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Effect of surfactant-laden droplets on turbulent flow topology
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In this work we investigate flow topology modifications produced by a swarm of large
surfactant-laden droplets released in a turbulent channel flow. Droplets have the same
density and viscosity of the carrier fluid, so only surface tension effects are considered.
We run one single-phase flow simulation at Re, = pu,h/p = 300 and ten droplet-laden
simulations at the same Re, with a constant volume fraction ® ~ 5.4%. For each simula-
tion, we vary the Weber number We (ratio between inertial and surface tension forces) and
the elasticity number B, (parameter that quantifies the surface tension reduction). We use
direct numerical simulations of turbulence coupled with a phase-field method to investigate
the role of capillary forces (normal to the interface) and Marangoni forces (tangential
to the interface) on turbulence (inside and outside the droplets). As expected, due to the
low volume fraction of droplets, we observe minor modifications in the macroscopic flow
statistics. However, we observe major modifications of the vorticity at the interface and
important changes in the local flow topology. We highlight the role of Marangoni forces
in promoting an elongational type of flow in the dispersed phase and at the interface. We
provide detailed statistical quantification of these local changes as a function of the Weber
number and elasticity number, which may be useful for simplified models.
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I. INTRODUCTION

The evaluation of mass, momentum, and heat transfers across a deformable interface is a crucially
important design parameter in many industrial applications [1,2]. Usual engineering practice is
however based on strong simplifying assumptions of the flow field in the proximity of the interface
[3-5]. The development of correlations able to accurately predict these transfer rates is extremely
difficult due to the limited amount of experimental and numerical data available. Indeed, obtaining
accurate information on physical quantities of interest near a deformable interface is challenging:
Experimental measurements on multiphase flows require the development of specific methods [6,7]
or a combination of them [8], while accurate simulations of multiphase flows require numerical
methods able to capture the topology of the dispersed phase and its changes, e.g., coalescence and
breakage events [9-11].

The quest for this type of information becomes even more problematic when real-life envi-
ronmental and industrial applications are considered and thus the presence of impurities and/or
surface-active agents (surfactants) has to be accounted for [2,12]. These agents, which collect at the
interface between the two phases, locally reduce surface tension and might generate surface tension
gradients, strongly modifying the system evolution [13—16]. This further complexity requires the
adoption of more sophisticated experimental [17,18] and numerical techniques able to describe the
surfactant dynamics [19-22]. In this work, in an attempt to lay useful guidelines for the development
of physics-aware empirical correlations, we aim at characterizing the flow modifications produced
by a swarm of surfactant-laden droplets released in a turbulent flow.
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The study of the flow modifications produced by a dispersed phase has drawn the attention of
many researchers in recent years, since the presence of deformable droplets or bubbles (and of
the accompanying surface tension forces) can generate strong modifications in the carrier flow
[23-26]. In this context, the role of the bubble-droplet interface is crucial since it introduces an
elasticity element in the system and can modulate the transfer of momentum between the two
phases and thus modifies the overall flow dynamics. Previous numerical works studied different
aspects of the problem: Lu and co-workers [13,23,27-31] investigated the macroscopic flow
modifications produced by a swarm of bubbles, Ferrante and co-workers [32,33] studied the effects
of droplets properties on turbulence decay, Brandt and co-workers [34-37] investigated the effects
of coalescence and volume fraction on system rheology, Mukherjee et al. [38] and Shao et al. [39]
studied the influence of volume fraction and Weber number on homogeneous isotropic turbulence,
and Scarbolo et al. [40] and Spandan ef al. [41] investigated the effects of droplets deformability on
drag.

In this work we aim at characterizing the flow modifications introduced by a swarm of surfactant-
laden droplets released in a turbulent channel flow. Due to the relatively low volume fraction of
the dispersed phase (® =~ 5.4%), important macroscopic flow modifications are not expected and
indeed we find an extremely limited increase of the flow rate (1% for all cases (with respect to the
single-phase case). However, important local flow modifications due to the presence of the interfaces
are expected. The interface is an elastic boundary that separates the two phases and confines the
flow within; further, the soluble surfactant introduces additional effects locally reducing the surface
tension according to its concentration and strength and possibly generating forces tangential to the
interface (Marangoni forces). To characterize these local modifications, we analyze the vorticity
field at the interface and we study the spatial distribution of the flow topology parameter Q in
the different regions of the domain: carrier phase, dispersed phase, and interface. The topology
parameter locally defines the type of flow (purely rotational, pure shear, and purely elongational
flow) based on the symmetric and antisymmetric parts of the velocity gradient tensor (i.e., the rate-
of-deformation and the rate-of-rotation tensors, respectively).

The analyses presented here are based on the simulation database developed in [14], in
which a two-order-parameter phase-field method [20,42—44] is adopted to describe the interfacial
phenomena. The first order parameter ¢ defines the morphology of the interface, while the second
order parameter ¥ describes the dynamics of the soluble surfactant. For all the simulations, the shear
Reynolds number (ratio between inertial and viscous forces) is kept fixed at Re, = 300. We consider
two different values of the Weber number, We = 1.50 (high surface tension) and We = 3.00 (low
surface tension), and four different surfactant strengths, from g; = 0.50 (weaker surfactant) up
to B; = 4.00 (stronger surfactant). The simulation database is completed by two simulations of
surfactant-free systems (We = 1.50 and We = 3.00) and by a single-phase flow simulation.

The paper is organized as follows. The numerical method and the simulation setup are introduced
in Sec. II. The effects introduced by a surfactant-laden and deformable interface are presented in
Sec. III for different surface tension values and surfactant strengths. Section IV summarizes the
results presented.

II. METHODOLOGY

The dynamics of a swarm of surfactant-laden droplets in wall-bounded turbulence is described
employing direct numerical simulations of the Navier-Stokes equations coupled with a two-
order-parameter phase-field method [14,20,42—44]. The Navier-Stokes equations, which include an
additional term to account for the presence of a surfactant-laden interface, define the hydrodynamics
of the system. The two-order-parameter phase-field method instead describes the transport of the
phase field and of the surfactant concentration. In the following sections, first the phase-field
method in its two-order-parameter formulation is introduced and then the force coupling with the
Navier-Stokes equations is described.

073606-2



EFFECT OF SURFACTANT-LADEN DROPLETS ON ...

A. Modeling of interface and surfactant concentration dynamics

The two-order-parameter phase-field formulation uses two scalar fields (order parameters) to
define the transport of the phase field and of the surfactant concentration. The phase field ¢ defines
the local concentration of the two phases; it varies between ¢ = —1 in the carrier phase and ¢ = +1
in the dispersed phase. Across the interface, the phase field changes smoothly between the two
bulk values; the interface is defined as the isolevel ¢ = 0. The second order parameter y» defines
the local surfactant concentration in the entire domain [20,42,43,45]; here a soluble surfactant is
used and thus, in addition to the dynamics of surfactant over the interface, also adsorption and
desorption of surfactant to and from the interface are taken into account. Surfactant molecules are
amphiphilic (i.e., molecules composed of a hydrophilic head and a hydrophobic tail), thus they are
preferentially found at the interface between different phases. Indeed, the surfactant concentration
has a low uniform value in the bulk of the phases (surfactant bulk concentration ;) and reaches
its maximum value at the interface. In the following all equations are in dimensionless form; the
nondimensional procedure can be found in our previous works [14,20]. Two separate Cahn-Hilliard-
like equations define the dynamics of the phase field and of the surfactant concentration
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where u = (u, v, w) is the velocity field (streamwise, spanwise, and wall-normal components), Pe,,
and Pe,, are the phase-field and surfactant Péclet numbers, (4 and p, are their respective chemical
potentials, and f}, is the penalty flux introduced with the profile-corrected formulation of the phase-
field method [46—48]. The profile-corrected formulation constitutes an improvement to the standard
phase-field formulation; it allows one to maintain the equilibrium interfacial profile and it overcomes
the drawbacks of the method (e.g., mass leakages among the phases and misrepresentation of the
interfacial profile [46,49]). The penalty flux is defined as
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where the numerical parameter A can be set via the scaling > = 0.0625/Ch [48]. The Cahn number
Ch is the dimensionless parameter which defines the thickness of the thin interfacial layer. The
Péclet number is a dimensionless quantity, which defines the ratio of diffusive over convective
timescales for the phase field and the surfactant concentration, respectively.

