long as it flows inside a
conduct bigger than the bubbles size [98]. Because of this, some laws should be considered to relate
the yield stress and consistency, to the gas volume fraction:
𝑖𝑓 𝜙 ≤ 0.6
𝜏𝐶 = 7 ∙ 10−2 𝜙
(1. 43)
−4
𝑖𝑓 𝜙 > 0.6
𝜏𝐶 = 2 ∙ 10 𝑒𝑥𝑝(9𝜙)
(1. 44)
−4
𝑘 = 2 ∙ 10 𝑒𝑥𝑝(3.6𝜙 + 0.75𝜙)
(1. 45)
These results may be compared to the ones in other studies [15]. For polydisperse foams
(bubbles diameter between 90 and 140 micrometers), it has been proven that the yield stress remains
the same, as long as the gas volume fraction is greater than 63.5%. So, previous results showing the
possibility of different values for yield stresses require further review.
A second branch of the yield stress, studies tried to relate this to the bubbles diameter. Using a
rotational rheometer, it was shown that the yield stress increases while the bubbles diameter decrease.
The relationship established is the following [99]:
̅̅̅𝑏 −0.648
𝜏𝐶 = 5.2𝑑
(1. 46)
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There have been different opinions concerning the causes of the foam flow. Some propose that
it results from shear in the middle of the foam [11,94] and others suggested that the slipping liquid
layer is a more relevant characteristic [99,100]. Probably, foam flow results from a mix of these two
processes.

7.3

Horizontal flow regimes

There are two main ways to evaluate a horizontal foam flow inside a channel or a pipe. First, it
can be studied by the void fraction. This type of flow can exhibit seven different flow regimes. They
represent a detailed qualitative description, and provide an excellent platform to develop future
mechanistic models [101]:

Pattern 1. When the foam is very wet, with a liquid fraction above 27%, a liquid stratum
forms at the bottom of the pipe, and the foam layer moves on top.

Pattern 2. At a liquid fraction of 21-27%, the liquid layer becomes thinner and bubbles
exhibit limited shear past one another. There is also some bubble size segregation, with the
bigger bubbles tending to locate near the top of the pipe.

Pattern 3. At a liquid fraction of 11-21%, the agitation of bubbles causes the size
classification observed in pattern 2 to disappear. The visible liquid layer vanishes, and the
foam exhibits a distinct velocity profile.

Pattern 4. At a liquid fraction of 3-11%, the foam exhibits plug flow, which corresponds
lo Lemlich’s observation in the Perspex Tube. The authors refer to the foam as a ‘wispy
solid’.

Pattern 5. At a liquid fraction of 2-3%, the large bubbles start to segregate towards the top
of the column once more.

Pattern 6. At a liquid fraction of 1-2%, the foam forms into distinct plugs separated by
pockets of gas.

Pattern 7. The gas rate becomes so great that it can break through the foam plugs and the
foam becomes incoherently dispersed in the tube. This resembles the phenomenon of ‘gas
pull-through’ observed in gas-liquid oil flow lines.
The other way to evaluate horizontal foam flow inside a channel is through its global velocity.
For foam quality of 70%, three different regimes can be observed [3]. They result from the
interpolation of the velocity, measured at the ducts wall, over a straight section. The three different
foam regimes are:

One-dimensional flow: It is obtained when the established flow behaves as a whole. It
moves in a block form, or as a piston. The velocity vectors have only one uniform axial
direction:
𝑢
⃗ = 𝑢 ⃗⃗⃗⃗
𝑒𝑥 = 𝑐𝑡𝑒 ⃗⃗⃗⃗
𝑒𝑥
(1. 47)

Two-dimensional flow: It is obtained when the established flow has an axial component
velocity, which only depends of the y-coordinate (vertical coordinate):
𝑢
⃗ = 𝑢 (𝑦)𝑒⃗⃗⃗⃗𝑥
(1. 48)

Three-dimensional flow: It is obtained when the established flow velocity has an axial
component, which depends of the z (span wise) and y (vertical) coordinates:
𝑢
⃗ = 𝑢 (𝑦, 𝑧)𝑒⃗⃗⃗⃗𝑥
(1. 49)
These regimes depend on numerous factors: the gas velocity, the liquid velocity, the mean
velocity in the test-section, and the channels geometry, already explained for the visual method to
characterize foam flow.

1 : Foam Flow

7.4

36

Wall-Slip liquid layer

As foam flows, liquid segregates from the foam to form a thin liquid layer at the wall. This
provides decreased resistance to shear, and can engender slip at the wall. The particle imaging
Velocimetry has been used to determine the velocity profiles of a horizontal foam flow [3]. Normally
this liquid film has a thickness in the order of millimeters, and presents a laminar regime. Because this
slipping film is formed from a relation between the wall and the foam, it is a function of the wall
roughness, channel dimensions, surfactant concentration, gas and liquid flow.
The wall liquid film was described using a rotational rotameter [99]. From this experience, the
foam flow was supposed to be the cause of two different phenomena: the shear at its middle, and the
subjacent liquid film. Considering the presence of liquid film in any foam flow, its behavior can be
related to the Herschel-Bulkley for Non-Newtonian flows [102].

7.4.1 Wall-Slip Velocity
For a flow with a slipping film, the velocity field can be decomposed into two main
components: the wall slip velocity 𝑢𝑠𝑙𝑖𝑝 , and the shear velocity 𝑢𝑠ℎ𝑒𝑎𝑟 (Figure 1.20).

Figure 1.20 Velocity field of a laminar flow with a wall-slip velocity [51].

Inside the wall liquid film, the higher velocity corresponds to the wall slip velocity. It can be
related to the bubbles velocity flowing over the foam flow, inside this film with a shear velocity.
Inside this film, composed of liquid, a boundary layer might develop and increase the value of this
gradient. The foam flow will always take into consideration both velocity and the contribution from
the wall slip velocity [51]. The layer thickness, 𝛿, and its velocity can be related through the following
expression [103]:
𝛿 = ∝ 𝑢𝑠𝑙𝑖𝑝 1−𝛽
(1. 50)
where ∝ = 3.7 ∙ 10−4 and 𝛽 = 0.5. The value of 𝛽 was obtained at a study of the flow of simple
bubbles trough a capillary tube [104]. The layer thickness is directly related to the slip velocity. As the
velocity increases, so does the layer thickness [102,100].

7.4.2 Correction methods
For a non-Newtonian fluid flowing in a tube, with a no-slip condition, the shear stress can be
translated as a function of the strain rate through the Weissenberg-Rabinowitsh method. This method
was adjusted to accommodate a slip velocity at the wall [92], and to obtain constitutive relationship for
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foam [33]. Once the slip velocity, 𝑢𝑠𝑙𝑖𝑝 , has been estimated, the thickness of the liquid layer, δ, can be
obtained as a function of the wall shear stress:
𝛿
𝑢𝑠𝑙𝑖𝑝 = 𝜏𝑊
𝜇𝑙
(1. 51)
where 𝜇𝑙 is the liquid viscosity.
The flow of pastes through a capillarity tube did not produce linear Mooney plots, which was
reconciled by suggesting that the slip velocity was inversely proportional to the capillary radius [105].
This suggestion has been adopted for the interpretation of foam data. However, the Tikhonov
regularization is used to analyze capillary rheometry data, and have shown that Jastrzebski has limited
support and that the Mooney formalism, with this regularization is successful for the interpretation of
foam data [106,107].

7.4.3 Thickness
A foam flow inside a duct can studied within in three different zones (Figure 1.21). Inside these,
the shear and the slipping phenomena are combined [108].

Figure 1.21 Velocity profile of a foam flow inside a rotameter [108].







Zone A: It corresponds to the wall slipping liquid film and presents the characteristics of a
Newtonian liquid. The gaseous phase is completely absent. The foam flows over this
parietal liquid that is highly sheared. As for any other Newtonian fluid, the velocity at the
wall is zero.
Zone B: Inside this region, the foam behaves as a whole. All the bubbles flow together and
the elasto-plastic properties attach one to the other. The shear stress is lower than the yield
stress.
Zone C: At this zone the foam shears. The shear stress is higher than the yield stress. If
the foam velocity is not high enough to create a high shear, the foam will flow as a block
(piston type).

The main characteristics of each zone are function of foam properties; such as the liquid
fraction, the bubbles diameter, and the velocity. It can also be related to the wall and its state (slipping
wall or rough wall).
The direct measure of the liquid film thickness is not an easy task with actual measurement
techniques. An indirect measure method can be based on the modeling of the foams flow. From the
modeling, the pressure losses can be obtain, and from these, the film thickness.
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One hypothesis suggests that the shear is mainly located at the wall liquid film [100]. As long as
the film thickness can be neglected in comparison to the channels dimensions, it is strictly attached to
next relationship:
𝑢𝑓 16 𝐿 𝑄𝑡 𝜇𝑙
𝛿 = 𝜇𝐿
=
𝜏𝑤
𝜋 𝑑ℎ 3 ∆𝑃
(1. 52)
where 𝑢𝑀 is the foam mean velocity, 𝑄𝑡 is the total measured flow, 𝑑ℎ is the hydraulic diameter of the
channel, 𝜇𝑙 is the liquid viscosity and 𝐿 the distance between the two pressure outlets, for which ∆𝑃 is
measured. For a Plexiglas tube, with a diameter of 44 mm, a liquid film of 3 to 8 µm can be observed.
A second hypothesis is for a shear at both, the liquid film and the foam core [108]. The
proposed model is formed by: the liquid film thickness, the yield stress, the bubbles mean diameter
and the foam gas fraction. For this model, the yield stress is not sensitive enough and the rheological
properties at the foam core remain constant. From experimental results, the model was adjusted and a
relationship was created. This one relates the liquid film thickness to the bubbles diameter, d, and the
gas volume fraction 𝜙 [109]:
2𝑑𝑏 (1 − 𝜙)
𝛿=
3𝜙
(1. 53)
The relationship was constructed over a theoretical base, relating the slipping liquid film to the
film between bubbles. It is restraint to bubbles diameter of 100 µm and a gas volume fraction lower
than 86%. Accordingly to this model, the slipping liquid film can measure from 8 to 40µm.
A third and final hypothesis was made out of the previous two ones [50]. It approached the
characterization of the liquid slipping film of the following foam flow: a gas volume fraction between
95% and 97%, a foam velocity of 1 m/s, a channel hydraulic diameter between 20 mm and 40 mm.
Assuming a shear caused only by the liquid layer, the thickness would be between 15 and 25 µm.
These values highly differ from those expressed by the first model. Later on, the second model was
tried. A thickness between 7 and 10µm was obtained; it had a lower deviation than the other model.
These results proved that the foam flow is affected by a shear at the foam core.
Accordingly to these authors and experiment, the wall-slip liquid layer thickness value is
between 1 and 100 µm. There are different ways to approach its calculation.

7.4.4 Shear rate influence
The foam shear and its wall stress seem to have an important effect over the thickness of the
liquid layer. Many authors also studied the stretch relationship between these phenomena. For a given
gas volume fraction, between 98.5% and 99.5%, the liquid layer thickness diminishes as the stress
rises [103]. The same behavior was observed for foam flows, with a gas volume fraction between 66%
and 80% [102]. However, for the gap between these two limits, from 87.5% to 98%, a different
relationship was noted, the thickness increases at the same time as the stress [100].
Close to 80% of gas volume fraction, the limit between dry and wet foam is achieved. In
consequence, the bubbles will seize to be spheres and become polyhedral. The liquid layer will be
created by the foam-wall contact and also from the liquid trapped in-between the bubbles, acting as
reservoirs.
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When stress, higher than the yield stress, is applied to the foam flow, the layer of bubbles closer
to the wall will be sheared. The movement between bubbles will deform and break the in-between
films. They will expel the liquid inside towards the wall and the slip liquid layer. So, for higher
stresses, more liquid drained to the walls.

7.5

Compressibility influence

As foams are mainly compose of gas. They may be considered as pseudo-compressible fluids.
There have been few studies that take into consideration the influence of the compressible
characteristics of the air inside the foam flow. This is because most of the studies were made in
conditions in which the gas compressibility did not make a relevant difference over the results
obtained.
The compressibility phenomenon considers, so as predicting the pressure losses along a duct.
This method can only be applied if the pressure difference between the entrance and the exit of the
duct is neglected in regards to the mean pressure [110]. A theoretical foam flow model did consider
upon the influence of the air compressibility over the foam dispersion [11].

7.6

Theoretical foam flow models

Several authors already tried to develop an equation capable of predicting the foam flow and
some of its complex properties; such as the shear, the stress and the pressure losses. It is important to
note that they are limited to certain conditions and duct geometries.
In order to develop an equation of a simple medium for polymer foams, a study of the foam
flow trough a vertical tube was carried [11]. It was assumed that the foam flow is only due to the foam
shear at its core. Starting from theoretical considerations, the VEPL (Volume Equalized Power Law)
was proposed. To be able to characterize gas volume fraction inside the foam, a specific volume
expansion factor was added:
𝜏 = 𝑘 𝐸𝐹1−𝑛 |𝛾|𝑛−1 𝛾̇
(1. 54)
where 𝜏 is the local stress, 𝐸𝐹 the expansion factor, 𝑘 the consistency index, 𝑛 the Power Law index,
and 𝛾̇ the shear rate. Adjusting this model to the pressure losses, will allow to determinate the 𝑘 and 𝑛
parameters.
A theoretical study was undertaken for a block foam flow inside a cylindrical duct [111]. It took
into consideration the drainage and the viscous effects present in foam. The pressure gradient caused
by the redistribution of the liquid phase and the bubbles deformation will create a stress over the
interfaces. From here, the values of the deformation components and interfacial shear were obtained.
After including the energetic factor of foam flow, it was established that the phase redistribution
would be followed by energy loss. Also, the foam flow is joined by a volumetric, deformation giving
origin to the wall-slip layer, which controls the gas phase compression.
For a piston foam flow, the core velocity depends on the liquid film thickness and the axial
pressure gradient, 𝐵. Assuming that the velocity inside the wall-slip layer presents a linear slope, the
interfacial shear and the wall shear are similar [100]. The foam flow is linked to the axial pressure
gradient through the next relation:
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𝐵2 𝑅 5 𝑒 0.042𝐾0
𝜇𝑙 𝜌0 𝑃𝛾0
(1. 55)
where 𝑅 is the duct region, 𝜌0 is the foam initial density, 𝑃𝛾0 is the capillarity pressure (Laplace
pressure) and 𝜇𝑙 is the liquid viscosity.
𝑄𝑡 = 0.857

Although this model considers the parameters of the foam structure, and how pressure losses
relate to the foam flow, it disregards the variation of the wall-slip thickness.

8.

CFD Code for Complex Fluid Simulations: ANSYS-CFX

8.1

ANSYS CFX Description

Computational Fluid Dynamics (CFD) uses algorithms and numerical methods to study fluid
flow and carrying out the calculation and simulations of liquid and gases interacting with surfaces
defined as boundary conditions. CFD often applies Navier-Stokes equations, which define any singlephase fluid flow. They can be simplified by removing terms describing viscous actions to yield the
Euler equations and describing vorticity, giving place to the full potential equations. To attend small
perturbations, they may be adjusted by many linearized potential equations.
Different solutions methods are used in CFD codes. The most common, on which CFX is based,
is the finite volume technique, when the region of interest is divided into small sub-regions, the
“control volumes”. The equations are discretized and solved iteratively for each control volume. As a
result, an approximation of the value of each variable, at specific points throughout the domain, and a
full picture of the flow obtained.
CFD has applications in a wide range of fields like: mixing vessels, chemical reactors,
ventilation, fire and smoke, combustion modeling, car aerodynamics, heat transfer within and around
circuit boards, dispersion of chemical pollutants in different media, optimization of combustion
processes, blood flow through grafted material.
CFD can determine the performance of a component at the design state, or it can analyze
difficulties with a particular design, leading to improvement. The first step is to identify the region of
interest, and define its geometry. The mesh is created and applied in the pre-processor, together with
other elements required in the simulation including the boundary conditions and fluids properties. The
solver produces a file of results of the variables throughout the region of interest, providing the user a
better understanding of the fluid behavior [112].

8.2

Introduction to ANSYS CFX

ANSYS-CFX is a general purpose CFD software that combines an advance solver with
powerful pre- and post-processing capabilities. It includes an advance coupled solver reliable and
robust, full integration of problem definition, analysis, and results presentation and an intuitive and
interactive setup process, using menus and advanced graphics. It is capable of modeling fluid flow
cases, but especially, laminar, turbulent, non-Newtonian, buoyant related and multiphase flow.
ANSYS CFX includes four software modules for the required geometry and mesh information to
perform a CFD analysis (Figure 1.22) [5]:
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ANSYS CFX-Pre
ANSYS CFX-Solver
ANSYS CFX-Solver Manager
ANSYS CFD-Post

Figure 1.22 ANSYS CFX modules.

8.3

CFX-Pre

CFX-Pre is a next-generation physics pre-processor used in simulations. It allows importing
data from multiple meshes; including the more appropriate, depending on the region configuration.
Analyses, such as the flow physics, the boundary conditions, the initial values, and the solver
parameters, may be carried out. A full range of boundary conditions are available including inlets,
outlets and openings, together with boundary conditions for heat transfer models and periodicity.
Complex simulations can be assembled from one or more configurations; each one combines
analysis definition with other related tasks. The control over the configuration execution order, and the
inter-configuration solution dependence, facilitates the setup of common simulations, such as the
initialization of a transient analysis using results from a steady-state analysis. It also facilitates the
setup of increasing complex simulations. This characteristic allows evolving from simple Newtonian
problems with apparent viscosity, to non-Newtonian setups capable of predicting the wall-shear stress,
created by a foam flow.

8.3.1 Domains
The regions of fluid flow and/or heat transfer in CFX are called domains. Fluid domains define
a region of fluid flow, while solid domains are regions occupied by conducting solids, in which
volumetric sources of energy can be specified. To define a domain, three conditions are required:

The domain must be formed from one or more 3D primitives. They constrain the fluid
region.

The physical nature of the flow

The materials properties inside the region
Many domains may define the same model. Multidomain problems can be created from a single
mesh, if it contains multiple 3D primitives or multiple meshes.

8.3.2 Physical models
For a reliable simulation, the physical model must be properly selected, and should be
consistent with the type of simulation wanted. The physical models available at ASYS CFX, of special
interest for flow studies are:

Steady State and Transient Flows: Specifies the time dependence of the flow
characteristics. Steady state simulations are those whose characteristics do not change with
time. While transient simulations require real time information to mark the time intervals
at which the CFX-Solver calculates the flow field.
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Laminar Flow: A laminar flow is governed by the unsteady Navier-Stokes equations. It is
normally applied at low Reynolds number flows (Re < 1000). The energy transfer in the
fluid is accomplished by molecular interaction.
Turbulence Flow: The turbulence models predict the effects of turbulence in fluid flows ,
without resolving all scales of the smallest turbulent fluctuations. Several models can be
used to approximate turbulence based on the Reynolds Average Navier-Stokes (RANS)
equations.
Non-Newtonian Flow: A non-Newtonian fluid does not obey the simple linear
relationship between shear stress and shear strain rate. ANSYS-CFX has several models
for calculating viscosity based on shear strain rate.

Multiphase flow can also be modeled with ANSYS-CFX, but there is no CFD software in the
market that can simulate our particular case, which presents elasto-plastic properties. Our approach
relates the foam qualities to a Newtonian fluid with an apparent viscosity. Later, the results from the
Newtonian model will be boundary conditions for a Non-Newtonian simulation, capable of predicting
the relationship between the shear stress and the shear strain rate, taking into consideration the
pressure losses.

8.4

CFX-Solver

The CFX-Solver processes the variables generated in CFX-Pre. One of its most important
features is the use of a coupled solver, in which all the hydrodynamic equations are solved as a single
system. This mechanism is faster than the traditional segregated solver, and less iteration are required
to obtain a converged flow solution. This approach follows a fully implicit discretization of the
equations at any given time step.

8.4.1 Linear Equation Solution
ANSYS CFX uses a Multigrid (MG) accelerated Incomplete Lower Upper (ILU) factorization
technique for solving the discrete system of linearized equations. It is an iterative solver whereby the
exact solution of the equations is approached during the course of several iterations.
The linearized system of discrete equations can be written in the general matrix form [5]:
[𝑎] [𝜑] = [𝑏]
(1. 56)
where [𝑎] is the coefficient matrix, [𝜑] the solution vector, and [𝑏] the grid hand side. The above
equation can be solved iteratively by starting with an approximate solution, 𝜑′, to yield a better
solution, 𝜑𝑛+1:
𝜑𝑛+1 = 𝜑𝑛 + 𝜑′
(1. 57)
where 𝜑′ is the solution of:
𝐴 𝜑′ = 𝑟 𝑛
(1. 58)
𝑛
With 𝑟 , the residual, obtained from:
𝑟 𝑛 = 𝑏 − 𝐴 𝜑𝑛
(1. 59)
Repeated application of this algorithm will yield a solution of the desired accuracy.
By themselves, iterative solvers, such as ILU, tend to rapidly decrease in performance, as the
number of computational mesh elements increases. Performance also tends to diminish, if there are
large elements aspects ratios present.
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8.4.2 Algebraic Multigrid
The convergence behavior of our linear equation can be greatly enhanced by the use of this
technique. It involves carrying out early iterations on a fine mesh, and later iterations on progressively
coarser virtual ones. The results can be transferred from the coarser mesh to the original one.
For a given mesh size, iterative solvers are efficient at reducing errors that have a wavelength of
the order of the mesh spacing. So, while shorter wavelength disappear quickly, errors with longer
wavelengths, of the order of the domain size, can take an extremely long time to disappear. The
Multigrid Method bypasses this problem by using a series of coarse meshes, such that longer
wavelength errors appear as shorter wavelength errors related to the mesh spacing. It also prevents the
need to mesh the geometry, using a series of different mesh spacing.

8.5

CFX-Solver Manager

It is a graphical user interface that enables the setting of the CFD calculation, control the CFXSolver interactively and view information about emerging solutions. This interface is generally used to
view the plotted data during problem solving. The convergence history plot is also displayed.
Its major functions are specifying the input files to the CFX-Solver, star/stop the CFX-Solver,
monitor the progress of the solution, and set up the CFX-Solver for a parallel calculation. This
manager is an easy and reliable way to control and supervise the solution convergence and criteria. It
will help detecting problems and anomalies in the problem, before the results are even showed.

8.6

CFD-Post

It provides a state of the art interactive post-processing graphics tools to analyze and present the
ANSY CFX simulation results. Important features include quantitative post-processing, user-defined
variables, a variety of graphical objects where visibility transparency, color, and line/face rendering
can be controlled, and a power syntax allowing a fully programmable session files.
It includes a vast range of functionalities that support transient data, including moving mesh.
Node locations are repositioned based on the position for the current timestep. It is feasible to import
or export ANSYS data, generic data and generic geometries. CFD-Post also supports macros through
an embedded user interface. Outputs to PostScript, JPEG, PNG, as well as various animations (key
frame) can be created within this part of the software.

8.7

Geometry generation

Every engineering simulation starts with a geometry that represents the design. The problem
geometry can go -from a solid component for structural analysis- to the air volume for a fluid one.
Geometries are normally reproduced with a Computer-Aided Design (CAD) system. This software is
called ANSYS Design Modeler; it is a gateway to geometry handling for a later analysis with other
ANSYS software.
The ANSYS Design Modeler has connection to all major CAD systems, allowing seamless
transfer of data including parameters. They can be adjusted or updated without affecting the main
geometries imported, or disrupting the model. This permits application of design changes and updates.
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A proper conception of the geometry is fundamental; errors in the CAD model may bring
simulations with incoherent results. ANSYS Design Modeler holds powerful geometry construction
tools from the ground up. A complex model can be obtained by simple modeling operations. Twodimensional sketches can be extruded into 3-D solids and be modified with other operation. A
construction history is recorded during the creation of the geometry, allowing the user to make
changes and the update the design.

8.8

Meshing

The mesh generation is one of the most critical aspects of an engineering simulation. Too few
cells may lead to inaccurate results, and too many may require more CPU calculation time. The
ANSYS meshing software provides a way to balance these requirements, in the most automated way
possible. Furthermore, the time it takes to create and mesh a model is often a significant portion of the
time it takes to get results from a CAE solution.
From easy and automatic meshing to a highly crafted mesh, ANSYS provides an optimal
solution. Powerful automation capabilities ease the initial meshing of a new geometry by keying
physics preferences and using smart defaults, so a mesh can be obtained upon first try. Additionally, a
user can update immediately to a parameter change, making the handoff from CAD to CAE seamless
and aiding upfront design.
The highly automated meshing system allows generating different mesh types: tetrahedral,
hexahedral, prismatic inflation layer, hexahedral inflation layer, hexahedral core, body fitted
Cartesian, and cut cell Cartesian. Consistent user controls make switching methods straightforward
and multiple methods can be used within the same model. Mesh connectivity is maintained
automatically.
It is important to note that different physical problems require different meshing approaches.
Multiphase models and non-Newtonian simulations require high-quality meshes in both element
shapes and smoothness of size changes. ANSYS Meshing has shown to offer the right meshes for each
simulation.

8.9

Numerical Model

The group of equations that describe the processes of momentum, heat and mass transfer are
known as the Navier-Stokes equations. These partial differential equations were derived in the early
nineteenth century and have no general analytical solution, but can be discretized and solved
numerically. Equations describing other processes, such as the non-relationship between the shear and
the stress, can also be solved in conjunction with the Navier-Stokes equations. Often, an
approximating model is used to derive these additional equations, turbulence models being a
particularly important example [5].

8.9.1 Governing Equations
The set of equations solved by ANSYS CFX are the unsteady Navier-Stokes equations in their
conservation form. For all the following equations, static (thermodynamic) quantities are given unless
otherwise stated. The instantaneous equation of mass, momentum, and energy conservation are
presented. Given the low velocities presented in our problem can be considered as a laminar flow.
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8.9.1.1 The Continuity Equation
𝜕𝜌
+ 𝛻(𝜕 𝜌 𝑈) = 0
𝜕𝑡
where 𝑈 is the vector of velocity 𝑈𝑥,𝑦,𝑧 , 𝜌 is the density and 𝑡 is the time.

(1. 60)

8.9.1.2 The Momentum Equation
𝜕(𝜌 𝑈)
+ 𝛻(𝜌 𝑈 × 𝑈) = −𝛻 𝑝 + 𝛻 ∙ 𝜏 + 𝑀
(1. 61)
𝜕𝑡
where 𝑝 is the static pressure, 𝑀 is the momentum source, the stress tensor, 𝜏, will be detailed later.
8.9.1.3 The Total Energy Equation
𝜕(𝜌 ℎ𝑡 ) 𝜕𝑝
−
+ 𝛻(𝜌 𝑈 ℎ𝑡 ) = 𝛻(𝜆 𝛻 𝑇)) + 𝛻(𝑈 ∙ 𝜏) + 𝑈 ∙ 𝑀 + 𝐸
(1. 62)
𝜕𝑡
𝜕𝑡
where 𝐸 is the energy source and ℎ𝑡 is the total is the total enthalpy, related to the static enthalpy
ℎ (𝑇, 𝑝) by:
1
ℎ𝑡 = ℎ + 𝑈 2
(1. 63)
2
The term ∇(𝑈 ∙ 𝜏) represents the work due to viscous stresses and is referred to the viscous
term. It reflects the internal heating by viscosity in the fluid, and is negligible in most flows. The term
𝑈 𝑆𝑀 represents the work due to external momentum sources, and is currently neglected.

