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Local description of foam flow, deformation
and pressure drop in narrow constricted channels

Mandar Badve, Mostafa Barigou*

School of Chemical Engineering, University of Birmingham, Edgbaston,
Birmingham B15 2 TT, United Kingdom

Abstract
We study in extensive detail the flow of dry and wet gas-liquid foams through a narrow two-
dimensional channel comprising a complex constriction. The effects of constriction profile and size
of aperture, foam flowrate, liquid holdup and liquid viscosity are experimentally investigated and a
sophisticated image analysis procedure is developed to extract local fields of foam flow and
deformation. Foam dynamics are scrutinised and interpreted in terms of local velocity distribution,
elastic strain (texture tensor), plastic deformation (T1 events) and pressure drop. Important foam
transformations occur in the vicinity of the constriction. For the first time, the relationship between

pressure drop, flowrate and size of constriction aperture is investigated.

Keywords: Foam flow, constriction, elastic deformation, T1 events, pressure drop, friction factor.
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1. Introduction

Applications of gas-liquid foams and solid foams are numerous; they include polymers, food,
consumer goods, beauty care, pharmaceuticals, ceramics, foamed concrete, firefighting, oil recovery
and mineral particle transport. Recently, new applications have emerged in the medical field, e.g.
foam-sclerotherapy for varicose veins, and expanding polymer foam for treating brain aneurysms.
Currently the global annual market is approximately $61.9 billion for polyurethane foam (RAM,
2018), $8 billion for shaving foam (Choudhry, 2017), and $74 billion for ice cream (RAM, 2013).
Despite these large markets, industrial practice and processes are neither efficient nor optimal because

of a severe lack of fundamental understanding of foam science.

Gas-liquid foams are complex structured fluids: they are compressible, non-linear viscoelastic
materials; their viscosity is much larger than for the liquid constituent, and they usually exhibit a high
zero-shear viscosity which can be mistaken for a yield stress (Barnes, 1999; Jabarkhyl et al., 2020).
Understanding of foam properties is therefore limited — design and control for applications is more art
than science — and many issues remain unaddressed/unresolved, e.g. flow dynamics, structural
behaviour, stability/metastability, and dependence of rheological properties on structure and
physicochemical constitution; the recent Deepwater Horizon (BP) oil spill (Gulf of Mexico, 2010),

caused by the failure of a pumped foamed cement, is an example of such a rheological challenge.

Liquid foams are also precursors for solid foams, e.g. food, polymer, concrete, ceramic and
metallic; the science of gas-liquid foams is, thus, highly relevant to solid foam structure, both closed-
and open-cell. There are two well-described limiting gas-liquid foam structures: (i) ‘wet’ foams have
high liquid content and mostly spherical bubbles, e.g. ice cream, with up to ~ 50% continuous phase;
(if) ‘dry’ foams have polyhedral cells and low liquid content, e.g. polyurethane, ~ 5% continuous

phase. Bubble size generally ranges from about 10 um to several mm.

A number of limited empirical studies have been done on bulk foam flow in pipes (Barigou et
al., 2003; Deshpande and Barigou, 2000), and recent preliminary experiments and simulations on flow
through constrictions have concentrated on idealised two-dimensional foams (Jones et al., 2011).
These complex geometries can have significant effects on foam structure and the flow regime, and
may destabilise foam structure, giving morphological transformations (Deshpande and Barigou,
2001a, 2001b). For example, the industrial process of foam extrusion, or discharge from a pressure
vessel, can change foam texture by (i) changes in gas volume fraction and/or bubble growth; (i) flow
induced bubble coalescence/aggregation; and (ii7) changes in liquid phase bulk and surface rheology.
These phenomena are not fully understood but are crucial in food processing, e.g. for ice cream

flowing through a nozzle. They are also important for flow in or filling of narrow vessels or channels
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with complex cross sections. Thus a foam with inadequate rheological properties may not readily
flow through narrow passages and constrictions, giving poor ‘fill’. Examples include flow of aerated
confectionary in narrow channels and complex moulds, filling of cavities with insulation foam, flow
of foamed cement slurries in narrow oil-well annuli, filling of hollow aerofoil sections with
polyurethane foam to make aerodynamic tethers for communication and geoengineering applications,

and production of pre-insulated pipes for district heating.

Because 3D bulk foams are opaque, analysing the properties of a foam passing through
complex passages is difficult. Therefore, typically for detailed analysis, experimental and numerical
studies have used the flow of single layer of a foam, i.e. a monolayer of bubbles, confined between
transparent walls. Such a setup has also been used to study the flow of other complex fluids including
emulsions, gels or polymer solutions around obstacles or through constrictions (Langlois, 2014).
Foam flow around an obstacle has been studied experimentally by Dollet and co-workers (Dollet et
al., 2005; Dollet and Graner, 2007), allowing validation of a so-called 2D viscoelastoplastic model of
foam rheology (Cheddadi et al., 2011). Detailed works on foam flow in complex passages are scarce.
A few limited experimental/simulation studies have looked at 2D flow of foam through a sudden
contraction followed by a sudden expansion where foam experiences both shear and extensional

stresses (Dollet, 2010; Jones et al., 2011; Langlois, 2014).