The chemical potentials are derived from a two-order-parameter Ginzburg-Landau free-energy
functional F[¢, V¢, ¥]. This functional is composed of the sum of five different contributions
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where €2 is the domain considered. The five different contributions are defined as
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The first two contributions f; and f,, are a function of the phase-field variable alone and are the
same used in the single-order-parameter phase-field formulation [50,51]. The term f; defines the
tendency of the multiphase system to separate in two pure phases; this phobic behavior is described
by a double-well potential, with minima corresponding to the pure phases. The interfacial term
fm accounts for the energy stored in the interfacial layer (i.e., the surface tension); it allows for a
limited mixing between the two phases at the interface. The three latter terms define the dynamics
of the surfactant: the entropy term fy, the surfactant adsorption term fi, and the bulk term f;,.
The entropy reduction obtained when surfactant is uniformly distributed throughout the entire
domain is accounted for by the entropy term. The temperature-dependent parameter Pi defines the
diffusivity of surfactant: Higher values of Pi (higher temperatures) favor a more uniform surfactant
distribution in the domain. This term strictly limits the surfactant concentration between y = 0
(absence of surfactant) and ¢ = 1 (saturation of surfactant). The surfactant adsorption term defines
the amphiphilic behavior of the surfactant; it is maximum at the interface, while it vanishes in the
bulk of the phases. The last contribution, the bulk term, controls the solubility of the surfactant in
the bulk of the phases; it vanishes at the interface and it is maximum in the bulk of the phases. The
surfactant solubility parameter E, quantifies the solubility of the surfactant; highly soluble surfactant
are characterized by high values of E,.

The phase-field and surfactant chemical potentials are obtained by taking the variational
derivative of the free-energy functional with respect to the two order parameters:
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As discussed in previous works [43,44], the term Cgy, in the phase-field chemical potential might
introduce an unphysical behavior of the thin interfacial layer; on this basis, it is neglected to
restore the correct interfacial dynamics [44]. Surface tension forces then must be calculated using a
geometrical approach [52], as an alternative to the thermodynamic approach based on the chemical
potential gradients [43,45]. The use of a geometrical approach provides an additional advantage:
The effect of surfactant on surface tension can be selected via a suitable surface tension equation of
state. Thus, surface tension forces are calculated here with a geometrical approach, which relies on
the phase field for the computation of the local curvature and on a surface tension equation of state
accounting for the effect of surfactant.

From the expression of the two chemical potentials, the equilibrium profiles of the order
parameters can be obtained; at the equilibrium, the chemical potentials are uniform in all the domain.
For a planar interface located at s = 0, with s a coordinate normal to the interface, an analytic
equilibrium profile can be derived for both the phase field and the surfactant concentration

(11)
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The phase field is uniform in the bulk of the phases, ¢ = —1 in the carrier phase and ¢ = +1 in the
dispersed phase, and it follows a hyperbolic tangent profile across the interface. In a similar way, the
surfactant concentration is uniform in the bulk of the phases, equal to the surfactant bulk concen-
tration v, and it peaks at the interface, where surfactant molecules preferentially accumulate. The
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FIG. 1. (a) Equilibrium profiles for the phase field (red solid line, linear scale on the left) and for the
surfactant concentration (blue solid line, logarithmic scale base 10 on the right). (b) Modified Langmuir
equation of state for different elasticity numbers (solid lines). To remove unphysical surface tension values,
the surface tension reduction is limited to f, = 0.5 (colored dots). The behavior predicted by the original
Langmuir equation of state is reported with dashed lines below the minimum surface tension f, = 0.5.

maximum value of the surfactant concentration depends on the surfactant parameters Pi and E, and
on the surfactant bulk concentration v, as shown in Egs. (13) and (14). The equilibrium profiles
for the two order parameters are reported in Fig. 1(a): The phase field is shown in red (linear scale
on the left) and the surfactant concentration in blue (logarithmic scale on the right).

B. Hydrodynamics

The hydrodynamics of the multiphase system is described using a one-fluid formulation, in
which the effects of a surfactant-laden interface are introduced via an additional interfacial term in
the Navier-Stokes equations. In particular, surface tension forces are computed with a geometrical
approach [44]: The Korteweg tensor [53] is used to compute the curvature of the interface, while
an equation of state is used to define the surfactant action on the surface tension. In this work,
to highlight the effects of the surfactant, two phases with matched density (p; = p» = p) and
matched viscosity (u; = up = w) are considered. With these hypotheses, the mass and momentum
conservation equations can be written as (dimensionless form)

V.u=0, 5)
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where u = (u, v, w) is the velocity field, V p is the pressure gradient (sum of a mean component that
drives the flow and of a fluctuating part), f;, (¢) is the surface tension equation of state [54,55], and
T. = |V¢|*l — Vé ® V¢ is the Korteweg tensor [53]. The last term in the Navier-Stokes equations,
which includes the surface tension equation of state and the Korteweg tensor, accounts for the
surface tension forces introduced by the surfactant-laden interface. This term can be divided into
two separate contributions, one normal to the interface (capillary forces) and one tangential to the
interface (Marangoni forces),

Vo fe()Tel, (16)

Vo lfe@)Tel = fo(¥)V-Te+ Vi) Te

normal (capillary)

a7

tangential (Marangoni)
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When the surface tension is uniform, the tangential contribution vanishes, leaving only the normal
contribution (capillary forces). The shear Reynolds number Re, = pu h/u is defined using the
friction velocity u, = /7, /p as the velocity scale (where 7, is the mean wall-shear stress) and
the channel half height / as the length scale. The Weber number We = pu?h/oy is defined with the
surface tension of a clean interface (absence of surfactant) oy as a reference.

The surface tension equation of state adopted here is a modified Langmuir equation of state
[56]. Experimental measurements on liquid-liquid [57,58] and gas-liquid [54] systems showed that
surface tension never decreases below about half its clean value for any surfactant concentration.
This characteristic originates from the saturation of the interface; once the surfactant saturation
concentration is reached at the interface, no more surfactant molecules can accumulate there and
thus surface tension remains constant [59]. This behavior is not captured in the original formulation,
which closely aligns with experimental measurements at low surfactant concentrations, but fails to
reproduce the surface tension plateau above the surfactant saturation concentration. For this reason,
we adopt a modified equation of state, in which the minimum surface tension value has been
limited according to experimental measurements; here the minimum value is set to 0.50¢, which
is within the range of values measured in experiments (30%—60% [54,57,58] of the clean value oy).
The modified Langmuir equation of state thus combines the accuracy of the original equation of
state at surfactant concentrations lower than the saturation value with the surface tension saturation
observed in experiments. The equation reads

o) = m =max|:1+,3xln(1—w), 0.5:|. (18)
—_—
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Langmuir EOS

A similar equation of state has also been employed in previous works [22,60]; the authors,
however, selected a much lower minimum surface tension value to keep the surface tension value
strictly positive. The equation of state is made dimensionless using the surface tension of a clean
interface as a reference: When surfactant is absent (¢ = 0), the dimensionless surface tension
results in f;(y = 0) = o (¥ = 0)/op = 1. The elasticity number S, quantifies the strength of the
surfactant: Higher values of the elasticity number lead to a stronger reduction in the surface tension
for the same surfactant concentration. The modified Langmuir equation of state for the four elasticity
numbers used in this work is reported in Fig. 1(b).

