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The present study aims to elucidate the interplay among the interfacial dynamics, surfactant transport, and
underlying flow structures inside a cylindrical stirred vessel equipped with a pitched blade turbine. To address
this, massively parallel three-dimensional, interface-tracking, large eddy simulations of oil-in-water dispersions
are deployed to provide detailed, realistic visualisations of the intricate interfacial dynamics coupled to
the turbulent flow field. In particular, we isolate the effect of surfactant arising from interfacial tension

reduction and Marangoni stress (related to surfactant concentration gradient) by comparing two surfactant-
laden systems, one being a realistic and experiment-achievable case, and another a simulation-exclusive system
where the Marangoni stress is turned off. This comparison consists of qualitative interface visualisation as well
as quantitative statistics in terms of dispersed phases counts and their size distribution. Finally, surfactant
elasticity is modified with the aim of exploring its effect on the targeted mixing system.

1. Introduction

Given the heavy involvement of immiscible liquid mixing both in
our daily life (e.g., food and cosmetics) and in high-end industrial appli-
cations (e.g., drug delivery), understanding the interfacial flows under
highly dynamic conditions is of practical significance. Surface-active
agents (surfactants) are commonly present within such systems, either
by design or as contaminants, affecting both the mixing performance
and the final quality of the mixed product. It is challenging to generalise
the effect of surfactant in a mixing system as surfactant alters the
interfacial behaviours in a complex manner that depends on surfactant
distribution on the interface and its interphase transport with the bulk.
In addition, the dynamic interfacial rheology (beyond the scope of this
work) in such system elevates the complexity of the roles played by
surfactant. Consequently, surfactant could either suppress or enhance
the drop deformation under dynamic flow, affecting the mixing metrics
of interest, for instance, interfacial area and equilibrium drop size
distribution. These challenges hamper the understanding and control of
interfacial behaviours within a surfactant-laden mixing system, which
is a prevalent scenario in industry.
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However, only a few studies have aimed at understanding liquid
dispersion in the presence of surfactant inside a stirred vessel; most
of these studies have addressed the problem regarding the surfactant
influence on the final drop sizes and their distribution, leaving a gap
in our understanding of the underlying physical mechanisms governing
the interfacial behaviours within such system. The earliest experiment
to study the effect of surfactant on drop sizes is by Lee and Soong
[1] where five liquid-liquid systems and nine types of surfactants were
examined. The authors found that the size of drops produced is smaller
(relative to the one predicted using correlations based on clean liquid—
liquid system) and more uniform (narrower drop size distribution).
Later, Koshy et al. [2] developed a drop breakup model to predict the
maximum drop size at various surfactant concentrations arguing that
the effect of surfactant on stirred-vessel emulsification is not only by
the decrease in interfacial tension, but also through the generation of
an interfacial tension gradient across the interface (and thus Marangoni
stress, which, albeit, was not dealt with sufficient detail in that study).
Several subsequent studies have been carried out to expand knowledge
in this field by considering surfactant concentration [3,4], rheological
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properties of surfactant-laden interface [5], and the types of surfactant
head group [6]. Groeneweg et al. [7] have shown the appearance of a
large number of mini-drops (a bi-modal drop size distribution) for the
surfactant-laden system, and rationalised that the phenomenon is due
to surfactant-induced tip-streaming [8]. More related work has been on
the surfactant effect on the flow field modification in a stirred vessel,
interested readers can refer to Mishra et al. [9], Arora et al. [10],
Mavros et al. [11], Montante et al. [12] and references therein.

Nevertheless, interfacial dynamics on a surfactant-laden interface
have been well studied by investigating drop deformation subjected
to a simple flow field, both in the case of insoluble [8,13-19] and
soluble surfactants [20-23], which leads to several reviews in this field
(see, for example, [24,25]). More recently, Soligo et al. [26] carried
out direct numerical simulations of surfactant-laden drops dispersed
in turbulent flow in which a clear interplay among local flow field
(considering shear stress, Marangoni stress, and the effect of Weber
number), surfactant concentration and dispersed phase morphology is
displayed. In their subsequent work, Soligo et al. [27] studied the flow
modification introduced by the surfactant-laden drop under the same
flow conditions, in terms of velocity profiles, vorticity profiles, and a
specifically-defined flow topology parameter [28].

This short review of the current literature reveals the relative
scarcity of information available on flow structure and interfacial
dynamics in practical mixing units, such as stirred vessels, and more
specifically, in the presence of surfactant. The present study attempts
to elucidate the interplay among the interfacial deformation, surfactant
transport, and underlying flow structure inside a cylindrical un-baffled
stirred vessel equipped with a pitched blade turbine. The configuration
of the vessel adapted here is partially inspired by the recent investiga-
tion performed by Busciglio et al. [29,30], where the authors showed
the potential of the un-baffled stirred vessel as a viable alternative to
the baffled one. This is in contrast to the view held more commonly that
un-baffled stirred vessels are generally less efficient than their baffled
counterparts, which led to the former being less well-studied and their
flow and interfacial dynamics less explored.