Dollet (2010) in their experimental work (0.2 to 0.4 % liquid holdup) considered a sudden
contraction (length - 2, 5, 15 cm; aperture = 1, 2.1, 3.2, 4.4 cm) and concluded that there is an
essential coupling between local elasticity, plasticity and flow. Local elastic deformation (elastic
strain) is computed using a texture (or elasticity) tensor M, following the definition of Aubouy et al.
(2003), whereas local plastic deformation is represented in terms of so-called T1 events (neighbour
bubble switching events). Jones et al., (2011) compared experimental results of dry foams (~ 0.5 %
liquid holdup) through a sudden contraction (length = 3 cm; aperture = 3 cm) followed by a sudden
expansion with predictions obtained from quasi-static simulations conducted using the finite-element
Surface Evolver code (Brakke, 1992). Langlois (2014), on the other hand, used Durian’s mechanistic
Bubble model whereby Newton’s equation of motion is solved for each individual bubble, using
classical numerical techniques originally developed for Molecular Dynamics, (Durian, 1997) to
simulate the flow of wet foam (10 % liquid holdup) through a constriction. Contrary to Surface
Evolver, Durian’s model treats bubbles as discs not as separate films, accounts for foam dynamic
properties, is comparatively simpler to implement and requires less computational time. In
conclusion, whereas Langlois’ model is suitable for simulating wet/dynamic foams, Jones et al’s is

applicable to dry/quasi-static foams.
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This paper reports on an extensive experimental investigation of foam flow behaviour and
rheological response in a narrow 2D channel containing a constriction of variable geometry and
dimensions including sudden and gradual contraction-expansion types. Foam behaviour is examined
as a function of foam flowrate, constriction profile, size of constriction aperture, foam liquid holdup
and viscosity of surfactant solution. The local effects on the flow field including foam morphology,
topology and velocity distribution are analysed. We examine individual bubble motion and
deformation using a texture tensor and record T1 neighbour-switching events, allowing us to obtain
the local strain field and hence determine the transition from elastic to plastic response. We also

study the local foam pressure drop across the constriction for the various flow conditions considered.

2. Materials and methods
2.1 Experimental setup and procedures

Foam flow experiments were conducted in a custom-made Hele-Shaw cell consisting of two
30 mm thick horizontal acrylic plates of 110 cm length and 30 cm width, as depicted in Figure 1a,
separated by a uniform adjustable narrow gap so that one or several bubble layers of foam could be
accommodated. Prehumidified Nitrogen gas was injected through a 1 mm diameter glass-capillary
sparger whilst surfactant solution was injected using an Eldex 3HM piston pump (Cole-Parmer UK).
Thus, disordered but nearly monodisperse dry or wet foam with liquid content in the range 1 — 20%
was generated at the bottom of a vertical acrylic column and allowed to flow into the narrow 2D
channel via an inlet pipe, and out of the channel via an outlet pipe downstream where it was collected
and the foamate recycled. In all experiments, the area mean bubble diameter (d>,) was around 4 mm +
1 mm and remained constant throughout the flow channel, i.e. no bubble coarsening or breakage
occurred during the flow.

The uniform gap between the two acrylic plates in the Hele-Shaw cell was fixed at 3 mm to
accommodate a single bubble layer of foam. To create a flow constriction, two identical constriction
plates of thickness 3 mm were inserted and clamped down between the acrylic plates, as depicted in
Figure 1b. The spacer plates and constriction plates were all made of black acrylic to minimise the
effects of light reflection at edges. The Hele-Shaw cell was divided into two identical parallel flow
channels using another 3 mm thick acrylic plate, thus, foam flowing into the gap divides into two
identical mirror-image flows, as shown in Figure 1b. Thus, one channel was dedicated to measuring
pressure drop at several positions 5 cm apart along the flow (including at the inlet, centre and exit
sections of the flow constriction), using a sensitive strain gauge type micro-manometer capable of
detecting gauge pressures down to 0.1 mm of water. The pressure tappings were each supplied with a
side nitrogen gas bleed through a 0.5 mm capillary to prevent foam from flowing inside the tappings,
without affecting the pressure readings, as successfully used in our previous work on foam flow in
pipes (Deshpande and Barigou, 2001b, 2001a). The second flow channel, on the other hand, was used

solely for visualisation of the foam flow, avoiding the obstruction caused by the pressure tappings.
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Videos and images of foam flow were recorded using a Basler ace acA1300-200um camera at a rate

of 100 to 200 frames per second.
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Figure 1. Schematic of Hele-Shaw cell foam flow rig: (a) side view; (b) top view and geometric

details of the different flow constrictions used.

