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Abstract: Experimental investigations of Marangoni flow in micro-foams have faced challenges due
to the inherent difficulties in detecting and measuring this flow. The Marangoni flow manifests
as small spots within the lamellae films, which makes it hard to accurately analyze. Hence, to
elucidate Marangoni flow characteristics, this study introduces and investigates comprehensive
three-dimensional models of flow in microscale foams. The geometric models contained Plateau
Borders (PB), nodes, and films. The recirculating Marangoni flow was simulated and studied for
different interfacial mobilities. Inside the foams, the Marangoni flow velocities were at the same scale
with the PB flow velocity for mobile interfaces. However, for a more rigid interface, the magnitude
of the Marangoni flow was considerably less than that of the PB owing to the combined effect of
high surface hydraulic resistance on the Marangoni flows and nature of the Marangoni flow as a
surface-only flow type. Furthermore, the effect of the film thickness on the Marangoni flow was
analyzed. Thicker films have a stronger effect in reducing the Marangoni flow than PB flow. This is
due to the higher ratio of gravity body force to the Marangoni-driven surface force for thicker films.
Finally, the combined effect of the liquid–air interfacial mobility and film thickness on the Marangoni
velocity was studied.

Keywords: foam; node; film; Marangoni flow; plateau border; bubble

1. Introduction

Aqueous foams have attracted the attention of several scientists and researchers.
They are widely used in different industries, such as cosmetics, oil recovery, and natural gas
deliquification [1–4]. They are equally useful in washing basins, spraying crop (agriculture),
dampening explosions, removing radioactive dust, and collecting proteins in the food
industry and desirable elements in the mineral industry [1,2].

Aqueous foams comprise gas and a limited liquid volume fraction, which are categorized
into two types: wet and dry aqueous foams. Wet foams have a volume fraction of 10–20%
liquid and bubbles with spherical shapes, while dry foams have less than 5% liquid [5], and
their bubbles have a polyhedral-like shape. The faces of the polyhedral bubbles are called
lamellae and comprise thin liquid films. The conjunction of these lamellae films makes a
channel known as the Plateau Border (PB), while those of the four PBs make a node [6,7].

Several factors can affect the dynamics and behavior of the foam and flow inside the
foams, respectively, such as the drainage, surfactant materials, surfactant concentration,
and Marangoni effect [8–10]. The Marangoni effect is named after Carlo Giuseppe Matteo
Marangoni, who discovered this phenomenon when writing his doctorate thesis in 1865 [11].
The main factor in this phenomenon is the existence of surface surfactant concentration
gradients [12]. Surfactants are water-soluble chemical components [13,14]. The complex
shape of the surfactants is key to creating surface tension. The surfactants have hydrophilic
heads and hydrophobic tails located at the free surface, which effectively decrease the
surface tension [15]. Surface tension gradients and Marangoni flows in aqueous foams can
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occur in different processes and systems, such as foam fractionation [16–19], UV photo-
surfactants [20], and foam recirculation [5,21]. Foam fractionation uses the rising columns
of foam to remove hydrophobic molecules from liquid solutions [16]. This process is also
known as protein skimming; it is used in industries to remove surface-active contaminants
from wastewater. Robert Lemlich characterized a model for foam fractionation in 1960
and demonstrated how foam fractionation columns could be operated in the presence of
external refluxes which induced the Marangoni flow [17–19].

Exposing photo-surfactants to ultraviolet (UV) light is another method that can cause
the Marangoni flow. Chevallier et al. [20] studied this phenomenon and the effects of UV
rays and photo-surfactants’ concentration on the drainage flow in thin aqueous films as
well as real-size foam in containers. They discovered that UV rays caused a difference in
surface tension in the films and PB, thereby inducing the Marangoni flow.