The underlying physics governing the interfacial dynamics in the
presence of soluble surfactant is modelled accurately thanks to a hybrid
front-tracking/level-set algorithm [31], which has been extensively
validated in previous studies [32-34]. Equipped with this, massively
parallel, three-dimensional, large eddy simulations [35] of oil-in-water
emulsification are deployed to provide detailed, realistic visualisations
of the interfacial dynamics coupled to the turbulent flow field, from the
onset of impeller rotation through to a state where up to 30 revolutions
have completed.

The following section (Section 2) will briefly introduce the simu-
lation technique and the governing equations. Section 3 discusses the
effect of surfactant on the mixing process, decoupling the influence
originating from the interfacial tension reduction and the Marangoni
stress induced by the non-uniform surfactant distribution. Furthermore,
we provide a parametric study of the surfactant elasticity (the sensi-
tivity of interfacial tension to the surfactant concentration). Finally,
concluding remarks, and suggestions for possible future work will be
provided in Section 4.

2. Problem formulation
2.1. Simulation configuration

The configuration considered in this work is shown in Fig. 1. It
consists of a cylindrical vessel of diameter 7 = 8.5 cm and height
H = 12.75 cm, filled with water in the lower half and an overlaying
oil phase above (volume fraction of oil, ¢ = 0.5). The liquids’ viscosity
ratio is 5.4. The impeller employed is a pitched blade turbine (PBT),
which is immersed in the water phase. Details of the impeller geometry
and the physical properties of the phases are listed in Table 1.
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Fig. 1. (a) Schematic illustration of the computational domain for the oil-water mixing
system: a stirred vessel, equipped with a 4-pitched-blade turbine, is filled with oil in
the upper-half (coloured in gold) and water below (coloured in blue); the blades have
length /, width A, and thickness w, and are inclined at an angle « to the horizontal.
The computational domain is divided into 4 x 4 x 6 subdomains. The number of the
Cartesian structured grids per subdomain is 64°, which gives a total grid number of
256 x 256 x 384; (b) — (c) display side- and top-views of the turbine, respectively.

Table 1
Detailed geometry of the impeller and physical properties of the two phases.

Impeller geometry [cm]

Diameter, D 4.25
Height, h 1
Thickness, w 0.2
Length, / 2.5
Clearance, C 1
Inclined angle, a [°] 45
Rotation speed, N [rps] 5

Physical properties

Surfactant-free interfacial tension, o, [Pam] 0.035
0il viscosity, u, [Pas] 54x1073
Water viscosity, u, 1.0x 1073
0il density, p, [kg/m’] 824
Water density, p,, 998

2.2. Governing equations

With the purpose of studying the dynamics of surfactant-laden
two-phase mixing inside the stirred vessel, we solved the single-field
Navier-Stokes equations in a Cartesian domain x = (x, y, z) € [0, 8.6]° x
[0,12.5] cm?, as in our previous work [34] but, additionally, a varying
interfacial tension is considered:

V-a=0, (€]
M N -

p(5+u-Vu)——Vp

+V - [(u+pC24% |S]) (Vi + Va")] + pg + Feg

+/ [mcn+ Vsa] S,(x—x,)dA,. (2)
AE

In Eq. (2), u and p are respectively the ensemble-averaged velocity and
pressure; g is the gravitational acceleration. The density, p, and the
viscosity, u, are given by:

p(x, 1) = Pyt (pw - pa) H(x,1),
10 = py + (s, — 1) Hx, 1),

where H (x, 7) represents a numerical Heaviside function, which is zero
in the oil phase and unity in the water phase. The subscripts are used
to indicate the corresponding liquid phases such that w is for water and
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o refers to oil. In Eq. (2), C; is the Smagorinsky-Lilly coefficient, which
is fixed to the value 0.2 as it varies between 0.1-0.3 in the literature
[36-40]. Next, 4 is equivalent to V!/3 where V' is the volume of a grid
cell, ¥ = AxAyAz and |S| = 1/25;;S;; with S;; being the strain rate
tensor [40,41]. The term Fg; denotes the interaction forces between
impeller blades and the mixing fluids [34,42], and the last term on the
right-hand-side in Eq. (2) accounts for the local interfacial force, which
is decomposed into its normal component, cxn, associated to the mean
interface tension, and its tangential component, V o, the Marangoni
stress; here, k is twice the mean interface curvature, V, is the surface
gradient operator (i.e., V — n(n - V)), n is the outward-pointing unit
normal to the interface, and A, is the normalised area of a triangular
Lagrangian mesh element, e. Finally, x, is a parameterisation of the
interface, and 5, (x — x) is a Dirac distribution that is non-zero only
when x = x,.