Three different flow constriction geometries were used: a sudden 90° contraction-expansion

and two gradual 45° converging-diverging constrictions having different lengths (C;, = 0 and 10 mm)

of the central constricted region (Figure 1b). The width of the flow channel is denoted by # and the

width of the constriction (aperture) is denoted by Cy.
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Foam was stabilised using technical grade Sodium Dodecyl Benzene Sulphonate (NaDBS,

Sigma Aldrich UK), an anionic surfactant, at a concentration of 2.0 gL (equivalent to 5 times its

critical micelle concentration) to ensure a consistent surface tension throughout the flow system,

dissolved in Type 2 water (equivalent to double distilled water). The surface tension of the NaDBS

solution was 32.9 £ 0.1 mNm™ and its viscosity was 1.04 £+ 0.03 mPas. The liquid viscosity was

varied by dissolving known amounts of glycerol in water.

Details of the foam flow experiments conducted are summarised in Table 1. Foam dynamics

were studied in terms of local velocity distribution, elastic strain (texture tensor), plastic deformation

(T1 events) and pressure drop. Sample videos of foam flow experiments are provided for illustration

in the Supplementary Information section.

Experiment Angle of Size of Length of | Foam flowrate Foam Viscosity of
converging- constriction constriction liquid surfactant
diverging aperture holdup solution
section (Cy), mm (Cr), mm (0r), mL.min™" (&), % (u1), mPa.s

Reference case 90° 10 10 101.01 1 1.04
Effect of foam 90° 10 10 60.61-202.02 1 1.04
flowrate
Effect of angle 45°, 90° 10 10 101.01 1 1.04
of converging-
diverging
section
Effect of size 45° 4,7,10,15 0 101.01 1 1.04
of constriction
aperture
Effect of foam 45° 10 0 101.01 3,9, 15, 1.04
liquid holdup 20
Effect of 45° 10 0 101.01 1 1.04, 30.1,
viscosity of 44.7
surfactant
solution

Table 1: Experimental details

2.2 Foam flow image analysis

The well-known image] software was used for image processing (Eliceiri et al., 2012). A
typical raw image of a foam flowing in the narrow channel is shown in Figure 2a. Figures 2b-c show
the steps required to convert the raw image into a network of one-pixel-thick edges (skeletonised

image). We first invert the grey levels of the raw image, then threshold them to separate the black
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network of bubble edges from the white background to make a binary image (black and white; Figure
2b). Different zones on the image are treated with different thresholds to compensate for spatial
variations in light intensity. In the final step, we “skeletonize” the foam to a network of edges one-
pixel-thick (Figure 2c). The same skeletonisation process was used for both dry and wet foams.
However, for wet foams, thresholding and binarisation of each image was done using a different
imagelJ algorithm depending on the liquid holdup, to account for the thick edges of the foam. This
process preserves the topology of the foam, ensuring a faithful representation of the real foam which
can be used to analyse the dynamics of foam flow in terms of local velocity distribution, texture
tensor and T1 events. Another possible approach was to use Voronoi Tesselation to skeletonise the
images (Graner et al., 2008) but this yielded the same results. More details on the image] software

can be found in the ImageJ User guide (Ferreira and Rasband, 2012).

(a) (b) (c)

Figure 2. Foam image analysis: (a) raw image; (b) binary image; (c) skeletonized image.

2.3 Calculation of relevant foam flow fields
2.3.1 Local velocity distribution

To measure the local velocity distribution of a foam flowing through a narrow channel with a
constriction, we utilised a standard cross-correlation algorithm that is used in the imaging technique of
Particle Image Velocimetry (PIV). A white LED light box of dimensions 30 cm x 20 cm was placed
below the flow channel to illuminate the foam. In PIV, microscopic tracer particles are used to track
the motion of a fluid. In foam flow, tracer particles are not needed since the bubble interfaces in the
moving foam themselves scatter light. PIVIlab (Thielicke and Stamhuis, 2014), a time-resolved digital
Particle Image Velocimetry toolbox available in MATLAB, was used to analyse the skeletonized
images. Initial tests revealed that the optimum number of images to be analysed in each experiment
was 4000 to avoid statistical bias, and beyond which the mean local velocity distribution was
unaffected by the number of images analysed. Multi-pass interrogation windows (four in this case) of
size ranging from 50%50 pixels to 20x20 pixels were used in the cross-correlation algorithm. The

smallest interrogation window size was slightly larger than the average individual bubble area.
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2.3.2 Texture tensor

To analyse the local foam cell deformation, we compute following the definition of Graner et
al. (2008) a texture (or elasticity) tensor M which provides an operational definition of deformation
which can be experimentally measured and given in terms of averages of microscopic quantities. This
was an improvement on previous work by Aubouy et al. (2003) who had used bubble edges rather
than the link between neighbouring bubbles, as detecting bubble centres is more accurate. The

magnitude of the texture tensor measures the elastic strain of the pattern formed by the bubbles.
X
Considering the link between two neighbouring bubbles to be the vector v = (y)’ the texture tensor is

then defined as:

(1

M= (o x ) = <(x2> (xy>>‘

(xy) (y?)