8.10 Shear Strain Rate
The viscosity of non-Newtonian fluids is often expressed as a function of the shear strain rate
scalar. The strain rate tensor is defined as:
1 𝜕𝑈𝑖 𝜕𝑈𝑗
𝑆𝑖𝑗 = (
+
)
2 𝜕𝑥𝑗 𝜕𝑥𝑖
(1. 64)
This tensor has three scalar invariants, one of which is simply called the shear strain rate:
1

2
𝜕𝑈𝑖
𝑠𝑠𝑡𝑟𝑛𝑟 = [2
𝑆𝑖𝑗 ]
𝜕𝑥𝑗
With the velocity components, this expands to:

(1. 65)

2

𝜕𝑈𝑦
𝜕𝑈𝑥 2
𝜕𝑈𝑧 2
𝜕𝑈𝑥 𝜕𝑈𝑦
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) +(
) }+(
+
) +(
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1
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+
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+
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(1. 66)

8.11 Non-Newtonian Models
The first step in our foam flow simulations was to consider the general physics of the problem.
This meant reviewing several factors: A two-phase model, the wall-slipping layer, the drainage, the
drag and the elasto-plastic properties created by the bubble to bubble interaction. Reviewing results
concluded that the ANSYS CFX software was not able to reproduce such a complex flow. The results
disagree with the actual behavior of the foam flow. With this experience, we decided to simplify the
problem. Foam flow behavior was compared against some non-Newtonian models such as, Bingham,
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Bird Carreu, Ostwald de Waele and Herschel-Bulkley. ANCYS CFX has several models for
calculating viscosity based on shear strain rate, where 𝜇 is the dynamic viscosity, and 𝛾̇ is the shear
strain rate (Table 1.2) [5].
Model

Description

Settings

Bingham

A model for viscoplastic fluids.
𝜏𝑐
𝜇 = +𝑘
𝛾̇
Examples of viscoplastic fluids include tomato paste
and tooth paste. A few electro-rheological fluids can
be modeled as Bingham fluids, with the yield stress
as a function of the intensity of the electric field, or
the electric current.

Yield Stress: 𝜏𝑐
Viscosity Consistency: 𝑘
Minimum Shear Strain Rate
Maximum Shear Strain Rate

Bird Carreau

A model intended for shear-thinning fluids.
(𝜇0 − 𝜇∞ )
𝜇 = 𝜇∞ +
1−𝑛
(1 + (𝜆𝛾̇ )2 ) 2
The model reverts to a Newtonian behavior of μ = μ0
for n = 1, or λ = 0.
Examples of shear-thinning fluids include applesauce,
banana puree, and orange juice concentrate.

Low Shear Viscosity: 𝜇0
High Shear Viscosity: 𝜇∞
Time Constant: 𝜆
Power Law Index: 𝑛

Ostwald
Waele

Herschel
Bulkley

de The most popular viscosity model because of its
simplicity. However, it does not have bounded either
on the low or high shear limits, unlike Carreau’s
models.
𝜇 = 𝑘(𝜆𝛾̇ )𝑛−1

Minimum Shear Strain Rate
Maximum Shear Strain Rate
Time Constant: 𝜆
Power Law Index: 𝑛
Yield Stress: 𝜏𝑐

A model for viscoplastic fluids that, after yield, Viscosity Consistency: 𝑘
exhibits a power law behavior in shear stress versus Minimum Shear Strain Rate
shear strain rate.
Maximum Shear Strain Rate
𝜏𝑐
Time Constant: 𝜆
𝜇=
+ 𝑘(𝜆𝛾̇ )𝑛−1
𝜆𝛾̇
Power Law Index: 𝑛
Table 1.2 Non-Newtonian models present inside the ANSYS CFX software.

9.

Conclusions

The vast majority of industrial foams are located within the wet limit, and that the foam quality
remains under 84%. However, most of the theoretical and experimental studies done so far have been
focused on dry foams, with gas volume fraction near the unity. Foams are primarily formed by
nucleation, entrainment or injection of gas into a liquid mixed with surfactants and other possible
compounds. They lower the surface tension of the solution, and liquid films energy, facilitating the
foam formation.
To better understand foam rheology, many parameters must be considered, like the foam
quality, the bubble diameter, the fabrication process used, the wall-slipping layer and the
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compressibility. A relationship with existent non-Newtonian models allows predicting the foam
capacity to shear against a given stress.
When foam flows through horizontal ducts, the two phases separation is evident. The denser
phase will tend to occupy the bottom of the duct, in our case the mix between water and surfactant,
while the second one, the air, will remain trapped inside the pockets formed by the liquid films at the
rest of the duct. This liquid layer, located close to the walls, proceeds from the drainage inside foam
flow and the density difference between the two phases present. It originates the wall-slip layer. This
phenomenon, along with the shear inside the foam core are include in numerous models studying the
foam flow behavior.
Foam flow studies include experimental results interpreted under empiric or semi-empiric
models. However, they lack local data, important to better comprehend the foam flow inside a duct,
like the local velocity fields, void fraction, bubble size, the liquid film thickness and the wall shear
stress. In this work we’ll consider the foam rheology in a duct. The following measurement techniques
will be applied:

Particle Imaging Velocimetry Method,

Conductimetry Method,

Polarographic Method
In this work, we will extend the experimental studies done by Blondin [3], Tisné [51] and
Madani [113] for a foam flow though a horizontal duct and flow disruption devices (fdd). We added
obstacles geometry and generate a database for foam flow inside ducts.
As explained, a foam flow is influenced by numerous parameters, and a proper database
requires a coherent study methodology. Our experimental arrangement is capable of generating a foam
flow with different qualities and velocities. The velocities based on Blondin studies are 2 cm/s, 4 cm/s
and 6 cm/s. They allow evaluating the different regimes of horizontal foam flow [3]. Previous studied
one particular foam quality, trying to simulate the industrial uses of foam flow. The industrial foams,
however, change widely depending on their utilization, and their value may be different for each case.
This work, covers a wide range of values, going from the very wet limit, 55%, to the wet/dry limit,
85%. The bubbles diameter remains constant along the experiments by the use of a uniform glass
porous media.
The first step in our work will be to measure the static pressure losses along a square channel
without fdd or obstacles for all velocities and qualities, with the help of pressure outlets located along
the length of the bottom of the channel. We will, then, obtain the foam velocity profile using the PIV
method over the entire square section of the channel. The mean local wall-shear stress will be
calculated through three different methods. The static pressure measurements will relate the pressure
gradient with an average wall shear stress. The velocity fields and the liquid film thickness, will be
obtained along the square channel surface with the conductimetry method, they will be use to assume
a velocity gradient that will lead to a wall shear stress. Finally, the polarographic method will acquire
the velocity gradient through an electrochemical reaction that occurs over the channel’s walls.
For the flow disruption devices, pressure outlets will be also located along the length of the
bottom of the channel; they allow measuring the static pressure losses. The PIV will be applied
applied in the near vicinity of the half-sudden expansion, the fence and the cylinder. Therefore, the
rheological and physical behavior will be determined. The pressure losses and velocity fields will be
compared to numerical simulations obtained by th ANSYS-CFX software for all fdd.
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The experimental work will provide a database that can be used to validate rheological models,
capable of predicting the behavior and reorganization of foam flow through a channel, fdd or
obstacles. At the same time, a numerical simulation, using ANSYS-CFX® software will be carried.
Comparing it with the experimental results, it will allow testing its aptitude to represent this type of
flow.
Through this research, we will try to further understand the behavior of foam flow: its physics,
its stability and hydrodynamics. At the same time, establish some guideline concerning the
characterization of any complex fluid.
All these facts have been described in an easy to understand statement:
“A meringue is really nothing but a foam. And what is foam after all, but a big collection of bubbles?
And what's a bubble? It's basically a very flimsy little latticework of proteins draped with water. We
add sugar to this structure, which strengthens it. But things can, and do, go wrong.” Alton Brown

CHAPTER 2
EXPERIMENTAL

FACILITY

AND

MEASUREMENT

TECHNIQUES
This experimental study constitutes the continuity of the works of Blondin [3], Tisné [51],
Madani [113] and earlier studies concerning horizontal foam flow. One of the main goals
is to facilitate data suitable for numerical models simulating rheological conditions of
such complex flow. Our work is to complete the foam flow characterization over a
different range of void fraction and flow disruption devices. The experimental facility is
based on the one of Tisné [51]. It allows creating stable foam that does not depend on the
flow variation, or the channel geometry. This chapter presents the detailed description of
the experimental facility, and the measurement techniques used. These latest are, pressure
outlets, PIV method, polarographic method and conductimetry method.
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Experimental facility

The experimental facility was designed to handle the different requirements of foam flow. Its
geometry is capable of making studies for a horizontal flow. It presents plane walls making it suitable
for the experimental measurements undertaken. Thus, the plane walls allowed the easy placement of
polarographic probes along its surface. They are required in the Particle Imaging Velocimetry. The use
of circular pipes would create important refraction problems making nearly impossible the use of this
method.
A schematic view of the experimental facility appears in Figure 2.1. It includes two adjacent
ducts; the test section covers a close liquid circuit and an open gas one. It takes care of the data
acquisition; its section can adapt to different channels and fdd. Inside the second duct is where the
polarographic method calibration takes place; additional details are described in the following
sections.

Figure 2.1 Photography and schematic view of the experimental facility
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1.1

Recirculation pump

A centrifugal pump is in charge of pumping the liquid (water and surfactants) from the bottom
recovery tank to the top charge one. Its maximum flow rate is about 1 m3/h and can deliver a head of 7
m.

1.2

Recuperation tank

The recuperation tank has a 300 liters capacity and is connected to the test section and the
calibration channel outlets. It recovers the liquid through the drainage of the foam. Its capacity allows
that a highly stable foam be created and later completely drain, as it stays in the tank. This way, the
liquid can be used again.

1.3

Charge tank

It is located 2 m above the experimental facility, assuring a constant charge of liquid inside the
foam generators, avoiding the flow fluctuations that a centrifugal pump may create.

1.4

Foam generators

The foam is created injecting pressured air, through a permeable media inside cylindrical
containers filled with liquid, which act as foam generators. The water contains surfactants, described
further ahead (Figure 2.2).

Figure 2.2 Diagram and photography of a foam generator

The presence of three generators, parallels and independents, allow us to modify the foam flow
and bulk velocity (one generator for 2 cm/s, two generators for 4 cm/s and three generators for 6 cm/s)
without altercating the foam structure. Previously, other authors [3] used only one generator with
bypasses at its exit. This method creates a change of the foam structure and texture as it passes trough
the bypass, meaning that the foam inside the test duct is not the same as the one created by the
generator. Each generator presents an interior diameter of 40 mm and a height of 120 mm.
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Figure 2.3 Example of foam flow over the lateral wall for the three mechanic flow restrictions (fence, halfsudden expansion and cylinder)

Injecting the air through a glass permeable media, with porosity between 10 and 15 μm, creates
the bubbles. The bubbles diameter is around 0.5 mm with a maximum size of 1 mm (the foam quality
makes the diameter vary). The porosity of the permeable media and the surfactants are the most
important factors that condition the bubbles size [43]. Because of the deviation that the permeable
media presents it is impossible to create all the bubbles with the same size.
Normally, the foam qualities or void fraction will be between 55% and 85%. In these ranges we
contemplate both limits of foam, wet and dry. Figure 2.3 shows an example the foam flowing through
three different mechanics’ restrictions: fence, half-sudden expansion and cylinder. It indicates how the
bubble size deviation is not relevant and that almost every bubble presents a similar diameter.

1.5

Test section

The test duct has a length of approximately 3.2 m. It is made of Plexiglas with a 21x21 mm2
square section. The channel is located on permanent supports that assure its horizontality. At the
middle, there is an exchangeable section that allows us to adjust the restrictions through which the
foam will flow. The exit of the test section is open to the atmosphere (Figure 2.4, Figure 2.5 and
Figure 2.6).

Figure 2.4 Top view of the foam generators

Figure 2.5 Diagram of the cross section
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Figure 2.6 Image and diagram of the test section

The exchangeable sections were modified to allow the use of the polarographic method and the
conductimetric method. Along this section, a series of interchangeable blocks can be added or
removed to allow the measurements.
The test section should be located at least 20 times the hydraulic diameter from the duct
entrance [114]. For our experiment, we located the test section 60 times the hydraulic diameter. This
way, the influence of the inlet and the outlet can be neglected.

1.5.1 Flow Disruption Devices (FDD)

(a)

(b)
(c)
Figure 2.7 Lateral schematic representation of the three flow disruption devices: (a) fence, (b) circle and (c) halfsudden expansion (dimensions in mm)
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Figure 2.7 represents a scheme with the dimensions of the three flow disruption devices used to
study the foam behavior, and reorganization after facing a sudden change in its flow pattern. These
mechanism include: a fence (a), a cylinder (b), and a half-sudden expansion (c). As the foam passes
through each one of them, they induce a forced drainage, coalescence and coarsening, due to bubbles
reorganization and energy loss. It is important to note that after the half-sudden expansion, the duct
changes its square section for a rectangular one (21x42 mm2) all the way to the outlet into the recovery
tank.

1.6

Calibration section

The calibration duct (Hele-Shaw channel) is shown on Figure 2.8, and its section on Figure 2.9.
It is parallel to the test section, as showed before. It has a length of 1 m with a rectangular section of
1x21 mm2. Its design creates a dissipative flow. This section is used to calibrate the polarographic
probes that can be placed over the channel, inside a removable block. The pressure losses along this
duct are measured by two pressure outlets located at both sides of the polarographic block. The wall
shear that may be determined inside this section, presents similar values to those obtained in our
experiments inside the test section.

Figure 2.8 Diagram of the calibration channel

2.

Figure 2.9 Diagram of the calibration
channel cross section

Measurement techniques

This section describes the measurement techniques used in this work to define the pressure
losses, velocity fields, local velocity, wall-slip liquid layer, and wall shear stress.

2.1

Liquid flowmeter

The liquid flow is regulated by three liquid flowmeters (Sho-Rate series, model 1350 Inox
VD2), parallel to the foam generators. This configuration allows a precise foam generation with no
foam quality oscillations or variation.
The flowmeters elements show heavy-walls, precision bore, borosilicate glass metering tubes, a
wide range of scales on the metering tube -with contrasting background for easy readability- and
interchangeable floats. Because they are in direct contact with the liquid, must avoid any chemical
reaction with the polarographic substances. Therefore, the components are made of stainless steel and
glass. They may cover a flow range from 0 to 20 l/h.

2.2

Gas flowmeter

The gas flow is regulated by two parallel Brooks flowmeters (Sho-rate series) with similar
features to the water flowmeter. The first one (R2-15-A) has a spherical float of sapphire, while the
second flowmeter’s float (R2-15-B) is made of tantalum. They can span a flow range from 0 to 52 l/h
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and 0 to 48.9 l/h, respectively, with a reproducibility of 0.5%. The curves provided by the
manufacturer had to be corrected. The following relationship was applied, from a mass balance and
perfect gas equation:
𝑄𝑔𝑟 = 𝑄𝑔𝑚𝑒𝑠 ∙

𝑃𝑖𝑛
𝐷𝐺 𝑇𝑎 1.013 ∙ 105
∙√ ∙
∙
𝑃𝑜𝑢𝑡
1 294
𝑃𝑆

(2.1)

where 𝑄𝑔𝑚𝑒𝑠 is the gas flow measured from the calibration curves, 𝐷𝐺 is the gas density compared to
the air at normal conditions (air = 1), 𝑇𝑎 is the condition temperature [K], 𝑃𝑖𝑛 is the absolute pressure
[Pa] at the foam generator inlet and 𝑃𝑜𝑢𝑡 is the absolute pressure [Pa] at the foams generator outlet.
The absolute Temperature is near 291 K. The absolute pressure was measured inside the foam
generator with the use of a “Bourdon” manometer.

2.3

Pressure outlets

The static pressure along each test section (fence, half-sudden expansion and cylinder) is
measured by pressure outlets located at the bottom of the channel, at the middle vertical plane. These
pressure outlets are attached, through silicon hoses, to a series of manifold tubes placed over a scaled
plate (Figure 2.10). The misreading of the manifolds pipes is estimated at a maximum of 1mm water
column. The measured static pressure value at the wall is determined using the hydrostatic equation:
𝑃 = 𝑃𝑎 + 𝜌 𝑔 ∆𝑧
(2.2)
where 𝑃𝑎 is the atmospheric pressure, ∆𝑧 is the height difference between the water column height
measured at the pressure outlet and the one measured for the atmospheric pressure, 𝜌 is the liquid
density and 𝑔 is the gravity acceleration.
Near the fence, there are 23 pressure outlets; eight of them are located upstream of the flow
restriction mechanism and the other 15 downstream of it. The enlargement holds 38 pressure outlets,
14 being upstream, and 24 downstream. And the cylinder has 27 pressure outlets, 10 upstream of the
fence and 14 behind. The static pressure outlets allow measuring the pressure drop along the channel,
before and after the singularity. This way we quantify the effect that bubble restructuration,
coalescence and foam quality have on the pressure loss curve.

Figure 2.10 Diagram of the pressure outlets arrangement

2.4

Particle Imaging Velocimetry (PIV)

It’s a non-intrusive optic method able to measure the displacement of particles in a plane. Its
principle is based on the comparison between two instantaneous position fields of particles in the flow.
It is possible to calculate and instantaneous mean velocity fields by this particle displacement.
The PIV is widely used as a technique in aerodynamics and hydrodynamics, for low and
supersonic velocities, depending on the technical characteristics of the equipment used [115,116]. The
PIV measurement process includes (Figure 2.11):
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Figure 2.11 Overview of the Particle Imaging Velocimetry (PIV) system








2.5

Tracking particles: Normally, fine particles are added to the flow for seeding. The
quantity of particles should not affect the density of the liquid. It has been shown how,
others particles will later reflect the light reflected by one particle. This phenomena can
increase the signal to noise ratio.
Illumination: When a zone from the flow goes through the plane created by the laser, the
particles reflect the light. The light reflections are captured with a camera (CCD) placed
perpendicular to the laser plane. The time difference between laser pulses is known
(frequency of the pulse laser).
Capturing the images: The first laser pulse fixes the particles over an image. Later, the
second pulse fixes a second image that detects the movement difference due to the flow.
Image treatment: The two images are treated to find the velocity fields at the area of
interest; the plane is divided in several interrogation zones. The particle displacement
between images is studied in each zone. The interrogation zones can have a size of: 16x16,
32x32, 64x64 or 128x128 pixels. Using a correlation technique, the measurements provide
the velocity vectors inside the flow zone. They consider the scale factor (between the real
image and the pixel size) and the timestep between the two pulses.

Polarographic method (or electrochemical method)

The evaluation of any hydrodynamic phenomenon requires learning many aspects related to the
wall shear stress: “the force applied over the cross sectional area of the wall”. However, the techniques
able to measure this feature are few. The most commonly used are, the hot film anemometry (inside
the viscous boundary layer) and the polarographic technique (at the wall). They work in similar ways
being based on a heat transfer or mass exchange, respectively. This work, we chose the polarographic
method, capable of measuring the wall velocity gradient and wall shear stress in aqueous foam flow.
A study of the ions transport mechanism allowed developing a polarographic technique as an
analogy of heat and mass transfer. It is based on the diffusion properties of chemical components; the
oxy-reduction couples [117]. Later, it was used to describe the mass transfer of a fluid in two coaxial
fixed cylinders. These played the role of the anode and the cathode of an oxy-reduction reaction
controlled by the ionic diffusion [118]. Recently, this method applied in the study of aqueous foam
flow. Many authors have used it to estimate wall intensity turbulence, energy dissipation, energy
production, mass transfer, wall velocity gradient, and wall shear stress [119,51,113].
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2.5.1 Method principle
The polarographic or electrochemical or electrodiffusional, method is based on a fast oxyreduction reaction controlled by convection and diffusion phenomena. It occurs over an electrode
surrounded by an aqueous solution containing the oxy-reduction couple:
𝑂𝑥 + 𝑧𝑒 𝑒 − ↔ 𝑅𝑒𝑑
(2.3)
where 𝑂𝑥 is the oxidant, 𝑅𝑒𝑑 the reducer and 𝑧𝑒 the electron number involved in the reaction.
After adding the oxy-reduction couple in the solution, the electrodes will reach equilibrium
potential. When the reaction is balanced, there is no current in the circuit. As we impose a potential,
the reaction starts. A charge transfer occurs between the cathode and the ions present inside the
solution. This electrons migration will generate an electric current over the external circuit. This
current, can be caused by four different phenomena:

Mass diffusion at the electrode vicinity, due to a concentration difference,

Ions exchange between the cathode and anode, due to an existent electric field. It can be
easily removed by adding in excess an indifferent electrolyte,

Ions transfer, due to the forced convection,

Natural ions convection under the influence of the mass volume gradients, linked to the
concentration gradients. This convection can be neglected, as long as the transport due to
the hydrodynamic convection predominates.
The polarographic method can be used in two-phase problems only if there is a liquid film at the
walls. In fact, the ions diffusion layer must be smaller than the shear liquid film. For these conditions,
the mass conservation equation (or convection-diffusion equation) can be reduced to:
𝜕𝑐
+ 𝑈 ∙ 𝑔𝑟𝑎𝑑(𝑐) = 𝐷 ∆𝑐
(2.4)
𝜕𝑡
where 𝑐 is the local instantaneous concentration of the oxidant (mol/m3), 𝐷 is the molecular diffusion
coefficient and 𝑈 the instantaneous velocity.
In two-dimensional cases the imposed boundary conditions are given in an axial coordinate
system over the electrodes surface (Figure 2.12):

Figure 2.12 Measurement electrode



c = 0 for y = 0; there is no concentration over the electrode surface,



( ∂t )



c = c∞ for y = ∞; there is a constant concentration at the flow core.

∂c

y=0

= 0; there is no mass transfer at the channel wall,

The reactive flux over the electrode and the current generated by this one are given by:
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𝑒𝑙𝑒𝑐

𝜕𝑐
) 𝑑𝐴𝑠
𝜕𝑦
0
𝐼 = 𝑧𝑒 ∙ 𝐹 ∙ 𝜙𝑅
where 𝐹is the Faraday’s number (= 96500 Coulombs).
𝜙𝑅 = ∬

−𝐷 (

(2.5)
(2.6)

The concentration field and the current depend of the hydrodynamic conditions.
Microelectrodes with particular geometry and size can be used to simplify even more, the
convection-diffusion equation. This simplification relates the current to the parietal gradient. If the
fluid presents Newtonian properties, then the wall shear stress can be deducted from the wall velocity
gradient.

2.5.2 Mass transfer coefficient
The polarographic technique is based upon the capacity to occur a limited diffusion at the
electrode surface. The measured current is related to the ions’ transfer at the vicinity of the electrode,
normally known as diffusion limiting current, 𝐼𝑙𝑖𝑚 . As long as 𝐼 = 𝐼𝑙𝑖𝑚 , the diffusional plateau is
achieved, and the maximal concentration gradient. This means that the reactive concentration can be
neglected at the electrode surface and the cathode reaction is complete. In this case, the limit diffusion
current only depends on the hydrodynamics and physics properties of the studied flow.
A plot of the current intensity recovered at the electrode versus the applied voltage (Figure
2.13), will make appear the diffusional plateau. Its height is proportional to the reactive concentration,
𝑐∞ , and to the mass transfer coefficient, 𝑘𝑚 .

Figure 2.13 Current/voltage curve and its diffusion plateau

The mass transfer coefficient relates to the current density trough the following equation:
𝐼⁄ = 𝑧 ∙ 𝐹 ∙ 𝑘 ∙ 𝑐
𝑒
𝑚
∞
𝐴𝑠
(2.7)
where 𝑆 is the electrode surface.
In our case, with the couple ferricyanide-ferrocyanide (fast electrochemical reaction), only one
electron occurs for the exchange. The chart of current intensity vs. voltage shows that for values below
the plateau of diffusion the cathode reaction is not complete. While for values higher than the
diffusion plateau water electrolysis occurs.

2.5.3 Convection-diffusion equation for a simple probe in steady state
The instantaneous mass transfer relates to the velocity field by the convection-diffusion
equation, is governed by:
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𝜕𝑐
+ 𝑈 ∙ 𝑔𝑟𝑎𝑑(𝑐) = 𝐷 ∆𝑐
(2.8)
𝜕𝑡
It was first solved for a rectangular probe, where its length 𝐿𝑠 was sufficiently large, compared to its
width l. The following settings were proposed [120]:

The flow is permanent, two dimensional and uniform over the width of the electrode (small
electrode surface). The equation of the mass balance can then be written as:
𝜕𝑐
𝜕𝑐
𝜕2𝑐 𝜕2𝑐
𝑢
+v
= 𝐷 ( 2 + 2)
𝜕𝑥
𝜕𝑦
𝜕𝑥
𝜕𝑦
(2.9)
where x is the mean flow direction, y is the wall distance, u the velocity component in the x direction,
and v the velocity component in the y direction (Figure 2.14).