In the present work, surfactant is soluble in the bulk (the continuous
phase), such that surfactant transport is resolved both in the bulk and
on the interface. The interfacial concentration, I', is governed by:

or s
<+ Vs (Tu)=DVIr +J. 3)

More specifically, the left-hand-side terms represent the transient trans-
port and the convection caused by the bulk flow, respectively, where
u, is the tangential velocity vector on the interface, which is computed
from the interface velocity, u,, via u, = (u,-t)t, with t being the
unit vector tangential to the interface. The first term on the right
corresponds to interface diffusion, and D, is the surfactant diffusivity
in the plane of the interface; J accounts for the mass flux from the
bulk. In general, the flux from the bulk is determined by surfactant
adsorption which can be divided into two time-dependent processes:
the diffusion of surfactant from the bulk phase (diffusion flux, Jg4;¢) and
the adsorption onto the interface (adsorption/desorption flux, J,,q4).
Firstly, J,,4 can be written as:

Jara = koCoup(To = I = kg T, 4)

where k, and k, are the kinetic coefficients for adsorption and des-
orption, respectively, and I',, is the saturation concentration on the
interface; Cg, represents the surfactant bulk concentration evaluated
at the layer immediately adjacent to the interface, which is known as
the bulk “sub-phase”. This sub-phase concentration is determined by
diffusion from the bulk:

Jaige = —=Dyn - VClgyp, (5)

where D, refers to the diffusivity in the bulk phase, and C is the sur-
factant concentration in the bulk which is governed by the convection—-
diffusion equation as follows:

ac
S tuve= D,V2C. (6)

To satisfy conservation of surfactant, the diffusive flux from the bulk,
Eq. (5), balances the kinetic sorptive flux, Eq. (4), and both mechanisms
govern the flux to the interface [21,43]. Hence,

J = Jasa = Jaite- (7)

When surfactant adsorbs onto the interface, the interfacial tension
decreases from its clean surface value, o,. The Langmuir relation is used
herein to describe such an effect:

r r
O':O'S+RTF0011'1 1_F_ =0y l+ﬁsln 1—r— . (8)

Herein, R denotes the ideal gas constant, T the temperature, and the
dimensionless parameter g, is defined as surfactant elasticity, which
measures the sensitivity of the interfacial tension to the surfactant con-
centration. This equation describes the fact that the interfacial tension
drops steeply as the surfactant concentration approaches unity from
below [44]. However, this relation could predict unrealistic behaviours
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namely that the interfacial tension becomes negative for finite value of
I'. To avoid this, the relation is modified as follows:

6/o, = max [0.05,1+ﬂsln(l—FL>] . €©)

[

The governing equations are recast in dimensionless form according
to the following scaling:

=X =1 =" ;-2
=3 =un "=np &=y
~ p .M . P
p=——=, h=—, p=—, (10)
pu(N D) Hy Puw
- - - C
5=2, F:L, C:E, Csub:ibv
o, I Go Co

where the tildes indicate the dimensionless quantities. Here, space x
and time ¢ are made non-dimensional by the impeller diameter, D, and
the duration for one impeller revolution, 1/ N, respectively. Hence, the
velocity and pressure are scaled using the impeller velocity, N D, and
p(N D)2, respectively. Moreover, C,, denotes the initial surfactant con-
centration in the bulk. On this basis, the governing equations become:

V-a=0, 1D
ﬁ(% +1- V@) + V5= éVAﬂ(Vﬁ+VﬁT)
~ v <& 3 o 1 A F

-V (p2C2A4%|8|) (Vi + V") + P8+ Frg

1 - ~ - - ~
+e </A (6&kn +V5) 5f(x—xf)dAe>. 12)
or . 1 or, 7
— + V- (T,) = =—V2[+J, 13
= +V, ( ut) Pe, Vs + 13)
Joya = Bi [kCoyp(1 = T) = T, a4
- 1 -
Jaier = __Pebhn‘ VClsub (15)
%€ ta.ve=Lve, 16)
ot Pe,
& =max [0.05, 1+ p,In(1-T1)]. a7

In these equations, the dimensionless parameters are defined as
follows:

ND? 2 N2D3
Re:l’u_’ Fr:M, We:/’w_’
Hyw & Os
2 2 k
pPe,= VD" pe = ND° pi_la 18)
D, D, N
r, k,Co RTT,,
h=——, k= s By = .
DC, ky, o,

Re, Fr and We are the Reynolds number (ratio of inertial to viscous
forces), Froude number (ratio of inertial to gravitational force) and We-
ber number (ratio of inertial forces to interfacial tension), respectively.
Pe, and Pe, are the bulk and interfacial Peclét numbers, separately
providing the relative significance of convection and diffusion in the
bulk and on the interface. The Biot number, Bi, expresses the ratio of
characteristic desorptive to convective speed on the interface; s stands
for the adsorption depth that characterises the diluted region beneath
the interface caused by adsorption; k is the adsorption parameter,
which represents the ratio of adsorption coefficient, k,, to desorp-
tion coefficient, k,. All these parameters are well known in literature
[32,33,45-48]. For simplicity, the tildes that designate dimensionless
quantities are dropped henceforth. Finally, the dimensionless timescale
we use in the following discussion, in the form of t = n X Rev., refers to
the instant when » impeller revolutions are completed.

To achieve high-fidelity simulations regarding the dynamic inter-
face and its interfacial tension forces, we use a hybrid front tracking/level-
set technique, which is known as the Level Contour Reconstruction
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Fig. 2. Flow field prior to the interface deformation (+ = 8 X Rev.) for a surfactant-free
system, represented by streamlines drawn on a x — z plane at y = 4.3 cm. The inset
of the three-dimensional vessel is coloured by the velocity magnitude, and the blue
arrows shown in the close-up view (representing velocity orientations) are scaled by
the velocity magnitude.