To find the links between neighbouring bubbles on imagel, the positions of the bubble centres are
extracted using an in-house image processing algorithm, followed by a Delaunay triangulation of
bubble centres (Ferreira and Rasband, 2012). It should be noted that Jones and Cox (2012) used
direct links between bubbles in foam simulations and the Delaunay triangulation in analysing
experimental data; the results were indistinguishable. Furthermore, to identify the direct links, one
needs to check that the bubbles are touching when defining a link (not always the case in a wet foam).
The Delaunay triangulation which requires less computational effort, will also put links in whenever
bubbles are close, which are important advantages. Once all such links are identified, using a separate
in-house C++ algorithm, each image is divided into a number of interrogation boxes and averaging of
triangulated network movement (displacement in x and y direction) is done over all links found in a
given box during a given time to compute the tensor in each box. Each local tensor is depicted by an
ellipse (Figure 3) whose major and minor axes represent, respectively, the foam cell elongation vector

and compression vector.
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Figure 3. Ellipse representing local texture tensor: major axis represents foam cell elongation vector
and minor axis represents its compression vector.

To quantify the elastic strain in the foam, we consider the relevant components of the texture

tensor M, i.e. the normal components M,, and M,

\»» to obtain the normal strain difference M., - M,,.

Since the elastic strain scales as a characteristic bubble size, we rescale the normal strain difference by
the trace M., + M,, to compare different bubble areas, as the latter depends on the gas flowrate (Jones
et al., 2011). The normal component of the elastic strain or normalised texture tensor component is

thus defined as:

Mxx_Myy

M, = .
Mxx+Myy

2

The value of M, signifies the total extensional strain in the foam and is a more useful parameter for

comparing bubble deformation.

2.3.3 T1 events

A T1 topological transformation also called T1 event is a neighbour swapping event, i.e. a
local plastic rearrangement between bubbles, in which one of the soap films between neighbouring
bubbles vanishes and a new film forms. Figure 4 shows a schematic representation of a T1 event:
initially, bubbles 2 and 4 are neighbours, but due to external deformation the film separating them
(marked in red colour) shrinks in length, resulting in an unstable 4-fold vertex before forming a new
film (marked in blue colour). In order to determine the location of T1s we seek four-fold vertices in
the experimental images. We then calculate the frequency of Tls and their distribution across the
length and width of the flow channel including the constriction region. The distribution and
frequency of T1 events provide a local measure of plasticity for foam flowing through 2D narrow
channels, thus, highlighting regions where foam is likely to undergo plastic deformation and

elucidating how flow dynamics and flow geometry can affect its plasticity.

Figure 4. Schematic representation of a T1 event between four neighbouring bubbles: red film
disappears and blue film emerges resulting in neighbour bubble switching.
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3. Results and discussion

We first focus on discussing in detail our reference case experiment: the flow of a nearly
monodisperse foam with flowrate 101.01 mLmin™ in the 90° constriction with C; = 10 mm and & =
1.0%. We then examine the influence of each control parameter listed in Table 1. Results are mainly
reported inside an observation window of 10 cm either side of the constriction where the important

foam transformations occur.

3.1 Reference case experiment
3.1.1 Velocity field

The full velocity field corresponding to the reference case experiment described above, is
depicted in Figure 5. Even at this low flowrate (foam velocity well upstream of the constriction ~ 3
mm/s), no dead zones are observed anywhere in the flow channel. This is in contrast with the flow of
viscoplastic fluids (with an apparent yield stress) where dead zones are a common feature (Jay et al.,
2002). This confirms that such foams do not possess a yield stress, which is consistent with
rheological measurements of various surfactant and protein stabilised foams reported in the literature
(Barnes, 2000; Lim, 2005; Jabarkhyl et al., 2020), and contrary to a number of previous presumptions
(see for example, Dollet, 2010; Cheddadi et al., 2011; Langlois, 2014). Similar velocity vector maps
were reported in experiments with 2D dry foams (g, ~ 0.4%) by Dollet (2010) and with wet foams (&,
~ 10%) by Langlois (2014). As the foam approaches the constriction, the local velocity increases
because of the reduction in flow area. It reaches its maximum value in the middle of the constriction
(narrowest section), decreasing thereafter downstream as the area of flow expands (by virtue of mass
continuity), as demonstrated by the velocity profile along the central axis of the flow channel plotted
in Figure 6a. The divergence of the velocity field is zero well upstream and downstream of the
constriction implying that the foam does not manifest its compressibility in these regions.
Immediately before reaching the constriction (x ~ — 1.5 cm), however, the divergence turns negative
reaching a minimum (~ — 0.5 s™) at the inlet, and starts to increase again to become positive just
before the exit, reaching a maximum (~ + 0.8 s™) just after the exit (x ~ 0.75 cm), implying
compressible flow in the entire vicinity of the constriction with considerable foam density variations
as confirmed from mass continuity. There is a small undershoot in the velocity downstream of the
constriction. The observed foam compressibility in the vicinity of the constriction and bubble
elasticity (elastic deformation of bubbles in transverse direction) might be the prime factors
responsible for such undershoot of velocity along central axis. This undershoot has also been
observed in the flow of 2D dry foams experimentally by Dollet (2010) and in simulations by Jones
and Cox (2012). This type of velocity profile was characteristic of all the experimental cases studied