Figure 2.14 Polarographic method principle



The mass boundary layer is small enough when compared against the viscous sub -layer
(Schmidt number 𝑆𝑐 = 𝜐⁄𝐷 ≫ 1). Therefore, the velocity profile near the wall has a linear
behavior over the whole study domain:
𝑢 = 𝑆0 ∙ 𝑦 and 𝑣 = 0
(2.10)

This also means that the concentration only varies significantly at the immediate vicinity of the
wall, where the viscosity forces prevail. The linearity inside the viscous sub-layer also allows the
velocity component to be a function of the wall distance y, from the velocity gradient at the vicinity of
the wall 𝑆0 .
With these settings, the equation evolves into:
𝜕𝑐
𝜕2𝑐 𝜕2𝑐
𝑆0 𝑦
= 𝐷 ( 2 + 2)
𝜕𝑥
𝜕𝑥
𝜕𝑦

(2.11)
2

2

The axial diffusion can be neglected before the normal diffusion (𝜕 𝑐⁄ 2 ≪ 𝜕 𝑐⁄ 2 ) when the
𝜕𝑥
𝜕𝑦
transversal length of the electrode is:
𝑆0 2
𝑃𝑒 =
𝑙 ≥ 5000
(2.12)
𝐷
where Pe is the Péclet number. This expression simplifies the convection-diffusion equation into:
𝜕𝑐
𝜕2𝑐
𝑆0 𝑦
=𝐷
𝜕𝑥
𝜕𝑦 2
(2.13)
The resolution of the steady equation leads to the current density limit (𝐼 ⁄𝐴) at the electrode [121]:
1/3

𝐷 2 𝑆0
(𝐼⁄𝐴) = 0.807 𝑧𝑒 𝐹 𝑐∞ (
)
𝑙
The mass transfer coefficient is linked to the diffusional limit current by:
𝐼
𝑘𝑚 =
𝑧𝑒 𝐹 𝐴 𝑐∞
For a rectangular electrode, it can be written as:

(2.14)

(2.15)
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1/3

𝐷2 𝑆0
𝑘𝑚 = 0.807 (
)
𝑙
(2.16)
A microelectrode of diameter 𝑑𝑠 generates the same stationary current than a rectangular electrode
with a length of 𝑙 = 0.82 𝑑𝑠 . For a circular electrode with a surface 𝐴𝑠 , the diffusion limiting current
and the mass transfer coefficient are written as:
1/3

𝐷 2 𝑆0
𝐼 = 0.862 𝑧𝑒 𝐹 𝑐∞ 𝐴𝑠 (
)
𝑑𝑠
2

𝑘𝑚 = 0.862 (

(2.17)

1/3

𝐷 𝑆0
)
𝑑𝑠

(2.18)

The diffusional limiting current can be deducted from the wall velocity gradient. It is
proportional to the cube of the current. If the active surface of the electrode, the reactive concentration
and the molecular diffusion coefficient are known, the wall velocity gradient can be calculated. For a
Newtonian flow, the wall shear stress calculation is obtained from the velocity gradient with the next
relationship:
𝜏0 = 𝜇𝑙 𝑆0
(2.19)

2.5.4 Frequency response of the microelectrodes
Application of the relationship 𝐼 ∝ 𝑆 1/3 exhibits to major problems from a dynamic point of
view: the first is a linearity problem and the second a frequency response problem [122]. Therefore, it
is not advisable to use directly this relationship. There is a capacitive effect inside the viscous sublayer that creates a phase shift with an amplitude loss between the actual velocity gradient fluctuations
and those obtained from the current measurements. The knowledge of the frequency response is an
important experimental requisite, including the study of small and large amplitude fluctuations.
2.5.4.1 Small amplitude fluctuations
These types of fluctuations have been reviewed in numerous analytical and numerical studies
[120,123,124,122]. They follow a linearity hypothesis. In accordance with the experimental conditions
and the calculation hypothesis, most of these authors determine a transfer function H(f), for a
frequency domain.
They assume that the mass transfer inside the mass boundary layer occurs at a finite velocity.
The boundary layer acts as a linear filter cutting the high frequencies. Its impulse response h(t) is a
convolution product linking the intensity response i(t) to the sinusoidal perturbation s(t), giving place
to:
𝑖(𝑡) = ℎ(𝑡)⨂ 𝑠(𝑡)
(2.20)
Inside the frequency domain, the power spectral density of the limit intensity Wii can be linked
to the wall velocity gradient one Wss trough the transfer function H(f) represented by the Fourier
transformation of the impulse response h(t):
𝑊𝑖𝑖 = |𝐻(𝑓)|2 𝑊𝑠𝑠
(2.21)
In order to be able to use this relation, 𝐻(𝑓) should be accurately determined for the whole frequency
domain and the homogeneity condition has to be verified.
Most authors have found an asymptotic behavior of |𝐻(𝑓)| for high frequencies. The same
frequency dependency can be obtained for the mass coefficient transfer [124]. When considering a
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numerical application and a high frequency, |𝐻(𝑓)| can be proportional to (𝑓 −1 ) and with a phase
shift of -90º [125].
The transfer equations are rarely presented as a function of f, but also as a function of a
dimensionless frequency 𝑓 ∗. It depends of real pulsations (𝜔 = 2𝜋𝑓) and the time of diffusion. They
are related to a mass boundary layer established over the electrodes, defined by:
𝑓∗ = 𝜔 (

𝑑𝑠 2

1⁄
3

)
𝐷 𝑆0 2
(2.22)
The 𝐻(𝜎) expression can be divided into three different domains:

The quasi-stationary solution corresponding to the 𝜎 < 1 case:
𝐻(𝜎)
|
|=1
𝐻(0)
(2.23)
This case is obtained when 𝑓 → 0. The convection-diffusion equation result leads to the relationship:
𝑊𝑠𝑠 (0)
𝑊𝑖𝑖 (0)
2 =9
𝐼 2̅
𝜏̅0
(2.24)
Where 𝐼 ̅ is the mean current and 𝜏̅0 is the mean wall velocity gradient. The value of the stationary
transfer function can be also deducted:
1





𝑊𝑖𝑖 (0) ⁄2 1 𝐼 ̅
𝐻(0) = (
) =
𝑊𝑠𝑠 (0)
3 𝜏̅0
The solution for low frequency stationary transfer (1 ≤ 𝜎 ≤ 6) is:
𝐻(𝜎)
1
|
| = (1 + 0.049 𝜎 2 + 0.0006 𝜎 4 )− ⁄2
𝐻(0)
The solution for high frequency stationary transfer (𝜎 > 6) is:
𝐻(𝜎)
4.416
1.7 1.44
+
|
|=
[1 −
]
𝐻(0)
𝜎
𝜎
√𝜎

(2.25)

(2.26)

1⁄
2

(2.27)

For any experimental approach, these solutions are only valid if 𝜎 < 8. These studies were
based upon a transfer function, where they presented a linear behavior. Accordingly, they were only
possible for the small amplitude fluctuation case.
2.5.4.2 Large amplitude fluctuations
A numerical solution was presented for the frequency response of a wall probe to the sinusoidal
hydrodynamic oscillation [126]. It shows that increasing the oscillation frequency spreads away from
the quasi-stationary Lêveque response. Additionally, it reflects the change in the response signal form,
a phase shift and an amplitude loss.
A mass transfer inverse method was later developed [127]. This allows evaluating the evolution
of the wall velocity gradient from the measured current. It does not need linearization conditions. It
uses a numerical approach from the mass balance equation in a transient non-linear regime. The
instant velocity at the wall results from the mass transfer measurement varying in time.
A numerical and experimental study was presented for the case of small oscillations and strong
amplitudes [128]. When assigned to the flow a parietal velocity gradient in a simple unsteady form,
the following expression resulted:
𝑆(𝑡) = 𝑆0 [1 + Β cos(Ω𝑡))]
(2.28)
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where 𝑆0 is the mean gradient, Β is the oscillation amplitude and Ω the oscillation pulsation. The mass
transfer equation becomes:
𝜕𝑐
𝜕𝑐
𝜕2𝑐 𝜕2𝑐
+ 𝑆0 [1 + Β cos(Ω𝑡))]𝑦
= 𝐷 ( 2 + 2)
𝜕𝑡
𝜕𝑥
𝜕𝑥
𝜕𝑦
(2.29)
𝑦
∗
𝑥
𝑐
Let us introduce the characteristics’ scales for length and time, = ⁄𝑙 ; 𝑌 = ⁄𝛿 ; 𝑐 = ⁄𝑐∞ and
𝑐
2

−1⁄3

𝑆 𝐿𝑒
𝑡 ∗ = 𝑡 (Ω⁄2𝜋) , where 𝐿𝑒 is the electrode length and 𝛿𝑐 = 𝐿𝑒 ( 0𝐷 )
The mass transfer equation takes a dimensionless form:
Ω 𝐿𝑒 2 𝜕𝑐 ∗
(2𝜋 𝐷 ) 𝜕𝑡 ∗

+

2⁄
3
𝑆0 𝐿𝑒 2
( 𝐷 ) (1

+ Βcos(2𝜋𝑡

∗

𝜕𝑐 ∗
))𝑌 𝜕𝑋

=

2⁄ 2 ∗
3𝜕 𝑐
𝑆0 𝐿𝑒 2
( 𝐷 ) 𝜕𝑌 2

+

is the mass boundary layer.

𝜕2 𝑐 ∗
𝜕𝑋 2

(2.30)

or:

where 𝑃𝑒 =

2

𝑓 ∗ 𝜕𝐶
𝜕𝑐 ∗ 𝜕 2 𝑐 ∗
1 𝜕2𝑐∗
∗ ))𝑌
+
(1
+
Β
cos(2𝜋𝑡
=
+
𝜕𝑋
𝜕𝑌 2 𝑃𝑒 2⁄3 𝜕𝑋 2
𝑃𝑒 2/3 𝜕𝑡 ∗

Ω
𝑆0 𝐿𝑒 ⁄
∗
𝐷 is the Péclet number and 𝑓 = 2𝜋

𝐿𝑒 2
𝐷

(2.31)

is the dimensionless frequency. Inside this

equation, each term represents a particular physics phenomenon:
𝑓 ∗ 𝜕𝑐 ∗
𝑃𝑒 2/3 𝜕𝑡 ∗
(1 + Β cos(2𝜋𝑡 ∗ ))𝑌
𝜕2𝑐∗
𝜕𝑌 2
1 𝜕2𝑐∗
2
2
𝑃𝑒 ⁄3 𝜕𝑋

: Mass transfer inertia
𝜕𝑐 ∗
𝜕𝑋

: Forced convection
: Normal diffusion
: Tangential diffusion

The importance of each phenomenon is controlled by one of the following dimensionless
mechanism:
𝑓∗
1
2⁄ , Β 𝑎𝑛𝑑
2
𝑃𝑒 3
𝑃𝑒 ⁄3
The instantaneous concentration 𝑐 can be decomposed in mean 𝑐̅, and fluctuating 𝑐′ parts [128].
From this, the problem can be divided into two: the small amplitudes case (weak Β) and the large
amplitudes case (strong Β).
In the case of week amplitudes, the mean value of the mass transfer is not affected by the probes
frequency response. As for the fluctuant part of this transfer, it only depends of the parameter

𝑓∗
.
𝑃𝑒 2/3

This one has to be corrected for each frequency. Therefore, it has used a transfer function between the
excitation (wall gradient velocity) and the response (mass transfer), and it was expressed by a quasistationary frequency.
As for the case of strong amplitudes, the linear approach can no longer be used. The mass
transfer is affected by frequency response problem. The mean mass transfer value is mannered by its
fluctuating part. Therefore, the superposition principle cannot be used over the fluctuations. If it is
applied, harmonic frequencies will appear over the mass transfer values, and the mean values will
have to be corrected. The resolution of this problem is only possible for a sinusoidal velocity gradient.
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Sobolik et al. [129] propose a model to calculate the wall velocity gradient based on the
correction of the quasi-stationary response of the electrochemical probe. It is assumed that the
concentration field near the exchange zone in a two-dimensional case can be defined as:
𝑦
Le 1⁄3
× ( ) )]
𝛿(𝑡)
𝑥
(2.32)
where 𝛿(𝑡) is the thickness of the liquid layer and F(t) is a reducing function normalized by the
conditions: F(0) = 1, F(∞) = 0 and F ′ (0) = −1. When including them in the convection-diffusion
equation and integrating analytically over the whole space, the following relationship results:
𝜕𝑆𝑞
2
𝑆𝑐 (𝑡) = 𝑆𝑞 (𝑡) + 𝑡0 (
)
3
𝜕𝑡
(2.33)
𝑐(𝑥, 𝑦, 𝑡) = 𝑐0 × [1 − F(t) (

𝜕𝑆𝑞

where 𝑆𝑞 (t) is the wall velocity gradient measured in quasi-stationary regime and ( 𝜕𝑡 ) is the variation
of the time evolution of the wall velocity gradient. 𝑡0 is the characteristic time of the electrochemical
probe when passing from transitory regime to a quasi stationary one:
∝𝑠𝑝 2
𝑡0 = (
)
(2.34)
𝐼
where ∝𝑠𝑝 corresponds to the asymptotic curve of Cottrel:
𝐷 1⁄2
∝𝑠𝑝 = 𝑛𝐹𝑐0 S ( )
𝜋
When associating these two parameters together and the Levêque equation, it becomes:
𝑡0 = 0.428 (

𝑑𝑠 2
𝐷𝑆0 2

(2.35)

1/3

)

(2.36)

This way 𝑆𝑐 gives the corrected value of the wall velocity gradient, considering the inertia of the
electrochemical probes. 𝑆𝑐 corresponds to the measurement of the velocity gradient in dynamic
conditions. This relationship was experimentally verified [129,130] and it allows the calculation of the
instantaneous wall velocity gradient, despite important fluctuations on the signals.
The probes frequency response has been object of numerous works and it is still a highly
debated subject. For the small oscillations, the differences have already been solved. The mean value
of the mass transfer is not affected by the fluctuation. As for the fluctuant part, this one needs to be
corrected and for that a transfer function can be used. Each author has developed their own function
and they all depend on the frequency range used. These ones can only be used in laminar regime. For
the large amplitude fluctuations, the linear approach is no longer possible to use. Previous studies
[122,128] shows that the mean value of the mass transfer is affected by the fluctuating part.

2.6

Conductimetry Method

In two-phase flows, there is option of methods to measure the wall-slip liquid layer close to the
walls. They go from the micro-needles, capable of detecting the gas phase [131], to the x-ray
absorption. As already noted, in previous cases, foam flow carries a liquid layer at the walls induced
by the drainage and internal forces. To measure it, we used the conductimetry method. It registers the
liquid film electric resistance -between the bubbles flowing over the walls- and the probes on them.
This method can be applied to any electric conductive liquid flowing over a non-conductive surface or
inert wall.
It is simple to use being a non-intrusive method; the probes don’t influence the foam flow
pattern. The probes form and choice are the most important factors to consider when applying this
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method. They must consider the thickness of the liquid film being measured. The farther the probes
are away from each other; more information will be obtained about the wall-slip layer. For rectangular
probes, a conductimetry method calculation was developed [132].
The thickness of the wall-slip liquid layer is more relevant at the bottom of the channel than at
the top and sides. At the top and sides, it can only measure around 10 micrometers, while at the
bottom it can have a thickness of almost 2 millimeters [3]. The main reason for this difference is the
drainage of the liquid inside the Plateau borders, due to gravitational force, the bubble-to-bubble
interaction, and the wall shear stress.

3.

Experimental arrangements

In this section, we’ll cover different aspects that were taken into consideration concerning
materials and conditions related to the experiments and measurements techniques.

3.1

Surfactant choice and quality

Many substances decrease a liquid surface tension allowing the generation of foam (surfactants,
proteins, particles, lipids, etc.). Most of the foam studies selected appropriate surfactants concerning
their particular objectives [56,2]. In our study the surfactant choice needed to satisfy the following
characteristics:

The foam should be “stable”, permitting it to flow through all the channels length without
disappearing or breaking when crossing mechanisms presenting irregularities. Bu t at the
same time, a high stability diminishes the foam drainage. Meaning that the recuperation
tank fills up quicker than the foam drains, and there is not enough time to obtain reliable
information (1 hour for the most stable foam). A balance should then be attained, in
regards to foam stability and its drainage time.

Some measurement techniques use electrical currents and voltages to measure the foam
flow, liquid film thickness and wall shear stress. Therefore, the surfactant should not
affect the real interaction between the mechanical and physical aspects of the foam and
the electrochemical responses, it should be recalled that previous works [51,113,32]
showed how some surfactants are not suitable for the polarographic method.
After reviewing these requirements, we selected the SIMULSOL SL 826 surfactant distributed
by the company SEPPIC. It is based on glucose, presents stable foaming properties and it is easy to
handle down to 5ºC. Being a non-ionic surfactant, facilitates the use of the electrical measurement
techniques. For the stability requirements, a concentration of 0.15% (in volume) was used; it is
approximately twice the Critical Miscellanea Concentration (CMC).

3.2

Foam flow characterization

A database that considers the foam velocity and quality is characterized by the flow of the liquid
and gas phase inside the generators. The foam quality varies from 55% to 85%. As for the mean
velocity, it was covered in the three cases shown in Table 2.1 [3]. These ones were choose due to the
scientific background already done over these regimes and the limitations of the experimental facility.
To be capable to increase the foam’s velocity we will need to place more parallel foam generators, this
way we won’t alter the foam structure.
In all these cases the pressure losses, velocity fields and profiles, liquid film thickness, and the
wall shear stress over the walls were studied, with and without flow disruption devices.
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3.3

Case

Max Foam Velocity
[cm/s]

Liquid Flow
Gas Flow
Foam Quality
[L/h]
[L/h]
[%]
14.3
17.50
55
12.7
19.05
60
11.1
20.60
65
9.5
22.23
70
7.9
23.80
75
6.4
25.40
80
4.8
27.00
85
28.6
34.90
55
25.4
38.10
60
22.2
41.30
65
19.1
44.45
70
15.9
47.60
75
12.7
50.80
80
9.5
54.00
85
35.7
43.70
55
31.8
47.63
60
27.8
51.60
65
23.8
55.57
70
19.8
59.50
75
15.9
63.50
80
11.9
67.50
85
Table 2.1 Foam flow characterization cases

I

1.92

II

4.27

III

6.14

Pressure before
generators
[bar]
0.40
0.40
0.40
0.42
0.42
0.44
0.50
0.63
0.64
0.64
0.64
0.64
0.64
0.70
0.66
0.66
0.70
0.70
0.70
0.71
0.71

Foam generators calibration

It is important in any foam research project to verify the deviations that may exist concerning
the foam generators specifications. As mentioned, the foam is produced by injecting gas, through a
permeable media, into the liquid. The permeability of the three glass filtered medias goes from 10 to
15 μm. Therefore, it is impossible to generate the same bubble diameter inside each generator. To
assure a correct experimental study, we need to quantify the difference and evaluate its possible final
effect.
There are many factors related to the pressure losses inside a channel for a foam flow [3], the
surfactant concentration, the bubbles diameter, the foam quality and the foam velocity. To quantify the
error due to the permeable media (directly related to the bubble size created inside each generator) a
study of the pressure losses was done under equal conditions, foam flow of 2 cm/s and foam quality of
70%, with the same disruption device (half sudden expansion) (Figure 2.15).

Figure 2.15 Pressure losses inside the test section with a half-sudden as flow disruption, a foam velocity of 2
cm/s and quality 70% for the three generators.
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According to this figure, the foam generated inside each generator, under the same conditions,
does not coincide. However the largest difference between the three pressure losses, due to the bubbles
diameter, is of only 7%. It would mean that we could properly mix the three foam flows, for each
generator, and not influence drastically the mean bubble size values.

3.4

Particle Imaging Velocimetry

The PIV method correlates a number of particles from an image to another with a known
timestep and thereby obtains the velocity fields of the question area. In foam flow, the gas/liquid
interphase is darker than the rest of the flow, and one the laser hits the bubbles contour, this one
assigns the whole flow movement (not the movement of each bubble). Therefore, the use of particles
is not necessary to track the flow. The close packing of the bubbles keeps them together along the
channels length and through the FDD, avoiding the error that bubbles displacement might generate.
Figure 2.16 shows an arrangement of ‘particles’ inside the question zone.

Figure 2.16 Schematic representation of the PIV behavior on the foam flow

The measurements were made over the channel lateral wall. Due to the opacity of the foam
flow, and the reflections over the bubbles, it is impossible to see through it and obtain the internal
velocity fields. Nevertheless, the main focus is the wall/foam interaction. The velocity fields at the
wall allowed approximating a value of the wall velocity gradient.
The velocity measurements were done along the FDDs vicinity zone using a standard particle
image velocimetry based on a TSI PowerviewTM system, including a light sheets provided by a
double-pulsed Nd-YAG laser operating at 532 nm (green), with a 7.25 Hz frequency, and high spatial
resolution. It also used a PowerviewTM 4MP camera, a synchronizer (TYPE) and Insight® software
for the acquisition, processing and post processing. The maximum energy of each pulse was 200 mJ
for 8 ns. The delay between the two pulses is fixed, so that particles move a fourth of the interrogation
window during the delay. Table 2.2 shows the camera resolution, measured field size, interrogation
window, and timestep used for each of the Flow Disruption Devices.
fdd
No-FDD
Fence
Cylinder
Expansion

Resolution
Field Size
Interrogation Window
[μm/pixel]
[mm2]
[pixels2]
44
60 x 21
32 x 32
43
60 x 21
32 x 32
45
60 x 21
32 x 32
52
90 x 42
32 x 32
Table 2.2 Spatial characteristics for each FDD

Δt (I, II, III) [𝜇𝑠]
10000, 7000, 4000
8000, 5000, 3500
8000, 5000, 3500
12000, 9000, 5000

A 50% overlap rate has been applied to reduce the velocity grid spacing. The time-average
fields are obtained from 500 instantaneous fields.
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3.5

Polarographic method

3.5.1 Choice of an electrochemical reactive
Among the many redox couples available [118,123], we selected the ferri-ferrocyanide couple.
It is suitable for this study, because of its power and its small sensitivity to the light [123]. The cathode
reduction obeys to the chemical equation:
4−
−
𝐹𝑒(𝐶𝑁)3−
(2.37)
6 + 𝑒 → 𝐹𝑒(𝐶𝑁)6
The couples exchange one electron. The chemical reaction is fast enough to not affect the
electrodes surface. The active ions concentration is constant through the experiment. The support
electrolyte used is potassium sulfate, 𝐾2 𝑆𝑂4 [133]. Its ions have a weak influence in the redox reaction
and don’t create corrosion problems with the electrodes.
In order to restrain the amount of electrolysis reagent, the ferricyanide concentration was taken
at 𝑐 = 10 𝑚𝑜𝑙 ⁄𝑚3 . This amount allows measuring the intensity of the diffusion current (microamperes). The ferrocyanide concentration is 𝑐 = 15 𝑚𝑜𝑙 ⁄𝑚3 , so the reaction in the anode is not a
limitation for the current circulation. The concentration of potassium sulfate 𝑐 = 175 𝑚𝑜𝑙 ⁄𝑚3
reduces the solution resistivity, and neutralizes the ion migration due to the potential field created
between the cathode and the anode.

3.5.2 Measurement Probes
The platinum electrodes in the polarographic measurements are located inside three
exchangeable blocks at the bottom, lateral and top walls of the channel. They can be placed at the
straight channel, with no FDD, and at the calibration duct. The platinum probes do not present the
corrosion and electrolysis problems that the nickel ones do [51].
The anode should be located so that the diffusional limiting current is never reached, and the
following relationship should be recalled:
𝑨𝒂𝒏𝒐𝒅𝒆 ∙ 𝑪𝒓𝒆𝒅 ≫ 𝑨𝒄𝒂𝒕𝒉𝒐𝒅𝒆 ∙ 𝑪𝒐𝒙

(2.38)

The cathode has small dimensions, which allows the realization of local studies. The nickel
anode is placed downstream from the probes. It is located inside the channel and its surface is more
than 500 times larger than the electrodes one.
Three measurement blocks were used to determine the wall shear stress at the top, bottom and
lateral walls of the channel (Figure 2.17). Each block contains 11 polarographic probes and can be
moved from the test section to the auxiliary channel. They can be located at the middle of the channel
test section (1.3 meters from the foam generators exit) at one of the lateral walls, at the bottom and at
the top. To assure regular surfaces, and before actual operation, the probes were polished.
The probes diameter will affect the reading; the smaller the electrode, better will be the
phenomenon acquisition and response. The relationship (2.22) confirms this point:
𝑓∗ = 𝜔 (

𝑑𝑠 2

1⁄
3

)
𝐷 𝑆0 2
where 𝑓 ∗ is the dimensionless frequency and 𝑑𝑠 is the probe diameter.
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Figure 2.17 Setting arrangement of the three polarographic blocks

The probes in the experiment had a diameter around 𝑑𝑠 = 0.25 𝑚𝑚, equivalent to a theoretical
rectangular probe with a length of 𝐿𝑠 = 0.82 𝑑𝑠 [134]. They were spaced 2mm from each other, and
aligned perpendicularly to the flow (Figure 2.18).

Figure 2.18 Polarographic Probes

3.5.3 Measurement system
The anode was linked to an electrical ground, and a negative potential (−∆𝑈) was imposed to
the measurement probes.
The main constraint of the polarography method is how to accurately measure the redox current
(inside the microampere order) collected at the electrodes. Therefore, it is necessary to measure it with
high impedance. With the use of an amplifier, the current was converted to voltage. The gain of the
amplifier could be adjusted between three values (𝐾 = 105 , 5 ∙ 105 𝑎𝑛𝑑 106 ). This measurement
system was made locally in the GEPEA Laboratory at Nantes (Figure 2.19). The polarographic
experimental data was obtained over 5000 samples for a frequency of 125 Hz.
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Figure 2.19 Simplified representation of the polarographic measurement system

3.5.4 Probes calibration
To accurately obtain the wall velocity gradient, related to the diffusional limit current, the real
value of the probes active surface needs to be known. They were made of 0.25 mm diameter platinum
wire but were polished, so the probes remain at the same height as the channel walls. This polishing
changes drastically the probes shape. Therefore, a calibration of these ones was made and the real
surface values were obtained. They were calibrated inside the calibration channel, where the pressure
losses and velocity profile are known, and the active surface is deducted from these conditions.
Before calibrating the probes in the auxiliary channel, the horizontality of the diffusion plateau
had to be verified for each used probe. Once this was done, a polarization tension was chosen, so there
was no current saturation or concentration over the electrode (c = 0).

(a)

(b)
(c)
Figure 2.20 Polarograms of the three electrochemical blocks: (a) top, (b) lateral and (c) bottom

Figure 2.20 shows the polarograms (response of the probes against an imposed polarographic
voltage) for the three blocks used, top lateral and bottom. They were studied independently. After
reviewing these graphs, a -800V polarization voltage was selected for a controlled diffusion regime.
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At this value, the measured current only depends of the flow hydrodynamics. The ferrocyanide
concentration over the probes was supposed zero.
3.5.4.1 Flow inside the calibration channel
The calibration channel presents two pressure outlets located upstream and downstream of the
emplacement of the polarographic blocks (Figure 1.8). They are 60 cm apart and allow measuring the
pressure loss in the duct. The flow rate is verified at the first pressure outlet of the calibration channel.
For a laminar regime, the establishment length, 𝐿𝑒 , is a function of the hydraulic diameter, 𝐷𝐻 , and the
Reynolds number, 𝑅𝑒 :
𝐿𝑒
= 0.01 𝑅𝑒
𝑑ℎ
(2.39)
where the hydraulic diameter is defined as 𝑑ℎ = 4𝑆/𝑃𝑚 , with 𝐴 as the surface, and 𝑃𝑚 the wetted
perimeter.
In our case, laminar regime calibration, the Reynolds number is under 2000. Accordingly, the
maximal establishment length (for 𝑅𝑒 = 2000) is 3.8 cm, a value smaller than the distance to the first
pressure outlet, 20 cm.
3.5.4.2 Velocity profile and pressure losses inside the calibration channel
For a streamline flow, the velocity field inside a rectangular duct of thickness 2𝐵 = 1𝑚𝑚 and
height 2𝐴 = 21 𝑚𝑚 can be presented as [135]:
∞

1 𝑑𝑃 2
4
cos(N𝑖 𝑦) ∙ 𝑐𝑜𝑠ℎ(𝑁𝑖 𝑧)
𝑢(𝑦, 𝑧) = −
[𝑏 − 𝑦 2 + ∑(−1)𝑖+1
]
2 𝜇𝐿 𝑑𝑥
𝑏
𝑁𝑖 3 𝑐𝑜𝑠ℎ(𝑁𝑖 𝑎)
Where 𝑁𝑖 =

𝑖=0

(2𝑖+1)𝜋

(2.40)

2𝑏

Dimensionless Velocity 𝑢∗(𝑥, 𝑦) = 𝑢/𝑢̅

The dimensionless theoretical velocity profile inside the calibration channel is represented in
Figure 2.21.

Figure 2.21 Theoretical dimensionless velocity profile inside the calibration channel

The Darcy-Weisbach equation relates the pressure losses, ∆𝑃, inside a channel due to friction
along a given length, 𝐿, and the average velocity of the fluid flow, 𝑢̅ [136]. It includes a dimensionless
factor, 𝑓𝑑 = 𝜆, which depends on the characteristics of the pipe. For laminar flows, and accordance
with the Poiseuille’s law [137], the friction factor or flow coefficient becomes 𝜆 = 64/𝑅𝑒, where 𝑅𝑒
is the Reynolds number. The Darcy-Weisbach equation can be then stated as:
64 𝐿 𝜌𝑢̅2
∆𝑃 =
𝑅𝑒 𝑑ℎ 2𝑔
(2.41)
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where, 𝑅𝑒 is the Reynolds number, 𝐿 is the length of interest (in our case between the two pressure
outlets), 𝑑ℎ is the hydraulic diameter, 𝑢̅ is the average velocity of the fluid flow, and 𝑔 is the local
acceleration due to gravity.
A comparison between the experimental pressure losses and the theoretical ones validated the
use of the auxiliary duct to calibrate the electrochemical probes (Figure 2.22).
The curves fit, with a small deviation of 5% as we move closer to the laminar-turbulent
transition; this is to be expected due to the assumption of laminar flow in the Darcy-Weisbach
equation. Some of the deviations may be actual errors through the experimental measurement
techniques.