Surface surfactant concentration gradient, which is caused by the influence of PB branch-
ing in the nodes, is another system method that causes the Marangoni flow. When bulk flow
branches to three PBs, each surface flow branches to two surfaces. Hence, the entering bulk
liquid with the flow rate of q and surface surfactant of Γeq will have three q/3 flow rates and
six surfaces surfactant of 2/3Γeq. This branching changes the bulk and surface flow balance
and creates a surface tension gradient between two nodes, thereby causing a Marangoni flow.
This system was introduced by Pitois et al. [21], who demonstrated that the hydrodynamic
resistance and permeability of PBs depended on the dimensionless Boussinesq number (Bo)
and upward velocity of the Marangoni flow. They investigated the Marangoni effect in the
transitional regions for conventional Tetradecyl Trimethyl Ammonium Bromide (TTAB) with
a constant Gibbs elasticity of 0.01 N/m [21]. Gibbs elasticity for different surfactants was
studied in detail by Mondy and Lucassen [22,23].

It is noteworthy that despite the significant experimental [5,21] and theoretical re-
search [7] on the Marangoni flow, limitations in this area still exist. As regards experimental
studies, the limitations are primarily owing to measurement problems. Pitois et al. [21]
reported in their study, “We were not able to measure the liquid velocities over such small
lengths. Instead, we followed the upward motions of surface irregularities (thin spots) in
the films near the channel/film transition region”. In theoretical studies, these limitations
were owing to the lack of a precise three-dimensional model that captured the flow charac-
teristics of nodes, PBs, and films. Anazadehsayed et al. [7] modeled a system containing
a PB and node to investigate the effect of Bo on the flow in the PB’s interior and exterior
foams (the exterior foams are the external part of the foam where the bubbles connect to
the container wall, while with the interior foams, the bubbles are inside the net).

Using their groundbreaking research, we have developed a novel three-dimensional
geometry and model that includes a PB, node, film, and transition region for our study.
This advanced three-dimensional configuration has allowed us to investigate the effects of
branching on surface flow, which is closely linked to bulk flow (as introduced by Pitois, Figure
1 of recirculation model for liquid flow in foam channels [21]). Our model also takes into
account the crucial role of nodes, as previous research has shown that the velocity of bulk flow
decreases significantly after being trapped by a node [24–26]. Therefore, using a 2D system
or neglecting the presence of nodes would significantly impact our results. Furthermore, we
validated our model using previous experimental and analytical studies [8,21,27]. We inves-
tigated the influence of interfacial mobility (different Bo numbers) on the Marangoni flow.
The flow behavior in the exterior film and PB was compared to that in the interior film for
different Bo numbers. Finally, a master curve was developed for Marangoni flow velocities
for dimensionless interfacial mobility and film thickness.

2. Geometrical Model

In this study, both the interior and exterior foams were considered for studying the
Marangoni flow behavior. Interior foams are formed in the interstitial region between the
three neighboring bubbles, while exterior foams are formed in the region between the two
neighboring bubbles and a rigid container wall. However, the interior foams were not
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connected to any container wall. The conjunction with the exterior wall led to a change in
the geometry for the PBs, films, and nodes. This change in the exterior geometry led to a
distinct difference between the flow behaviors in the interior and exterior foam models,
owing to their different boundary conditions, such as the zero-velocity boundary condition
(the zero-velocity area is at the intersection of the PB and film with the container wall).

The exterior nodes were constructed together with three exterior PBs with an angle
of 120○, wherein two PBs were attached to the wall and one was perpendicular to the wall.
Note that the interior and exterior PBs have a similar transverse radius of curvature R. The film
thickness (α) for exterior geometry is the distance from the wall and conjunction of PB to the
film, while for interior geometries, this distance is the interior film thickness. The details of
the geometry measurements and simulation parameters are presented in Table 1.