The surfactant saturation value [colored dots in Fig. 1(b)], above which surface tension remains
constant at f,(y) = 0.5, is here referred to as the shutdown concentration y; and can be calculated
as

Us(Bs) =1 — e 0P, (19)

The shutdown concentration is an important parameter that influences the action of the Marangoni
forces: These forces are proportional to the surface tension gradients [Eq. (17)]; thus they vanish
whenever surface tension is uniform (i.e., when v > ¥, or when a clean system is considered).

Finally, it is worth mentioning that the accumulation of the surfactant molecules at the interface
introduces also an additional effect: the interface viscosity [61,62]. This effect is however negligible
for soluble surfactants [61], and thus it is not here considered.

C. Numerical method

The governing equations (1), (2), (15), and (16) are solved in a closed-channel geometry
using a pseudospectral method [63—-65]. Fourier series are used to discretize the variables in the
two homogeneous directions (streamwise x and spanwise y), while Chebyshev polynomials are
used along the wall-normal direction z. All five unknowns (velocity, phase field, and surfactant
concentration) are Eulerian fields defined on the same Cartesian grid (uniform spacing in the
homogeneous directions and Chebyshev-Gauss-Lobatto points in the wall-normal direction).
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The time advancement of the equations is performed using an implicit-explicit integration
scheme. The linear diffusive term of the equations is discretized with an implicit scheme: Crank-
Nicolson for the Navier-Stokes equations and implicit Euler for the phase-field and surfactant
transport equations. This latter scheme damps eventual unphysical high-frequency oscillations that
could originate from the steep gradients present in the two Cahn-Hilliard-like equations [66,67].
In contrast, the nonlinear part is integrated explicitly over time using a two-step Adams-Bashforth
scheme.

A velocity-vorticity formulation is adopted to avoid the costly computation of the pressure field
[68,69]: The Navier-Stokes equations are recast in a fourth-order equation for the wall-normal
component of the velocity (twice the curl on the Navier-Stokes equations) and a second-order
equation for the wall-normal component of the vorticity w, (curl on the Navier-Stokes equations).
This set of equations in four unknowns (velocity and wall-normal vorticity) is completed by
the continuity equation (mass conservation) and by the definition of wall-normal vorticity. The
phase-field transport equation (fourth order) is split into two second-order equations [67], while the
surfactant transport equation (second order) is directly solved in its original formulation [14,20,48].

Boundary conditions

For the Navier-Stokes equations, no-slip boundary conditions are applied on the velocity at both
solid walls z/h = %1,

w@z/h = £1) =0, aa—lg(z/h 1) =0 (20)

the no-flux condition comes from the continuity equation at the wall. From the no-slip conditions on
the velocity, the boundary conditions for the wall-normal component of the vorticity are obtained:

ov ou
w,(z/h==x1)= —

. 0. @21)

2/h==%1

z/h==%1 dy

No-flux boundary conditions are imposed on the phase field, surfactant concentration, and respective
chemical potentials at the two solid walls. This is formally equivalent to the following boundary
conditions:

3¢

9
- 3
2/h=%1 0z

99
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=0. (22)
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Finally, periodic boundary conditions are applied to all variables along the homogeneous directions
(Fourier discretization). The set of boundary conditions employed strictly enforces the conservation
of the total mass of the two phases and the surfactant over time:

0 d
§/Q¢d§2:0, Efﬂwsz:o. (23)

Despite the total mass of the two phases being conserved, mass conservation of each phase is not
guaranteed [48,49]; limited mass leakages among the phases may occur. This issue is rooted in
the phase-field method and can be strongly mitigated with the adoption of corrected formulations
[46-48]; in particular, here the profile-corrected formulation is used [46,48]. In the cases presented
here, mass leakages are limited to at most 8% of the dispersed phase and occur only in the initial
transient phase; at steady state, the mass of each phase remains constant. The mass leakage in the
initial part of the simulations is linked with the initial condition chosen and will be better addressed
in the following section.

D. Simulation setup

The same simulation setup adopted in [14] is used in this work (Table I). A closed-channel config-
uration with dimensions L, x Ly x L, = 4wh x 2rh x 2h (L] x L} x L = 3770 x 1885 x 600
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TABLEI Overview of the parameters used in the different simulations performed. For each Weber number,
one surfactant-free and four surfactant-laden systems have been analyzed. Surfactant-laden systems consider
different elasticity numbers: from B, = 0.50 (weaker surfactant) up to B, = 4.00 (stronger surfactant). In
addition, a simulation of a single-phase flow has been performed.

System Re, We Ch Pe, Pe, Pi E, ¥y Bs
Single-phase 300

Surfactant-free 300 1.50 0.025 40

Surfactant-laden 300 1.50 0.025 40 100 1.35 0.117 0.01 0.50
Surfactant-laden 300 1.50 0.025 40 100 1.35 0.117 0.01 1.00

Surfactant-laden 300 1.50 0.025 40 100 1.35 0.117 0.01 2.00
Surfactant-laden 300 1.50 0.025 40 100 1.35 0.117 0.01 4.00

Surfactant-free 300 3.00 0.025 40

Surfactant-laden 300 3.00 0.025 40 100 1.35 0.117 0.01 0.50
Surfactant-laden 300 3.00 0.025 40 100 1.35 0.117 0.01 1.00
Surfactant-laden 300 3.00 0.025 40 100 1.35 0.117 0.01 2.00
Surfactant-laden 300 3.00 0.025 40 100 1.35 0.117 0.01 4.00

wall units) has been selected (see Fig. 2). The computational domain is discretized with N, x
N, x N, = 1024 x 512 x 513 grid points; the computational grid has uniform spacing in the
homogeneous directions and Chebyshev-Gauss-Lobatto points in the wall-normal direction.

The flow is driven by an imposed constant pressure gradient in the streamwise direction; the
shear Reynolds number is kept fixed at Re; = 300 for all the cases. Two different values of
the reference surface tension (clean interface), set via the Weber number, have been selected:
We = 1.50 (higher surface tension) and We = 3.00 (lower surface tension). The selected values
are characteristics of oil-water mixtures [70]. For each surface tension value (Weber number), four
different elasticity numbers have been tested: S, = 0.50 (weaker surfactant), g, = 1.0, B, = 2.0,
and B; = 4.0 (stronger surfactant). In addition, two simulations of surfactant-free systems (We =
1.50 and We = 3.00) and a single-phase flow simulation also have been performed.

For the phase field, the Cahn number is set to Ch = 0.025. This value is selected based on the grid
resolution; at least five grid points are required across the interface to accurately describe the steep
gradients present [20]. The phase-field Péclet number has been set according to the scaling Pey, =
1/Ch = 40 to achieve the convergence to the sharp interface limit [49,71]. Higher grid resolutions
allow one to reduce the thickness of the interface (smaller Cahn numbers); the computational cost
would however increase dramatically (roughly as the third power of the refinement factor). With

FIG. 2. Instantaneous representation of the droplets at 1+ = 3750 for the case We = 3.00 and 8, = 4.00.
The interface of the droplets (isocontour ¢ = 0) is colored by the local surfactant concentration (white, low;
black, high). The flow field is visualized via the streamwise velocity isosurface (corresponding to # = 15) and
is colored by the distance from the bottom wall (black, near wall; yellow, channel center). For the sake of
clarity, the top wall has been removed and the flow field is shown only in the bottom half of the channel.
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the aim of evaluating the influence of the grid resolution (and of the Cahn number) on the results,
the case We = 3.00 and B; = 4.00 has been rerun on a refined grid (twice the resolution in each
direction: N, x N, x N, = 2048 x 1024 x 1025) and with a halved Cahn number (Ch = 0.0125).
A specific discussion on the effect of the grid resolution on the results presented here can be found
in Sec. IIIC.