Figure 2.22 Experimental pressure losses vs. Darcy-Weisbach equation along the calibration duct

3.5.4.3 Probes active surface calculation
The calibration principle relies on the comparison of the current received by a probe in contact
with a mono-phasic flow (liquid), and the velocity gradient acquired with the pressure difference
between the two pressure outlets. Inside the calibration duct, the liquid flow is laminar. The pressure
losses, ∆𝑝, and the diffusion limiting current, 𝐼, are measured; therefore the velocity gradient can be
obtained from both techniques.
By keeping the polarization voltage constant, the diffusion limiting current response of the
probes can be tracked against the variation of the liquid flow, while the velocity gradient can be
deducted from the pressure losses:
𝜏𝑙𝑜𝑐
𝑆0 =
𝜇𝐿
(2.42)
Through the calculation of the friction factor:
∆𝑃 𝑑ℎ
𝐶𝐹 =
2 𝜌 𝑢̅2 𝐿
(2.43)
The friction velocity:
𝐶𝐹
𝑢𝜏 = 𝑢̅ √
2

(2.44)

and the local wall shear stress:
𝜏𝑙𝑜𝑐 = 𝑢𝜏 2 𝜌
where, 𝜌 is the liquid’s density, and 𝜇𝐿 is the liquid’s dynamic viscosity.

(2.45)
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Finally to calculate the active diameter of the probes, the theoretical relationship of the mean
1/3
𝐷 2 𝑆0
)
.
𝑑𝑠

diffusional limiting current is used, 𝐼 = 0.807 𝑧𝑒 𝐹 𝑐∞ 𝐴𝑠 (

It can be written as a function of

the probes diameter:
𝐼 = 0.633 𝑧𝑒 𝐹 𝑐∞ (𝐷2 𝑆0 )1/3 𝑑𝑠 5/3

(2.46)

The calibration of the electrochemical probes is carried out prior to each test. Table 2.3 shows
the diameters of the probes in the exchangeable blocks.
The probes diameters values are close one to the other and they are also close to the size of the
platinum wire used (0.25 mm). There are many aspects that could have altered the surface of the
probes, like their polishing, the techniques used to install them and even previous experiments, these
differences have been observed in other studies [138,139,140,51].

Probe 1
Probe 2
Probe 3
Probe 4
Probe 5
Probe 6
Probe 7
Probe 8
Probe 9
Probe 10
Probe 11

3.6

Bottom Block
Lateral Block
Top Block
0.23
0.26
0.25
0.32
0.27
0.29
0.35
0.29
0.28
0.39
0.28
0.28
0.35
0.37
0.31
0.37
0.28
0.29
0.32
0.28
0.28
0.34
0.28
0.28
0.34
0.32
0.28
0.26
0.31
0.28
0.30
0.26
0.33
Table 2.3 Active probes diameters [mm]

Conductimetry method

To accurately measure different liquid thicknesses, two measurement blocks were set; each with
a different probe size. The small one was used for the wall-slip layer at the top and lateral sides of the
duct, and the large one for the thickest liquid film at the bottom.
The electrodes are powered in each block with an alternative tension of sinusoidal form (± 15
V). The frequency is high enough to neglect the polarization phenomena (between 50 and 100 KHz).
Therefore, quantifying the micrometric liquid film can be considered. A simplified diagram of the
conductimetric system is explained in Figure 2.23.

Figure 2.23 Simplified diagram of the conductimetry system
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The two blocks used to measure the wall liquid thickness include the following elements:
The first one (block A, the larger one) measures the thickness of the bottom liquid film. It
is equipped with two electrodes. Each one has a 40 mm 2 surface, and they are 6 mm away
from each other. They are made out of platinum.
The second one (block B) is used to measure the smaller layers, at sides and top of the
channel. It also carries two probes. Their diameter is 0.25 mm and they are spaced out 40
µm. They are made of platinum, and they were placed in a way that allows obtaining the
thickness profile along the whole wall length. To achieve it, the block is graduated from 0
to 180º (Figure 2.24) and can turn around its center. The value ∝ = 0° corresponds to the
highest position, 19.5 mm from the bottom of the channel, and ∝ = 180° is the lowest
position, 1.5 mm from the bottom.

In both blocks, the probes were gently polished, so their surfaces won’t disturb the flow and
alter the measurements.

3.6.1 Calibration procedure
The conductimetry blocks are removable, allowing their placement in the test section or the
auxiliary circuit. The calibrating unit is made of Plexiglas and is represented in Figure 2.25.

Figure 2.24 Positioning of the conductimetry probes
over the exchangeable blocks

Figure 2.25 Calibration arrangement for the
conductimetry blocks

Non-conductive stacking plastic sheets can control the thickness, h, between the conductimetry
block and the injection holes. Once the liquid fills the empty space, the experimental relationship
between the measured current and the thickness is obtained for each pair of probes.
Figure 2.26 shows the calibration curves for both blocks. Due to a limitation of the data
acquisition system, the intensity maximum value was fixed to 10 V. At the block A, there is a
significant deviation of the curve for small thickness (<1,2 mm) tending to a plateau close to the limit
intensity value, this block conceived for measuring the thicker underlying liquid film has a
measurement precision of 0.1 mm. At the B one, used at the lateral and top walls, the response is
similar, being more linear towards the smaller values. However, it allows measuring thickness 20
times smaller with a higher measurement precision of 2 micrometers.
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(b)
(a)
Figure 2.26 Calibration curves for the two conductimetry blocks (a) and (b).

3.7

Analog data acquisition system

The analog data acquisition system, used for the polarography and conductimetry method,
comprehends a Keithley Das 1800 acquisition card. This component allows obtaining 16 different
signals with a known sampling frequency, 𝐹𝑠 , and total time, 𝑡𝑡 . The measured analogic signal bits) is
converted into a digital one (at 12 bits) with the “TestPoint” software, which controls the card. The
maximal acquisition frequency is 33 kHz. The resolution intensity is ± 2.5 mV over a range of -10 V /
+10 V. It presents 4 different gains: ± 10 V, ± 5 V, ± 2.5 and ± 1.25 V. To cover values surpassing this
threshold a tension divisor was implemented. The conductimetry data was obtained over 20000
sample points and a measurement time of 10 s.

4.

Conclusions

In this chapter, we discussed characteristics of the experimental device, the measurement
techniques and the settings arrangements. The device holds both a closed liquid circuit -and an open
gas one- allowing the creation of an homogeneous foam, which will flow through a straight channel
with three possible disruption devices: half sudden-expansion, fence, and circle. The results validated
the choice of products, techniques, materials and probes, and why they are the best measurement
arrangements alternatives. A non-ionic surfactant was selected, which stabilizes the foam and does not
influence the electro-chemical acquisition. The three generators, made the same homogeneous foam
structure. The conductimetry and polarographic probes were calibrated, so they provide reliable results
in the most delicate tests (wall velocity gradient and liquid film thickness).
Altogether, the experimental arrangements proved to match our objectives in foam flow
rheology studies. It may be noted that these experiments complement the ones by Blondin, Tisné and
Madani [3,51,113] that covered single foam characteristic or aspects. In this work, seven void
fractions were considered, in addition to three foam velocities and flow disruption devices. This
experimental database could be a reliable support in future foam flow numerical studies simulations.

CHAPTER 3
EXPERIMENTAL AND CFD RESULTS AND DISCUSSIONS
This chapter presents the experimental results for the pressure losses, PIV measurements,
conductimetry and polarographic method, next to their respective discussion. To have a
control over the experimental measurements and properties of the foam, we separated the
study in three parts. Firstly a study with no disruption devices was made to accurately
measure the wall-shear stress and liquid film thicknesses over a horizontal square
channel. Then, the FDD geometries were swapped to obtain the restructuration of foam
flow when faced against a pattern change. Finally, numerical CFD simulations were done
trying to represent the foam flow behavior around the three different disruption devices.
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Foam flow along a straight channel with no FDD

As cited in previous studies, foam flowing inside ducts creates high wall shear stress, due to its
particular properties (rheology, velocity fields, osmotic pressure, disjoining pressure, etc.). To better
understand this phenomenon, the flow of foam through a straight channel with no devices (obstacles)
was studied. This way the number of variables in the study (bubbles diameter, void fraction and foam
velocity) were limited and controlled. The presence of FDD alters the foam’s structure, generates
bubbles reorganization and creates a forced drainage, difficult to measure. These parameters evidently
complicate acquisition of accurate data by the polarographic and conductimetry methods.

1.1

Pressure losses and gradient

The pressure distribution generated by foam flowing along a horizontal channel is one of
most interesting characteristics of this complex fluid. The static pressure losses (𝑃 − 𝑃0 ) inside
channel are presented in Figure 3.1. In all the cases, the static pressure varies linearly all through
channel. Regardless of the change in the foam quality, the deviation from one static pressure to
other is relatively small.

the
the
the
the

(a)
(b)
(c)
Figure 3.1 Static pressure losses along the square channel without flow restrictions: (a) case I; (b) case II and (c)
case III.

The longitudinal pressure gradient was obtained from the static measurements for all foam cases
and qualities. They are shown in Figure 3.2 as a function of the foam quality. Case III presents a linear
pressure gradient. However, for cases II and III there is an influence of the foam quality over the value
of the pressure gradients. They show that wetter foams generate higher pressure losses and that this
change, in the linearity of the pressure gradients, can be a result of the change in the foam velocity
profiles and the film liquid thickness at the walls. Therefore, a deeper study was carried to understand
the real causes of this behavior, especially focused on the wall shear stress.

Figure 3.2 Pressure gradient for a foam flow inside a straight channel with no FDD for different foam qualities
and velocities.
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Velocity profiles

Indicated in previous works [3,51], the foam flowing through channels may be studied under
three different regimes, as a function of axial velocity. This property may be measured by the PIV
method (Particle Image Velocimetry). The experiments were carried over the foam flow close to the
lateral wall, due to the opacity of the foam. The axial velocity profiles, for all cases and qualities, are
presented as temporal average velocity values, taken over 500 images (Figure 3.3), the timesteps are
showed in Table 2.2.

(a)
(b)
(c)
Figure 3.3 Averaged axial velocity profiles at the lateral wall of the foam flowing through a straight channel with
different qualities for: case I (a), case II (b) and case III (c).

For the case I, where the foam flow behaves as a block (or piston), there is small influence of
the void fraction, in comparison with the other cases. Due to thinner plateau borders, and weaker
internal forces, dryer foams tend to shear easier than wet ones. However, as the liquid flow increases
so do the thickness and velocity of the layer at the bottom of the channel. Therefore, for cases II and
III, wetter foams have a higher velocity at the bottom of the duct. As the gas fraction increases, the
liquid slip layer velocity decreases, arriving to a driest point (𝛽 = 85%), where shear occurs and the
foam at the bottom deforms easier. The higher the mean velocity is, the higher the influence of the
liquid film.
Previous works [3,51] showed that for these velocity profiles, each case corresponds to a flow
regime. Case I has a uniform axial velocity along the whole section (one-dimensional regime). The
foam flow, for case II, is partially sheared at the bottom of the channel. Therefore, the axial velocity is
not uniform and the flow becomes a two-dimensional regime. Finally, for the last case (III), the foam
flow will be completly sheared and its axial velocity also is displaced on the z-coordinate. It can be
called three-dimensional regime. The velocity profiles over the top of the channel are shown in Figure
3.4 below.

(a)
(b)
(c)
Figure 3.4 Axial velocity profiles at the top wall of the foam flowing through a straight channel with different
qualities for: case I (a), case II (b) and case III (c).
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They confirm the presence of three different foam flow regimes. The first two velocity profiles
at the top of the channel behave as a piston. In the third case, the velocity profile is a function of the zcoordinate, presenting the three dimensional behavior. Finally, we present the evolution of the
velocity profile of the bubbles flowing over the liquid/foam interface in Figure 3.5.

(a)
(b)
(c)
Figure 3.5 Axial velocity profiles at the liquid/foam interphase of the foam flowing through a straight channel
with different qualities for: case I (a), case II (b) and case III (c).

1.3

Liquid film thickness

Aqueous foam flow consists of a mixture of water and air. Therefore, the gravitational force
plays a major impact over its behavior, and more specifically its drainage. Drainage is the passage of
liquid through foam, under the effects of gravity, the liquid inside the foam flows downward, and the
gas bubbles are displaced upwards in the channel section. The conductimetry method allowed defining
the liquid slip layer experimental thickness values over three of the four walls of the duct: bottom,
lateral walls and top.
Because of the same evolution along the lateral walls, we decided to measure this liquid film
only on one lateral wall. We will consider that the evolution on the other side will be the same.

1.3.1 Bottom wall
Figure 3.6 represents the thickness instantaneous evolution of the underlying liquid, over one
second, for all three cases and foam qualities. They were obtained with the use of the conductimetry
block A, located at the middle of the test section.
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(a)
(b)
(c)
Figure 3.6 Conductimetry signal of the liquid film thickness over the bottom wall for all foam qualities (𝛽) and
cases: Case I; (b) Case II and (c) Case III.
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These results show that the signal remains constant and has almost no fluctuations. The values
of the liquid film thickness go from 1.5 to 0.9 millimeters and they are proportional to its void
fraction. To better understand the differences and deviations, Figure 3.7 shows the mean values of the
underlying liquid layer at the middle channel for the all cases and foam qualities.

Figure 3.7 Mean liquid film thickness at the bottom of the channel for all cases studied and qualities.

It can be noted that the change of the foam velocity does not make an impact over the mean
value of the liquid slip layer; there are no major deviations between the thicknesses of the three cases.
However, as we alter the foam quality the value of liquid film changes importantly. Therefore, for
wetter foams, the underlying slip layer is thicker than for dryer ones. Previous works also have shown
that there is no major thickness evolution along the channel’s length, meaning that the liquid quantity
lost, due to the gravitational drainage over horizontal flowing foam inside a square channel, is small
[51].

1.3.2 Lateral wall
The lateral wall measurements were made with the conductimetry block B. By turning it around
its center, it allows the data acquisition of the liquid film thickness over the lateral wall (from y=1.5
mm to 19.5 mm), remembering that the square duct cross-section is 21 x 21 mm2. Figures 3.8 to 3.10
represent the instantaneous conductimetry signals evolution over one of the two lateral walls, for all
cases and qualities. For each condition, we represent four of the thirteen instantaneous signals
available. The rest of them were used to obtain the mean value evolution. Over the lateral wall, the
conductimetric probe was located near the top (y = 19.5 mm), the middle
(y = 16.9 mm and 4.1 mm) and the bottom (y=1.5 mm) of the channel. These four ones, allow to
visualize partially the fluctuating evolution over the lateral wall.

3 : Foam flow along a straight channel with no FDD

Figure 3.8 Conductimetry signal over the lateral wall for a foam velocity of 2 cm/s at:
(a) y = 1.5 mm; (b) y = 4.1 mm; (c) y = 16.9 mm and (d) y = 19.5 mm for all foam qualities (𝛽).
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Figure 3.9 Conductimetry signal over the lateral wall for a foam velocity of 4 cm/s at:
(a) y = 1.5 mm; (b) y = 4.1 mm; (c) y = 16.9 mm and (d) y = 19.5 mm for all foam qualities (𝛽).
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Figure 3.10 Conductimetry signal over the lateral wall for a foam velocity of 6 cm/s at:
(a) y = 1.5 mm; (b) y = 4.1 mm; (c) y = 16.9 mm and (d) y = 19.5 mm for all foam qualities (𝛽).
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For all conditions, the instantaneous signal obtained at the conductimetry probe shows
important fluctuations all over the lateral wall. Previous works have made an emphasis over this
phenomenon and its causes [51,32]. Figure 3.11 shows a schematic representation of their conclusions.
They synchronized the bubbles passage over the conductimetry probe. They verified, in effect, that the
fluctuations are due to the bubbles passage as they make vary the thickness of the film. When the
bubble A passes through the probe, it generates a signal A’ that is smaller than the mean value. The
liquid film decreases as the bubble flows over the wall. This remark can be extrapolated to our case
and measurements.

Figure 3.11 Schematic representation of the fluctuations of the conductimetry signal [51].

An increase in the number of fluctuations per second can be noted as the foam velocity
increases. Therefore, for the case I, the slowest foam, we see lesser fluctuations than for the case II;
and so the case III, with a foam velocity of 6 cm/s, presents the highest number of fluctuations. Also,
as the probe moves closer to the interphase liquid/foam, the amplitude of the fluctuations diminishes;
tending to a constant value as observed over the bottom of the channel. This means that the thicker the
underlying slip layer, the smaller the amplitude fluctuations. All of these phenomena will be analyze,
thoroughly, further ahead when we compare the standard deviation, the skewness and the flatness
factors for all the conditions.
The mean values, of the conductimetry signal over the lateral wall, are represented in Figure
3.12 for all cases and qualities (𝛽). They allow seeing the evolution of the thickness and the influence
of the drainage over this one. The liquid inside the foam, due to the gravity force, tends to the bottom
of the channel. Therefore, at this region the film is thicker.

(a)
(b)
(c)
Figure 3.12 Evolution of the mean liquid film thickness value over the lateral wall for all foam qualities and the
three cases: (a) Case I; (b) Case II and (c) Case III.

Over the lateral wall, for all our cases and qualities, we see more important mean thickness
value near the liquid/foam interphase than at the top of the channel. This thickness difference over the
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lateral wall is a cause of the gravitational drainage, which can be put into evidence. The slip-layer
thickness diminishes almost 40 µm along the whole wall. For all three cases, the minimum value is of
30 µm at the top of the duct and 70 µm near the bottom. There is no big differences between foam
velocities or qualities. They stay constant one another. This shows the equal distribution of the
dispersed bubbles inside the liquid and the good performance of the foam generators.
1.3.3

Top wall

Finally, Figures 3.14 to 3.16 present the instantaneous evolution of the slip layer thickness over
the top wall for all foam qualities and velocities. These values were also obtained with the
conductimetry block B, which has smaller probes and precision. It was turned around its center and
allowed the measure over the whole wall. We present three instantaneous signals near the lateral walls
(z = -9 mm and 9 mm) and at the center of the channel (z = 0mm). These ones are more than enough
to obtain a partial view of the evolution along the wall.
They show that regardless the velocity, the quality and the position of the probes the amplitude
of the signals remains the same. The slip layer thickness goes from 2 µm to 40 µm. The smallest
values, as showed for the lateral results, correspond to the lower part of a bubble as it passes through
the probes. As for the number of fluctuations per second, it can be seen an increase in its number as
the foam moves faster. Some statistical values can be and will be obtained from these phenomena.
There are no differences as the foam quality is changed.
The mean liquid film thicknesses may be obtained from the instantaneous values of the
conductimetry signal over the top wall. These ones are shown in Figure 3.13 for all foam qualities and
the three cases.

Figure 3.13 Mean liquid film thickness at the bottom of the channel for all cases and qualities.

As expected from the instantaneous fluctuations, on the three cases, the mean liquid film
thickness over the top wall presents similar values for all qualities and velocities. They tend to 30 µm.
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(a)
(b)
(c)
Figure 3.14 Conductimetry signal over the top wall for the Case I at: (a) z = -9 mm; (b) z = 0 mm and z = 9 mm
for all foam qualities (𝛽).
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(a)
(b)
(c)
Figure 3.15 Conductimetry signal over the top wall for the Case II at: (a) z = -9 mm; (b) z = 0 mm and z = 9 mm
for all foam qualities (𝛽).
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(a)
(b)
(c)
Figure 3.16 Conductimetry signal over the top wall for the Case III at: (a) z = -9 mm; (b) z = 0 mm and z = 9
mm for all foam qualities (𝛽).
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1.3.4 Statistical description of the conductimetry signal
The evolution of the signals shows to be complex. It might appear highly disorganized and
unpredictable in their behavior. However, some statistical properties of the flow can be interpreted. It
should be useful for a better understanding of the liquid slip layer to seek a statistical description at the
wall.
+∞

∫

𝑃(𝑣)𝑑𝑣

(3.1)

−∞

The PDF can be estimated by constructing a histogram of an ensemble of measurements of 𝑣 at
the specific location. The larger the ensemble, the more closely the histogram will approximate the
PDF. The moments of the variable 𝑣 are derived from the PDF. The nth moment < 𝑣 𝑛 > is defined as:
+∞

< 𝑣 𝑛 >= ∫

𝑣 𝑛 𝑃(𝑣)𝑑𝑣

(3.2)

−∞

The first moment < 𝑣 > is the mean:

+∞

< 𝑣 >= ∫
−∞

𝑣 𝑃(𝑣)𝑑𝑣

(3.3)
′

The variance is the second moment of the perturbation quantity 𝑣 = 𝑣−< 𝑣 >, and describes the
level of variability about this mean:
+∞

< 𝑣′2 >= ∫

(𝑣−< 𝑣 >)2 𝑃(𝑣)𝑑𝑣

−∞
′

The skewness factor is the third moment of 𝑣 , normalized by the variance:
< 𝑣′3 >
𝔍 = 𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =
< 𝑣′2 >3/2

(3.4)

(3.5)

A PDF that is symmetric about the mean < 𝑣 > will have zero skewness. All higher order
moments of such PDF will also be identically zero. The skewness reveals information about the
asymmetry of the PDF. Positive skewness factor indicates that the PDF has a longer tail for 𝑣 − 〈𝑣〉 >
0 than for 𝑣 − 〈𝑣〉 < 0. Hence a positive skewness means that the variable 𝑣 ′ is more likely to take on
large positive values than large negative values. A time series with long stretches of small negative
values and a few instances of large positive values, with zero time mean, has positive skewness factor
(Figure 3.17).

Figure 3.17 Signal with a positive Skewness factor 𝔍.

The kurtosis (or flatness) factor is the fourth moment of the 𝑣′, normalized by the variance.
< 𝑣′4 >
ℱ = 𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 =
(3.5)
< 𝑣′2 >2
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A PDF with longer tails have a larger kurtosis factor than a PDF with narrower tails. A time
series with most measurements clustered around the mean has low kurtosis factor; a time series
dominated by intermittent extreme events has high kurtosis factor (Figure 3.18).

Figure 3.18 Signals with small and large Kurtosis factor (ℱ)

Figures 3.19 to 3.24 show the standard deviation, the skewness and the kurtosis of the
oscillatory thickness for different foam qualities and cases over the lateral and the top wall.

(a)
(b)
(c)
Figure 3.19 Standard deviations of the conductimetry thicknesses over the lateral wall for all foam qualities and
velocities: (a) Case I; (b) Case II and (c) Case III.

The standard deviation (SI) measures the amount of dispersion from the average. A low value
indicates that the data points to be close to the mean; a high value indicates that the points are spread
out over a large range value. The lateral wall results show that for small foam velocities, the SI is
higher near the liquid/foam interphase. As the foam flow velocity increases the SI values group
together and diminish along the mean thickness values. There is also a difference in the foam quality;
wetter foams show higher standard deviation than the dryer ones. This agrees with the conductimetry
probe response, when the bubbles are close to the probe (small thicknesses), the standard deviation
value increases. The bubbles movement as could be expected creates important fluctuations of the SI.
The SI values over the topside of the channel are similar one another, despite the foam velocity.
The main differences occur between foam qualities, where the standard deviation value is inversely
proportional to the void fraction. As seen in the lateral results, dryer foams present smaller standard
deviation than wetter ones. Smaller values also occur near the lateral walls, because bigger bubbles
tend to flow closer to the middle of the channel, repelling the smaller ones to the sides.
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(a)
(b)
(c)
Figure 3.20 Standard deviations of the conductimetry thicknesses over the top wall for all foam qualities (𝛽) and
velocities: (a) Case I; (b) Case II and (c) Case III.

(a)
(b)
(c)
Figure 3.21 Skewness factors of the conductimetry thicknesses over the top wall for all foam qualities (𝛽) and
velocities: (a) Case I; (b) Case II and (c) Case III.

Skewness factor is a measure of asymmetry; a negative Skewness describes a time series with
long stretches of small positive values and few instances of large negative values, over the mean line.
For the slower foam flows (Case I and Case II) a higher measure of Skewness occurs near the top of
the channel where the liquid film is thinner. As the velocity increases, Skewness factor tends to a
constant value near -0.75. There is no notable difference between foam qualities. As seen for the
standard deviation, the fluctuations are due to the bubbles passage over the probe. Most of the values
are small positives values because the mean diameter of the bubbles remains similar; there are small
amounts of big bubbles, which generate the few instances of large negative Skewness.

(a)
(b)
(c)
Figure 3.22 Skewness factor of the conductimetry thicknesses over the top wall for all foam qualities (𝛽) and
velocities: (a) Case I; (b) Case II and (c) Case III.

At the top of the channel, an evolution of the Skewness can be observed. As the velocity of the
foam increases, so does the mean thickness, and the Skewness value decreases, similar to the behavior
seen over the lateral wall. Bigger bubbles concentrate at the top center of the channel, repelling the
smaller ones to the sides; this increases the number of large negative perturbation values and the
Skewness factor.
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(a)
(b)
(c)
Figure 3.23 Flatness factor of the conductimetry thicknesses over the lateral wall for all foam qualities (𝛽) and
velocities: (a) Case I; (b) Case II and (c) Case III.

The flatness, or kurtosis factor represents the probability to obtain values close to the mean. In
the lateral measurements, the flatness behavior coincides with the mean thickness one. Thereby, for
smaller slip-layer thicknesses, there are bigger fluctuations with values farther away from the mean,
which distributes more equally the values along the Gaussian histogram. As the foam velocity
increases, so does the thickness of the liquid film and the Flatness values. Major foam quality
differences occur near the bottom of the channel and, for higher velocities. The wetter foams present
higher kurtosis values than the dryer ones. This behavior is also a consequence of the liquid film
thickness.

(a)
(b)
(c)
Figure 3.24 Flatness factors of the conductimetry thicknesses over the lateral wall for all foam qualities (𝛽) and
velocities: (a) Case I; (b) Case II and (c) Case III.

The Kurtosis factor measurements over the top wall of the channel show similarities with the
ones at slower velocities. It is constant all over the lateral wall with a small deviation near the lateral
walls. The fastest velocity, case III, has different Kurtosis values along the channel length. The higher
Flatness values diminish towards the center of the channel. This is related to the presence of bigger
bubbles near the center of the channel, generating smaller amplitude fluctuations and thicknesses.