In this study, both the interior and exterior geometries of the foam network were
constructed in three dimensions. Each of them comprised Plateau Borders, nodes, and
films. The geometry of the interior foam is shown in Figure 1a; The six-fold symmetrical
area (colored in sky blue) contained 1/6 of the inlet, outlet, nodes, PB, and film (for more
information about the mesh and its specific details, please refer to Figure A1). The flow
entered from the top of the three PB inlets and exited from the three interior outlets at the
bottom. The geometry of the exterior foam is shown in Figure 1. The governing equations
were solved for the geometry as shown in Figure 1a,b.

In Figure 1b, the flow enters from the top of the three PB inlets and exits from the other
two exterior PBs and a single interior PB. It is noteworthy that the bubbles that formed the
foam network were assumed in a tetrakaidecahedral shape, and the foam was considered to be
a dry foam with a low liquid volume fraction, ε ≤ 0.05, wherein the channels were long and
slender [5] (radius of curvature of the PB and PB length are listed in Table 1).

For the current exterior geometries (Figure 1b), the symmetry boundary condition on the
cut surface of the geometry and zero-velocity boundary condition was used in conjunction
with the vessel walls. It is noteworthy that the container wall was assumed to be a nonslip
(solid) wall to which the current exterior node–PB film system was attached. In Figure 1b (and
for better clarification, please refer to Figure A2), the exterior inlets/outlets, nodes, and PBs
were attached to the container wall.

Figure 1. Geometry of the (a) Interior foam, (b) Exterior foam including two red-colored nodes and
one blue-colored interior PB, and an interior film. Inlets/outlets are represented by the pink colors.
The exterior nodes are made up of a conjunction of three exterior PBs with an angle of 120○, where
two PBs are attached to the wall, with one being perpendicular to the wall. In both geometries, the
flow enters from the top of three PB inlets and exits from the three outlets at the bottom. In both
geometries, the direction of the gravity force (in the z direction of a coordinate system) is assumed in
the opposite direction of the Marangoni flow, which is shown in the interior geometry (a).
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Table 1. Geometry and Simulation Parameters. The approximate Reynolds number of the flow for
the chosen radius of curvature and thin films is less than 1 [28]. Hence, in most numerical studies of
very dry foams, the Stokes equation is solved using the governing equation. ∗ It is noteworthy that A
is the cross-section area which varies in the interior and exterior of the foam for different thicknesses.

Parameters Symbols Values Unit

Film thickness α 1, 2.5, 5 µm
Film length Lfilm 800 µm
PB length LPB 1000 µm
Liquid viscosity µ 0.001 Pa s
Surface area A * m2

Gibbs parameter G 0.01 N m−1

Fluid density ρ 1000 kg/m3

Radius of curvature of the Plateau Border R 100 µm
Initial surfactant surface concentration of the upper stream Γ+ 1.1× 10−6 mol m−2

Initial surfactant surface concentration of the lower stream Γ− 0.9× 10−6 mol m−2

3. Governing Equations

In this study, the numerical simulations were performed using AVLfire 2017 and 2020,
which is a commercial software that is widely used for simulating complex fluid dynamics
phenomena. The governing equations, which are based on the steady three-dimensional
Navier–Stokes equations, were discretized using the Eulerian frame of reference cell-
centered finite volume approach. The finite volume method is a numerical technique for
solving partial differential equations that involves discretizing the domain into small control
volumes, calculating the fluxes at the boundaries of each control volume, and then using
these fluxes to update the solution values inside each control volume. The cell-centered
approach used in this study means that the solution values are located at the center of each
control volume, which is a common approach in fluid dynamics simulations. The SIMPLE
(Semi-Implicit Method for Pressure-Linked Equations) method was used to couple the
velocity and pressure fields in the Navier–Stokes equations. This method is a popular
algorithm for solving the pressure–velocity coupling problem in incompressible fluid flow
simulations, and it is known for its stability and robustness. It is worth noting that the
Marangoni flow in microscale foams is typically laminar and steady, making the Eulerian
approach with finite volume method a suitable option for simulating these flows. The
assumption of incompressible fluid flow is also appropriate for the simulation of microscale
foams, as compressibility effects are insignificant at these scales. The conservation of mass,
momentum, and surface surfactant concentration were controlled by the corresponding
equations.