Method (LCRM) [31], where surfactant transport and interfacial stresses
shown above are fully resolved. Adaptive time steps are applied in our
temporal discretisation process, which is based on second-order GEAR
method, and the time-step value 4t is carefully chosen at each temporal
iteration in order to satisfy a robust numerical stability via a criterion
based on:

At < min {At ey, Atyig, Alcpr, Aling, Algyer ) (19)

where At Atyig, Atcpy, Atin, and Atg,¢ represent the capillary, vis-
cous, Courant-Friedrichs-Lewy (CFL), interfacial CFL, and surfactant
time-steps, respectively, defined by:

1/2
_ 1 (potpu) Ay,
Atcap = 5 e — 9

o
AX2
AIViS = min (p_w, &) ﬂ,
Hw Ho 6

. . Ax J
Atcp, =min ( min R
J domain \ ||u j I

4 . . Ax 7]
t: =Emn|{mmn|{ —— 5
T Ao \ U

Axrznin
A’surf = >
6D,

where Ax,;, = min;(4x;) refers to the minimum size x at a given cell j;
u;, and U are the maximum fluid and interface velocities, respectively.

In addition, the Direct Forcing Method used by Mohd-Yusof [49]
and Fadlun et al. [50] is applied to incorporate the complex geometry
of the impeller and its rotation. More information on the numerical
technique applied to computation and related validations can be found
in [34,42,51].

2.3. Parameter values adopted in simulations

In our previous work [34], we investigated the interface evolution
under a range of impeller speeds (N = 1-10 rps, Re = 1802-18026).
Herein, we fixed the impeller speed to N = 5 rps, since our concern is
currently on the effect of surfactant. This gives values of Re = 9013,
We = 55, and Fr = 0.1. The large Weber number which characterises
our flow indicates the heavy dominance of inertial forces in the system;
in addition, as we will present in the next section, complex interacting
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structures (or vortices) are generated (see Fig. 2). Hence, the studied
system, especially the region near the impeller, is treated as turbulent,
where the physics we extract is therefore generic to turbulent oil-water
emulsification in stirred vessels.

To investigate the surfactant effect, we set up a “base” surfactant-
laden case with surfactant-related parameters fixed to C, = 4 X
10* mol m=3, k, = 6.68 x 10* m® mol™! 57!, k, = 3.14 s7!, and
I, = 1 x 107 mol m~2. In particular, C, is calculated via C; = I',/R,
where R is the radius of the impeller, as a reference bulk concentration,
which is also chosen as its initial value. Typical values for the surfactant
adsorption and desorption coefficients, k, and k,;, are quoted from
relevant reviews provided in [52-54], where k, is claimed to be within
the range of 0(107™) < k,; [s~!] < 0(10%) depending on the chemical
structure of the surfactant molecules, while k, is in the range O(107!) <
k, [m3 mol™! s‘l] < 0(10°). In our base case, k, and k, are selected

as the listed values exploring the scenario where the surfactant is
inclined to absorb onto the interface, with a ratio of adsorption to
desorption k = k,Cy/k,; ~ 10. In this limit, combined with the value
of Bi determined via k,/N (= O(107!) indicating a fast convection
driven by ambient flow in comparison to surfactant desorption), the
adsorbed surfactant can approximately perform as an insoluble layer.
In addition, the maximum packing concentration at the interface is set
to I, ~ O(107>) mol m~2, as the same order of magnitude reported
in experimental results for the surfactant such as Sodium Dodecyl
Sulphate (SDS) [44,55]. This gives the values of f; ~ 0.7 computed
using the room temperature, T = 298.15 K, and A ~ 0.5. An upper
and lower limit of g, in addition to the base case, are investigated to
recover the effect of surfactant sensitivity (i.e., g, = 0.5,0.7,0.9).

We also fix both Peclét numbers in the bulk and on the interface
as Pe, = Pe, = 4.6 x 10%. This comes from the recent remarks
from [32,33,56] stating that negligible effect arises from Pe, when it
is increased further above 10?; moreover, Pe, is kept equal to Pe, as
suggested in [32], which also follows the guideline given by Ratulowski
and Chang [57] to achieve a balance between adsorption and interfa-
cial convection, assuring both convective and diffusive transport are
resolved in the simulated system.

Finally, as mentioned previously, a second effect from surfactant
arises from the Marangoni stress, which is induced due to the surfactant
concentration gradient and hence can be computed via I":

Bs

TEVSO"t:—l T

To isolate this effect from that induced by the interfacial tension
reduction, another surfactant-laden case is set up where the Marangoni
stress is turned off by eliminating the term V 6 from Eq. (2). This
additional case allows us to unequivocally elucidate the mechanisms
by which the interfacial tension reduction and surfactant concentration
gradient act in tandem to modify the surfactant-free interface dynamics.