1.4

Polarographic signals

The instantaneous polarographic signals are shown in Figures 3.25 to 3.31. They were obtained
at the middle of the test section; over three of the four walls: bottom, one lateral and top; for the case I,
and all the foam qualities: 55%, 60%, 65%, 70%, 75%, 80% and 85%. These results represent the
evolution of the Sherwood number “Sh” over one second. This dimensionless number is linked to the
probes’ diameter “𝑑𝑠 ” and the measured current “𝐼”, through the following relationship:
𝐼
4
𝑆ℎ =
𝑑𝑠 =
𝐼
𝑧𝑒 𝐹 𝐴𝑠 𝑐∞ 𝐷
𝜋 𝐹 𝑐∞ 𝐷 𝑑𝑠 𝑧𝑒
(3.6)
where 𝑧𝑒 is the electrons number involved, 𝐹 is the Faraday number, 𝑐∞ is the concentration at the
flow core, 𝐷 is the diffusion coefficient and 𝐴𝑠 =

𝜋 𝑑𝑠 2
4

is the probe’s surface.
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Figure 3.25 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 55%
at a foam velocity of 2 cm/s.
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(a)
(b)
(c)
Figure 3.26 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 60%
at a foam velocity of 2 cm/s.
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(a)
(b)
(c)
Figure 3.27 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 65%
at a foam velocity of 2 cm/s.
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(a)
(b)
(c)
Figure 3.28 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 70%
at a foam velocity of 2 cm/s.
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(a)
(b)
(c)
Figure 3.29 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 75%
at a foam velocity of 2 cm/s.
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(c)
Figure 3.30 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 80%
at a foam velocity of 2 cm/s.
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(c)
Figure 3.31 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 85%
at a foam velocity of 2 cm/s.
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We can see that the fluctuations are a result of the bubbles’ passage over the probe. Due to the
gravitational drainage, water tends to go to the bottom of the channel, as showed in the conductimetry
results. Therefore, the probes closer to this part of the channel present less Sherwood fluctuations than
the ones at the top. Here, the liquid film thickness is smaller and the bubbles influence is important. A
clear example is noted for the probe 1 near the bottom of the channel for a foam quality of 85%. As
the foam becomes dryer, the liquid films at the walls diminish and, consequently, the polarographic
probes do a better register of the bubbles passage.
Despite this observation, there is no great difference due to foam qualities. Sherwood number
fluctuations have shown the same size and number at the top of the channel and they present the same
fluctuation evolution along the lateral probe, with big fluctuations near the highest point and a
constant value at the bottom.
These oscillations were described in previous works [51,113]. They made a simultaneous
acquisition of the polarographic current and a video of the bubbles flowing through the probe. This
process is called signal synchronization. Figure 3.32 shows a schematic representation of the process.

Figure 3.32 Synchronization between the bubbles passage over the polarographic probe and the measured
current.

As the first bubble A passes through the probe, it generates a measured current A’. Its value is
weaker than the ones obtained before and after its passage. This same response is obtained for all the
bubbles that go through the probe. The lowest values are related to the bubbles deformed at the wall.
The number of fluctuations per second obtained, for all quantities, is near the same value. A statistical
analysis is explained further ahead to better understand the fluctuations behavior, amplitude and
characteristics. The Sherwood fluctuations, for the two remaining cases (4 cm/s and 6 cm/s) are shown
in Figures 3.33 to 3.53.
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(c)
Figure 3.33 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 55%
at a foam velocity of 4 cm/s.
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(a)
(b)
(c)
Figure 3.34 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 60%
at a foam velocity of 4 cm/s.
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(c)
Figure 3.35 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 65%
at a foam velocity of 4 cm/s.
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(c)
Figure 3.36 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 70%
at a foam velocity of 4 cm/s.
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Figure 3.37 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 75%
at a foam velocity of 4 cm/s.
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Figure 3.38 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 80%
at a foam velocity of 4 cm/s.
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Figure 3.39 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 85%
at a foam velocity of 4 cm/s.
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When comparing the case I to the II, it should be noted how the mean value of the Sherwood
number increases with the velocity. The Sherwood number’s fluctuations amplitudes seem to be
somewhat related to the liquid film thickness value, the foam velocity and the foam quality. The
number of fluctuations per second is directly linked to the number of bubbles passing by the probe.
From a theoretical point of view, the polarographic signal is related to the fluid velocity and the
thickness of the film. To measure the wall shear stress with this method, the thickness of the liquid
film should be defined. It may have special interest when it is smaller to a critical value numerically
obtained. By analyzing the influence of the slip layer thickness over the mass transfer, it can be
verified if the film is thick enough to use this measurement technique [4].
For a two-dimension flow over a horizontal plate, the general mass transfer equation can be
written:
𝜕𝑐
𝜕𝑐
𝜕𝑐
𝜕2𝑐 𝜕2𝑐
+𝑢
+𝑣
= 𝐷 ( 2 + 2)
𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑥
𝜕𝑦
(3.7)
where 𝑥 is the axial flow direction, 𝑦 is the vertical direction, 𝑢 is the axial velocity component of the
flow, 𝑣 is the vertical velocity component of the flow, 𝑐 is the ferricyanide concentration and D is the
molecular diffusion coefficient.
By using the hypothesis of a permanent flow, a linear and unidirectional velocity profile
(𝑢 = 𝑆0 𝑦) at the viscous sublayer, as seen before, the mass transfer equation becomes:
𝜕𝑐
𝜕2𝑐 𝜕2𝑐
𝑆0 𝑦
= 𝐷 ( 2 + 2)
𝜕𝑥
𝜕𝑥
𝜕𝑦
(3.8)
The magnitude of the diffusion layer, for an electrode of length 𝐿𝑠 , is [123,139]:
𝐷 𝐿𝑠 1/3
𝛿𝑐 = (
)
𝑆0
(3.9)
𝑦
𝑐
𝑥
For this, dimensionless quantities can be introduced: 𝐶 = ⁄𝑐∞ ; 𝑋 = ⁄𝐿 and 𝑌 = ⁄𝛿 . These
𝑠
𝑐
elements may be included in the mass transfer equation, which becomes:
𝜕𝐶
𝛿𝑐 2 𝜕 2 𝐶 𝜕 2 𝐶
𝑌
=( )
+
𝜕𝑋
𝐿𝑠 𝜕𝑋 2 𝜕𝑌 2
(3.10)
The Péclet number, 𝑃𝑒, is a dimensionless number defined as the ratio of the rate of advection
of a physical quantity by the flow to the rate of diffusion of the same quantity driven by an appropriate
gradient. It can represent the dimensionless wall velocity gradient (shear rate) by:
𝑆0 𝐿𝑠 2
𝑃𝑒 = (
)
𝐷
(3.11)
The equation of the mass transfer is then reduced to:
𝜕𝐶
𝜕2𝐶 𝜕2𝐶
𝑌
= 𝑃𝑒 −2/3 2 + 2
(3.12)
𝜕𝑋
𝜕𝑋
𝜕𝑌
The liquid slip layer has a finite thickness. The boundary conditions are represented in Figure
3.40 and they can be defined as:

𝐶 = 0 for [B, C]

𝐶 = 1 for [A, F]



𝜕𝐶
𝜕𝑌
𝜕𝐶
𝜕𝑋

=0

for [A, B] ∪ [C, D] ∪ [E, F]

=0

for [A, B] ∪ [C, D] ∪ [E, F]
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Figure 3.40 Boundaries of the numerical solution.

The convection-diffusion equation can be numerically solved using the finite volume method
for 10−4 ≤ 𝑃𝑒 ≤ 108 . For these parameters, the relationship (𝑒⁄𝛿 ) is varied between 1 and 15 to
𝑐
determinate the critical value when 𝐶 ≈ 1 at the liquid film’s surface. This way, the layer can be
considered a semi-infinite.
The numerical solution of the dimensionless concentration over the (𝑥, 𝑦) plane can show an
example of the concentration for a wall shear stress of 2 Pa (or a Peclet number Pe = 115771), which
corresponds to an approximate shear stress value exerted by the foam flow over the wall.

Figure 3.42 Evolution of the Concentration “C” in a
three-dimensional domain

Figure 3.41 Isoconcentration lines

The concentration’s numerical solution leads to the determination of the diffusion limit current,
defined as:
𝜕𝑐
𝐼 = 𝑧𝑒 𝐹 ∬ 𝐷 ( )
𝑑𝐴
𝜕𝑦 𝑦=0 𝑠
𝐴
(3.13)
̅̅̅ over the probe’s surface. This number
This current can be characterized by the Sherwood number 𝑆ℎ
is defined as:
𝐼
𝑙
𝑧𝑒 𝐹 𝐴𝑠 𝑐∞ 𝐷

(3.14)

1
𝑙 1 𝜕𝐶
𝜕𝐶
1
∫
𝑑𝑥 = 𝑃𝑒 ⁄3 ∫
𝑑𝑥
]
]
𝛿𝑐 0 𝜕𝑌 𝑦=0
0 𝜕𝑌 𝑦=0

(3.15)

̅̅̅
𝑆ℎ =
For a two-dimensional flow:
̅̅̅
𝑆ℎ =
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The integration of the dimensionless concentration gradient using the Simpson method over the
1 ∂C

dimensionless length of the probe (∫0

]

∂Y Y=0

dX) can be represented (Figure 3.43) for the neighbor

conditions of our experimental ones (𝜏 ≈ 2 𝑃𝑎).

1 𝜕𝐶

Figure 3.43 ∫0

]

𝜕𝑌 𝑌=0

𝑑𝑋 evolution for 𝑃𝑒 = 115771

For high Péclet numbers, the diffusion can be neglected. Therefore, for a semi-infinite medium
and a rectangular probe, the convection-diffusion equation solution can be reduced to the Levêque
equation [121].
̅̅̅ = 0.807 𝑃𝑒 1/3
𝑆ℎ
(3.16)
This solution is commonly called “the one-third power law”. A comparison against the determined
numerical solution for Pe ≥ 0.01 was made in Figure 3.44.

Numerical Solution

solution
Levêque Solution

Figure 3.44 Mean Sherwood number evolution versus the Peclet number according to the numerical solution and
the Levêque equation.

Regarding this figure, we may note that the numerical solution and the Levêque one merge
together from 𝑃𝑒 ≈ 100.
For a circular probe of diameter 𝑑𝑠 with a surface 𝐴, it has been shown that the Sherwood
relationship can be written as [134]:
̅̅̅𝑐𝑖𝑟𝑐
𝑆ℎ

1⁄
3

𝐼
𝑑𝑠 2 𝑆0
=
𝑑𝑠 = 0.862 (
)
𝑧𝑒 𝐹 𝐴𝑠 𝑐∞ 𝐷
𝐷

(3.17)
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The ̅̅̅
𝑆ℎ𝑐𝑖𝑟𝑐 curves as a function of the thickness, “𝑒”, for different values of wall shear stress
( 𝜏0 = 𝜇𝑙 𝑆0 ) and at our experimental conditions ( 𝜇𝑙 = 1.1 ∙ 10−3 ; 𝑑𝑠 = 0.3𝑚𝑚 ; 𝑙 = 0.82 𝑑𝑠 and
D = 7.26 ∙ 10−10 m2 s−1) are represented in Figure 3.45.

Figure 3.45 Mean Sherwood number evolution as a function of the liquid film thickness for different values of
the wall shear stress 𝜏0 .

Simultaneously, for a given liquid film thickness, between the wall and the foam, Figure 3.46
shows the threshold that the wall shear stress must exceed. For our case, the Sherwood numbers are
not affected by the slip-layer thickness.

Figure 3.46 Curve limiting the region where the polarographic signal does not depend on the liquid film
thickness obtained numerically

These two curves allow the numerical estimation of the liquid film critical thickness for
different wall shear stresses. The instantaneous measurement of the slip layer over the later and top
wall allowed verifying any critical point. Being under the region where the limit current is reached, the
shear stress should be corrected using either the Sobolik or the inverse method. From the
conductimetry values, our values were between these two regions, due to the fluctuations they present.
The conductimetry results showed that the thickness is not constant and the bubbles sliding over the
liquid film varies. The numerical results allow estimating the thickness limits of the minimal liquid
slip layer in which the polarographic method can be applied.
Once the theoretical framework concerning the influence of the liquid thickness and the wall
shear stress over the polarographic results has been drawn out, we present the Sherwood fluctuation
for the final case (u = 6 cm/s), where the liquid content of the slip-layer and the wall shear stress
generated, over the lateral wall, are slightly higher than for the other two ones (Figures 3.47 to 3.53).
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(a)
(b)
(c)
Figure 3.47 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 55%
at a foam velocity of 6 cm/s.
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(a)
(b)
(c)
Figure 3.48 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 60%
at a foam velocity of 6 cm/s.
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(a)
(b)
(c)
Figure 3.49 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 65%
at a foam velocity of 6 cm/s.
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(b)
(c)
Figure 3.50 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 70%
at a foam velocity of 6 cm/s.
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Figure 3.51 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 75%
at a foam velocity of 6 cm/s.
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Figure 3.52 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 80%
at a foam velocity of 6 cm/s.
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(c)
Figure 3.53 Polarographic signals over three walls: (a) bottom; (b) lateral and (c) top; for a foam quality of 85%
at a foam velocity of 6 cm/s.
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When comparing the Sherwood fluctuations for the three foam velocities several similarities
may be noted. First, the resemblance for all bottom and top fluctuations. As seen in the conductimetry
fluctuating results, the thickness values are similar for all cases and qualities in these regions of the
channel, and this is confirmed by the polarographic results. As for the lateral wall results, an influence
of the mean thickness value can be noted. They showed a small increase proportional to the foam
velocities, which seems to affect our polarographic results. The amplitude of the Sherwood
fluctuations decreases in the case of faster foams.

1.5

Statistical description of the micro-turbulence

As seen in Figure 3.45, the Sherwood values are between the regions where the diffusion
limiting current may or not be reached. Therefore, the wall velocity gradient obtained from the
instantaneous Sherwood measurements had to be corrected through the Sobolik method [51]. The
statistical description of the velocity gradient results at the wall can be linked to the micro-turbulence
inside the liquid slip-layer.
As said for the statistical description of the conductimetry results, the skewness and kurtosis
factors of a 𝑓 quantity, which can represent a velocity, pressure or temperature components, can be
written as:
〈𝑓 3 〉
ℑ𝑓 =
𝜎𝑓3
(3.18)
4
〈𝑓 〉
ℱ𝑓 =
𝜎𝑓4
(3.19)
where 𝜎𝑓 is the dispersion factor of 𝑓 . When the PDF of the 𝑓 quantity follows a Gaussian
distribution, which is normally the case for substantially homogeneous turbulent flows, these two
coefficients take the values of 0 and 3, respectively. However, a homogeneous isotropic turbulence
(HIT) is characterized by a negative skewness of the velocity derivative (𝜕𝑢𝑖 ⁄𝜕𝑥𝑖 ), where 𝑢𝑖 is the
velocity component along 𝑥𝑖 . In HIT, the skewness represents the rate of production of vorticity
through vortex stretching [141].
From the relationship (3.6) between the Sherwood number, 𝑆ℎ , and the diffusion limiting
current, 𝐼, we have:
𝐼
𝑆ℎ =
𝑙
𝑧𝑒 𝐹 𝐴 𝑐∞ 𝐷
and the relationship (2.17):
𝐼 = 0.633 𝑧𝑒 𝐹 𝑐∞ (𝐷2 𝑆0 )1/3 𝑑𝑠 5/3
The velocity gradient can be obtained. In this case, it was corrected through the Sobolik method.
As an example to understand the influence of skewness and flatness factors, Figure 3.54 and Figure
3.55 show the Probability Density Function (PDF) of the velocity gradient signals over the lateral and
the top wall, for three foam velocities and 70% quality.
These figures allow describing the relative likelihood that the velocity gradient may take a given
value on the x-axis, closer to the root mean square. For each case, the Gaussian curves remain close,
one to another; which was expected, due to the similarity of the polarographic signals over the whole
topside of the channel. When comparing them against the normal distribution of the Gaussian
function, in blue, we see no big difference between the velocities gradient PDFs and this one. This
shows that the probability to arrive to values close to the RMS ones, along all the instantaneous
measurements, is greater than in the other ones.
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(a)

(b)
(c)
Figure 3.54 Probability Density Function of the velocity gradient obtained with three polarographic probes over
the top wall for: (a) Case I; (b) Case II and (c) Case III.

(a)

(b)
(c)
Figure 3.55 Probability Density Function of the velocity gradient obtained with three polarographic probes over
the lateral wall for: (a) Case I; (b) Case II and (c) Case III.
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For the PDF obtained over the lateral wall, we see a similar behavior. Despite the difference in
the instantaneous Sherwood fluctuations, when compared to its own RMS values, the probability
density function remains close to one another. These are also close to the normal distribution behavior.
It merits noticing that the bigger the velocity of the foam flow, the closer the behavior to the normal
distribution function. This is also due to the increase in the wall shear stress and the non-influence of
the liquid film thickness over this the diffusion limiting current.
Once the behavior of the PDF for a given case is recognized, the Standard Deviation, the
Skewness and the Flatness factors must be determined for the polarographic wall velocity gradient,
and relate them to the behavior of this previous curves and the Sherwood fluctuating signals, directly
related to the velocity gradient. Figures 3.56 to 3.61 show the Standard Deviation, Skewness and
Flatness factors of the polarographic instantaneous wall velocity gradients corrected using the Sobolik
method, for all foam velocities and qualities.

(a)
(b)
(c)
Figure 3.56 Standard deviations of the velocity gradients obtained with the polarographic probes over the lateral
wall for all foam qualities and velocities: (a) Case I; (b) Case II and (c) Case III.

The Standard deviation values act as a mean representation of the amplitude of the fluctuations.
From this point of view, larger fluctuations occur at the top of the channel, where the liquid film is
thinner and the influence of the bubbles passage higher. At the bottom of the channel, there are no
fluctuations for the polarographic velocity gradients and the value of the standard deviation tends to 0.
As the velocity increases, so does –slightly- the value of the thickness of the slip layer, this lowers the
amplitude of the fluctuations and the standard deviation.

(a)
(b)
(c)
Figure 3.57 Standard deviations of the velocity gradients obtained with the polarographic probes over the top
wall for all foam qualities and velocities: (a) Case I; (b) Case II and (c) Case III.

The Standard Deviation values, at the top of the channel, presented similar values, all along its
length for the three cases. However, larger deviations occurred between the signals acquired at
different probes for slower foam flows. As the foam velocity increases, so does the wall shear stress.
From the theoretical study of the critical film thickness as a function of the wall shear stress, it can be
seen that for bigger stresses the thickness of the slip-layer, where the diffusion limiting current is
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achieved, is smaller. This explains the behavior of the standard deviation over the top wall, when the
foam velocity increases the liquid film thickness and it no longer plays an important factor over the
diffusion limiting current.

(a)
(b)
(c)
Figure 3.58 Skewness coefficients of the velocity gradients obtained with the polarographic probes over the
lateral wall for all foam qualities and velocities: (a) Case I; (b) Case II and (c) Case III.

From the PDF point of view, the Skewness coefficient represents the asymmetry of the
Gaussian curve. Negative skewness numbers for the turbulence inside the liquid slip-layer represent a
homogeneous isotropic turbulence. Along the lateral wall, the Skewness tends to 0; fluctuating
between the positive and negative values. At the top of the channel, it leans towards negative values,
and the opposite near the bottom. This behavior was also seen at the PDF curves, where the Probe 1
(top side of the channel) presented a slightly longer tail at the left of the top of the Gaussian bell, while
at the Probe 11 (bottom of the channel) both side of the curve present similar length.

(a)
(b)
(c)
Figure 3.59 Skewness coefficients of the velocity gradients obtained with the polarographic probes over the top
wall for all foam qualities and velocities: (a) Case I; (b) Case II and (c) Case III.

At the top of the channel, the liquid film mean thickness value is constant for all cases and
qualities. However, the wall shear stress increases with the foam velocity. As seen with the standard
deviation results, the Skewness along the top of the channel presents constant values for all cases,
positions and qualities. Nevertheless, larger deviations between qualities are seen for slower foam. In
these cases, the diffusion limiting current is more sensitive to smaller shear than to higher ones. The
PDF curves showed the same behavior of small deviation between the length of the tails.
When analyzing the Sherwood fluctuations, a difference between the top and the bottom of the
channel could be appreciated. The fluctuations at the top of the channel, where the liquid film is
thinner, showed greater amplitude values than the ones near the bottom. In spite of this behavior, the
flatness values remain the same; the PDF curves along the whole length of the lateral wall present the
same height. For a unimodal distribution (those whose skewness is 0), which is close to our case, the
kurtosis factor represents both the peakdness of the distribution and the heaviness of its tail. However,
it does not express how high the peaks are. It is a relationship between its fluctuation and RMS values,
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making it dimensionless. Despite the difference seen in the Sherwood fluctuations and the liquid film
thickness, the flatness for our three cases and qualities remain close to the same value 3, the flatness
value for a normal distribution Gaussian function.

(a)
(b)
(c)
Figure 3.60 Flatness factors of the wall velocity gradients obtained with the polarographic probes over the lateral
wall for all foam qualities and velocities: (a) Case I; (b) Case II and (c) Case III.

(a)
(b)
(c)
Figure 3.61 Flatness factors of the velocity gradients obtained with the polarographic probes over the lateral wall
for all foam qualities and velocities: (a) Case I; (b) Case II and (c) Case III.

Finally, the values of the Flatness over the top wall of the channel present the same behavior as
seen for the Skewness and the standard deviation. It can be said that they present similar values.
However, bigger deviations are seen for the slower foam flows, due to the relationship between the
wall shear stress and the diffusion limit current. Once the behavior of the polarographic signals and
what they represent are analyzed, this method should be validated over aqueous foam flowing along a
horizontal channel, and the comparison of the mean wall shear stress along the channel’s section.

1.6

Wall shear stress

A notable aspect of the foam flow is its capacity to generate wall shear stress values 2000 times
bigger than the water under the same flow regime. There are many ways to measure the wall shear
stress of a fluid inside a channel. It depends of the velocity gradient inside the viscous boundary layer
and the pressure losses along a characteristic length. The pressure outlets located along the channel
allow obtaining an accurate value of the pressure losses generated by the wall shear stress, and
validating our other results and assumptions.
The wall shear stress can be obtained through the expression (Newtonian fluid inside the liquid
film):
𝜏(𝑦) = 𝜇𝑙
2here 𝜇𝑙 is the liquid’s dynamic viscosity and

𝛿𝑢
𝛿𝑦

𝜕𝑢
𝜕𝑦

is the wall velocity gradient.

(3.20)
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Foam flow presents complex properties that makes it difficult to define the wall shear stress and
the velocity gradient (opacity, reflections, small scales, etc.). We have followed three ways to obtain
the mean wall shear stress over the channel’s square section.
One way to obtain the wall shear stress of a horizontal foam flow is to assume that the velocity
gradient is equal to the bubbles velocity over the channels wall, related to the thickness of the liquid
𝑢

𝛿𝑢

slip layer ( 𝑒 = 𝛿𝑦). From this, equation 3.20 becomes:
𝜏𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = 𝜇𝑙

𝑢
𝑒

(3.21)

Figures 3.62 to 3.64 show the evolution of the wall shear stress, as a function of the bubbles
velocities profiles (Figures 3.3, 3.4 and 3.5) and liquid film thicknesses (Figures 3.7, 3.12 and 3.13),
over the lateral, the top walls of the channel, and the liquid/foam interphase.

(a)
(b)
(c)
Figure 3.62 Wall shear stress obtained over the lateral wall with the velocity profiles and the liquid film
thicknesses for all foam qualities and velocities: (a) Case I; (b) Case II and (c) Case III.

Reviewing the wall shear stress profiles at the lateral wall, it is concluded that the liquid film
thickness exerts an important influence over the wall shear stress. Despite finding higher velocities
values near the bottom of the channel, the largest wall shear stresses are located at the top. It is in this
place where the mean liquid film thickness is thinner; this increases the overall wall shear stress value.
However, despite the important influence of the slip-layer, the velocity does play a role in the wall
shear stress value, as can be appreciated in faster foams. When the velocity increased the liquid film
thicknesses does not vary much. However, higher wall shear stresses values occur in faster foam
flows. These can reach the 1.75 Pa for the Case III, 1.5 Pa for the case II and 1 Pa for the Case I.

(a)
(b)
(c)
Figure 3.63 Wall shear stress obtained over the top wall with the velocity profiles and the liquid film thicknesses
for all foam qualities and velocities: (a) Case I; (b) Case II and (c) Case III.

As for the top and bottom of the channel, the liquid film thickness doesn’t influence the
behavior of the wall shear stress that remains constant all along the length of the walls. In these
sections of the duct, the velocity profiles must be reviewed. In both walls a constant wall shear stress
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value occurs in cases I and II, following the behavior of the velocity profiles. However, when the foam
flow reaches a three-dimensional state, Case III, the wall shear stress is also dependent of the zcoordinate and presents larger values near the center of the top channel.

(a)
(b)
(c)
Figure 3.64 Wall shear stress obtained over the bottom wall with the velocity profiles and the liquid film
thicknesses for all foam qualities and velocities: (a) Case I; (b) Case II and (c) Case III.

From the polarographic signals, we can deduct the mean wall shear stress values along the
length of the channel’s walls, through the diffusion limiting current:
μ𝑙
3
τ𝑝 =
5𝐼
3
2
(0.633 𝑧𝑒 𝐹 𝑐∞ ) 𝐷 𝑑𝑠
(3.22)
It has been shown for a polarographic probe of diameter 𝑑𝑠 , the mean values of the Sherwood
number ̅̅̅
Sh , the characteristics of the liquid, which are the dynamic viscosity μl and the diffusion
coefficient D, the mean wall shear stress value, τp , can be obtained through.
(𝑧𝑒 𝐹 𝑐∞ 𝐴 𝐷)3
μ𝑙
τ𝑝 =
𝑆ℎ3
𝑙3
(0.633 𝑧𝑒 𝐹 𝑐∞ )3 𝐷2 𝑑𝑠 5
(3.23)
or:
π3 𝜇𝑙 𝐷
3
τ𝑝 =
2 𝑆ℎ
8.95 𝑑𝑠
(3.24)
Figures 3.65 to 3.67 show the evolution of the wall shear stress along the lateral, top and bottom
walls of the square channel cross-section for all cases and qualities.

(a)
(b)
(c)
Figure 3.65 Wall shear stress obtained over the lateral wall with the polarographic probes for all foam qualities
and velocities: (a) Case I; (b) Case II and (c) Case III.

These figures confirm the influence, of the liquid film over the wall shear stress. Higher shear
stresses are obtained close to the top of the channel, where the liquid slip-layer is thinner. As for the
velocity influence, faster foams present bigger wall shear stresses. However, at the bottom of the
channel all of them tend to the zero value. Despite the similarities in the nature of the wall shear
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stresses obtained with two different techniques (velocity profiles and polarographic method), the
magnitude of the values is different. The polarographic results present a larger wall shear stress than
the velocity profile ones.

(a)
(b)
(c)
Figure 3.66 Wall shear stress obtained over the bottom wall with the polarographic probes for all foam qualities
and velocities: (a) Case I; (b) Case II and (c) Case III.

The wall shear stress obtained from the polarography technique at the bottom of the channel
present the similar constant values in all three cases and qualities, close to 0.5 Pa. In difference to the
velocity profiles, they present a block profile, meaning that they are not influenced by the velocity
profile at the wall. However, at the top of the channel there is a difference between wall shear stresses,
despite the similarity of the liquid film thickness.

(a)
(b)
(c)
Figure 3.67 Wall shear stress obtained over the top wall with the polarographic probes for all foam qualities and
velocities: (a) Case I; (b) Case II and (c) Case III.