For the surfactant, the bulk concentration is set equal to 1, = 0.01 for all cases. The surfactant
Péclet number is set to Pey, = 100, a typical value for nonionic and anionic surfactants in aqueous
solutions [72]. The temperature-dependent parameter has been set equal to Pi = 1.35 and the
surfactant solubility parameter to E, = 0.117. The effect of the surfactant parameters is not
investigated here, as we focus on the effects of the global (set via the Weber number) and local
(set via the elasticity number) surface tension modifications.

At the beginning of each simulation, a regular array of 256 spherical droplets with diameter d =
0.4h (corresponding to d* = 120 wall units) is initialized in a fully developed single-phase turbulent
channel flow. The total volume fraction of the dispersed phase is ® = V;/(V. + V;) >~ 5.4%, with V,
and V, the volumes of the dispersed and carrier phases, respectively. The very same configuration
(volume fraction, droplet size, and number) was used in previous works [40,50], thus allowing
for a direct comparison. The phase field and the surfactant concentration are initialized with their
equilibrium profile [Egs. (12) and (13)]. As the array of spherical droplets is suddenly released in
a single-phase turbulent flow, turbulent velocity fluctuations strongly perturb the interfacial profile;
during this initial coupling phase, mass leakages among the phases may occur. After this initial
transient, the mass of each phase remains constant over time.

While the initial condition chosen for the dispersed phase may seem unphysical, after a short
transient, memory of the initial condition is completely lost and the analysis performed at a
statistically steady-state condition is not affected by the initial condition selected. Different initial
conditions have been tested, for instance, the injection of a thin liquid sheet at the channel center, and
the same statistically steady-state results were obtained. In addition, the selected initial condition
has a shorter transient before reaching statistically steady-state results with respect to the other
configurations tested. Thus, to reduce the computational cost of the simulations and to better
compare the obtained results with previous works [40,50,51], the present initial condition for the
dispersed phase has been used.

III. RESULTS

We characterize the flow modifications produced by the surfactant-laden droplets from both a
global and a local point of view. First we focus on the macroscopic flow modifications produced by
the presence of a surfactant-laden interface. In particular, we analyze the wall-normal behavior of
the mean streamwise velocity profiles and the root mean square of the streamwise and wall-normal
velocity fluctuations. Then we move to analyze the local flow modifications produced by the surface
tension forces, analyzing first the alignment between the interface normal and vorticity vector at the
interface and then the distribution of the flow topology parameter Q in the two phases (carrier and
dispersed) and at the interface. In this work we focus only on the flow modifications produced by
the droplets; a detailed characterization of the dispersed phase morphology can be found in our
previous related work [14].

A. Macroscopic flow modifications

We quantify the effects of the dispersed phase on the macroscopic flow, analyzing the changes
in the mean streamwise velocity and in the root mean square of the streamwise and wall-normal
velocity fluctuations. Once the droplets are released in the turbulent channel flow, a transient is
required to adapt the flow field to the presence of the droplets. After this transient, the system
reaches a new steady-state configuration and the statistics are computed. The statistics have been
obtained averaging the entire velocity fields in the two homogeneous directions and over time.
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FIG. 3. Profiles of the mean streamwise velocity (u) at Re, = 300 for (a) We = 1.50 and (b) We = 3.00
(z" axis is reported in logarithmic scale, base 10). The single-phase velocity profile is reported with a black
dashed line while the multiphase cases are reported with different colors: g, = 0.50, blue; B, = 1.00, green;
Bs = 2.00, yellow; and B, = 4.00, red. For all multiphase cases, mean velocity profiles are overlapped and a
small increase of the velocity profiles can be observed with respect to the single phase. The classical law of the
wall, u = z* and u = (1/k)Inz" + 5 (with k = 0.41 the von Kdrmén constant) is also reported as a reference.

1. Mean velocity profiles

We start by considering the profiles of the mean streamwise velocity () for We = 1.50 [Fig. 3(a)]
and We = 3.00 [Fig. 3(b)]. The multiphase cases are reported with solid lines using different
colors: clean, black; B, = 0.50, blue; B, = 1.00, green; B, = 2.00, yellow; and B, = 4.00, red.
The single-phase results are indicated using a black dashed line. In addition, the classic law of
the wall [73], u = z" and u = (1/k)Inz" + 5 (where k = 0.41 is the von Kdrmdn constant [74]),
is reported as reference. For both Weber numbers, we can observe that all the mean streamwise
velocity profiles are almost unaffected by the presence of the dispersed phase and all multiphase
cases fall almost on top of each other. Thus, for the range of parameters considered here, the surface
tension modifications, either global (Weber number) or local (elasticity number), do not modify
significantly the mean flow. Nevertheless, with respect to the single-phase case (black dashed line),
we can observe a slight increase of the mean velocity and indeed an increase in the flow rate of about
1% is observed for all the multiphase cases. These observations are in agreement with the results
obtained previously by Scarbolo et al. [40] and Roccon et al. [51], in a similar configuration, albeit
at a lower Reynolds number (Re, = 150). In this paper we also perform simulations at a lower
Reynolds number, Re; = 150, maintaining the grid resolution to better address the effect of the
Reynolds number on the macroscopic flow indicators; a full discussion on this issue can be found
in the Appendix.

2. Root mean square of the velocity fluctuations

More significative effects of the dispersed phase on the flow statistics can be appreciated in the
root mean square (rms) of the streamwise and wall-normal velocity fluctuations, which are shown
in Fig. 4 for We = 1.50 [Figs. 4(a) and 4(c)] and We = 3.00 [Figs. 4(b) and 4(d)]. The multiphase
cases are reported with different colors: clean, black; 8, = 0.50, blue; 8, = 1.00, green; B, = 2.00,
yellow; and B, = 4.00, red, while the single-phase results are reported with a black dashed line.
We focus on the modifications which occur in the core of the channel, where most of the droplets
are located. For all the multiphase cases, with respect to the single phase, we observe a decrease
in the amplitude of the streamwise and wall-normal velocity fluctuations. This decrease is more
pronounced for the wall-normal velocity fluctuations [Figs. 4(c) and 4(d)], while it is milder for the
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FIG. 4. Root mean square of the velocity fluctuations for (a) and (b) the streamwise component #' and
(c) and (d) the wall-normal component w’ with (a) and (c) We = 1.50 and (b) and (d) We = 3.00. The different
cases are reported with different colors: clean, black; B, = 0.50, blue; g, = 1.00, green; B, = 2.00, yellow;
and B, = 4.00, red. A black dashed line identifies single-phase flow results. For all multiphase cases, a slight
reduction of the amplitude of the velocity fluctuations is observed in the channel center.

streamwise velocity fluctuations [Figs. 4(a) and 4(b)]. These modifications can be directly traced
back to the presence of the droplets: Indeed, the interface acts as a decoupling element between the
carrier phase fluid and the dispersed phase fluid, modulating turbulence and momentum exchanges
across it. Thus, the presence of the interface damps the fluid velocity fluctuations (in all directions).
There is also an additional factor, which will be better addressed and quantified later on, which
modifies the local flow within the droplets: the confinement effect due to the interface enclosing
portions of fluid. Specifically, the fluid within the droplets is confined by the interface, which
modulates momentum exchanges with the external flow and suppresses the larger flow structures
enclosed by the interface. This confinement effect is inversely proportional to the size of droplets:
Internal flowing is strongly suppressed in smaller droplets. This latter aspect will be better addressed
in Sec. III B 2, which is dedicated to the flow topology parameter, in which the effect of the flow
confinement will be clear (see Fig. 9 and the related discussion).