Mass conservation:
∇ ⋅U = 0 (1)

Momentum conservation:

ρ(U ⋅ ∇)U −µ∇2U = −∇p + ρg (2)

Passive scalar surface surfactant conservation:

∇s ⋅ (Γus) = 0 (3)

U and µ are the velocity (velocity vector) of the fluid and bulk viscosity, respec-
tively. In the second equation, ρ(U ⋅ ∇)U represents the convection and µ∇2U shear stress.
The −∇p represents the pressure gradient and ρg (the buoyancy term) represents the gravi-
tational body force. In the simulation, the second-order accuracy of the central differencing
scheme was used for the momentum and mass conservations.

Equation (3) is the conservation law of surface surfactant concentration (Γ), where us
represents the velocity in the surface [29–32]. The comprehensive format of the conservation
law of the surfactant mass is ∂Γ

∂t +∇s ⋅ (Γus) = S [29,30]. However, in this study, the S term
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containing the adsorption, desorption, and diffusion of surfactants were omitted for the
simplicity of our model, which enabled us to particularly focus on the Marangoni flow.
In Equation (3), ∂Γ

∂t (where t refers to time) was removed because of the steady state of the
model, which is discussed in the next section. Further, due to the definition of Γ, which is
only defined in the surface, the gradient operator was the surface gradient operator.

Boundary Conditions

In addition to the six-fold symmetries for interior and exterior geometries and applied
static pressure in the inlet and outlet of the geometries (which are located at the top and
bottom), the following boundary conditions were used:

Liquid–air interface of PBs and nodes

µs
∂2us

∂s2 −µ
∂U
∂n

= 0 (4)

Equation (4) is based on the Leonard and Durand methods [33,34] while using Newto-
nian surface viscosity and small Reynolds number assumption. µ and µs are the bulk and
surface viscosities, respectively. n and s are the normal and tangential coordinate of the
air–liquid interface, respectively. us denotes the surface velocity in the tangential direction.

Equation (4) represents the decoupling of the surface and bulk layers. Decoupling
is best described using the Boussinesq number (Bo), which is a dimensionless value that
shows the surface mobility. Bo is proportional to the ratio of surface viscosity (µs) to the
bulk viscosity (µ) and is defined as Bo =

µs
µR , where R is the radius of curvature of the

channel and is assumed to be 100 µm. Hence, Bo is critical in the behavior of the flow on the
liquid–air interface. In this study, Bo numbers with the highest values (∼104) are considered
as rigid walls, while Bo numbers with low values (∼10−4) are considered as slip walls.

Liquid–air interface of the films:

µs
∂2us

∂s2 −µ
∂U
∂n

−

∂γ

∂Γ
∇sΓ = 0 (5)

Equation (5) is the advanced version of Equation (4), which contains the surface
surfactant concentration gradient [5,19]. The third term, τ = µ ∂us

∂n =
∂γ
∂Γ∇sΓ, defines the

Marangoni stress. ∇sΓ is the tangential surface surfactant concentration gradient and ∂γ
∂Γ is

related to Gibbs elasticity [14,34].
In this study, Equation (5) was applied to the surface of the film, where the direction

of the Marangoni velocity was assumed in the z-axis of the Cartesian coordinates and
in the opposite direction of the gravity force. However, Equation (4) was applied to the
liquid–air interface of the PBs because the Marangoni flow was experimentally detected
on the surface of the film [21] close to the conjunction of the PB and film (known as the
transitional area).