At the top of the channel, the velocity profiles and the foam flow regime have significant
implications for the foam flow. Slower foams, Cases I and II, present a constant wall shear stress
profile (one and two dimensional regimes). An increase in the value of the wall shear stress can be
seen for bigger velocities. As for the last case where the foam flow can be considered threedimensional, and its profile depends on all three coordinates, we see higher stresses near the center of
the channel, than at the sides.
The most reliable way to define the mean wall shear stress, along the channels surface, is
through the pressure losses. They allowed obtaining the pressure gradient along the length of the
channel. The pressure gradient for our different cases and qualities allow deducting the mean wall
shear stress through the following relationship:
∆𝑃 𝑑ℎ
𝜏̅ =
(3.25)
𝐿 4
∆𝑃
where is the pressure gradient and 𝑑ℎ (= 21𝑚𝑚) is the hydraulic diameter.
𝐿
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These values were compared to the wall shear stresses obtained through the polarographic
method and the velocity profiles, to validate these measurement techniques and assumptions. For the
two cases the mean wall shear stress along the channel’s surface was calculated through the following
equation (here ∆𝑦 = ∆𝑧 = 2 𝑚𝑚):
𝑛

𝑛

𝑛

𝑖

𝑖

𝑖

1
𝜏̅ =
[∑ 𝜏𝑏𝑜𝑡𝑡𝑜𝑚𝑖 + 2 ∑ 𝜏𝑙𝑎𝑡𝑒𝑟𝑎𝑙𝑖 + ∑ 𝜏𝑡𝑜𝑝𝑖 ]
4𝑛

(3.26)

The mean wall shear stress values obtained with the pressure losses, the velocity profiles, and
the polarographic signals are shown in Figure 3.68 for all foam qualities and velocities.

(a)

(b)

(c)
Figure 3.68 Mean wall shear stress along the square channel’s surface for all foam qualities and velocities: (a)
Case I; (b) Case II and (c) Case III.

The representation of the mean wall shear stress along the channel’s surface, obtained with
three different approaches (pressure losses, velocity profiles and Sherwood number signals), allows us
to validate the polarographic method, for certain shears, and to discard the hypothesis of a velocity
gradient related to the bubbles velocity over the slip-layer. To better understand the behavior of our
mean shear stress value we refer to Figure 3.46, which relates numerically the wall shear stress, the
diffusion limiting current and the liquid film thickness.
It can be noticed that the wall shear stress calculated using the velocity profiles near the wall is
not be accurate. This is because we assumed that the velocity profile inside the slip-liquid films
presents a linear behavior for the bubbles velocity. In fact, the high turbulence seen from the
polarographic results show that this velocity profile (inside the liquid layers) is higher than the
assumed value. That is why a deviation is seen when compared this wall shear stress assumption to the
other ones.
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The influence of the wall shear stress over the diffusion limiting current is clearly defined. The
area in which this one is reached is a function of the wall shear stress and the liquid film thickness (see
figure 3.46). The conductimetry results showed that, despite the increase in the liquid quantities, the
mean liquid film thickness evolution along the channels walls remains constant in all cases and
qualities. However, from the pressure losses, it is denoted that the wall shear stress increases with the
foam flow velocity.
All the cases present similar liquid film thickness evolution but different wall shear stresses.
Slower foams are more susceptible to fall inside the region where the diffusion limiting current is not
reached, and therefore not be able to measure the velocity gradient through the polarographic method.
As the foam moves faster, the threshold between the two regions diminishes and the limit diffusion
current will be reached most of the times. This phenomenon can be seen over the mean shear stress
comparison; as the foam velocity increases, the polarographic values resemble more to the pressure
losses ones; which are the most credible.
The largest gap between the polarographic method and the pressure losses is of 43% for the
Case I, and wall shear stress values around 2 and 4 Pa fluctuating between the two regions, making
less accurate the velocity gradient calculation. For the Case III the deviation is reduced to 10%, the
wall shear stress tends to 5.5 Pa; and the diffusion limiting current is reached most of the time.
Also, as seen before, bubbles’ passage directly influences the liquid film thickness, which will
alter the concentration evolution near the electrodes (Figure 3.69).

Figure 3.69 Influence of the bubbles passage over the isoconcentration lines on the electrochemical electrodes

Taking this into consideration, a numerical solution of the dimensionless concentration over the
(𝑥, 𝑦) plane, and its 3D representation, is shown for a wall shear stress of 2 Pa and influenced by the
passage of a bubble over the electrochemical electrode, diminishing the characteristic length (𝑌 = 2.5)
(Figure 3.70 and Figure 3.71). It shows that the concentration evolution is not fully developed when a
given bubbles passes and diminishes the liquid film thickness under a critical value.
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Figure 3.71 Evolution of the Concentration “C” in
three-dimensions for Y=2.5 (obtained numerically)

The sensitive study done for the critical characteristic length is represented in Table 3.1. This
one alters the concentration evolution over the electrochemical probes, when influenced by the liquid
film fluctuations and the wall shear stress generated by our three foam regimes. Analyzing them, we
realize that slower foams are more sensitive to the thickness fluctuations, because they present bigger
critical characteristic length.
𝑌 = 𝑒⁄𝛿 []
𝑒𝑐𝑟𝑖𝑡 [𝜇𝑚]
𝑒𝑚𝑖𝑛 obtained [𝜇𝑚]
𝑐
3.5
3512
205613
4.35
15.1
15.14
5.2
5148
301341
3.86
11.8
10.86
5.4
5427
317699
3.73
11.2
10.12
Table 3.1 Sensitive study of the Peclet number and critical thickness of the mass boundary layer in order to
attaint a diffusion limiting current.
𝜏̅𝑝 [Pa]

S [1/s]

Pe []

As for the assumption that the bubbles velocity over the slip-layer is equal to the velocity
gradient at the wall, it has been shown not to be correct, despite the precision of the measurements.
The wall shear stresses are far away from the ones calculated through the pressure losses and the
polarographic results. The values do increase with the foam velocity, but they are 5 times smaller than
the real ones, at the worst case. It means that the wall velocity gradient is steeper than the velocity
profiles obtained through the PIV method.

1.7

Conclusions

The measurement of the static pressure, the velocity profiles, the liquid film thickness and the
wall shear stress allowed us to understand the hydrodynamic behavior of the foam flow through a
straight channel for three different velocities and seven foam qualities. From pressure outlets located
all along the channel’s length, we defined the pressure losses. They are directly related to the foam
velocity and are not influenced by the foam quality. Higher velocity generates higher pressure
gradient.
Using the Particle Imaging Velocimetry (PIV), we were able to determine the local axial
velocity of the foam over the periphery of the flow at the top wall, lateral wall and liquid/foam
interphase. However, the velocity fields inside the liquid film, located between the bubbles and the
walls, could not be properly defined. The slip-layer presents micro-thicknesses, which are hard to
analyze by the PIV. To examine the flow at the bottom of the channel, with the biggest thickness, it
would have been necessary to add Polyamide seeding particles to track the liquid flow. However,
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adding these particles alter the properties of the foam and its rheological properties. The axial velocity
profiles allowed us to verify the three foam regimes described by previous works.
The liquid film thickness along the lateral wall, obtained with conductimetry probes, evidences
the gravitational drainage of the foam. The top liquid slip-layer thickness remains uniform along the
wall. Despite the difference in liquid quantity for the different cases and qualities, thickness remains
constant through all fabrication foam conditions. The Standard Deviation, the Skewness and Flatness
factors confirm the difference between these fluctuating signals that look similar, especially along the
lateral wall, when the probe is closer to the liquid/foam interphase, the amplitude fluctuations
diminishes. At the top of the channel, this statistical study shows the presence of larger bubbles near
the center of the channel and smaller at the sides. The only important influence of the foam quality
over the slip-layer is at the bottom of the channel, were wetter foams present thicker liquid films.
Finally, the polarographic method was verified. Polarographic currents were acquired for all
cases and qualities. From these currents, we were able to calculate the velocity gradient and do a
statistical analysis that allowed a better understanding of the micro-turbulences inside the liquid film
thickness. At the bottom of the channel, the signals are uniform all over the probes. But, when in
contact with the foam (lateral and top wall) the signals fluctuate in the same way as the conductimetry
ones, which are a function of the positioning of the probe. Along the lateral wall, the probes closer to
the top present signals with bigger fluctuation than the ones at the bottom.
To evaluate the use of the polarographic method, the wall shear stress obtained was compared to
that one calculated through the pressure losses and the velocity profiles, assuming that the velocity of
the bubbles passage over the liquid slip-layer (obtained with the PIV method) is proportional to the
velocity gradient. These results, validated the use of the polarographic method in the case of foams
that present velocities over 6 cm/s, they generate higher wall shear stresses and are not dependent on
the thickness of the liquid film to reach a limit diffusion current. As regards to the wall shear stress
obtained through the velocity profiles and film thicknesses, their values were far away from the most
reliable ones obtained through the pressure losses measurement; due to the non-linearity between the
velocity and the wall shear stress via the liquid film thickness.
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Foam flow along a horizontal straight channel with FDD

Our characterization of foam flow along a horizontal straight channel with no FDD (obstacles)
allowed us to better understand certain aspects of the phenomenon. Factor that showed interest were
the slip-layer thickness, the different foam regimes, and the high wall shear stress that it can create.
We were also able to review the rheological properties and visco-elasto-plastic behavior that foams
present. For all our cases and qualities, we made our aqueous foam flow through three different FDD
(half-sudden expansion, fence and cylinder) that allowed a better appreciation of this intricate fluid
(Figure 3.72).

(a)

(b)
(c)
Figure 3.72 Lateral schematic representations of the three fdd: (a) fence; (b) cylinder and (c) half-sudden
expansion (dimensions in mm)

2.1

Validation of the velocity profile upstream the disruption devices

To evaluate the rheological behavior of the foam flowing through the three FDD, we had to
verify the similarity of the velocity profiles, for all our foam qualities, before passing across the halfsudden expansion, the fence and the cylinder, for each case. Figure 3.73 represents the velocity
profiles upstream (x = -35 mm) of the three FDD configurations for all cases and qualities.
The similarities for the three cases of FDD are shown in Figure 3.73. The behaviors of the
velocity profiles remain analogous for qualities in each case. They exhibit a block piston effect for
foam flows of 2 cm/s, with an increase in the bubbles velocities close to the bottom slip-layer for cases
II and III. There are some differences between the three FDD, especially at higher velocities. Together
with the visco-elasto-plastic properties of the foam: the half-sudden expansion, the fence and the
cylinder affect the upstream velocity profiles. The FDD create a first barrier for bubbles that make a
“stagnant” cover, altering the velocity of other bubbles passing through and connected to them. This
creates a domino effect that will influence the characteristics along the whole channel’s length.
Henceforth, in the case of the fence, the velocity near the top of the channel is smaller than the one for
the cylinder and the half-sudden expansion. We can conclude that the foams properties are similar for
all cases and qualities, before going through the half-sudden expansion, the fence and the cylinder
obstacles.
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Figure 3.73 Axial velocity profiles upstream of the three FDD at x=-35mm for all qualities and cases:
(a) case I; (b) case II and (c) case III

2.2

Pressure losses and pressure gradient

As seen for the case with no FDD present, the wall shear stress generated by foam flow is one
of the most important concepts reviewed by this study. It can be directly related to the longitudinal
pressure gradient obtained through a series of pressure outlets all along the channel’s length. Figures
3.74 to 3.76 present the pressure losses along the channels’ length for the three FDD, all studied cases
and foam qualities.

(a)
(b)
(c)
Figure 3.74 Evolution of the static pressure along the test channel with a Half-Sudden Expansion for all foam
qualities and cases: (a) case I; (b) case II and (c) case III.

The half-sudden expansion results would show that there is no difference between foam
qualities, as they all resemble one and other for each case. However, as the velocity of the foam
increases, there is a noteworthy change in the pressure values. Faster foam flows are associated to
larger pressure losses and gradients. An interesting aspect that can be appreciated is that the static
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pressure varies linearly upstream and downstream of the FDD located at 0 (x coordinate). In the
vicinity of the FDD, we see a transition from one state to another that affects the pressure gradient.

(a)
(b)
(c)
Figure 3.75 Evolution of the static pressure along the test channel with a Fence for all foam qualities and cases:
(a) case I; (b) case II and (c) case III.

(a)
(b)
(c)
Figure 3.76 Evolution of the static pressure along the test channel with a Cylinder for all foam qualities and
cases: (a) case I; (b) case II and (c) case III.

∆𝑃/∆𝑥 [𝑃𝑎/𝑚]

For the fence and the cylinder, the static pressure losses have a similar behavior than those at
the half sudden-expansion fdd. There is no difference once the foam quality changes. When the
velocity of the foam increases so do the pressure losses and pressure gradients. Also, there is a linear
pressure loss upstream and downstream of the fdd, and a transition from one state to another near its
vicinity, especially at the fence. However, the change in pressure seems to depend on the fdd and the
channel’s surface. In the case of the fence and the cylinder, the pressure gradients at both side of the
obstacle are near the same value. To better understand the consequences and behavior of this
phenomenon, we represent in Figures 3.77 to 3.79 the pressure gradients upstream and downstream of
our three FDD for the different cases and foam qualities.

(a)
(b)
Figure 3.77 Pressure gradient for all foam qualities and cases: (a) upstream and (b) downstream of the halfsudden expansion
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∆𝑃/∆𝑥 [𝑃𝑎/𝑚]

The pressure gradient shows to be more significant upstream of the half sudden expansion, than
of its downstream, in all cases and qualities. This difference is essentially caused by the variation of
the channel’s section. As the flow goes through the fdd, there is a change in the foam’s texture and
structure, as a product of the bubbles reorganization and phase separation (forced gravitational
drainage and coalescence). The same behavior can be seen in the other cases (4 cm/s and 6 cm/s), and
upstream of the half-sudden expansion the pressure gradients are more significant than downstream.
Regardless of the foam quality, this energy degradation stays constant for a given foam flow case, at
both sides of the fdd.

(a)
(b)
Figure 3.78 Pressure gradient for all foam qualities and cases: (a) upstream and (b) downstream of the fence

∆𝑃/∆𝑥 [𝑃𝑎/𝑚]

Despite the important influence that the fence had over the static pressure losses, these results
show the similarity of the pressure gradient at both side of the fdd. In all the cases, the foam qualities
present similar values upstream and downstream of the fdd. The difference between them is not as
large as the one seen on the half-sudden expansion. Yet, there is a difference in the three cases: faster
foams generate higher pressure losses and gradient.

(a)
(b)
Figure 3.79 Pressure gradient for all foam qualities and cases: (a) upstream and (b) downstream of the cylinder

In the case of the cylinder, it may be considered as an in-between case. Having the same
constant value for all foam qualities, there is an effect of the flow restriction over the difference of
pressure gradients of its upstream and downstream. This influence is not important as that created by
the half sudden expansion, and more than the one by the fence. A constant characteristic of all our
pressure gradients, with and without fdd, is their increase in value as the foam moves faster.
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The significant pressure gradient evolution induced by the half-sudden expansion is mostly
related to change of the channel’s section (two-times larger). Nevertheless, both the fence and the
cylinder present the same dimensions along the whole length of the ducts. Despite of that, they do
present a difference in the behavior of the pressure losses upstream and downstream of the fdd. This
led us to consider the direct influence of the fdd over the foam flow. To better understand these
observations, a study was carried on the velocity of field -for all our cases and qualities- with the help
of the Particle Imaging Velocimetry system (PIV), over the lateral wall of the three fdd.

2.3

Local averaged velocity fields

The local average axial and vertical velocity fields and profiles were defined for all cases and
qualities. They are obtained over the lateral wall of the three fdd. Analyzing the half-sudden
expansion, the fence and the cylinder separately allow isolating the rheological changes that the foam
may present when alternating its laminar flow with geometrical variations.

2.3.1 Half sudden expansion
The half-sudden expansion fdd is located at 1.35 m from the foam generators exit. It presents a
expansion of its cross-section surface, from 21x21 mm2 to 21x42 mm2. This duct expansion generates
a mechanical energy loss over the fluid that passes through it. This was seen for the pressure gradient
evolution. Figures 3.80 to 3.82 represent the average axial and vertical velocity fields of the foam flow
for all cases and qualities going across the half-sudden expansion for 500 PIV images.
The mechanical and rheological properties of the foam make it expand and fill the whole
channel’s height. In the immediate upper vicinity of the channel’s expansion, the foam moves slower
and can even stagnate creating a stagnation region, with a mean axial and vertical velocity of zero.
Upstream of this fdd, the average axial velocity becomes lower.
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Figure 3.80 Averaged axial and vertical mean velocity fields for all qualities and the case I over the half-sudden
expansion.
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Figure 3.81 Averaged axial and vertical mean velocity fields for all qualities and the case II over the half-sudden
expansion.
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Figure 3.82 Averaged axial and vertical mean velocity fields for all qualities and the case III over the halfsudden expansion.
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The flow can be evaluated in three zones: upstream of the fdd, where the foam maintains the
same velocity profile until reaching the expansion, a transition zone, where there is an evolution of the
foam properties and it goes from one state to the other after the fdd, and downstream of the fdd, where
the foam recovers a constant velocity profile until the end of the channel.
The average axial velocity fields validate at the fdd the presence of the three flowing foam
regimes over horizontal straight ducts. Case I presents a piston flow before entering the fdd, with a
uniform axial component in the flow direction. As the velocities increases, the axial velocity
component of cases II and III, upstream of the fdd, depend on the y coordinate. For these two cases,
the maximum velocity is achieved near the bottom of the channel where the liquid slip layer presents a
higher velocity and drags the bottom bubbles with it. There is no significant difference between foam
qualities; they all behave the same when faced against the half-sudden expansion.
The average vertical velocity fields show the gravity influence over the foam and the path it
takes to fill the whole channel’s height. All cases and qualities present a similar behavior. As soon as
the flow enters into the restriction, its low density is influenced by the expansion, which makes it raise
to the top of the channel; accelerating its vertical displacement and increasing its velocity. Therefore,
the maximum average vertical velocity is obtained in the immediate vicinity of the half-sudden
expansion where the bubbles raise faster. Once through the fdd, the foam is no longer influenced by
the expansion and it returns to the first flow regime, where its velocity only depends on the axial
component and the vertical one is zero.
The velocity fields allowed us to evaluate the influence of the half-sudden expansion over the
foam flow, for all our cases and qualities. We carried out a more detailed study of the behavior of the
foam flow when going through the fdd. This will be done with the evolution of the axial and vertical
velocity profiles along the x-coordinate in the vicinity of the half-sudden expansion for different
positions (Figures 3.83 to 3.85). As for the velocity fields, these profiles were obtained only over the
lateral wall of the channel due to the opacity of the foam.
From the mean axial velocity profiles for all cases and qualities, we considered a foam flow that
maintains its axial component upstream of the fdd until reaching the half-sudden expansion. Once it
reaches the expansion, the foam starts to fill the whole height of the channel diminishing its velocity
until reaching a balanced state, and keeping it, until the outlet of the channel, and into the recovery
tank. The maximum value (𝑢̅𝑚𝑎𝑥 ) of the foam is obtained upstream of the fdd with a value of 2 cm/s,
for the case I with a piston flow, 4 cm/s, for the case II, and 6.5 cm/s, for the case III. For these last
two cases, the fastest velocity occurs near the bottom of the channel, where the influence of the liquid
slip-layer is more important. The inexistence of negative axial velocity components over the
stagnation zone, in the vicinity downstream of the fdd, indicates that there is no back flow, or vortices
in the opposite direction to the main stream. This is mainly due to the yield stress, at this point the
velocity of the foam reaches a value close to zero, therefore the yield stress is not reached and the
foam remains stagnated inside this region. A similar behavior is seen for the other obstacles.
For the vertical velocities, the mean values are important near the downstream vicinity of the
half-sudden expansion. The expansion accelerates the flow in the vertical coordinate once it reaches it.
Due to the density of the foam, it raises with a positive vertical velocity. The maximum values are 0.6,
1.4 and 1.7 cm/s for cases I, II and III respectively. The important vertical velocities in the immediate
vicinity of the fdd are related to the upward movement of the flow trying to occupy the rest of the
duct. Zero values are obtained upstream of the fdd where the foam flow is only influenced by its axial
movement. After a certain distance, downstream of the fdd, the vertical component returns to a null
value when a fully developed flow is reached. This flow does not present vertical component.
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Figure 3.83 Averaged axial and vertical mean velocity profiles for all qualities, the case I and different distances
over the half-sudden expansion.
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Figure 3.84 Averaged axial and vertical mean velocity profiles for all qualities, the case II and different distances
over the half-sudden expansion.
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Figure 3.85 Averaged axial and vertical mean velocity profiles for all qualities, the case III and different
distances over the half-sudden expansion.
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2.3.2 Fence
The fence presents a height of 10 mm, a width of 5 mm and an escape angle of 45º. Both sides
of the fence, upstream and downstream, present the same cross section, 21 x 21 mm2. The similarity in
the cross section at both sides of the channel affects the behavior of the foam flow through it. The
pressure losses showed a similarity in the pressure gradient, upstream and downstream of the fence,
and a transition behavior, between one and the other side of the fdd. To properly analyze the causes of
this transition a PIV study was made over the lateral wall of the channel at the vicinity of the fence
over 500 PIV images, they were made at 1.3 m from the foam generators outlet. Figures 3.86 to 3.88
show the averaged axial and vertical velocity fields for all the studied cases and qualities.
The presence of the fence induces the development of stagnation zones in the fdd surrounding
area. In its upstream the foam slows down, due to the presence of the obstacle, and it stagnates.
Downstream, a similar behavior occurs like the case of the half sudden expansion. Once the foam flow
goes through the section reduction, created by the fence, the foam occupies once again, the whole
length of the channel’s height. This behavior will form the second stagnation region in the upper side
of the duct, close to the fence. The foam can then be divided into two regions: the main flow and the
dead zones, where the bubbles can be completely motionless.
The average axial velocity fields show how the foam flow accelerates under the fence.
Upstream of the obstacle, the three foam flow qualification regimes are validated in the three cases.
Case I presents a piston flow with a mean velocity of 2 cm/s. As the velocity increases, Cases II and
III axial velocities component depend on the y coordinate. For all cases and qualities, the maximum
axial velocities (𝑢̅𝑚𝑎𝑥 ) occur under the fence: 4, 9 and 12 cm/s for cases I, II and III respectively. Due
to the elastic properties presented by this fluid, the foam flow coming out of the obstacle tends to
return to its initial state, meaning that the upstream velocity profiles should be similar to the
downstream ones. An influence of the liquid slip-layer is seen for higher velocities. The axial velocity
fields under the fence for case I, show no difference for foam qualities. However, in cases II and III
the important influence of the liquid film, flowing at the bottom of the channel, can be observed. From
the liquid film thickness results, it was concluded that the bottom slip layers depend on the foam
qualities. Wetter foams possess thicker liquid slip layers and accelerate the bottom bubbles of the
foam, due to a higher liquid slip-layer influence.
The vertical velocity fields clearly show the movement of the foam when going through the fdd.
Upstream of the fence, the flow presents a downward acceleration, to pass under the obstacle. Once
through the fdd, the foam starts an upward displacement, filling the channel’s height. The stagnation
zones in the vicinity of the fence are also observed in these phenomena. An interesting characteristic
observed is the asymmetry in the results. The negative velocities, before the fdd, present smaller
values than the positive ones. This phenomenon is a consequence of the foam’s properties. Foam will
try to resist to any compression due to the air inside the bubbles exerting an opposite pressure and the
high surface tension resisting to the coalescence of the bubbles. Once the fluid has gone through this
change, the air inside the bubbles will expand and fill as fast as possible the whole channel. For high
velocities, especially case III, the density of the foam and its quality show their importance in the
process. Wetter foams present higher densities, therefore they will move faster towards the bottom of
the channel, in the direction of the gravity, and slower when coming out of the fence with a positive
velocity. The opposite can be appreciated with dryer foams with lower density.
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Figure 3.86 Averaged axial and vertical mean velocity fields for all qualities and the case I over the fence.
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Figure 3.87 Averaged axial and vertical mean velocity fields for all qualities and the case II over the fence.
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Figure 3.88 Averaged axial and vertical mean velocity fields for all qualities and the case III over the fence.