B. Local flow modifications

We move now to analyze the modifications produced by the surface tension forces (capillary
and Marangoni) on the local flow field. First we consider the changes in the local vorticity at the
interface [38,39]. Then we consider the spatial distribution of the flow topology parameter [34,75]
in the different regions of the domain: carrier phase, dispersed phase, and interface.
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FIG. 5. Probability density function of cos & computed at the interface, with 6 the angle between normal-
ized vorticity ®/|@| and interface normal n (see the inset), for (a) We = 1.50 and (b) We = 3.00. The different
cases are reported using different colors: clean, black; B, = 0.50, blue; B, = 1.00, green; B, = 2.00, yellow;
and B, = 4.00, red. We can distinguish among three different reference configurations: cos 8 = —1 (interface
normal and vorticity opposed), cosd = 0 (interface normal and vorticity perpendicular), and cos6 = +1
(interface normal and vorticity concordant).

1. Vorticity and interface normal alignment

To characterize the modifications produced by the capillary and Marangoni forces in the vorticity
field at the interface, we analyze the alignment between the vorticity vector @ = V x u and the
interface normal n. In particular, we compute the cosine of the angle 6, where 0 is the angle between
the vorticity vector (evaluated at the interface) and the interface normal (see Fig. 5). Using a phase-
field approach, the interface normal can be directly computed from the phase field [51,76,77]

n= —&, 24)
Vol
where the minus sign is needed to obtain the outward-pointing normal [from the droplet towards the
carrier phase (see Fig. 5)]. To obtain the cosine of the angle 6, we can compute the scalar product
between the interface normal and the vorticity normalized by its magnitude:

cosf =n- —. (25)
@]
The range of values assumed by the cosine of 6 spans from cosf = —1 (interface normal and
vorticity opposed) to cos# = 0 (interface normal and vorticity perpendicular) up to cosf = +1
(interface normal and vorticity concordant).

To characterize the alignment between these two quantities at the interface of the droplets, we
compute the probability density function (PDF) of cos 6. The results are shown in Fig. 5 for We =
1.50 [Fig. 5(a)] and We = 3.00 [Fig. 5(b)]. The different cases are reported using different colors:
clean, black; g; = 0.50, blue; B, = 1.00, green; B, = 2.00, yellow; and g; = 0.50, red.

We start by considering the cases at We = 1.50 [Fig. 5(a)]. For all cases, we observe that the
PDF is symmetric and the most probable value is cos® = 0. In contrast, larger values of cos6
(in magnitude) are very unlikely to be found. This indicates that there is a strong probability that
the interface normal and the vorticity vector are perpendicular. Conversely, there is a much lower
probability that the interface normal and the vorticity are aligned along the same direction (with
the same or opposite sign). The larger probability of finding vorticity tangential to the interface can
be attributed to the action of the surface tension forces [78,79]. Increasing the elasticity number
(from clean, i.e., By = 0, to B; = 4.00), we can appreciate a clear modification of the PDF shape,
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FIG. 6. Qualitative representation of the flow topologies obtained for different values of Q: (a) rotational
flow for @ = —1, (b) pure shear flow for @ = 0, and (c) elongational flow for Q@ = +1. The boxes are colored
by the value of Q.

which becomes slightly wider, and the amplitude of the peak shifts downward (from ~4.6 for the
surfactant-free system down to ~3.5 for 8; = 4.00). This modification of the PDF is produced by
the action of the surfactant, which reduces the local surface tension (and also the average). Thus, the
interface becomes more deformable and in turn less capable of modifying the local vorticity field.

Moving to We = 3.00 [Fig. 5(b)], a similar trend can be appreciated. However, with respect to
We = 1.50, the PDFs are slightly wider and the amplitude of the peaks decreases. Also for these
cases, the widening of the PDFs can be traced back to the lower surface tension. Indeed, when higher
Weber numbers (i.e., lower reference surface tension) or stronger surfactants (i.e., larger elasticity
numbers) are considered, the PDFs become wider and the amplitude of the peak further decreases
(from ~3.5 for the surfactant-free system down to ~2.1 for g, = 4.00).

Finally, it is interesting to observe that the PDFs of the cases We = 1.50 and §; = 4.00 [Fig. 5(a),
red] and the clean case at We = 3.00 [Fig. 5(b), black] are characterized by a similar behavior. This
similarity can be justified considering that the average surface tension of the case We = 1.50 and
Bs = 4.001s o,y = 0.5500. Thus, its equivalent Weber number We.q = (09/0,y)We computed using
the average surface tension as a reference is Weeq >~ 2.7. As a consequence, the PDFs of the two
cases are very similar.

In an effort to investigate the effect of the Reynolds number on the vorticity and interface
normal alignment, we have examined the same statistics for a lower Reynolds number running
two additional simulations. A detailed discussion is reported in the Appendix.

2. Flow topology parameter

The flow topology parameter Q [80] is used to characterize the effects of the interface on the
flow field in the different regions of the domain (carrier phase, dispersed phase, and interface).
The parameter Q has recently gained popularity in the study of multiphase flows [34,36,75,81,82]
and allows one to distinguish among three different types of flow topology: purely rotational flow
for Q@ = —1 [Fig. 6(a)], pure shear flow for Q@ = 0 [Fig. 6(b)], and purely elongational flow for
Q = +1 [Fig. 6(c)]. The flow topology parameter Q is calculated as the second invariant of the
velocity gradient tensor Vu,

D2 — Q2 —1  for purely rotational flow
=1 0 for pure shear flow (26)
+1 for purely elongational flow,

Q:D2+QZ
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FIG. 7. Flow topology parameter Q for different Weber and elasticity numbers at ¢+ = 3750 for (a) and
(b) surfactant-free simulations, panels (c) and (d) ; = 1.0 (mild surfactant), and (e) and (f) B, = 4.00 (stronger
surfactant) and (a), (c), and (¢) We = 1.50 and (b), (d), and (f) We = 3.00. Each panel shows the flow topology
parameter Q on the channel midplane (x*-y™ plane); white solid lines identify the position of the droplet
interface (isolevel ¢ = 0).

with D2 =D : D and Q% = Q : Q, where D and Q are the rate-of-deformation and rate-of-rotation
tensors [79], respectively, and are defined as

\Y/ T
D= LVU 27)
2
—vul
O Vu—-Vu . (28)
2

We start by discussing the behavior of the flow topology parameter O qualitatively. Figure 7
shows the spatial distribution of the flow topology parameter Q in an x*-y* plane located at the
channel center for six different cases for We = 1.50 [Figs. 7(a), 7(c), and 7(e)] and We = 3.00
[Figs. 7(b), 7(d), and 7(f)]. Each row corresponds to a different elasticity number: surfactant-free
[Figs. 7(a) and 7(b)], Bs = 1.00 [Figs. 7(c) and 7(d)], and B, = 4.00 [Figs. 7(e) and 7(f)]. The
interface of the droplets (isolevel ¢ = 0) is reported using solid white lines. At first glance, we
can observe how the presence of the interface influences the local flow behavior: While the carrier
phase appears to be characterized mainly by pure shear flow regions (Q = 0, green) with small

073606-14



EFFECT OF SURFACTANT-LADEN DROPLETS ON ...