Based on the methodology of Pitois et al. [21], the surface surfactant concentration or
Γ change along the transitional area, and the associated surface tension gradient created a
Marangoni flow from a higher Γ (or lower surface tension) to a lower Γ (or higher surface
tension) [21,35,36]. This gradient can be attributed to the branching of a PB into three PBs
in the node. Thus, Pitois et al. [21] introduced the qup

s as an upper surface flow rate, which
was on the surface of the PB and moved toward the lower node, and qdown

s as a lower
surface flow that passed through the lower node and flowed on the surface of a new branch
of the previous PB. Hence, as Pitois explained, qup

s had a higher rate than the downstream
surface flow rate:

qup
s ≈ RuΓeq

qdown
s ≈ R(2u/3)Γeq

where u, Γeq, and R are the surface velocity of the PB, surface concentration of the surfactant
further from node, and radius of curvature of the channel, respectively. Hence, there
was a constant readjustment of the surfactant concentration from the lower stream to the
upper stream.
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According to Pitois et al. [21], the surface surfactant concentration for the geometry’s
upper and lower stream are: Γ− = Γeq−0.1 Γeq and Γ+ = Γeq + 0.1 Γeq [21], respectively.
Here, the characteristic length of R, Gibbs elasticity, and Γeq are assumed as 100 µm,
0.01 N/m and 10−6 kg/m2 (Table 1), respectively, [22,23].

In our method, the governing equations of this study together with the aforementioned
boundary conditions were applied to the simulations for the steady-state geometry. This is
because of our assumptions were based on Pitois’s work, where Γ+ and Γ− on the upper and
lower nodes forced the Marangoni flow at the interface of the film. This Marangoni flow had
a higher value (maximum Marangoni velocity) at the beginning of the simulations before
the surfactant concentration reached the equilibrium value (owing to a higher surfactant
concentration gradient). Furthermore, this study focused on investigating the maximum
Marangoni velocity (not the lifetime of a foam nor the duration to reach the equilibrium
point) in different mobilities with different geometries and thicknesses. It is noteworthy
that in this study, all the parameters were scaled based on Table 2.

Table 2. Dimensionless parameters [7,9].

Parameters Symbol Formula

Scaled velocity V′ V/( ρAg
µ )

Scaled length L′ L/L f ilm
Bo number Bo µs/µR

Scaled surfactant surface
concentration Γ′ Γ−/Γeq

Scaled film thickness w α/R
Composite parameter Λ−1 Bo +w

4. Results and Discussion

In this study, the influence of the interfacial mobility on the Marangoni flow behavior in
foam was studied. Our new three-dimensional models demonstrates fewer limitations than
the two-dimensional models, which covered the entire geometry, including the films, PBs and
nodes Figure 1a,b. To validate the accuracy of our newly developed three-dimensional models,
we first verified that our results were independent of the simulation setup, particularly the
number of grids. Furthermore, we compared our model results to previous experimental and
analytical results. Finally, we predicted the Marangoni behavior for a wide range of Bo values
(from slip to rigid interfaces) and film thicknesses for both interior and exterior foams.

4.1. Models Validation
4.1.1. Grid Independency

Grid independency is important for any finite volume approach model to eliminate the
influence of the grid cell sizes on the computational results. Figure 2 depicts the velocity
profiles of the PB, transitional region, and film for different cell sizes, which are related to 80 k,
90 k and 95 k cells of a fixed volume. The velocity profiles were sketched along the length of
the geometry from the edge of the PB to the center of the film (as shown in a cross-section
of the geometry Figure 2) for sodium dodecyl sulfate (SDS) material. As shown in Figure 2,
the profiles did not change considerably after 90 k cells. Hence, for all the simulations in this
study, the geometries with cell sizes related to 90 k cells were used.
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Figure 2. Scaled velocity profiles of different grid densities are shown for 80 k, 90 k and 95 k cells
along a line from the PB to the center of the film, which contained three different regions for the PB,
transitional area (where Marangoni flow appears), and film. The velocity in the transitional area in
the film was dominated by the Marangoni effect and had the highest value in the opposite direction
of the gravity force. The color scale shown in the sketched cross-section represents the velocity value
where the positive direction is assumed along the gravitation direction. By comparing the velocities
to different grids, no significant difference between the results of 90 k and 95 k was seen. Hence, the
flow behavior in the net was independent of the grid densities for grids 90 k and higher.