here.

10
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Figure 5. Velocity field in foam flowing through a sudden 90° constriction.

Transverse velocity profiles are also plotted across the channel (y = —4.5 cm to 4.5 cm),
upstream of the constriction in Figure 6b and downstream of it in Figure 6¢c. There is almost plug
flow at the entrance of the observation window (x = —8 cm) as there is little variation in velocity
across the width of the channel. As the foam approaches the constriciton, the velocity profile is
increasingly impacted by the presence of the constriction, becoming very sharp at x = —1 cm. The
effects of the constriction on the velocity profile are approximately reversed, although there is
significant asymmetry in the velocity distribution, as the foam leaves the constriction and moves
downstream (Figure 6¢); there is first an acceleration at the exit (x = 1 cm) leading to a velocity much
higher than at the inlet (x = —1 cm), followed by a rapid deceleration leading to the velocity

undershoot highlighted above and then recovery to mirror the plug flow upstream of the constriction.
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of the flow channel; (b) transverse velocity across the width of the flow channel upstream for the
constriction; (c) transverse velocity across the width of the flow channel downstream for the
constriction.

3.1.2 Elasticity/Texture tensor

To quantify bubble deformation in the reference case experiment, we calculate the texture
tensor M defined in Equation (1), and use our ellipse representation (Figure 3) to depict the entire
elastic strain field in Figure 7a and plot the normal component M, in Figure 7b. Bubbles begin to
elongate in the spanwise direction at significant distances upstream of the constriction. Comparing

the individual components of M, (data not shown) shows that bubble elongation increases whereas

12



323
324
325
326
327
328
329
330

331

332
333
334

335
336
337
338
339
340
341
342
343

compression decreases, but both increase as the foam approaches the constriction. Such a
deformation increases sharply as the foam moves forward reaching a maximum inside the constriction
where M, = 0.52. Here, bubble elongation and bubble compression (not to be confused with flow
compressibility) measured from the individual components of the texture tensor, both increase sharply
but elongation dominates by far. Qualitatively similar findings were independently reported by Jones
et al. (2011) and by Dollet (2010) for the flow of dry foams (g ~ 0.2-0.4%) in abrupt constrictions of

different length and aperture sizes, including interestingly a similar maximum value of |M,| (~ 0.5).
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Figure 7. Variations of local texture tensor throughout the flow channel in sudden 90° constriction:
(a) ellipse representation of M; (b) axial variations of M,,.

At the exit section of the constriction, however, both elongation and compression suddenly
decrease. There is a brief bubble relaxation followed by an abrupt inversion of the elastic strain in the
(negative) transverse direction which continues to increase in magnitude over a distance of a few
centimetres. Since bubbles extend spanwise before the constriction, the value of M, is positive (M,, >
M,,). Similarly, because the bubbles extend streamwise after the constriction, the value of M, is
negative (M,, > M,). This change in sign occurs exactly at the exit of the constriction, indicating a
change in the direction of deformation; elongation increases again and compression decreases, both
eventually reaching steady state further downstream. The fluctuations in the average value of M,

upstream and downstream of the constriction result from the non-uniform flow near the constriction
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and the random rearrangements between bubbles in the form of T1 events. Bubble deformation
downstream appears to be slightly lower than upstream. Finally, a gradual elastic relaxation begins
tending towards equilibrium, i.e. bubbles tend towards a circular shape beyond a distance of
approximately 5 cm with M, rising towards zero (Figure 7ab). This relaxation phase continues

outside the observation window, reaching completion near the exit of the channel.