(t-v,r). (20

3. Results and discussion

In this section, we present a discussion of our results, starting with
a comparison of the current predictions against our previous work
where we studied the flow profiles and interfacial dynamics inside a
surfactant-free agitated vessel (with an identical configuration) [34].
Using qualitative visualisation and quantitative statistics (i.e., time
evolution of dispersed entity number and drop size distribution at the
instant where the simulation is terminated), the comparison provides
an insight into how the presence of surfactant modifies the liquid
dispersion process in the studied system. We then demonstrate the
effect of surfactant elasticity (f,) via a parametric study.

The results associated with the surfactant-free system have been
validated against the experimental work done by Hancil and Rod [58]
where single drop breakage in a stirred vessel was investigated. In addi-
tion, a grid independence test has been carried out to confirm that the
mesh size we used is sufficient to provide reliable predictions of ‘real’
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liquid-liquid mixing. Regarding the surfactant transport in multiphase
systems, Shin et al. [31] have performed comprehensive benchmark
tests of the numerical procedure employed in the present study against
analytical results, which involve surfactant diffusion on the interface
and in the bulk. For the current study, we also performed a validation
study against a recent experimental investigation on drop size in an
oil-water dispersion [59]. Information related to the two experimental
validations can be found in the Supplementary Information section.

3.1. Surfactant-free system from previous work

Prior to the discussion of the roles played by the surfactant, the
flow field generated in the current configuration, and surfactant-free
interface evolution are briefly considered. Generally, as presented in
Fig. 2, the impeller pumps the flow radially outward (analogous to the
von Karman flow over a infinite rotating disc [60]). The no-slip fixed
vessel wall modifies this flow, along which the flow develops upward
to the interface. After this, the flow is dragged to the vessel centre by a
centrifugal force at the interface. Finally, a strong elongational flow is
presented at the vessel centre, which indicates a large tendency for the
fluid to travel down back to the impeller, giving rise to flow circulation.
Such process generates a myriad of vortical structures and therefore a
flow field of high complexity where different mechanisms govern the
drop deformation depending on the local flow type [61].

Following the flow field described, the liquid dispersion in the stud-
ied configuration is achieved by following several steps: (1) interface
deformation: the rotating impeller deforms the flat interface downward
in a swirling motion until both contact; (2) ligament formation: the im-
peller shear cuts off the deforming interface giving birth to ligament(s);
(3) drop breakup: the ligament elongates until it breaks into multiple
individual drops via a capillary instability (see Fig. 6, and detailed
mechanism has been described in [62] as “transient dispersion” or
“capillary breakup”). Likewise, this breakup mechanism is analogous
to the “end-pinching” phenomenon described in [63], which refers to
the breakup of an elongated drop after a sudden halt of the flow rate,
where the flow rate interruption corresponds to the inherently periodic
velocity field [64-66] introduced by the impeller rotation herein. Par-
ticularly for the current impeller speed, there exits a retraction of the
deforming interface (due to the interfacial tension competing against
the elongational flow), which leads to (4) the cessation of interface-
impeller contact and no further ligaments being produced. Meanwhile,
the dispersed entities are likely to travel up to the overlying oil phase
given the underlying flow field, and in addition, due to buoyancy.

3.2. Surfactant effect on interface evolution

In this part, we compare three cases with regard to the interface
evolution described above including (1) surfactant-free system from our
previous work, (2) surfactant-laden I (|z| > 0), and (3) surfactant-laden
II with Marangoni stress turned off (|z| = 0).

3.2.1. Step 1: Interface deformation

Fig. 3 presents the interfacial shapes at early times (r = 8.5 — 12 X
Rev.) for the three cases, where the interface begins to deviate from
its flat position, and a few dispersed entities are formed. The first
observation that can be drawn from the figure is that the deformation
of the surfactant-laden interface (I) is accelerated in comparison to
its surfactant-free counterpart (see Fig. 3-(a)-(b) and -(f)—(g)). This is
expected since the presence of surfactant reduces the average interfacial
tension, and therefore, promotes the interface deformation under the
same flow condition.

However, Fig. 3-(c) and -(h) show that the deforming interfaces
for the two cases subsequently reach similar positions (relative height
in the vessel). To better illuminate the observation, Fig. 4-(a) depicts
the deformation by plotting the temporal evolution, in terms of the
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minimum position of the interface and the corresponding axial com-
ponent of interfacial velocity at that location (as schematically shown
in Fig. 3-(a)). The position refers to the relative height in the cylindrical
vessel which is scaled using the height of vessel, Z = (2z — H)/H,
and only the magnitude of velocity is plotted as |u,]|, since it always
points downward during this step. This plot shows that while the
interface approaches the impeller (decreasing %), |u,| increases to a
peak value and then a reduction is seen. A similar conclusion as above,
that the accelerated deformation is associated with the surfactant-
laden interface (I), can be made prior to the velocity peak. It is also
evident that the subsequent decrease in |u,| is more significant for the
surfactant-laden case 1. This can be explained by the fact that surfactant
on the deforming interface is accumulated at its minimum position
(i.e., the descending leading edge of the interface), which introduces
an opposing Marangoni stress pointing upward. Fig. 4-(b) exemplifies
the surfactant distribution on the interface at = 9 X Rev.. As shown,
the induced Marangoni stress, which opposes the downward flow at the
vessel centre, acts to decelerate the interface deformation. A possible
explanation to the overall acceleration prior to the velocity peak can be
the dominance of the inertia, namely the strong downward flow where
the retraction driven by the Marangoni stress is negligible. After that,
the interface reaches the vicinity of the impeller, at which the flow
field starts to develop radially, and therefore, the vertical deformation
of interface slows down. Thus, the retarding effect of the Marangoni
stress [8,56] commences to function, causing the further decrease in
lu,| seen for the surfactant-laden case I. This process of deformation
is clearly described via Z in Fig. 4-(a) that, at t+ = 10 X Rev., the
surfactant-laden interface (I) reaches the same height in the vessel as
the surfactant-free interface after the acceleration and the subsequent
deceleration.