4.1.2. Experimental Validations

The results of this study were validated against the experimental data of Pitois et al. [21],
who measured the Marangoni velocity in a film. In their experiment, they used 3 g/L
concentration of TTAB in pure water. The results of the experimental data were compared
to our simulated model as shown in Figure 3. The Marangoni flow in the film was sketched
against the average liquid velocity in PB. The experimental data and current simulation
showed consistency.

We also compared the flow in the PBs and nodes of our models using the experimental
studies performed by Koehler et al. [37,38] and validation performed by [27]. Figure 4
shows the velocity of the flow inside the PB for the SDS foam. Our models and their
experimental results for both the interior and exterior foams were consistent.
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Figure 3. The velocity of the Marangoni flow versus the average velocity of the flow in the channel
(PB) [21]. The blue line represents the fitted line for different experimental velocities, which are
measured for different film thickness (different flow rates) by Pitois et al. [21]. As shown, our
simulation and experiments for the thinner films corresponded.
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Figure 4. PB velocity validations in the interior and exterior of the foam. The bold line in both
the exterior and interior cross-sections represent the specific lengths of the PB (perpendicular to
gravitation), where the flow velocities were calculated by Koehler et. al [37,38]. The velocities were
compared to those in previous studies and they corresponded.

4.1.3. Analytical Validations

For the further validation of our models, we compared the velocity ranges of the node
PB of our model to those in studies by Anazadehsayed et al. [27] and Nguyen et al. [8].
Anazadehsayed et al.’s [27] analytical results were based on a node–PB system; Nguyen et al.’s [8]
results were based on a single PB system, and our results are based on an entire system contain-
ing nodes, PB, and a film. The three velocity ranges scaled by ρgA

µ (Table 2) are shown in Figure 5.
The results of our study were similar to those of Anazadehsayed et al. [27]. However, they were
different from those of Nguyen et al. [8] for lower Bo values (10−5 to 10−2). This is owing to the
inclusion of dissipation and resistance in each node [27]. Our results corresponded with those
of Anazadehsayed et al. [27].

Generally, our validations indicate that our three-dimensional PB–node–film models
accurately captured the flow in the interior and exterior PB, node, and film. Additionally, the
validations showed that our models were reliable for investigating the accurate contribution
of Marangoni flow in interior and exterior foams.
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Figure 5. Validation of the average velocity dependence of Bo numbers for PB [8], PB-node [27], and
node–PB–node systems.
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4.2. Recirculation Marangoni Flow

As mentioned above, detecting Marangoni spots in micro-foams is difficult. Hence, only
a few experiments have been conducted to study this flow for different surfactants. This is
even more complicated in exterior foams, where solid walls decrease the Marangoni ve-
locity values considerably, thereby making the measurements more difficult. To solve this
experimental limitation, this study developed models based on experimental and analytical
validations. Marangoni flows were calculated in the transitional region. In Figure 6, the
Marangoni flow for half of the film of an interior foam with R = 100 µm is illustrated.
As shown in Figure 6a, the flow caused by the Marangoni stress created a circulation
pattern in the film between the upper and lower nodes [35]. This phenomenon is known as
the Marangoni eye phenomenon in the film [35], as sketched in Figure 6b by combining
three different simulations with the boundary conditions in different directions.

Notably, the Marangoni flow spots in the film appeared stronger near the bottom of
the PBs [21] where the surface surfactant gradient was at its highest value.

Figure 6. (a) Marangoni flow stream lines for an interior thin geometry (b) Marangoni eye, wherein
red spots represent the maximum velocity of the Marangoni flow in transitional areas.