3.1.3 T1 events

Figure 8a shows the local distribution of T1 events over a time interval of 10 s in the
reference case experiment, describing the local plastic deformation of the foam. TI events are
concentrated in the vicinity of the constriction where all the significant topological transformations
tend to occur, and their number increases with time. Hardly any T1 events were observed far
upstream and downstream of the constriction near the edges of the observation window. The
distribution of T1 events seems to differ slightly from that reported by Dollet (2010). Such a
difference could be due to a variety of factors including the fact that the size (Cy) of the aperture of

their constriction was considerably larger than the one used here.
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Figure 8. Distribution of T1 events in sudden 90° constriction during a 10 second time interval: (a)
Local distribution of T1 events; (b) Axial variation of total Tlevents frequency.
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T1 events detected inside narrow vertical bands (4-8 mm wide) across the channel were summed up
and a local T1 frequency was obtained by dividing the total by the observation time (10 s), and results
are plotted in Figure 8b. Two sharp peaks were observed, just before the constriction and just after,
separated by a narrow zone (~ 5 mm) inside the constriction where only a small number of T1 events
are detected. As the foam approaches the constriction, bubbles rearrange to squeeze through,
resulting in a high occurrence of T1 events and high elastic deformation (see section 3.1.2) confirming
the strong link between local plasticity (T1 events) and elastic strain (texture tensor) (Marmottant et
al., 2008). Similarly, downstream in the expanding section of the constriction, bubble elongation and
rearrangement lead to a high T1 frequency mirroring approximately the behaviour upstream. The T1

frequency profile is consistent with results reported by Dollet (2010) and by Langlois (2014).

3.2 Effects of control parameters

In this section, we study the influence of the various control parameters (Table 1) and we,
therefore, scrutinise the variations of the relevant components of the fields along the length of the
channel including the normalised local velocity, normalised component M, and the frequency of T1

events.

3.2.1 Effects of foam flowrate

The influence of foam flowrate (60.61-202.02 mL.min"') was investigated using a 90°
constriction with C; = 10 mm and g = 1.0%. Lower flowrates than these would lead to very small
constriction effects on the foam, whilst higher flowrates would lead to the generation of polydisperse
foams which are not the focus of this work. Figure 9a shows V/V,,, along the centreline of the flow
channel and the curves almost collapse onto a single master curve, implying that the normalised
velocity distribution is independent of flowrate. The velocity undershoot downstream of the

constriction, previously observed in the reference case experiment (Figure 6a), reduces with flowrate.

The variations of M, along the centreline of the flow channel are depicted in Figure 9b. As
the foam flowrate increases, the maximum value of M, near the constriction also increases gradually
by ~ 35% over the whole range, indicating that the bubbles incur more deformation inside the
constriction at higher flowrates. However, there is no obvious trend in the variations of M, upstream

and downstream of the constriction.

Figure 9c shows the frequency of T1 events along the channel for different foam flowrates.
There are consistently two major peaks, one peak just before the constriction and one just after. These
two peaks are separated by a narrow zone (~ 5 mm) inside the constriction with negligible T1
occurrences. The total number of T1 events within the observation window increases approximately

linearly as a function of flowrate (Figure 9c); this seems to confirm the earlier prediction by Langlois
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(2014). An increase in flowrate results in an increase in local strain, which ultimately triggers more

T1 events.
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Figure 9. Effects of foam flowrate on: (a) normalised local velocity; (b) normalised texture
component; (c) frequency of T1 events.

3.2.2 Effects of constriction profile

To study the influence of constriction profile, experiments were conducted using two 45° and
90° constrictions both having C; = 10 mm (Figure. 1b) at a fixed foam flowrate of 101.01 mL.min"
giving g = 1.0%. Features of the flow through the two constrictions are compared in Figure 10.
Surprisingly, the velocity curves do not exhibit any major differences. The undershoot observed at

the exit in case of the sudden constriction is much less pronounced in case of the gradual constriction.
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Again, the constriction profile does not have a major impact on the normalised texture component
except for the elastic recovery downstream (M, — 0) which is much faster for the sudden constriction.
There are, however, significant differences in the frequency of T1 events occurring in the vicinity of
the constrictions. The peaks just upstream and just downstream of the constriction are much higher
for the sudden constriction, and the total number of events is almost double (Figure 10c-¢). In the
case of the 90° constriction, because of the sudden variation in the area of flow, bubbles experience a
higher local strain which results in approximately a doubling of topological changes; however, such

rearrangements drop to zero quickly downstream.
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Figure 10. Effects of constriction profile on: (a) normalised local velocity; (b) normalised texture
component; (c) local distribution of T1 events in 90° constriction; (d) local distribution of T1 events
in 45° constriction; (e) frequency of T1 events.
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3.2.3 Effects of size of constriction aperture (Cy)

To study the influence of the size of the constriction aperture (Cy), we image foam with g =
1.0% flowing at 101.01 mL.min"' through a 45° constriction with C; = 0 mm (Figure 1b), but varying
Cy from 4 to 15 mm, whilst the bubble size was constant with d,; =4 + 1 mm. The axial velocity
profiles shown in Figure 11 collapse approximately on a single curve irrespective of the constriction

aperture size.
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Figure 11. Effects of size of constriction aperture (Cy) on: (a) normalised local velocity; (b)
normalised texture component; (¢) frequency of T1 events.