We = 1.50 We = 3.00
3 T T T 3 T T T
Clean —— Clean ——
(a) B.=05 —— (b) By = 0.5 ——
By =1.0 —— By =1.0 ——
. = 2.0 B, = 2.0
2 Bs = 4.0 ——— A 2+ Bs =4.0 ——
o Single-phase = = - - Single-phase = = - -
=
a
o
1 . 1F
0 0
-1 —0.5 0 0.5 1 -1 —-0.5 0 0.5 1

FIG. 8. Probability density function of the flow topology parameter Q in the carrier phase for (a) We =
1.50 and (b) We = 3.00. The different cases are reported using different colors: clean, black; B, = 0.50, blue;
Bs = 1.00, green; B, = 2.00, yellow; and B, = 4.00, red. The single-phase flow results (black dashed line) are
also reported as a reference. In the carrier phase, no significative differences are observed and all the multiphase
cases overlap with the single-phase flow results.

fragmented regions of rotational (Q = —1, blue) and elongational (Q = +1, red) flow, the dispersed
phase seems to be characterized by the strong presence of both shear and elongational flow regions.
From Fig. 7 we can also consider the effects of the Weber and elasticity numbers on the dispersed
phase morphology, which will be useful later on. In particular, for increasing Weber and/or elasticity
numbers, the number of droplets increases and, as a consequence, the average size of the droplets
decreases (constant volume fraction). This modification of the dispersed phase morphology can be
directly related to the lower surface tension corresponding to larger Weber and/or elasticity numbers
[14]. To quantify these observations, we compute the PDF of Q distinguishing among the different
regions of the domain: carrier phase, dispersed phase, and interface.

In Fig. 8 we show the PDF of Q in the carrier phase for We = 1.50 [Fig. 8(a)] and We = 3.00
[Fig. 8(b)]. The different cases are reported using different colors: single-phase, black dashed line;
surfactant-free, black solid line; 8; = 0.50, blue solid line; 8; = 1.00, green solid line; B, = 2.00,
yellow solid line; and By = 4.00, red solid line. For the single-phase case, the PDF is slightly
asymmetric and positive values of Q (elongational flow events) are more likely to be found (with
respect to negative values). In addition, the PDF exhibits a very sharp peak for Q@ = 0 (pure shear
flow events), indicating that the single-phase flow is dominated by pure shear flow events and
that purely rotational and purely elongational flow events are less frequent. For the multiphase
(surfactant-free and surfactant-laden) cases, the situation is unchanged and all the PDFs overlap
with the single-phase flow results. This suggests that the low volume fraction strongly limits the
modifications induced by the droplets in the flow topology of the carrier [37]. Thus, the mean shear
generated by the two walls bounding the flow determines the flow topology in the carrier (which is
identical to that observed in a canonical single-phase flow).

The PDFs of Q in the dispersed phase are reported in Fig. 9 for We = 1.50 [Fig. 9(a)] and We =
3.00 [Fig. 9(b)]. The different cases are reported using different colors: clean, black; 8; = 0.50,
blue; B, = 1.00, green; B; = 2.00, yellow; and B; = 4.00, red. Compared to the single-phase flow
(Fig. 8, black dashed line), the shape of the PDFs is very different for all multiphase cases.

At We = 1.50 [Fig. 9(a)], the PDFs for all cases are negatively skewed and there is a higher
probability of observing purely elongational flow events (with respect to pure shear flow events).
We also observe that for larger elasticity numbers (except the case f; = 4.00, which will be
considered later on), the probability of finding elongational flow events (characterized by Q > 0.9)
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FIG. 9. Probability density function of the flow topology parameter Q in the dispersed phase for (a) We =
1.50 and (b) We = 3.00. The different cases are reported using different colors: clean, black; g, = 0.50,
blue; B, = 1.00, green; B, = 2.00, yellow; and S; = 4.00, red. For We = 1.50, Marangoni forces lead to a
larger probability of finding elongational flow events; for We = 3.00, the lower surface tension and the flow
confinement increase the probability of observing pure shear flow events.

increases. This behavior reflects the action of the Marangoni forces, whose amplitude is proportional
to the elasticity number. Indeed, larger elasticity numbers (stronger surfactants) lead to stronger
surface tension reductions and thus larger surface tension gradients (i.e., larger Marangoni forces).
Marangoni forces, which are tangential to the interface and are directed as the surface tension
gradients, generate a flow similar to an elongational flow (see Fig. 10) and thus for increasingly
larger elasticity numbers, the probability of finding elongational flow events is larger. For g, = 4.00,

High ¢ (low o)

Marangoni forces

Low v (high o)

0.05

FIG. 10. Qualitative sketch of the elongational-like flow (Q = +1) induced by the Marangoni forces. The
background is colored by the topology parameter Q (blue, low; red, high), while the interface (isolevel ¢ = 0)
is colored by the surfactant concentration (black, low; white, high). The Marangoni forces (black arrows) are
directed from higher surfactant concentration regions (white) towards low surfactant regions (black), thus from
regions characterized by a lower surface tension (white) towards regions characterized by a larger surface
tension (black). The background velocity field is represented with gray arrows.
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an additional effect enters the picture and the trend is lost. This effect is linked to the shutdown
of Marangoni forces: For surfactant concentrations above the shutdown concentration v, surface
tension remains constant and Marangoni forces vanish. For the strongest surfactant (i.e., 8; = 4.00),
the shutdown concentration is extremely low, ¥, >~ 0.12; thus most of the interface is characterized
by a lower, but constant, surface tension o /oy = 0.5. As Marangoni forces vanish, the flow inside
the droplets is less likely to be extensional and thus the trend is lost. This effect is also partially
visible for B, = 2.0 [inset of Fig. 9(a)]; the increase in the probability of having elongational flow
inside the droplets is still higher than the cases at ; = 1.0, but the difference between the two cases
is rather small. The shift of the PDFs towards rotational and pure shear flow events (Q < 0) for
increasing elasticity numbers is determined also by two additional factors: the smaller droplet size
and the average surface tension reduction. These two factors promote the presence of rotational flow
(smaller droplet size) and of pure shear flow regions (average surface tension reduction) [37].

At We = 3.00 [Fig. 9(b)], the PDFs of the flow topology parameter exhibit some remarkable
changes with respect to We = 1.50: For all the cases, the probability of observing rotational and
shear flow events increases, while that of observing elongational flow events decreases. These
modifications can be linked to the two above-mentioned factors (smaller droplet size and average
surface tension reduction), which lead to a larger probability of finding rotational and pure shear flow
regions. In particular, the smaller droplet size introduces a strong confinement effect: The flow inside
the droplets is more confined by the interface and thus the internal flowing is suppressed. As the
internal flow becomes more confined, the droplets are less subjected to the mean shear imposed by
the external flow and rotational flow events are promoted [37]. Similarly, the lower surface tension
of these cases reducing the damping capability of the interface and the internal flow field becomes
more similar to that of the carrier phase (dominated by pure shear flow events). These two effects are
in competition with the Marangoni forces, which, in contrast, favor an elongational type of flow. The
outcome of this competition can be appreciated by comparing the PDFs obtained from the different
elasticity numbers. While for 8; = 0.50 and B; = 1.00 the probability of finding elongational flow
events increases, suggesting the dominance of the Marangoni forces, for 8, = 2.00 and g; = 4.00
the trend is lost and a larger probability of finding rotational and pure shear flow events is observed.
This latter observation, which can be only partially linked to the shutdown of the Marangoni forces
[14], indicates that for these two latter cases the effects induced by the smaller droplet size and
surface tension reduction are predominant. As a consequence, the PDFs shift towards rotational and
pure shear flow events.

Finally, we consider the PDF of the flow topology parameter at the interface in Fig. 11 for
We = 1.50 [Fig. 11(a)] and We = 3.00 [Fig. 11(b)]. The different cases are plotted with different
colors: clean, black; B, = 0.50, blue; 8, = 1.00, green; B, = 2.00, yellow; and B; = 4.00, red. The
computation of the statistics only at the interface (and thus excluding the internal part of the droplets)
enables us to sort out the effects induced by the smaller droplet size and by the surface tension
reduction.

We start by considering the behavior of the PDFs in the region 0 < Q < +1. For both Weber
numbers, increasing the elasticity number (i.e., increasing the surfactant strength), we observe
a larger probability to find elongational flow events. This observation reflects the action of the
Marangoni forces (whose magnitude increases with the elasticity number), which generate an
elongational type of flow. In addition, the effect of the shutdown of Marangoni forces is also visible:
For We = 1.50 it involves a considerable part of the surfactant at the interface and thus the difference
between the cases 8, = 2.00 and S; = 4.00 is very small [see the inset of Fig. 11(a)]. Conversely,
for We = 3.00, the results are less influenced by the shutdown of the Marangoni forces (the larger
interfacial area leads to a lower average surfactant concentration [14]) and the trend is kept.