Moreover, the effect of Marangoni stress demonstrated above can
be better appreciated via the surfactant-laden system II. The visuali-
sation of the Marangoni-free interface indicates that Marangoni stress
plays a role in retaining the plump and thick shape of the deforming
interface, as well as the relatively uniform surfactant concentration
over the interface. The evidence can be seen in Fig. 3-(k), which
indicates that the Marangoni-free interface is in a slender shape with
varying interfacial surfactant concentration, as opposed to what is
shown for the surfactant-laden system in the presence of Marangoni
stress. Additionally, from Fig. 4-(a), decelerating deformation occurs
for the Marangoni-free system while the interface is near the impeller.
However, the “braking” (i.e., |u,| — 0 and the negligible change in 2)
observed for the other two cases no longer takes place, which provides
additional support to the previous statement that Marangoni stress
leads to further deceleration of interface deformation in addition to that
which arises due to the radially-developing flow field.

Another interesting phenomenon is the formation of the “branches”
at the surfactant-laden interface (I) (see Fig. 3-(i)). Such phenomenon
can be related to the fact that given the underlying flow described
previously, where the flow develops towards the vessel wall, ligaments
are prone to be formed elongating radially behind the impeller hub.
Furthermore, this can be better demonstrated using the flow topology
parameter, Q, which was first used in [28] and recently became popular
in the field of multiphase flows [27]. This parameter helps distinguish
among the three types of flow topology locally and is computed using
the rate-of-deformation, D, and rate-of-rotation tensors, Q:

= —1, for rotational flow
=0, for shear flow 21
=+1,

D? - Q?

Q:
D?+ Q?

for elongational flow,

where D> =D : D and ©> = Q : Q; D and @ can be calculated from
the velocity gradient tensor Vu:

Vu + Vu”
-
_ Vu-vu’
=—

D=

Q
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Fig. 3. Comparative evolution of interfacial shapes for the surfactant-free (top), surfactant-laden I (|z| > 0, middle) and surfactant-laden II (|]z| = 0, bottom) systems for

t = 8.5 — 12 X Rev. The interface is coloured by the magnitude of I'. The values of surfactant-related parameters correspond to the “base” case (see Section 2.3).

Fig. 5 compares the probability density function (P.D.F.) of parameter
Q at the surfactant-free and surfactant-laden interfaces (I) at r = 11.5x
Rev., corresponding to Fig. 3-(d) and -(i), respectively. In this case,
the statistics are only computed at the interface, which exclude the
effect of internal and external flow enabling us to isolate the flow
modification induced by the interfacial tension reduction. Nevertheless,
albeit not presented herein, negligible difference is observed in terms of
the internal and external flow types for both systems (dominated by the
pure shear flows), which indicates that the flow modification is mainly
at the interface. As can be seen from Fig. 5, for a surfactant-covered
interface (I), there is a decreasing possibility of seeing elongation-
dominated flow, while a larger probability to experience shear-like flow
is observed. This could be a possible explanation for “branch” forma-
tion as the deforming interface is more likely to be torn apart, rather
than being stretched, under the modified flow topology. Consequently,
these “branches” give way to ligament development accompanied by
dispersed drop production via a surfactant-induced tip-streaming mech-
anism (more discussion in the following Section 3.2.2). In contrast, as
shown in Fig. 3-(e), the surfactant-free interface keeps elongating and
thinning, following a helical trajectory due to the impeller rotation,
until the first ligament is formed (~12.375x Rev., which is not presented
in the figure).

For the Marangoni-free system, a sequence of thin ligaments are
produced at the minimum position of the interface (Fig. 3-(I), (m)),
quickly followed by the formation of highly surfactant-concentrated
drops (Fig. 3-(n),(0)), all of which is a consequence of the plummeting
interfacial tension that takes place in regions with surfactant surplus.
These observations, once again, reflect the fact that Marangoni stress
is activated to avoid surfactant from accumulating in excess at the
minimum position of the interface. The absence of this phenomenon is
directly responsible for the “free” escape and detachment of ligaments
from the deforming interface, as seen in Fig. 3-(m), (n).