The main differences between the M, profiles occur at the centre of the constriction, showing

increasing elastic deformation for narrower apertures. For all constrictions, M, falls off rapidly to
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zero as the foam leaves the constriction, changes sign and continues to increase in magnitude before
reaching a plateau with bubbles emerging from narrower constrictions exhibiting more deformation;
eventually M, is expected to rise to zero near the exit of the channel. The greater the Cy value the
smaller the total number of T1 events (Figure 11c). As the size of the constriction aperture increases,

the foam undergoes less deformation and hence less T1 events are observed.

3.2.4 Effects of foam liquid holdup

The effects of the foam liquid holdup (1.0% — 20%) was investigated using a foam flowing at
a fixed flowrate of 101.01 mL.min"' through the 45° constriction with C; = 0 mm (Figure 1b). Within
the conditions investigated, varying & did not produce any significant effect on the axial velocity
profile, as shown in Figure 12a. On the other hand, the transverse velocity profiles depicted in Figure

12b, show considerable differences. These velocity profiles become flatter (i.e. tends to plug flow) as

&r increases. We express the overall uniformity of such profiles using the uniformity index /:

=== 3
- 3)
/ .2 —
where, w; = % is a measure of local uniformity; V; is the local velocity at location i and V is
the mean velocity at # locations across the flow channel at x = — 8 cm. For ideal plug flow, /=0. As

&L increases from 1.0% to 20%, I reduces from 0.042 to 0.008, approaching zero. Thus, in contrast to
dry foams, wetter foams tend to approach the constriction in the plug flow regime. The same
behaviour was observed downstream, as the foam moved away from the constriction. With an
increase in liquid holdup, the Plateau borders sliding on the wall become thicker, hence, causing less
sliding friction which is consistent with pressure drop measurements (section 3.3). In consequence, as
shown in Fig. 12c, this reduces elastic deformation in the foam and, hence, velocity variations also
reduce, tending towards plug flow. Plug flow was observed in wet foams flowing in pipes

(Deshpande and Barigou, 2000).

The variations of M, depicted in Figure 12c¢ show that dry foams experience significantly
more deformation than wet ones inside the constriction as well as upstream and downstream of it.
With more liquid present in foam, the lubricating liquid layer on the wall is thicker, thus, reducing the
wall sliding friction, i.e. the wall shear stress and, hence, the elastic strain. Using numerical
simulations, and in agreement with experimental findings from the literature, Marmottant et al. (2008)
concluded that elastic deformation in foams flowing past obstacles decreased with liquid holdup.
Cheddadi et.al (2011) who studied flow of foams past obstacles experimentally, also reported more

elastic deformation (twice the maximum M, value) in the case of a dry foam (g =1.2 %) compared to
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a wetter foam (g =7 %). The frequency of T1 events (Figure 12d), however, does not show a clear

trend; as & increases, it remains more or less the same.
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Figure 12. Effects of foam liquid holdup (&) on: (a) velocity along the central axis of the flow
channel; (b) velocity across the width of the flow channel at x = - 8cm; (¢) normalised texture
component; (d) frequency of T1 events.

3.2.5 Effects of viscosity of surfactant solution

The viscosity of the surfactant solution (x;) was varied within the range p; = 1.04 — 44.7
mPa.s, using the 45° constriction with C; = 0 mm (Figure 1b) at a fixed flowrate of 101.01 mL.min™
(& = 1.0%). Within the conditions investigated, varying £ did not produce any significant effect on
the axial velocity profile, as shown in Figure 13a. There are no discernible effects on M, upstream of
the constriction (Figure 13b). However, as the foam interacts with the constriction, foams formed
from more viscous liquids experience significantly less elastic deformation, positive inside and
negative on exit of the constriction; the rate of liquid drainage in the Plateau borders slows down
making them and the liquid films slightly thicker, thus, probably enhancing inter-bubble
mobility/slippage and reducing deformation (Deshpande and Barigou, 2000). Whilst lower viscosity

20



491 foams seem to incur more T1 transformations at the inlet of the constriction and less inside, such

492  differences vanish as the foam leaves the constriction (Figure 13c¢).
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495  Figure 13. Effects of viscosity of surfactant solution on: (a) normalised local velocity; (b) normalised

496  texture component; (c) frequency of T1 events.
497

498 3.3 Pressure drop in foam flow
499 Pressure drop was measured along the whole flow channel including the constrictions
500  described in Figure 1b. Typical profiles are shown in Figure 14a for foam with & = 1.0%, and a 45°

501  constriction (C; =0 mm, Cy= 10 mm). The Piezometric pressure varies approximately linearly along
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the length of the channel both upstream and downstream of the constriction. There is a slight drop in
the slope of the line downstream compared to upstream. The constriction causes a significant local
pressure drop. The flow being horizontal, the entire pressure drop is attributed to the sliding friction
at the walls of the channel. These results are consistent with earlier observations concerning the flow
of bulk foams in pipes (Deshpande and Barigou, 2001b, 2000; Wiggers et al., 2000). The effects of
varying the size of the constriction opening are depicted in Figure 14b. As expected, narrower
constrictions generate much larger local pressure drops, but the trend is approximately linear as a
function of foam flowrate for all constriction sizes. As discussed above (section 3.2.3), reducing the
constriction opening leads to more intensive bubble rearrangements (i.e. more elastic strain and more

T1 topological transformations) and, hence, more energy dissipation.