3 : Foam flow along a horizontal straight channel with FDD

147

Figures 3.89 to 3.91 provide a comparison of the average axial and velocity profiles for all the
cases and qualities, as the foam passes through the fdd starting at 𝑥 = −25 𝑚𝑚 and finishing at
𝑥 = 25 𝑚𝑚. The rheological properties of the foam can be seen in these results. The fluid movement
is a function of a yield stress; once it passes under the fdd, which inflict a change in its behavior and
increase in stress, the foam yield passes a certain threshold and flows like a viscous liquid. As for the
elastic properties, the velocity profiles show the influence of the obstacle far away form the immediate
vicinity.
The axial velocity profiles show a sudden acceleration as the fluids moves closer to the obstacle
(𝑥 = 0 𝑚𝑚). It reaches a maximum value at a point located exactly underneath the fence. Velocities
of 4, 9 and 12 cm/s are note near the bottom of the channel under the disruption device, at this point
the influence of the underlying liquid film is clearly noted. After this acceleration forced by the fdd,
the flow achieves an equilibrium state with a velocity profile and regime similar to the one seen
upstream of the channel before the obstacle, confirming once more the elastic properties. The presence
of stagnation zones are clearly noticeable in the vicinities of the fence for
𝑥 = −5 𝑚𝑚, 0 𝑚𝑚 𝑎𝑛𝑑 5 𝑚𝑚, the top of the channel presents velocities values of zero or close to
this one. The absence of negative values indicates that there are no recirculation zones, or vortices, and
the foam stagnates at the upper part of the duct, close to the fence. For the higher velocities (cases II
and III), the influence of the bottom liquid slip-layer is confirmed. Wetter foams present a thicker
liquid film; at the bottom of the channel, and their velocities influence the displacement of the attached
bubbles. The slower foam, case I, also presents a difference in slip-layers thicknesses, but their
velocity does not have as high impact as in the two obstacles. The difference between the maximum
velocity values can be as high as 30%, under the fence in case III.
The average vertical velocity profiles were obtained over the same plane. Upstream and
downstream of the fence, there is no vertical acceleration, and the foam flow mainly responds to axial
movement. The reduction of the square section’s surface, induced by the fence, creates a downward
acceleration, so the fluid can pass below the fdd. Once through the obstacle, exactly at 𝑥 = 0 𝑚𝑚, the
low density and the high active surface push the bubbles up in the channel, and start to occupy its rest,
while decelerating, both velocity component, and later reaching a zero value in the vertical direction.
The density difference between foam qualities is seen at 𝑥 = 0 𝑚𝑚 for high velocities. Dryer, less
dense, foam tends to fight against the negative movement and the bubbles compression, and
accelerates faster once pass across the fdd. The contrary behavior can be seen for wetter and denser
foams. The opposition of foam to compression is so important that at 𝑥 = 0 𝑚𝑚 a high positive value
occurs near the escape point of the fence and a higher acceleration. The biggest asymmetry at both
sides of the fence can be accurately quantified, it is of 47%, 38% and 29% for cases I, II and III
respectively. This means that the velocity of the bottom bubbles influences the vertical velocity and
reduces the asymmetry that both sides of the fence have.
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Figure 3.89 Averaged axial and vertical mean velocity profiles for all qualities, the case I and different distances
over the fence.
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Figure 3.90 Averaged axial and vertical mean velocity profiles for all qualities, the case II and different distances
over the fence.
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Figure 3.91 Averaged axial and vertical mean velocity profiles for all qualities, the case III and different
distances over the fence.
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2.3.3 Cylinder
The cylinder fdd located along a Plexiglas channel 3.4 m long, with a square section of 21 x 21
mm2 at both sides of the cylinder. The measurement section is located 1.25 m from the duct’s entry.
This configuration allows the PIV to study the foam flow when it faces a disrupting pattern change,
and its reorganization once passes the fdd. In our previous case, the foam flow had only one way to
go, upward for the half-sudden expansion and downwards for the fence. In this case, the fluid is
obliged to travel across both, the upper and lower parts of the channel at the same time. The
coordinate system is located at the middle of the test section over the fdd.
Figures 3.92 to 3.94 show the average axial and vertical velocity fields of foam flowing through

a cylinder for all cases and qualities. A stagnation zone can be identified, for all cases, near the
obstacle. As the foam approaches the disruption, its behavior and direction changes, and the bubbles in
contact with the cylinder stagnate against its surface. These results validate the three foam flow
regimes presented by Blondin [3]. It is known that horizontal flowing foam has one uniform axial
component, in the axial flow direction, until surpassing a certain yield stress, as seen in case I. As the
liquid slip-layer drags the bottom, bubbles velocity increases, with a profile that only depends on the y
coordinate, cases II and III. This behavior was also seen on the other disruptions. Another similarity is
the capacity of the foam flow of returning to its initial state, once the obstacle has altered it. Meaning
that the velocities profiles, upstream and downstream of the cylinder, are similar. Despite the low
density presented by this kind of fluid, it still depend on the gravity forces, which will accelerate the
foam that passes under the obstacle and slow down the one that goes over it. This velocity difference
is of 21%, 60% and 57% for cases I, II and III. As the velocity increases the bottom liquid film has a
greater effect over the foam flowing under the obstacle, which accelerates the foam, increasing
therefore its velocity difference with the upper part of the obstacle. Even though there is a velocity
difference at both parts of the cylinder, up and down, they tend to an equilibrium state after going
across it. For higher velocities, cases II and III, there are also differences related to the foam quality,
and the influence of the liquid slip-layer over the bubbles movement near the bottom of the channel.
The gravitational forces also influence the average vertical velocity fields. Therefore, a higher
acceleration occurs on the lower part of the channel. There is no vertical movement upstream and
downstream of the cylinder, proving the predominance of the one-dimensional axial displacement.
When approaching the cylinder, two acceleration process initiate: one over, and the other under the
fdd. Once across the cylinder, the foam flow tends to its initial, balanced, state with an opposite
behavior as the one seen upstream, positive velocity at the bottom of the channel and negative one
near the top. This indicates again, the mechanical properties of this complex fluid. The downward
acceleration, previous to the obstacle, presents a lower velocity that the upward one. This is due to the
resistance exerted by the air inside the bubbles, and by the surface tension, to any kind of outside
compression.
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Figure 3.92 Averaged axial and vertical mean velocity fields for all qualities and the case I over the circle
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Figure 3.93 Averaged axial and vertical mean velocity fields for all qualities and the case II over the circle.
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Figure 3.94 Averaged axial and vertical mean velocity fields for all qualities and the case III over the circle.
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The average axial and vertical profiles as the foam flows across the cylinder from 𝑥 = −25 𝑚𝑚
to x = 25 mm are represented in Figures 3.95 to 3.97, that compare foam cases and qualities. The
visco-elasto-plastic and mechanical properties of a fluid with particular properties confront this type of
fdd, forcing the foam to compress, expand, divide and float at the same time.
As the foam moves closer to the obstacle, the average axial velocity profiles manifest
acceleration on both sides of the cylinder, up and down, and a stagnation zone around it, where the
velocities drop to zero. The acceleration at the bottom of the channel is higher than near the top. The
maximum average axial velocities are 2.8 cm/s, 6.5 cm/s, and 9.2 cm/s near the lowest part of the
channel; and 2.1 cm/s, 2.8 cm/s and 4.5 cm/s at the highest side for the cases I, II and III. This means
that the largest velocity difference is 57% for the case II. This variance in the foam acceleration is due
to the gravity force, the foam’s density and the bottom liquid film. All these aspects affect the foam’s
behavior, and pattern, making it accelerate towards the bottom, and as it passes the cylinder, the sliplayer will increase even more its velocity. These results are consequence of the flow regimes and
rheological properties. Case I presents a piston flow with a one-dimensional axial component. For
cases II and III, the increment in the flow and liquid film layer movement originates a difference in
velocities between the upper part of the channel and the liquid/foam interphase. This variance brings a
shear along the axial velocity profile, making it dependent of the y values, as can be appreciated near
the vicinity of the obstacle 𝑥 = −5 𝑚𝑚, 𝑥 = 0 𝑚𝑚 and 𝑥 = 5 𝑚𝑚. These graphs show the presence
of the stagnation zone. All the velocities near the surface of the cylinder (𝑥 = −3 𝑚𝑚 to 𝑥 = 3 𝑚𝑚)
tend to a zero value.
The vertical velocity profiles are drawn along the same plane, near the lateral wall. They show
the influence of the axial component in the horizontal foam flow. Most of the average vertical profiles
tend to zero. The influence of the cylinder is most noticeable in the profiles over 𝑥 = −5 𝑚𝑚,
𝑥 = 0 𝑚𝑚 and 𝑥 = 5 𝑚𝑚. The gravity and inner bubble forces play an important role on the vertical
displacement of the foam. As seen in the axial velocity component, the obstacle creates a change in the
upstream profile pattern, and accelerates the foam flow over the two sides of its surface. One in the
negative direction, under the cylinder, is due to gravitational forces. This force slows the other, in the
positive vertical direction over the cylinder. Despite the influence of gravity, past the cylinder, the
upper and downward acceleration present higher figures than their counterparts before the disruption.
The expansion rate and density of the bubbles, due to the air inside them, overcome the gravity force
increasing more the velocity than at the other side, which are also influenced by these parameters. The
resultant average vertical velocity values are shown in Table 3.2.
Upstream-Top
Upstream-Bottom
Downstream-Top
Downstream[cm/s]
[cm/s]
[cm/s]
Bottom [cm/s]
I
0.33
-0.67
-0.57
1.12
II
0.50
-1.07
-0.70
1.87
III
0.68
-1.67
-0.80
2.69
Table 3.2 Averaged vertical velocity values upstream and downstream, at the upper and lower part of the
channel, near the cylinder in all cases (= −5 𝑚𝑚, 𝑥 = 0 𝑚𝑚 and 𝑥 = 5 𝑚𝑚).
Case

The compression of the air inside the bubbles slows down the foam displacement upstream of
the cylinder; as the foam comes out of the fdd the air in the bubbles expands and makes them
accelerate. Accordingly, the velocity of the foam downstream is higher than upstream of the fdd. The
foam quality affects its behavior near the bottom of the channel at higher velocities. Wetter foams
develop faster movement near the liquid/foam interphase than the dryer ones, due to the thickness of
the slip-layer and its liquid flow.
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Figure 3.95 Averaged axial and vertical mean velocity profiles for all qualities, the case I and different distances
over the circle.
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Figure 3.96 Averaged axial and vertical mean velocity profiles for all qualities, the case II and different distances
over the circle.
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Figure 3.97 Averaged axial and vertical mean velocity profiles for all qualities, the case III and different
distances over the fence.
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Conclusions

The behavior of an aqueous foam flow through three flow disruption devices (fdd): half-sudden
expansion, fence and cylinder, has been described and described for 7 foam qualities (55%, 60%,
65%, 70%, 75%, 80% and 85%) and three cases (2 cm/s, 4cm/s, 6 cm/s). The measurements of the
static pressure losses, the pressure gradients, the velocity fields and profiles, allowed a better
understanding of the hydrodynamics, physics and rheology of this complex type of fluid.
The static pressure losses vary linearly, upstream and downstream of the fdd with a transition
zone at the obstacles. The pressure gradient is directly related to the channels cross-section, and to the
foam flow regime. For the fence and the cylinder, the pressure gradients upstream and downstream of
the fdd are similar for the three cases. The half-sudden expansion presents a pressure loss of about half
of its value. There is no difference in pressure losses for the foam qualities studied.
By using the Particle Imaging Velocimetry (PIV) technique, we determined the average axial
and vertical velocity fields and profiles in the vicinities of the fdd. The foam dynamics, when faced
against three different obstacles, allowed a better understanding of the reorganization of the flow, its
rheology and physics, and the existence of different regimes.
The PIV results for all foam qualities, cases and geometries recognized the visco-plasto-elastic
properties of the foam. As long as it does not surpass a yield stress, it maintains a state of stagnation.
Beyond that stress point, the foam flows like a viscous liquid, dissipating energy according to the
deformation rate. When encountering a disruption device, two behaviors have been recognized. Either
the foam stores up mechanical energy to later release it and return to its initial state, or the deformation
will be irreversible, and the foam will acquire and adopt a new geometry. Despite the presence of
important pattern change and flow disruptors, these properties also avoid the formation of turbulence
zones, eddies or even recirculation. This is mainly due to the close packing that bubbles hold, allowing
them to avoid overlaying.
These data results confirmed how sensitive and complex foam flow is. There are many aspects
that influence its behaviors; it is known that temperature fluctuations may be other important element,
altering its properties and behavior can alter its properties. The results confirm the importance of the
liquid slip-layer, the foam flow regime and the gravitational forces in its rheology and physics. This
information will facilitate future numerical studies and experimental research. In the following part,
we will undertake some numerical CFD simulation studies using ANSYS-CFX.
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Numerical CFD simulations of aqueous foam over different FDD

Rheological properties of foams, such as elasticity, plasticity, and viscosity, play a major role in
foam applications and behavior. Defining the complexity of these interactions and processes, becomes
a major challenge. Neighboring bubbles are squeezed against each other and separated by thin films
and Plateau borders. Surfactant, proteins or solid particles stabilize the liquid/gas interphases. When
foam is subjected to a small shear stress, it deforms like a soft solid. This response can be
characterized by visco-elastic moduli. For applied stresses beyond a certain limit, foams behave like
shear-thinning fluid; the effective viscosity decreases as a function of shear rate.
Due to the many different length and time scales, foam rheology is particularly difficult to
model. From a macroscopic point of view (the phases, air and liquid, are considered as a continuous
medium), the relation between stress, deformation and flow may be represented by a pseudo-fluid. To
model the steady flow of materials that may behave as a solid or a liquid (depending on the applied
stress) over a large range of strain values, we must consider viscous stresses. Aqueous foam flows are
often described as “Bingham fluids”. The rheological behavior of this fluid can be expressed:
𝛾=0
if 𝜏 < 𝜏𝑐
𝜏 = 𝜏𝑐 + 𝑘 𝛾
if 𝜏 > 𝜏𝑐
Bingham fluids will only yield if they are submitted to a stress superior to a yield point, but they
can also slip along a solid wall. The velocity fields obtained in our measurements show a different
yield behavior as the one describing this type of fluids. However, for small velocities (case I), a piston
foam flow does relate to a Bingham fluid.
Computational Fluid Dynamics (CFD) allows the characterization of, almost, any given fluid.
However, particular cases remain to be validated. In the case of non-Newtonian fluids, CFD allows
defining important parameters like pressure losses, velocity fields and velocity profiles. These
parameters directly affect the flow regime, fluid mobility and pressure profiles along the channel’s
length. It is an appropriate method for obtaining a reasonable estimate of the foam flow behavior when
going across different fdd (half-sudden expansion, fence and cylinder). The CFD results will be
compared to the experimental ones under the same conditions.

3.1

Geometry and numerical parameters

The dimensions of the CFD geometry model coincided with the experimental ones. The length
of the channel varies as a function of the flow disruption applied. For the half-sudden expansion, it is
3.87 m, for the fence 3.41 m and for the cylinder 3.38 m. The inlet of the channel presents a square
section of 21 x 21 mm2. The measurement section is located 1.3 m from the beginning of the duct. At
this level, the three fdd were placed. The half-sudden expansion presents an upstream square section
of 21 x 21 mm2, and a section ratio of 0.5 to a downstream area of 21 x 42 mm2. The fence has a
height of 10 mm a width of 5 mm and an escape angle of 45º. Finally the cylinder has a diameter of 6
mm and is located in the middle of the channel’s height. To decrease the CPU time calculation and
requirements, all three cases were assumed to have a 2D geometry. Accordingly, the depth of the
numerical geometry was assumed infinite (z coordinate)
The coordinate systems for the half-sudden expansion and the fence were located at the fdd over
the bottom of the channel. For the cylinder, it was located at the middle of the duct height over the
flow disruption. Therefore, all measurements in its downstream will have a positive value in the xcoordinate and the measurements upstream a negative one.
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Three meshes were adopted and tested. Each one presents a higher number of elements than the
other, according to a grid refinement study. The cell numbers and the smallest cells size are
represented in Table 3.3. The smallest cells are located near the FDD vicinities, enabling an accurate
calculation of the velocity fields and profiles near this area.
Coarse Mesh
Medium Mesh
Fine Mesh
(∆𝑥 [𝑚𝑚])
(∆𝑥 [𝑚𝑚])
(∆𝑥 [𝑚𝑚])
133980
152438
221452
Half-sudden expansion
(2)
(0.5)
(0.25)
71615
84079
131074
Fence
(2)
(0.5)
(0.25)
68164
80584
124919
Cylinder
(2)
(0.5)
(0.25)
Table 3.3 Mesh characteristics (Cell numbers and smaller cell).
Geometry

The process of accurately represent the perfect mesh, for a numerical simulation, is one of the
most critical ones. A higher number of elements represent better results, however it also increases the
CPU calculation time. Trying to limit the possible consumption of CPU resources, a so-called highprecision method was implemented for the spatial discretization. This last one is called GCI (Grid
Convergence Index). It provides a confident estimated error band and can be used with a minimum of
two meshes, but provides a better estimate error when applied to three different ones.
The basic idea is to approximately relate the results from a grid refinement using a second-order
method. The GCI is based upon an error estimation derived from the theory of a generalized
Richardson extrapolation. It is a measure of the percentage of the computed value, which is away from
the value of the asymptotic numerical value. It indicates an error band on how far the solution is from
the asymptotic value. It indicates how much the solution would change with further refinement of the
grid. A small value of GCI indicates that the computation is within the asymptotic range.
Next, the procedure to estimate the discretization error [142]:
Firstly, we established a representative grid size:
𝑁

1/2

1
ℎ = [ ∑(∆𝐴𝑖 )]
𝑁
𝑖=1

(3.27)

where ∆𝐴 is an average “global” area of the cell and 𝑁 the number of cells of the calculation domain.
Select three significantly different set of grids and calculate the refinement factor 𝑟𝑒 between the
coarse, medium and fine grid:
𝑟𝑒32 = ℎ3 /ℎ2 → 𝑟𝑒32 = ℎ𝑐𝑜𝑎𝑟𝑠𝑒 /ℎ𝑚𝑒𝑑𝑖𝑢𝑚
(3.28)
𝑟𝑒21 = ℎ2 /ℎ1 → 𝑟𝑒21 = ℎ𝑚𝑒𝑑𝑖𝑢𝑚 /ℎ𝑓𝑖𝑛𝑒
(3.29)
where 𝑟𝑒 > 1.3 [142]. Then, we calculated the formal order of accuracy of the algorithm 𝑝, which is
necessary to get the grid resolution into the asymptotic range for a grid convergence testing:
𝑝=

1
|𝑙𝑛|𝜀32 ⁄𝜀21 | + 𝑞(𝑝)|
𝑙𝑛(𝑟𝑒21 )

(3.30)

Where:
𝑟

𝑝 −𝑠

𝑞(𝑝) = 𝑙𝑛 (𝑟𝑒21 𝑝 −𝑠)

(3.31)

𝑠 = 1 ∙ 𝑠𝑖𝑔𝑛(𝜀32 ⁄𝜀21 )
𝜀32 = 𝑓3 − 𝑓2

(3.32)
(3.33)

𝑒32
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𝜀21 = 𝑓2 − 𝑓1
(3.34)
𝑓1, 𝑓2 and 𝑓3 are the fine, medium and coarse grid solution variables of interest (for our study, the axial
velocity u directly under each of the FDD), 𝜀32 ⁄𝜀21 < 0 is an indication of oscillatory convergence.
After that, we calculated the extrapolated values 𝑓𝑒𝑥𝑡 :
32
𝑓𝑒𝑥𝑡
=
21
𝑓𝑒𝑥𝑡
=

The relative error 𝑒𝑎 :
𝑒𝑎32 =
𝑒𝑎21 =
The extrapolated relative error 𝑒𝑒𝑥𝑡 :
32
𝑒𝑒𝑥𝑡
=
21
𝑒𝑒𝑥𝑡
=

𝑟𝑒32 𝑝 𝑓1 −𝑓2
𝑟𝑒32 𝑝 −1
𝑟𝑒21 𝑝 𝑓1 −𝑓2
𝑟𝑒21 𝑝 −1

(3.35)
(3.36)

𝑓2 −𝑓3
𝑓2
𝑓1 −𝑓2
𝑓1

(3.37)
(3.38)

32
𝑓𝑒𝑥𝑡
−𝑓2
32
𝑓𝑒𝑥𝑡

(3.39)

21 −𝑓
𝑓𝑒𝑥𝑡
2
21
𝑓𝑒𝑥𝑡

(3.40)

and the 𝐺𝐶𝐼:
32
𝐺𝐶𝐼𝑚𝑒𝑑𝑖𝑢𝑚
=
21
𝐺𝐶𝐼𝑓𝑖𝑛𝑒
=

1.25 𝑒𝑎32
𝑟32 𝑝 −1

(3.41)

1.25 𝑒𝑎21
𝑟21 𝑝 −1

(3.42)

Table 3.4 expresses the results obtained for the GCI method. The variable evaluated was the
axial velocity u near the vicinity for the case I and all the FDD.
Geometry
Half-sudden expansion
Fence
Cylinder

re32
1.14
1.17
1.18

re21
1.45
1.56
1.55

ε32
ε21
e32
a
0.28
0.26
0.12
-0.09 -0.02
0.02
0.12
0.07
0.04
Table 3.4 GCI Results

e21
a
0.12
0.01
0.02

e32
ext
2.76
3.67
8.37

e21
ext
2.71
3.87
11.81

GCI32
16.01%
0.52%
3.14%

GCI21
2.71%
0.01%
0.29%

Due to the absence of important fluctuations and transient data, a Steady-State analysis was
undertaken, this one allows acquiring the mean static pressure losses, velocity fields and profiles,
which will be compared against the experimental data already obtained.
To define the relevance of these considerations, the numerical simulations followed a regime
similar to one-dimensional used by the experimental measurements. Before using the Bingham nonNewtonian model, simulations with the Eulerian-Eulerian multiphase model were undertaken. They
considered all the important parameters of foam flow: a continuous phase, a disperse phase,
diminution of the surface tension for the liquid phase, bubble size, drainage, wall lubrication forces,
drag forces, velocity profiles and pressure losses. Despite all the data provided by the experimental
study, the software (CFD code) was not able to accurately reproduce the rheological behavior of such
a complex fluid. However, in a macroscopic review, the physical-chemical interactions between the
bubbles can be related to some non-Newtonian models, Bingham, Power Law, etc. Therefore, an
isothermal and laminar Bingham fluid will try to represent the behavior of aqueous foam with a
quality of 70%, a bubble diameter of 0.5mm and a bulk velocity of 2 cm/s (piston flow) due to the
linear rheological similarity between this fluid and the foam flow at small shears (Figure 1.12). Table
3.5 shows the rheological parameters that describe each Bingham fluid that better approaches each
experimental case. This values where obtained by fixing the known pressure losses from the
experimental results and assuming that the viscosity consistency is similar to the one of the liquid, one
of the phases presented inside this kind of fluid.
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𝐾𝑔⁄
𝜏 (𝑃𝑎)
𝑘 (𝑃𝑎. 𝑠)
𝑚3 )
Half-sudden expansion
300.22
6.22
0.001
Fence
300.22
4.6
0.001
Cylinder
300.22
4.1
0.001
Table 3.5 Rheological properties of Bingham fluids for each FDD
Geometry

𝜌(

Looking at the interaction between the foam and the liquid film that surrounds it, this presents
an accurate description of the foam properties. A high yield stress represents the ability that foams
have to oppose to change. Once it stars to flow, its viscosity is similar to that of the water (𝜇𝑙 =
1.002 𝑥 10−3 𝑃𝑎. 𝑠 𝑎𝑡 20º𝐶 ), which is the fluid present around the bubbles. The density of the
Bingham fluids was related to that of the foam flow, obtained through the equation (1.6):
𝜌𝑓 = (1 − 𝛽)𝜌𝑙 + 𝛽𝜌𝑔
The results acquired from the comparison between the CFD simulations data and the
experimental one are presented in form of pressure losses, velocity fields and velocity profiles.

3.2

Validation of the velocity profiles upstream of the fdd

In order to estimate the accuracy of our numerical CFD simulations, the boundary conditions
should represent the real physics of the problem. It has been shown the properties of the three different
Bingham fluids used, and that the numerical geometry agreed with the experimental one, with the
difference that to decrease the CPU time calculation and requirements, all three cases were assumed to
have a 2D geometry, infinite z coordinate. Despite knowing the bubbles slide over the channel’s wall,
a non-slip property was given to these walls and the ones forming the fdd surfaces. Slipping conditions
alter the influence of the wall shear stress over the pressure losses and change completely the physical
properties of the problem. Finally, depending on the fdd, a pressure difference was imposed between
the inlet and outlet of the channel. To validate the boundary conditions, the similarity of a velocity
profile was verified, before passing across the fdd at x = -35 mm. Figure 3.98 represents the velocity
profiles upstream of the half-sudden expansion, the fence and the cylinder for an aqueous foam with a
quality of 70% and a velocity of 2 cm/s for their respectively Bingham fluids.

(a)

(b)

(c)

Figure 3.98 Averaged axial velocity profiles for an aqueous foam and a Bingham fluid upstream of the three fdd
at x = -35 mm: (a) half-sudden expansion, (b) fence and (c) cylinder.

These figures validate the chosen boundary conditions, for all fdd the CFD results show a block
flow with a bulk velocity of 2 cm/s. There is maximal deviation of 18% for the fence, near the top of
the channel. The other two fdd present relatively close velocity profiles between the Bingham fluid,
used in the numerical CFD simulation, and the aqueous foam flow. These results show the capacity of
a given Bingham fluid to represent a one-dimensional flow with a component in the axial flow
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direction. At the same time that the boundary conditions used in the numerical CFD simulations
results represent accurately the initial physics of the foam, before entering the fdd.

(a)

(b)

(c)
Figure 3.99 Evolution of the static pressure losses for an aqueous foam and a Bingham Fluid at 2 cm/s through
three fdd: (a) half-sudden expansion, (b) fence and (c) cylinder

3.3

Static pressure losses

The pressure losses along the channel’s length are one of the most significant parameters when
trying to simulate and predict the rheological properties of any fluid. They are directly related to the
wall shear stress. Therefore, it is important to define if the numerical CFD results, using a Bingham
fluid, are close or similar to the experimental ones, for a horizontal aqueous foam flow. Figure 3.99
show the static pressure evolution lengthwise the duct near the vicinities of the three fdd, half-sudden
expansion, fence and cylinder.
Both the CFD and experimental pressure losses show the same behavior along the channel. The
biggest deviation between these two results is lesser than 10%. The static pressure varies linearly
upstream and downstream of the fdd. As the foam approaches the obstacles, and enters their vicinities,
the numerical CFD results accurately describe the transition from one side to the other. They even
describe the energy degradation obtained at the half-sudden expansion where the channel’s surface
ratio makes the pressure gradient decrease half of its value.

3.4

Averaged axial and vertical velocity fields

To obtain an overall flow description of the two fluids used, a Bingham for the CFD simulation
study, and aqueous foam for the experimental one, the axial and vertical velocity fields were obtained
and analyzed. Despite doing a numerical analysis over the whole length of the channel, the velocity
fields will only be considered in the region of interest near fdd. The velocity profiles remain constant
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along the upstream of the channel until the exit of the generators and downstream of it, reaching the
output to the recovery tank. They allow a first comparison between the two behaviors when faced
against different obstacles and fdd. Figures 3.100 to 3.105 show the u̅/u̅max and v̅/u̅max velocity
fields for our numerical simulations compared to the experimental results for the three fdd, halfsudden expansion, fence and cylinder.

(a)

(b)
0.00 0.06 0.13 0.19 0.26 0.32 0.39 0.45 0.51 0.58 0.64 0.71 0.77 0.84 0.90

𝑢̅/𝑢̅𝑚𝑎𝑥 []

Figure 3.100 Average axial velocity field of an (a) experimental aqueous foam and a (b) CFD Bingham fluid
flowing through a half-sudden expansion.

The axial average velocity fields over the half-sudden expansion show the similarities and
differences between the Bingham (numerical CFD simulations) and the aqueous foam. Both fluids
present an axial one-dimensional flow upstream of the fdd, and maintain it until the section changes.
Due to the similarity in densities, they fill the channel creating a “stagnation zone” with non-negative
values, at the upper part of the channel. Once they have occupied entirely the channel, their velocity
diminishes, reaching an equilibrium state in which the axial component overtakes the vertical one and
becomes predominant. The absence of negative axial velocity components over both stagnation region
confirms there is no back flow, or vortices, in the opposite direction of the flow’s main stream. The
length of this region shows a difference between the CFD and experimental results. The yield stress
choose for the Bingham fluid, despite being the best fit from the point of view of the boundary
conditions, doesn’t represent accurately the behavior of the foam flow inside this stagnation area.

(a)

(b)

𝑣̅ /𝑢̅𝑚𝑎𝑥 []
Figure 3.101 Averaged vertical velocity field of an (a) experimental aqueous foam and a (b) CFD Bingham fluid
flowing through a half-sudden expansion.

As seen in the axial average velocity field, once the fluids go through the expansion, its axial
component diminishes, as its vertical ones increase. This is a consequence of the low density that
makes them rise towards the top of the channel. After a distance, they reach equilibrium where the
axial movement sets in -and the vertical velocity approaches zero. These images show how the foam
flow moves faster than the Bingham fluid towards the top of the channel, allowing the onedimensional flow establish. This difference in raise velocity creates a larger stagnation zone for the
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Bingham fluid than for the aqueous foam. Near the downstream of the half-sudden expansion, the
mean vertical velocity values are more important in both cases, especially at y = 21 mm. There is no
presence of negative vertical velocities. This corroborates the previous assumption of absence of
vortices and back flow in the opposite direction of the main flow.

(a)

(b)
0.00 0.06 0.13 0.19 0.26 0.32 0.39 0.45 0.51 0.58 0.64 0.71 0.77 0.84 0.90

𝑢̅/𝑢̅𝑚𝑎𝑥 []

Figure 3.102 Averaged axial velocity field of an (a) experimental aqueous foam and a (b) CFD Bingham fluid
flowing through a fence.

The axial average velocity fields -for the aqueous foam and the Bingham fluid over the fenceshow the differences and similitudes of these two fluids. A one-dimensional flow occurs at the two
cases, upstream and downstream of the fdd. As the fluids move closer to the fence, the obstacle
prevents the passage through the top part of the channel, and creates an axial acceleration under it.
Once the fluids have come out of the axial acceleration, they return to an equilibrium state close to its
initial one, before the fdd, and stay this way until the end of the channel. They both show a stagnation
zone upstream of the fdd, which is a consequence of the fluid encountering a barrier on its path, and
another downstream, caused by the same buoyancy quality seen with the half-sudden expansion. The
low density of the fluids will make them refill once again the channel’s height completely. An
important difference between both results is the behavior of the axial acceleration below the fence.
The liquid slip-layer flowing at the bottom of the channel, for the foam flow, is one of the most
difficult features to be numerically expressed. This film allows the sliding of bubbles along the
channel’s walls and doesn’t slow down its axial acceleration at the bottom of the channel, giving the
foam flow a larger acceleration surface than the Bingham fluid.