3.2.2. Steps 2&3: Ligament and drop formation
As indicated earlier, during Steps 2 and 3, a large amount of
dispersed entities is produced via distinct mechanisms. In our previous

work, we suggested that following the ligament generation, dispersed
drops in the surfactant-free system are formed via a capillary instability
(see Fig. 6), where one elongated ligament gives birth to multiple
individual drops. For the surfactant-laden system I, an additional drop
breakup mechanism is promoted, namely tip- streaming/dropping [7,
8]. Fig. 6 displays the close-up visualisations of various drop breakup
events observed in the surfactant-free and surfactant-laden I systems
(during t = 12 — 18 X Rev.), exemplifying those via capillary instability
and tip-streaming. For the former mechanism, two examples from
different systems are presented, whereas two scenarios for surfactant-
induced tip-streaming are extracted from the surfactant-laden system
I. The first tip streaming is initiated from the deforming interface,
which leads to an individual drop formation prior to long ligament
formation, in contrast to what we observed from the surfactant-free
system (see Section 3.1). This can be an influencing factor on the
transient dispersed entities number profile (more details are deferred to
Section 3.3.1). Likewise, in the second case, where the breakup is from
an elongated ligament, tip-streaming generates drops intermittently,
leaving a large and relatively clean (i.e., covered by less surfactant)
drop after emission of several daughter drops.

An interesting feature for the Marangoni-free case is that drop
breakup via capillary instability is suppressed, and dispersed drops are
formed via either binary breakup from larger drops or tip-streaming
from stretching ligaments. Fig. 7-(a) illustrates the effect of Marangoni
stresses on the stretching ligament prior to its breakup via capillary in-
stability (using the example shown in Fig. 6). As presented, Marangoni
stresses play different roles on each end of the ligament depending on
the local surfactant distribution. First, for the ligament pole labelled
as A, surfactant is accumulated at the bulbous end, which introduces a
Marangoni stress towards the ligament body, impeding the formation of
an individual drop. On the other hand, surfactant concentration at the
pole B is lower relative to the nodule region, giving rise to a Marangoni
stress pointing outward and thus enhancing the ligament elongation.
From this perspective, Marangoni stress encourages the commencement
of breakup events driven by capillary instability by facilitating the
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Fig. 4. (a) Temporal evolution of the interfacial deformation for the three studied cases for t = 7 — 10 X Rev. with regard to the minimum position of the deforming interface (z
shown by symbols) and the magnitude of the velocity of the vertical interface deformation (|u.| shown by lines); (b) the interplay between the flow field (streamlines in blue along

with black arrows representing their directions) at the vessel centre and the induced Marangoni stresses (red arrows) at the deforming interface for 1 = 9 X Rev.. The interface is
coloured by the magnitude of I'. The surfactant-related parameter values remain unchanged from Fig. 3.
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Fig. 5. Probability density function of parameter Q for surfactant-free and surfactant-
laden I interfaces at + = 11.5 X Rev.. The interfaces are coloured by Q. The
surfactant-related parameters are the same as in Fig. 3.

ligament’s stretching motion and inhibiting drops from bursting at the
poles. This effect, combined with the promotion of tip-streaming, leads
to the observation that both mechanisms exist in the surfactant-laden
system I.

Nevertheless, in the case of drop deformation, it is common to see
the same surfactant distribution profile as in the pole A, since surfactant
tends to be swept towards the poles. As stated in the discussion related
to Step 1, Marangoni stress acts as a stabilising factor against drop
deformation, either delaying or even avoiding the new drop production
in this step. Fig. 7-(b) provides evidence of this by comparing the
behaviour of one drop located in the vicinity of the impeller at r = 15.5%
Rev. for both surfactant-laden systems (|z| = 0 and |z| > 0 shown at the
top and bottom of the figure, respectively). The critical Weber number
for drop breakup has been reported for various types of flows, which
consistently lies in the range of O(10"), for instance, We;, ~ 1 for
turbulent emulsification [67,68], We;; ~ 3 — 7 in the cases of uniaxial
shear and elongation flow [69] and nonuniform shear [70]. Based on
this, both drops are likely to break given their sizes (D, = 0.53 cm
and D, ;=0 = 0.40 cm, obtained as the corresponding sphere diameter
of its interfacial area) and their local Weber numbers (We,,,o = 103.6
and We|, o = 932, calculated with the impeller tip velocity and

average interfacial tension at the interface). However, it is evident that
the drop with Marangoni stress turned on retracts to its spherical shape
rather than the predicted drop fragmentation according to We_;.. This
is attributed to, as shown in the figure inset, the existence of Marangoni
stress pointing from drop poles to drop equator. This comparison
strengthens what has been demonstrated previously that Marangoni
stress hinders elongation and induces the retraction of the drop back
to its spherical shape. Furthermore, the presence of Marangoni stress
reduces the deformability of the deforming interface making it more
rigid as shown in Fig. 7-(c). From the figure, surfactant is accumulated
at the stretching tip of the deforming interface and is less concentrated
at the belly, which establishes a surfactant concentration gradient.
Consequently, the induced Marangoni stress immobilises the interface
preventing it from deforming into multiple branches (as shown for the
Marangoni-free case), which is inclined to generate dispersed drops
freely.