Foam pressure drop in the straight channel and across the constriction also varied as a
function of constriction profile, foam liquid holdup and liquid viscosity. Pressure drop results for
flow through a sudden 90° constriction showed similar trends as the 45° constriction, but were 1.2 —
1.5 times higher (data not shown), depending on flow conditions. Across the constriction, this
increased pressure drop may be attributed to the occurrence of more T1 events in a 90° constriction,
causing more velocity fluctuations, thus, leading to more friction between bubbles and between
bubbles and channel walls. Wetter foams experience less pressure drop, but a higher liquid viscosity
leads to a higher pressure drop throughout the channel including the constriction. Such a pressure
drop stems from the shear in the lubricating thin liquid film on the channel walls (Deshpande and
Barigou, 2000). The wall film thickness cannot be readily measured but an effective thickness, d, can

be calculated from:

UL Ve
7, = @

where 7, is the wall shear stress and V- is the mean foam velocity. Values of 6 = 1 — 10 pm were
reported for foam flow in vertical pipes (Deshpande and Barigou, 2000). Our estimates of ¢ were in
the range 5-40 um depending on flow conditions. The higher values of ¢ may be due to the
horizontal direction of the flow. A higher liquid holdup increases J, which for a given surfactant

solution viscosity and foam flowrate results in less pressure drop.
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Figure 14. Pressure drop in foam flow with 45° constriction (C; = 0 mm): (a) Piezometric pressure
profile along the channel for different flowrates; (b) pressure drop across the constriction for different
constriction apertures; (¢) Fanning friction factor for foam flow in straight sections of the channel for
different flowrates, constriction apertures, foam liquid holdup and viscosity of surfactant solution.

The straight sections of the flow channel contributed by far the largest part to the total
pressure drop. The description of fluid flow by a friction factor is very useful for pressure drop
calculations and the design and analysis of flow systems. As the motion of foam under the present
conditions is mainly governed by the sliding action on the wall, the similarity between 2D and 3D

flow can be reasonably assumed. Therefore, the approach of Deshpande and Barigou (2000), who
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studied the pressure drop in foam flow through straight vertical pipes, is adopted here. The rheology
of the foam flowing in the straight parts of the channel is described by considering the gas-liquid
system as non-Newtonian pseudo-homogeneous fluid. Full details of the theoretical derivations can
be found in Deshpande and Barigou (2000). It follows from this theory that for a foam obeying exact
power-law rheology, the Fanning friction factor is given by f = 16/Re where Re is the generalised

Reynolds number given by:

prVE A

Re = PE°F 2
© T k(arl)

)

where /4 is the height of the flow channel, V- is the mean foam velocity in the channel, p,. is the foam

density determined from the mass flowrate of foam, and & and n are the power-law parameters. The

friction factor data plotted in Figure 14c lie remarkably on a unique line and are well fitted by the

expression:
_ 160 5
f = o (r? =0.99) (6)

where the power law model parameters obtained from the experimental data lie within the ranges: 0.1
<k £0.21 and 0.4 < n < 0.75) Given that the foams studied here consist of a single bubble layer
moving in a 2D channel, this shows that the relationship f = 16/Re is universal for foam flow. This
result has practical significance in that pressure drop in foam flow through a series of channels of

different dimensions can be calculated using a constant friction factor.

4. Conclusions

Considering the entire foam flow field, no dead zones exist anywhere in the channel even at
the slowest flowrates, confirming the non-existence of a yield stress. Important foam transformations
occur in the vicinity of a flow constriction. The wetter the foam, the more it tends to approach the
constriction in the plug flow regime. With an increase in foam flowrate and decrease in size of
constriction aperture, foam pressure drop, local elastic strain and plasticity increase. More pressure
drop and local plastic deformations are manifested across a 90° constriction compared to a 45°
constriction, but downstream of the constriction, foam relaxation is faster. A higher liquid holdup and
liquid viscosity reduce both local elastic and plastic deformations. There is a strong link between
local plasticity (T1 events) and local elastic strain (texture tensor); a high elastic strain translates into
a high plastic deformation. Such a transition occurs in the vicinity of the constriction. A higher foam

liquid holdup increases the thickness of the lubricating liquid film on the wall, which for a given
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liquid viscosity and foam flowrate results in less pressure drop. Pressure drop through straight narrow
channels can be predicted using a constant friction factor. The relationship established here between
pressure drop, flowrate and aperture size is a novel result which is of great importance to industrial

applications, and could not be investigated in previous quasi-static foam studies.
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