(a)

(b)
-0.23 -0.19 -0.15 -0.11 -0.07 -0.04 0.00 -0.04 -0.08 0.12 0.16 0.20 0.24 0.28 0.32

𝑣̅ /𝑢̅𝑚𝑎𝑥 []
Figure 3.103 Averaged vertical velocity field of an (a) experimental aqueous foam and a (b) CFD Bingham fluid
flowing through a fence.

The vertical velocity fields show the influence of the gravity forces and the difference that this
one creates over the two studied fluids, foam flow and Bingham fluid. The presence of the fence at the
upper part of the barrier forces the fluids to change their displacement pattern, and axially accelerate
under the obstacle. As they approach the fdd, a negative acceleration is triggered, and the fluids flow
downwards to the bottom of the channel. At this point under the fence, a state is reached where the
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axial velocity is predominant and the vertical component becomes zero. Once the obstacle is
surpassed, the lower density of the fluids drives them towards the upper part of the channel.
Downstream from the fdd, they recover their initial behavior, with a one-dimensional flow and no
influence of the vertical component. The main difference between the cases is the symmetry at both
sides of the flow disruption. The foam flow is then influenced by the gravity and its internal
properties, gas phase compressibility property, disjoining pressure, surfactants, and surface tension. In
comparison, for the Bingham fluid the compression, the expansion and the gravity forces don’t alter as
much its behavior.

(a)

(b)
0.00 0.06 0.13 0.19 0.26 0.32 0.39 0.45 0.51 0.58 0.64 0.71 0.77 0.84 0.90

𝑢̅/𝑢̅𝑚𝑎𝑥 []

Figure 3.104 Averaged axial velocity field of an (a) experimental aqueous foam and a (b) CFD Bingham fluid
flowing through a cylinder.

The axial average velocity fields of aqueous foam with a quality of 70%, and of the Bingham
fluid show their different behavior when exposed against a cylinder. This type of fdd disrupts the
pattern of the fluid by half, and makes its reorganization after it has gone through it. Both fluids
exhibit a plug (one-dimensional) flow, upstream and downstream of the fdd. This shows the capacity
that the Bingham fluid has to represent the visco-elastic properties of the foam. Getting near the
cylinder a stagnation zone is formed. Any fluid close to the obstacle will scale down its velocity to a
zero movement state at the direct contact with it. At the bottom of the channel, the axial velocity
component shows a more significant value than at the top, mainly due to the influence of the gravity
forces, although for the foam flow, the liquid slip-layer plays an important role over this axial
acceleration. The Bingham fluid is less affected by the gravity than the real foam flow. Therefore, the
axial velocity acceleration near the top part of the channel, directly over the cylinder, presents a higher
mean value for the Bingham fluid than that of foam flow. The axial acceleration under the cylinder,
presents a similar difference than that reported for the fence. The liquid slip-layer is not an easy
phenomenon to represent numerically making a change in the acceleration surface.
The average axial velocity fields near the cylinder are highly influenced by the gravitational
forces making some differences between the foam flown and Bingham fluid. Upstream and
downstream of the obstacle, the presence of a flow regime with a predominant axial one-dimensional
component is validated by the absence of vertical velocities. When approaching the fdd, two
acceleration processes set off: an upward movement passing over the cylinder -near the top of the flow
disruption-, and a downward one -accelerating under the obstacle. At 𝑥 = 0, the fluids change their
pattern with a transition at the middle of the obstacle, where the vertical component is null. Exiting the
cylinder, the fluids recover their initial state, due to their visco-elastic properties, with an opposite
behavior as the one upstream. The foam flow is highly affected by the gravity and its internal
properties, seen in the presence of the fence. This creates an asymmetry in velocity magnitudes at both
sides of the fdd. The Bingham fluid’s density remains constant along the whole length of the channel.
As for the foam flow, it’s density and vertical void fraction is constantly evolving, especially near the
vicinities of the singularities. This is the main reason for the deviations between the CFD and
experimental results.
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𝑣̅ /𝑢̅𝑚𝑎𝑥 []
Figure 3.105 Averaged vertical velocity field of an (a) experimental aqueous foam and a (b) CFD Bingham fluid
flowing trough a cylinder.

3.5

Averaged axial and vertical velocity profiles

The velocity profiles allow a better comparison between the foam flow and the numerical
simulations using a Bingham fluid. They were obtained near its influence zone, starting at 𝑥 =
−25 𝑚𝑚 and finishing at 𝑥 = 25 𝑚𝑚 . The average axial and vertical velocities profiles are
represented in Figure 3.106Figure 3.108 for a foam flow with a void fraction of 70% and Bingham
fluids trying to predict and represent its behavior. The velocity fields showed overall similarities and,
differences, the profiles will allow their quantification.
The averaged axial velocity profiles for the half-sudden expansion prove that both, the foam and
the Bingham fluid have a similar behavior when faced against this kind of fdd. They maintain their
one-dimensional, piston, flow until the section change. Once it is reached, they both slow down, until
reaching an equilibrium state where the vertical displacement disappears and, once again, an axial
flow sets in. At this point, the bulk velocity for the foam flow is 1 cm/s and for the Bingham fluid 1.1
cm/s. This represents a difference of 10% between the two of them, the largest difference for all the
velocity profiles surrounding the fdd. The axial velocity profiles also confirm the presence of a
stagnation zone downstream of the fdd for both cases, where the mean value is zero. Once the fluids
go through the expansion, they flow upward the upper wall of the channel, trapping some of it in the
immediate neighborhood of the expansion. The stagnation zone has different surfaces, being bigger
than that of the Bingham fluid, which is not formed by air and presents a slower expansion rate. The
absence of negative velocity values, especially inside the stagnation region, indicates that there is no
back flow, and no vortices formation.
The vertical velocity profiles over the half-sudden expansion, also confirm the absence of a
block-flow upstream and downstream of the fdd, where their values are zero. In the downstream
vicinity of the fdd, where the surface change occurs, the vertical velocity is more important for both
the foam and the Bingham fluid. This behavior is directly related to the low density and expansion
properties of both fluids. They present upward movement trying to occupy completely the height of
the channel. The stagnation zone is also present in these results with a zero value near the top of the
channel, once the fluids have gone through the expansion. The average vertical velocity profiles
present a maximal deviation of 24% between the two cases, especially near the fdd where many
factors influence the behavior.
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Figure 3.106 Averaged axial and vertical mean velocity profiles for aqueous foam and a Bingham fluid going
through a half-sudden expansion.
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Figure 3.107 Averaged axial and vertical mean velocity profiles for aqueous foam and a Bingham fluid going
through a fence.
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Figure 3.108 Averaged axial and vertical mean velocity profiles for aqueous foam and a Bingham fluid going
through a cylinder.
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The axial and vertical velocity profiles of foam and a Bingham fluid, over a fence, show that
both are affected in the same way by the obstacle. They gradually reduce the axial velocity and
increase the vertical one, towards the bottom of the channel, upstream of the fdd. At the top of the
channel, upstream of the fence, the fluids stop completely, creating a stagnation zone, with similar
dimension in both cases. Downstream of the fdd, the axial acceleration diminishes, and upward
displacement sets in, as both fluids refill the whole height of the channel. This phenomenon creates a
second stagnation region at the other side of the fence. A similar profile develops as the one seen
upstream of the fence, with a bulk velocity of 2 cm/s. The largest deviation occurs directly under the
fence (𝑥 = 0) with a percentage of 45%. This difference is mainly due to the influence of the liquid
slip-layer, and to the viscous-plastic response of the foam.
The vertical velocity profiles show that the surface reduction creates a descending vertical
movement towards the passage section, below the fdd. The transition zone under the fence presents a
vertical velocity magnitude value of zero. Once the fluids leave the obstacle, and occupy the full
channel’s section, they present positive vertical displacement. Downstream, far from the fdd influence,
the fluids recover their initial state. The biggest deviation between the two fluids is seen upstream of
the fdd (𝑥 = −5 𝑚𝑚) with a difference of 50%. This is mainly result from to the foam’s gas phase
resisting the surface change and compression, which opposes the downward displacement and slow
down the fluid. It is impossible for the Bingham fluid to represent this phenomenon.
Reviewing average and vertical velocity profiles for the fluids going through a cylinder an axial
velocity acceleration can be seen near the fdd. A maximum value of 2.8 cm/s is reached under the
cylinder for the experimental results, and 3.2 cm/s for the CFD simulations. Once the flow passes
across the obstacle, both cases return to the initial state, plug flow with a bulk velocity of 2cm/s. The
flow in contact with the surface of the cylinder slows down, creating a stagnation zone near the
upstream and downstream sides of the obstacle. The absence of negative values indicates that, despite
the presence of an obstacle, there are no recirculation zones due to the rheological properties of these
two fluids. The CFD simulation results show a good approach to the experimental measurements with
a maximal difference of 28% near the upper side of the channel (𝑥 = −5 𝑚𝑚).
For the same plane, over the channels lateral wall, the vertical velocity profiles between the
Bingham fluid and the foam flow are evaluated. The influence of the fdd over the vertical component
is most notable near its vicinity (𝑥 = −5 𝑚𝑚, 0 𝑚𝑚 𝑎𝑛𝑑 5 𝑚𝑚). The gravity forces and internal
properties play an important role on the vertical velocity foam behavior. The Bingham fluid does not
contemplate as well this aspect. The cylinder creates a change in the upstream one-dimensional
regime, and acceleration through both sides. The negative displacement, going under the cylinder, is
helped by the gravitational forces. These forces slow the other movement, which goes in the positive
vertical direction. When the fluid has gone through the fdd it returns, to its initial state, as showed in
the axial component evolution. The CFD simulations and the experimental results provide the same
behavior. However, there are some deviations on the velocity profiles, especially close to the fdd, up
to 50%. This results from the Bingham fluid not being affected, as much as the foam, by the
gravitational forces and internal properties.

3.6

Conclusions

CFD simulations of a Bingham fluid through a square channel, with three different fdd, halfsudden expansion, fence and cylinder, were compared with the experimental results of an aqueous
foam flow under the same conditions. Pressure losses along the channels’ length, the velocity fields
and the velocity profiles near the fdd. The CFD simulations and the experimental results showed
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similar evolution. Both fluids, foam flow and Bingham fluid, behave equally when faced against these
three different fdd. For the pressure distribution along the channels length through the three flow
disruptions, the CFD simulations and experimental measurements present the same behavior with a
maximum deviation of 5%. As for the velocity fields and profiles, the slipping conditions of bubbles
along the channels wall, the gas phase properties and other internal forces inside the foam flow play a
major role in the results differences. Nevertheless, for a model as simple as the Bingham fluid, the
approximation to the real physical aspect is relatively good. Most of the results present a deviation of
30% between the foam flow and the numerical simulations. Higher deviations are obtained when the
complexity of the problem increases near the vicinity, of fdd, reaching values of 50%. This means that
the numerical simulations are able to simulate the visco-elastic properties of the foam, but when a
visco-plastic regime sets in, near the fdd, the CFD simulation doesn’t represent properly the
phenomenon. Accepting these limitations, these results show that a Bingham model is able to predict
the main behavior of important parameters of the foam, for a one-dimensional plug flow against three
different fdd, half-sudden expansion, fence and cylinder.
As seen along this whole study, an interesting aspect of the foam flow is its capacity to exert a
high wall shear stress over a horizontal channel’s wall. In order to be able to obtain this one it is of
paramount importance to have an accurate value of the wall velocity gradient. From the CFD results
we were able to obtain similar velocity fields to those ones seen over aqueous foam. However, for all
foam flow cases and qualities, we assumed that the wall velocity gradient was linear inside the liquid
film layer and that this one was related to the velocity value of the bubbles sliding over. These
assumptions showed us a wall shear stress value far from the real ones. Therefore, repeating the same
study with the CFD velocity fields will lead to similar results.

GENERAL CONCLUSIONS
This experimental and CFD numerical work is based on the study of rheological and physical
properties of a horizontal aqueous foam flow.
This study is a continuation of the works of Blondin [3], Tisné [51] and Madani [113]. The
main objective was to review information concerning aqueous foam flow related to: its physics,
stability and hydrodynamics. Additionally, it intended creating a database to validate rheological
models, looking to predict the behavior and reorganization of horizontal aqueous foam flow. The work
would apply these studies and developments to compare a simple rheological model with the
experimental results, and evaluate the similarities and differences.
The literature survey concerning the physics of foam allowed a solid foundation over which the
experimental and numerical works were based. The main bibliographic investigation concerned the
structure and stability of the foam, its rheology and other physical aspects. Foam has been a major
subject of study for mathematicians and physicists. Empiric and semi-empiric models have been used
to explain its behavior. These models were developed for dry foams with void fractions over 85% that
has few industrial applications. An area not considered has been that of the horizontal aqueous foam,
which is applied in all kind of industrial processes and agro alimentary products’ manufacturing.
The results of Blondin [3] over an aqueous foam flow inside a channel showed that the ratio,
between the pressure losses and the wet perimeter, generated inside two channels with the same height
but different lengths. This means that the wall shear stress generated along the channels’ length was
not uniform. Tisné [51], tried to validate an innovative measurement technique: the “Polarographic
Method”. It measures the mass transfer between the fluid and some probes mounted over at the wall,
and thereof the wall shear stress can be deducted. Madani [113], studied the velocity fields and
profiles and the forced drainage obtained for a foam flow over a half-sudden expansion.
We selected these basic works, and others, to assist us at a preliminary spread database. Having
at hand the experimental facility and measurement techniques used for these research works and
modified it for our special study, we advanced to a more complete and organized database. The
experimental study was focus on horizontal foam flow with a foam quality of 55%, 60%, 65%, 70%,
75%, 80% and 85%, three different velocities, 2 cm/s, 4 cm/s and 6 cm/s and three flow disruption
devices (fdd): half-sudden expansion, fence, and cylinder.
In order to simplify the complexity of the study and control the variables related to foam flows,
two scenarios were considered. A horizontal straight channel with no fdd was used to measure
pressure losses, velocity profiles, liquid film thicknesses and wall shear stress using, pressure outlets,
particle imaging velocimetry (PIV), conductimetry probes, and polarographic probes. To learn of the
rheology of foam flows, a second set of experiments were made over a horizontal square straight
channel with an exchangeable measure section that allowed us to obtain the pressure losses, velocity
fields and velocity profiles of over the three fdd: half-sudden expansion, fence and cylinder.
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For the first scenario, when there are no fdd, the static pressure varies linearly, along the
channels length. It is a function of the foams velocity. Higher velocities will present bigger pressure
losses. Despite the difference in foam quality, they showed a similar pressure behavior and value.
The velocity profiles, obtained at the lateral wall, the top wall of the channel, and liquid/foam
interphase, with the PIV, exhibit three flow regimes:

One-dimensional flow: the foam flows like a block sliding over the channel’s walls,

Two-dimensional flow: the foam is partially sheared. It slides over the channel’s walls,

Three-dimensional flow: The foam is completely sheared and it slides over the channel’s
walls.
The wall shear stress plays a major role in the rheology of foams, as shown by the pressure
losses of foam flowing through a square channel, behavior of their velocity profiles, and bubble
channel wall slippage. The polarographic method shows many advantages for measuring shear stresses
of fluids over the wall. This method is based on the electrochemical reactions in micro-probes
measuring electron exchange that relate to the wall shear stress. However, the walls must stay wet by
the liquid film, being then important for its measurements.
Besides carrying out conductimetry and polarographic measurements, we theoretically reviewed
the influence of liquid film thickness and wall shear stress over the convection-diffusion equation -and
our polarographic probes ability- to measure this phenomenon. From the convection-diffusion general
equation, a relationship was established between the current from the probes, the wall shear stress and
the liquid film. It shows the conditions that are not optimal and where the diffusion limiting current is
not achieved.
The conductimetry measurements’ signals obtained at the top and lateral walls of the channel
showed that the maximal and mean thicknesses, in the order of few micrometers were not significant.
At the bottom of the channel, due to the gravitational drainage, the liquid film presents higher values.
Therefore, attention was given to the top and sides of the channel, where the liquid thicknesses may
condition the polarographic probes’ response. It can be noted, that there is no influence of the quality
and the velocity on the liquid film thicknesses.
The polarographic measurements were made at the top, bottom and one lateral wall of the
channel. They presented a very high oscillating behavior, related to a wall shear stress reduction, as
the bubbles crossed the probe. The mean wall shear stress values, obtained through this innovative
method, were compared with the ones calculated by the pressure losses, which give an accurate mean
value. As the velocity increases, the difference between the polarographic and the static pressure
results diminish. The theoretical study showed a relationship between the probes response, and the
wall shear stress measured. Larger stresses are related to higher velocities, which may reach easier the
limit diffusion current. The observation that there is no difference between foam qualities and the local
wall shear stresses, prove again the occurrence of different regimes.
Previous studies analyzed the causes of the oscillating signals, especially over the lateral and
top walls of the channel on the conductimetry and polarographic measurements. The smaller
oscillating thickness values are related to the bubbles passage over the measurement probes, and
change in the thickness of the liquid film in contact with the probe. As for the polarographic signals
measuring the wall shear stress, a theoretical study proved that the oscillating behavior was in fact
originated by a reduction in the wall shear stress, not linked to the thickness oscillation by the bubbles
passage. To characterize their behavior, all oscillating signals were subject to a probability analysis.
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For the second case, of a straight channel in presence of fdd, the Particle Imaging Velocimetry
(PIV) technique allowed to evaluate the axial and vertical velocity components of the foam, upstream,
downstream and near the half-sudden expansion, the fence and the cylinder. These measurements
confirmed the presence of three foam flow regimes, despite the existence of fdd in the channel. They
also allowed understanding the reorganization that foam flow suffers, once its pattern has been
changed including its visco-elasto-plastic properties.
The static pressure study verified the linear variation of the foam, which occurs in the upstream
and downstream because of the influence of the fdd. There is a transition zone between the two side of
the half-sudden expansion, the fence and the cylinder where the pressure losses reflect a change of
state with no difference of foam qualities. However, faster velocities are associated to larger pressure
gradients, at both sides of the fdd.
The transport characterization of foam flow brings to major areas of study: stability and
rheology. Many parameters are involved, void fraction, bubbles packing and size, thickness of the
liquid film, drainage and coalescence. Simplifying these variables allows predicting its behavior
without so many constrains. The important aspects of any rheological model are shear stress, yield and
yield stress. They are related to the velocity fields, velocity profiles and pressure losses. They were
included in a CFD simulation trying to represent the behavior of the foam flow over the three different
fdd, to validate the rheological model. When a Bingham fluid was used it did show similarities.
However, there are some visco-elasto-plastic properties of the foam flow that this kind of fluid cannot
simulate. Along with, some points near the fdd vicinities presented high deviations.
CFD provide an approximation on the way to see the behavior of certain fluids, without the
need of experimental analysis. There are no usual rheological models that can predict the behavior of
foam flow, once the one-dimensional flow has disappeared and axial velocity components depend on
the y and z coordinate. For the cases II and III, the liquid slip-layer plays a major influence over the
foam velocity fields and profiles. A fluid allowing prediction of this behavior, should be stratified in
three zones, where this fluid can present the following characteristics:

The first region, for the liquid slip-layer, will only present the liquid phase. This film
spread all along the channels bottom will have a thickness of 1.5mm approximately.

The second region is composed of flowing foam, or a rheological fluid capable of
predicting its behavior even a Bingham fluid, with an imposed velocity profile.

Finally, the third region is similar to the first one, but this one is located at the top of the
channel. It presents only a liquid phase and a thickness of a few micrometers.
The perspective for future studies are still numerous, despite that this study took into
consideration many foam characteristics, cases and qualities this subject has still many aspects to
investigate. All the studies done in this work were focused on the surroundings of the foam flow,
especially inside the liquid slip-layer. The characteristics in the foam core are unknown. There are two
measurements techniques that are able to study the properties in this are: the optic probe and the
ultrasound methods. Being the best one the ultrasound one. They do not influence the behavior of the
foam and they should be put into use to obtain important characteristics inside the foam.
The same experiences should be done for faster foams, adding more generators will keep a foam
structure constant, allowing the increment in flow. A detailed study over the liquid slip-layer
hydrodynamics is important, its characteristics and scales make difficult the data acquisition in this
region. At the same time, looking at the influence that the underlying liquid slip layer has over the
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foam velocity fields, it can be interesting to study a foam flow that does not present this characteristic.
In order to do so, a cavity at the bottom of the channel can be placed after the foam generators exit. It
will recover the liquid inside the lower film and, with the proper measurements, calculate the
topological and physical changes suffered by foam flow. To study the stability of the foam, a
numerical image processing could be used to analyze the effect of the fdd over the coalescence
bubbles rearrangement, and coarsening. Other fdd could be used to keep studying the foam rheology
and behavior, like a half-sudden narrowing. The polarographic technique can also be applied over the
fdd surfaces and analyze the wall shear stress that these ones suffer.
The upcoming CFD simulations for numerical studies should focus in closing the gap between
the physical reality and the CFD simulations. Making a stratified flow could be a good alternative,
varying the properties of the core fluid. Also, more complex rheological models might be able to
better represent the visco-elasto-plastic properties of the foam. Obtaining the flow behavior index, for
the power law fluid, is a good approach. This one will allow understanding if the flow is pseudoplastic
or dilatant. In the case of the Bingham fluid, it is assumed to be one, with a yield stress. Also,
understand if this one is a function of the foam quality or the bubbles diameter.
Future studies and models on this kind of flow can be as complex, inclusive and encompassing
as their development and operations may justify them. The basic problem involving foam, and their
flow, is its constant evolution in properties through space and time, as result of many factors, without
forgetting, its composition. This study has allowed us to validate the use of several models and
techniques to predict certain flow situations, and facilitate additional research in this intriguing and
important field [143,144,145,146,147,148,149].
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Titre : Caractérisation Expérimentale et Numérique du Comportement Rhéologique d’un Fluide Complexe : Application à
une Mousse en Ecoulement dans un Canal Horizontal Droit avec et sans Singularités
Résumé :
Ce travail porte sur l’étude expérimentale et numérique de l’écoulement des mousses humides dans un canal horizontal droit
de section carrée avec ou sans singularités. Il est consacré tout particulièrement à déterminer les paramètres pertinents de
l’écoulement dont la chute de pression longitudinale, les champs de vitesse de l’écoulement de mousse en proche parois, les
épaisseurs de films liquides minces et épais en paroi et l’évolution de la contrainte pariétale pour une mousse humide dont la
fraction gazeuse varie de 55 à 85% et la vitesse débitante de la mousse est 2, 4 puis 6 cm/s. Une fois ces paramètres
déterminés en conduite horizontale droite, nous avons ensuite effectué des mesures sur différentes géométries représentant un
élargissement brusque, une chicane verticale et écoulement de mousse autour d’un cylindre, dont le but est d’étudier la
réorganisation de l’écoulement en vue de déterminer le comportement rhéologique des mousses en écoulement à l’aval et à
l’amont des singularités. Finalement, une étude de simulation numérique (CFD) en utilisant les lois de comportement de type
Bingham, pour fluides non newtoniens, a été effectuée afin de tester sa capacité de représenter des écoulements type mousse
humide dans une conduite horizontale avec ou sans singularités. Nous avons vérifié tout d’abord l’évolution longitudinale de
la pression statique qui est linéaire à l’amont comme à l’aval loin des zones influencées par les singularités. La chute de
pression singulière reste à peu près constante pour une vitesse débitante donnée de la mousse. À partir de la technique de
Vélocimétrie par Image de Particule (PIV), nous avons déterminé les composantes de vitesse au voisinage immédiat des
singularités. Ces mesures nous ont permis de mettre en évidence l’existence de différents régimes d’écoulement, et de
déterminer la réorganisation et le comportement rhéologique de l’écoulement de mousse autour des géométries étudiées.
L’analyse des mesures d’épaisseur de films liquides, obtenues par la méthode conductimétrique, indique que la paroi reste
mouillée par un film liquide suffisamment épais pour qu’on puisse appliquer la méthode électrochimique. Les signaux
polarographiques obtenus avec la mousse présentent alors de fortes fluctuations. La comparaison de celles-ci avec les
contraintes pariétales déduites à partir des mesures de la chute de pression montre bien une bonne concordance. L’étude
numérique (CFD), effectuée pour une fraction volumique de gaz égale à 70% et qui s’écoule avec une vitesse débitante de 2
cm/s, montre que le modèle rhéologique de Bingham pourrait être bien adapté à ce genre de mousse humide évoluant en
écoulement en bloc.
Mots clés : Mousse humide, écoulement, rhéologie, conduite horizontale, section carrée, singularités, Vélocimétrie par Image
de Particules (VIP), méthode polarographique, contrainte pariétale, méthode conductimétrique, film liquide, taux de vide,
CFD, Modèle de Bingham.
Title: Experimental and Numerical Characterization of the Rheological Behavior of a Complex Fluid: Application to a Wet
Foam Flow Through a Horizontal Straight Duct with and without Flow Disruption Devices (FDD)
Abstract:
This work is an experimental and numerical study of aqueous foam flow inside a horizontal square duct, with and without
flow disruption devices (fdd). It is especially devoted to determine the pertinent parameters of the flow: longitudinal pressure
losses, velocity fields of foam flow near the walls, liquid film thickness (thick and thin), and the wall shear stress evolution,
for an aqueous foam with a void fraction range between 55 and 85%, for a mean foam flow velocity of 2, 4 and 6 cm/s. Once
they were determined, inside the horizontal channel, we carried out measurements over different geometries: half-sudden
expansion, vertical fence and foam flow around a cylinder. The goal was to study the foam flow reorganization to well
understand the rheological behavior of aqueous foam flow in the vicinities of different fdd. Finally, a numerical simulation
(CFD), using the Bingham behavior model of non-Newtonian fluid, was undertaken to test its capacity to represent the
aqueous foam flow inside the horizontal duct with flow disruption devices. First of all, we verified the static longitudinal
pressure evolution, which varies linearly upstream and downstream far from the fdd. The singular pressure loss remains
constant for a given mean foam velocity and a foam quality (void fraction). From the Particle Imaging Velocimetry (PIV)
technique (2D), we determined the two velocity components in the immediate vicinities of the disruption devices. They
allowed us to put into evidence the different foam flow regimes and to observe the foam flow reorganization and rheological
behavior through the studied fdd. The slip-layer thickness analysis, obtained using the conductimetry method, shows that the
wall presents a liquid film thick enough to apply an electrochemical technique (polarography). Thus, the polarographic
signals, obtained for the foam flow, present important fluctuations. They were compared to the wall shear stress deducted
from the measurement of pressure losses, showing a good similarity between them. The numerical study (CFD), carried out
for aqueous foam flow with a void fraction of 70% and a mean foam flow velocity of 2 cm/s, shows that the Bingham
rheological model can be adapted to this kind of aqueous foam flow which is flowing like a block.
Keywords: Aqueous foam, flow, rheology, horizontal duct, square section, flow disruption devices, Particle Imaging
Velocimetry (PIV), polarographic method, wall shear stress, conductimetric method, liquid-slip layer, void fraction, CFD,
Bingham model.