As expected, when the liquid–air interface mobility increased, low Bo numbers oc-
curred, which is similar to the scaled velocity of the node–PB. This was similar to the
Marangoni velocity. However, the behavior of the Marangoni flow was different for interior
and exterior foams. Figure 7a,b show the velocity profiles of the node–PB and Marangoni
flow for the interior and exterior foams. The mutual characteristics of the node–PB and
Marangoni flow in both the interior and exterior foams is the increase in velocities with a
Bo number decrease (more mobile interfaces).

However, in the exterior foams, the velocity ratio (Marangoni velocity to PB velocity)
was almost constant for both the rigid and mobile foams (Figure 7b), whereas in the interior
foams, this ratio was noticeable in rigid foams but less noticeable in mobile foams. This is
revealed by the gap between both curves shown in Figure 7a. The gap was large for high Bo
numbers and small for low Bo numbers. This behavior can be explained using the concept
of hydraulic resistance.
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Figure 7. (a) Influence of Bo numbers on both the Marangoni and PB velocities for interior foam.
The resulting curve corresponded with the experiments [21]. (b). Influence of Bo numbers on the
Marangoni and PB velocities in the exterior foam.

As mentioned above, the Marangoni flow is a surface flow that is extremely dependent
on surface mobility. In the interior foam, for mobile liquid–air interfaces, the node–PB and
Marangoni velocities had similar values, particularly because both flows experienced a
very low hydraulic resistance. However, in the same interior foam with rigid liquid–air
interfaces, the surface-only flow of the Marangoni experienced more hydraulic resistance
than the bulk flow of the node–PB. This change in velocity difference did not exist in the
exterior foams owing to the presence of a solid wall. The solid wall dominated the behavior
of the node–PB and Marangoni flow by maintaining low velocities for different interface
mobilities. Hence, in mobile liquid–air interfaces, contrarily to the interior foams, the flow
values of the node–PB and Marangoni remained at different magnitudes.

The experimental results obtained by Pitois et al. [21] are shown in Figure 7a, along
with our Marangoni velocity model, which shows that our results corresponded with their
experiment [21].

4.3. Effect of Film Thickness on Marangoni Flow

The influence of the film thickness and surface mobility on the liquid velocity of
the film was previously studied by Koehler et al. [5] However, they ignored the effect
of the Marangoni flow in their calculation for the sake of simplicity. In this research, the
Marangoni flow was considered in the surface flow of the film and investigated for different
film thicknesses and interface mobilities. The results are presented in Figure 8a,b for interior
and exterior foams, respectively.

As discussed by Anazadehsayed et al. [39] and shown in Figure 8, the node–PB velocity
decreased slightly with increasing film thickness. This is owing to the slight increase in
the zero-velocity conjunction of the PB with the film. However, this was not the case for
Marangoni flows, particularly for interior foams. The Marangoni flow in mobile liquid–air
interfaces decreased considerably in thicker films. This is again owing to the characteristics
of the Marangoni flow as a surface-only flow. For the Marangoni flow, the surface force
derived from the surface surfactant gradient must overcome the body force of the film (ρg).
The body force increased as the film thickness increased, thereby resulting in a weaker
Marangoni flow. In exterior foams, as mentioned previously, the presence of a wall is a
dominant factor in Marangoni flows, which reduces the effect of film thicknesses.
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Figure 8. PB and Marangoni velocity in different film thickness are simulated in different Bo number
for (a) interior films and (b) exterior films.