Turning to the behavior of the PDFs in the region —1 < Q < 0, for all multiphase cases (except
for B; = 4.00), we observe a decreasing probability of observing rotational-like flow events for
increasing elasticity numbers (surfactant strengths). This indicates that the surface tension forces
(especially the capillary ones) generate a rotational type of flow at the interface. Indeed, the
amplitude of these forces is larger when surfactant-free systems or weaker surfactants are considered
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FIG. 11. Probability density function of the flow topology parameter Q at the interface for (a) We = 1.50
and (b) We = 3.00. The different cases are reported using different colors: clean, black; g, = 0.50, blue; 8, =
1.00, green; B, = 2.00, yellow; and B, = 4.00, red. For both Weber numbers, the probability of observing
elongational flow events increases for increasing elasticity numbers and, conversely, the probability of finding
rotational flow events decreases.

and vorticity tangential to the interface is generated (see Fig. 5). Focusing on the cases at 8, = 4.00
(especially at We = 1.50), the trend is partially lost since the shutdown of the Marangoni forces
strongly limits the occurrence of elongation flow events. Thus, the resulting PDF is somehow
more similar to that obtained from a surfactant-free case (absence of Marangoni forces). This
similarity can be appreciated comparing the case We = 1.50 and g; = 4.00 [Fig. 11(a), red] and the
surfactant-free case at We = 3.00 [Fig. 11(a), black], which indeed are characterized by a similar
equivalent Weber number We =~ 2.70 for the first case and We = 3.00 for the second. In addition,
for the first case, the shutdown of the Marangoni forces involves a wider portion of the interface
(i.e., capillary forces are predominant), explaining the similarity between the two PDFs.

A detailed discussion on the effect of the Reynolds number on the PDF of the flow topology
parameter is reported in the Appendix, where the same statistic has been analyzed at a lower
Reynolds number.

C. Effect of grid resolution on the results

In this section we address the effect of the grid resolution on the local flow indicators obtained. In
the framework of phase-field approaches, the thickness of the interfacial transition layer is set via the
Cahn number; it is however good practice to select the Cahn number according to the grid resolution.
Thus, here we investigate the effect of grid resolution and interface thickness (i.e., Cahn number)
on the alignment between vorticity and interface and on the flow topology parameter sampled at
the interface. To this end, we consider the case at We = 3.00 and g; = 4.00 and we compare the
results obtained from two different grid resolutions (and thus two different Cahn numbers): N, x
N, x N, = 1024 x 512 x 513 (standard grid used for all cases, Ch = 0.025) and N, x N, x N, =
2048 x 1024 x 1025 (finer grid, refined twice in all directions, Ch = 0.0125).

In Fig. 12 we show the PDF of cos 6 [Fig. 12(a)] and of the flow topology parameter Q at the
interface [Fig. 12(b)] for the two different grid resolutions considered. The results obtained from
the standard grid simulation are reported with solid lines, while those obtained from the refined grid
simulation are reported with dashed lines.

Considering the PDF of cos 6 [Fig. 12(a)], we observe that increasing the grid resolution (and
consequently decreasing the Cahn number), the probability of having the vorticity unit vector
perpendicular to the interface normal slightly increases [39]. This modification of the PDF can
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FIG. 12. Probability density function of (a) cosf computed at the interface and (b) the flow topology
parameter Q sampled at the interface, both for We = 3.00 and S, = 4.00. Results obtained using the standard
grid (Ny x Ny x N; = 1024 x 512 x 513) and Ch = 0.025 are reported with solid lines, while those obtained
from the refined grid simulation (N, x Ny, x N, = 2048 x 1024 x 1025) and Ch = 0.0125 are reported with
dashed lines.

be traced back mainly to two effects: As the grid resolution is increased, smaller droplets can be
better captured and the interfacial layer is thinner. Smaller droplets are characterized by a very low
deformability (i.e., a smaller Weber number, computed using the droplet diameter as a reference
length scale) and thus produce stronger modifications of the local flow field. Indeed, as the droplet
becomes less deformable, the probability of finding vorticity perpendicular to the interface normal
increases. The second effect (thinner interfacial layer) leads to a local increase in surface tension
forces: While the integral of surface tension forces across the interfacial layer is the same for both
cases, when the Cahn number is halved (i.e., the interface thickness is halved), surface tension forces
are smeared out on a thinner interfacial layer and are thus locally higher.

Similar effects can be appreciated as well for the PDF of the flow topology parameter sampled at
the interface [Fig. 12(b)]: Smaller droplets suppress internal flowing (i.e., reduce elongational-like
events), while higher surface tension forces increase the stiffness of the interface [i.e., increase pure
shear flow events, which can be appreciated by comparing Figs. 11(a) and 11(b)]. Indeed, as the
thickness of the interfacial layer is reduced (lower Cahn number, refined grid), the peak of the PDF
shifts towards smaller values of Q.

The weak dependence on the grid resolution of the results presented above can be justified as
follows: As the grid resolution is increased, the dynamics of smaller structures (e.g., smaller droplets
and ligaments) can be captured. Whether or not these smaller structures affect the results depends
on the statistic considered: They have a negligible effect on macroscopic flow indicators, while
a slightly more pronounced effect is observed on local flow indicators and on droplet statistics
[14,39,83]. Thus, for the interface-vorticity alignment and the flow topology parameter, which are
local quantities computed at the interface (whose shape and extension depend on the dispersed phase
morphology), a weak dependence of the results on the grid resolution can be expected and has been
also observed in previous studies [39].

IV. CONCLUSION

In this work we have investigated the modifications on the flow field induced by a swarm of
surfactant-laden droplets. The dynamics of the multiphase flow is described via direct numerical
simulations of the Navier-Stokes equation coupled with a two-order-parameter phase-field method.
The first order parameter, the phase field, describes the local concentration of the carrier and
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dispersed phase and the second order parameter defines the surfactant concentration. The feedback
of the surfactant-laden interface onto the flow field is accounted for via a force-coupling term
in the Navier-Stokes equations. The effects of both Weber number (ratio of inertial forces over
surface tension forces) and elasticity number (surfactant strength) on both global and local flow
parameters have been investigated. We found that the macroscopic flow is almost unaffected by the
presence of the surfactant-laden droplets since the total volume fraction of the dispersed phase is
rather low (® ~ 5.4%), as also observed at lower Reynolds number by Scarbolo et al. [40] and
Roccon et al. [51]. However, we could observe a mild suppression of the turbulence fluctuations
(streamwise and wall normal) in the channel core, where the majority of the droplets are located.
In contrast, remarkable modifications of the local flow field are observed. The vorticity field at
the interface is influenced by the presence of surface tension forces and a larger probability of
finding vorticity tangential at the interface is obtained when lower Weber and elasticity numbers
are considered (i.e., when larger surface tension values are considered). Large modifications are
observed also for the flow topology parameter Q, which we compute separately in the carrier phase,
in the dispersed phase, and at the interface. In the carrier phase, the flow is dominated by the
mean shear arising from the two solid walls bounding the flow and thus mainly pure shear flow
events (Q = 0) are observed, as in a canonical single-phase flow. Differently, the dispersed phase
is characterized by a combination of rotational (Q = —1), pure shear (Q = 0), and elongational
(Q = +1) flow regions. Elongational flow regions are predominant for We = 1.50, while the
probability of observing rotational and pure shear flow regions increases for the cases at We = 3.00.
The different flow topology observed in the dispersed phase is the result of the competition between
different factors: the Marangoni forces, which promote an elongational flow, and the smaller droplet
size and surface tension reduction, which promote the presence of rotational and pure shear flow
regions. At the interface, the action of the Marangoni forces on the flow topology parameter can
be clearly observed: For both Weber numbers, increasing the elasticity number (i.e., increasing the
magnitude of the Marangoni forces) increases the probability of finding elongational flow regions,
while the probability of observing rotational flow regions decreases.
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APPENDIX: EFFECT OF REYNOLDS NUMBER

Three additional simulations were performed to investigate the effect of the Reynolds number on
the quantities of interest. In particular, two droplet-laden cases (clean droplets at different Weber
numbers We = 1.50 and 3.00) and one reference single-phase case at shear Reynolds number
Re; = 150 have been performed. The very same numerical setup has been adopted: The boundary
and initial conditions, the grid resolution (Ny x N, x N; = 1024 x 512 x 513), and the phase-field
parameters (Ch = 0.025 and Pey = 150) are unchanged with respect to the cases presented in
Table 1. First the effect of the Reynolds number on the macroscopic indicators will be presented;
then the local flow indicators will be investigated.

1. Macroscopic flow modifications

Similarly to what is observed at the higher shear Reynolds number Re, = 300, the relatively
low volume fraction of the dispersed phase (about 5%) limits its effect on the macroscopic flow. In
particular, a slight increase in the mean streamwise velocity profile (Fig. 13) is observed also at the
lower shear Reynolds number M; = 150 in the core region of the channel. The mean streamwise
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FIG. 13. Profiles of the mean streamwise velocity (u) for the simulations performed at Re, = 150 for
We = 1.50 (black solid line) and We = 3.00 (red solid line); the z* axis is reported in logarithmic scale (base
10). The single-phase velocity profile is reported with a black dashed line. The classical law of the wall u = z*+
and u = (1/k)Inz™ + 5 (with k = 0.41 the von Kdrmén constant) is also reported as a reference.

velocity profiles for both Weber numbers are superposed; for the considered volume fraction, the
‘Weber number has no influence on the mean velocity.

A decrease in the amplitude of velocity fluctuations in the channel core [streamwise and wall-
normal components in Figs. 14(a) and 14(b), respectively] is observed for both shear Reynolds
number values considered (Re; = 150 in Fig. 14 and Re, = 300 in Fig. 4); the magnitude of the
reduction is similar for both Re, values. Indeed, the dispersed phase introduces a mild turbulence
modulation in the core of the channel; a stronger effect is observed for the wall-normal component.

2. Local flow modifications

The alignment between the vorticity at the interface and the interface normal is almost unchanged
for different shear Reynolds numbers; Fig. 15 shows the PDF of cos 8, with 6 the angle between the

3 1
(a) (b)
0.75 f .. LA 1
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el z 05 R
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1
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FIG. 14. Root mean square of the velocity fluctuations for the simulations performed at Re, = 150:
(a) streamwise component and (b) wall-normal component. The different cases are shown using different line
styles: We = 1.50, black solid lines; We = 3.00, red solid lines. Black dashed lines identify the single-phase
flow results.
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FIG. 15. Probability density function of cos& computed at the interface for different Reynolds numbers
Re, = 150 (black solid lines) and Re, = 300 (red solid lines) for (a) We = 1.50 and (b) We = 3.00.

vorticity @ and the interface normal n. The PDFs for the two shear Reynolds numbers are almost
superposed at the lower Weber number We = 1.50, while at We = 3.00 a stronger preferential
alignment is observed for the higher shear Reynolds number Re; = 300. Indeed, at higher shear
Reynolds number the vorticity is more likely to be orthogonal to the interface normal. This
difference can be traced back to the different dispersed phase morphology observed when the shear
Reynolds number is increased: An increase in the shear Reynolds number leads to a reduction
in the Hinze diameter [84] through an increase in the dissipation rate, thus lowering the average
droplet size and moving the droplet size distribution towards smaller diameters. This effect is clear
for the cases at We = 3.00 (lower surface tension), while for the cases at We = 1.50 the higher
surface tension keeps the larger droplets stable despite the increase in the dissipation rate. This way,
almost no shear-Reynolds-number effect can be observed for the low-Weber-number case, while a
minor effect is observed for the high-Weber-number case. The smaller droplets that are generated
when the shear Reynolds number is increased (cases at We = 3.00) have a higher curvature and
thus are less deformable. Indeed, a stronger preferential alignment at 8 = 90° is observed when the
shear Reynolds number is increased. Thus, the shear Reynolds number has an indirect effect on the
alignment of vorticity at the interface: By increasing the dissipation rate (hence decreasing the value
of the Hinze diameter), it changes the morphology of the dispersed phase, leading to the formation
of smaller and less deformable droplets. In turn, these smaller droplets favor the production of
vorticity perpendicular to the interface normal (i.e., cos 6 = 0).

A relevant effect of the shear Reynolds number is observed when the flow topology parameter
is considered (Fig. 16). In particular, the carrier phase is characterized by a strong reduction in
pure shear and an increase in elongational type of flow. The increase in the pure shear contribution
observed for the lower shear Reynolds number is linked to the higher fraction of the channel
occupied by the viscous sublayer, with respect to the case at Re; = 300. The thickness of the viscous
sublayer remains the same when the shear Reynolds number is changed (about ten wall units), but
the total channel height is different: 300 wall units at Re, = 150 and 600 wall units at Re, = 300.
Therefore, the presence of a dispersed phase has almost no effect on the flow topology parameter in
the carrier phase, which is instead dominated by the imposed flow, and the differences observed are
to be attributed to the different extension of the viscous sublayer with respect to the total size of the
channel.

The dispersed phase (Fig. 17), however, is mainly located in the inner layer; thus it is mostly
unaffected by the viscous sublayer (as can be confirmed by the absence of a strong peak of pure
shear). Again, the main differences observed are to be linked to the different imposed flow: As the
shear Reynolds number is increased, the PDF of the flow topology parameter (in the carrier phase
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FIG. 16. Probability density function of the flow topology parameter Q in the carrier phase for different
Reynolds numbers Re, = 150 (black solid lines) and Re, = 300 (red solid lines) for (a) We = 1.50 and
(b) We = 3.00.

or for a single-phase flow case) shows a reduction in pure shear type of flow and an increase in
elongational type of flow. This change is then reflected in the PDF of the flow topology parameter
(Fig. 17), which exhibits a higher probability of finding elongational type of flow inside the droplets.
The reduction in the probability of an elongational type of flow inside the droplets for the lower shear
Reynolds number is also linked to a stronger internal flow suppression: The droplets are roughly of
similar size (when comparing data at the same Weber number), but viscous effects are stronger (i.e.,
lower shear Reynolds number).

Considerations similar to those for the effect of the shear Reynolds number on the flow topology
parameter in the dispersed phase still apply at the interface (Fig. 18): An increase in the probability
of pure shear and a decrease in the probability of elongational flow are observed as the shear
Reynolds number is decreased. Indeed, as the shear Reynolds number is increased the probability of
elongational and rotational flows increases, while that of pure shear decreases. Here, however, the

We = 1.50 We = 3.00
1 , ; ; 1 , ; ;
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FIG. 17. Probability density function of the flow topology parameter Q in the disperse phase for different
Reynolds numbers Re, = 150 (black solid lines) and Re, = 300 (red solid lines) for (a) We = 1.50 and
(b) We = 3.00.
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FIG. 18. Probability density function of the flow topology parameter Q at the interface for different
Reynolds numbers Re, = 150 (black solid lines) and Re, = 300 (red solid lines) for (a) We = 1.50 and
(b) We = 3.00.

confinement effect is filtered out (the PDF is computed only at the interface); hence the effect of the
shear Reynolds number is much less marked.
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