Following the works of Koehler et al. [5] and Anazadesayed et al. [39], both Bo numbers
and film thicknesses scaled by the inverse radius of curvature of the PB (Table 2) were
combined with the new parameter Λ−1

= Bo +w, where w is the dimensionless thickness.
Using this dimensionless value, which represents both the interfacial mobility and film
thickness, a master curve was developed to determine the scaled Marangoni velocity for
any given Bo number and film thickness. As shown in Figure 9, the Marangoni velocity in
the master curves decreased by Λ−1 increment. However, when the Bo number increased
regardless of the film thickness, the Marangoni flow decreased. The scaled velocities of
Marangoni flows in Figure 9 are sketched for both interior and exterior foams. However, the
scaled Marangoni velocities for a range of Λ−1 collapsed well into master curves in the
interior foam (Figure 9a). The master curves for the exterior foams (Figure 9b) had a
larger gap between the Marangoni velocity profiles for different thicknesses. This velocity
difference in the master curve was visible between the fitted line and lowest thickness.
This may be attributed to the presence of a wall in the exterior geometry and surface-only
feature of the Marangoni flow, as explained above. Hence, for the exterior foam (based
on the results shown in Figure 9b), the gap should be considered for the prediction of
Marangoni velocities, particularly for thinner films.

Figure 9. Dimensionless Marangoni velocities for different film thicknesses and Bo number (Λ−1) for
(a) interior (b) exterior foams. The velocity values for the different film thicknesses are represented by
symbols, and the approximation (fitted line) is represented by the solid curve. In the exterior of the
foam (b), the simulated data points with different thickness have quite different Λ−1, and the fitted
line is estimated for all simulated data points. Therefore, it is possible to observe some deviations from
the fitted line for some of the data points, particularly for those with different thickness. Therefore, to
accurately reflect the uncertainties in the data, error bars have been added.
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5. Conclusions

The validated model successfully reproduced the Marangoni eye phenomenon. Addi-
tionally, the scaled velocities of the Marangoni flows together with those of node–PBs were
investigated for interior and exterior foams. This study acknowledges that the Marangoni
flow velocities increased when the mobility of the liquid–air interfaces increased for the
interior and exterior. Furthermore, a difference between the Marangoni flow trends of the
interior and exterior foam was observed. The ratio of Marangoni to PB velocity in the
exterior foam was almost constant for both rigid and mobile foams. For the interior foams,
however, the ratio was higher in mobile foams than in rigid foams. This is owing to the
nature of the Marangoni flow in being a surface-only flow compared to the node–PB, which
is a surface-bulk flow. In the mobile interfaces of the interior foams, the Marangoni flow and
node–PB flow were on a similar scale as both faced low hydraulic resistances, whereas in
more rigid interfaces, the hydraulic resistance of the Marangoni flow was greater than that
of the node PB. The effect of the film thickness on the Marangoni flow was also investigated,
which showed that the Marangoni flow is more affected by the film thickness compared to
the node–PB (this is again owing to the nature of Marangoni flow as an surface-only flow).
For thicker films, the Marangoni flow decreased considerably owing to the higher ratio of
the body force to the surface-driven flow. Finally, master curves were developed to show
the combined effect of the interfacial mobility and film thickness on the Marangoni flow
velocity. This curve enabled the calculation of the Marangoni flow velocity for any given
interfacial mobility and film thickness.

In conclusion, the results of this study provide valuable insights into the behavior of
Marangoni flows in both interior and exterior foams, and the implications of these findings
are significant for various industries. Based on these findings, it is recommended that
future research investigate how Marangoni flow can act as a controller for manipulating soft
particles and producing controlled collisions between them, particularly in the development
of microfluidic devices [40,41]. Additionally, exploring the behavior of Marangoni flow
in different systems, such as foam fractionation [17] or UV exposure [20], could lead to
the development of new methods for controlling foam stability and improving industrial
processes. Overall, this research opens up exciting possibilities for further investigation
and innovation in the field of foam behavior and control.
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Appendix A

Figure A1. Mesh used for numerical simulation of the interior of the foam with film thickness of
5 µm. The image shows a 3D view of the computational mesh used for the simulation, consisting of
90k number of elements. To generate the mesh, the GAMBIT software was used to create a tetrahedral
mesh, which was then imported into AVL FIRE for simulation.

Figure A2. The exterior foam is in contact with the wall, as indicated by the bubbles touching the
wall in the ZX plane.
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