3.2.3. Step 4: Cessation of interface-impeller contact

As mentioned previously, the deforming interface retracts upward at
t = 20X Rev., leading to the cessation of interface-impeller contact there-
after. Fig. 8-(a) exemplifies the interfacial behaviours for the three cases
at t = 25X Rev.. As shown, the interface remains in a generally concave
shape, which shows some resemblance to the well-known ‘“Newton’s
Bucket” flow generated in a rotating cylinder [71-73], or the air-water
surface deflection in the shape of an inverted bell observed in rotating
flows [74]. Herein, given the current impeller speed, the surfactant-
free interface rotates following the impeller motion and no further
ligaments are generated. In contrast, intermittent ligament formation
is seen for the two surfactant-laden systems despite the cessation of
interface-impeller contact. This is presumably caused by the surfactant
accumulation at the minimum position of the interface which de-
creases the interfacial tension that would otherwise have counteracted
ligament formation. In addition, the visualisation of interface in the
presence of Marangoni stress highlights its increased rigidity (circled in
orange in Fig. 8-(a)) relative to its Marangoni-free counterpart, which
indicates again the immobilising effect of the Marangoni stress against
interfacial deformation.

It is also worth noting that the dispersed drop tends to either
coalesce with one another or merge back with the “inverted bell”.
Each case leads to different outcomes, as exemplified by the interfacial
evolution in the case of surfactant-laden system I, as displayed in
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Fig. 6. Close-up visualisations of drop breakup mechanisms observed in surfactant-free system (left) at 1 = 16.375x Rev., and surfactant-laden system I, at r = 11.625,12.375, 15.4 X Rev.
(from second left to right, respectively). The presented breakup events are via the capillary instability (left two columns), and surfactant-enhanced tip-streaming (right two columns).
Two scenarios for tip-streaming are given, one initiated from the deforming interface and another from an elongated ligament. The surfactant-related parameters remain unchanged

from Fig. 3.

Fig. 8-(b). In the first scenario, an emergent interfacial structure (circled
in blue) formed from a coalescence event is elongated by the local
flow and broken up again into several smaller drops. For the latter
case, ligament production from the deforming interface (circled in red)
eventually recurs given that adequate dispersed drops are merged back
with the deforming interface.

3.3. Comparative statistics

3.3.1. Temporal evolution of dispersed entity number

In this part, the transient count of dispersed entities is tracked
with the aim of quantifying the qualitative interfacial behaviours de-
scribed in the last section. The four steps of liquid dispersion (see
Section 3.1) can be related to three stages of the transient number
profile of dispersed entities (which can be either a stretching ligament
or an individual drop). Fig. 9-(a) presents the number profile along with
the interfacial shape at the corresponding instants. Initially, no dispersed
drop (Stage A, shown by dashed lines) formation is observed during
the interface deformation (Step 1) since the interface is approaching
the impeller. Then, the onset of ligament formation and subsequent
breakup events (Steps 2 and 3) lead to a dramatic increase (Stage
B, shown by solid lines) in the dispersed entity count. Finally, the
cessation of impeller-interface contact (Step 4) gives rise to a gentle
fall-off (Stage C, shown by dotted lines) as the dispersed drops tend
to coalesce, or merge back with the overlying oil-phase (see close-up
views in Fig. 9-(a)), while less or no new dispersed drops are formed.

The first distinction among the three cases is the compression of
Stage A corresponding to a shortened duration of interface deformation.
This can be explained with the accelerated interface deformation as
demonstrated above. Furthermore, we noted here the distinguished
increasing patterns at early Stage B for the three cases, as highlighted
in the orange rectangle in Fig. 9-(a). The abrupt jump seen for the
surfactant-free system comes naturally from the breakup events via
capillary instability. By comparison, a mild increase appears prior to
the steep rise for the surfactant-laden system I, which is the result
of the early drop breakup events via tip-streaming from the deform-
ing interface. Again, the early and more pronounced increase for the
Marangoni-free system reflects the inhibiting effect of Marangoni stress
on the drop deformation and therefore the breakup events.

During Stage B in Fig. 9-(a), an abrupt jump in the number of
dispersed entities with a larger amplitude compared to the surfactant-
free system is observed for the surfactant-laden system I. This is due
to the onset of drop breakup events via both mechanisms stated above
(capillary instability, and concurrently, tip-streaming). However, there
exists a plateau following the dramatic increase (¢ 15 X Rev.),
which indicates a deceleration of the dispersed phases formation. This
can be related to the fact that tip-streaming, which generates drops
intermittently, is promoted in surfactant-laden system I, and conse-
quently, some ligaments generating drops via tip-streaming in that
system break up into drops through capillary instability in surfactant-
free system. Another interesting trend is the overlap between the two
surfactant-laden cases, as highlighted in orange oval in Fig. 9-(a). As
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Fig. 7. Visualisations of Marangoni stresses under different scenarios: (a) ligament elongation prior to its fragmentation towards multiple drops; (b) drop deformation where the
evolving drops are coloured using o; and (c) evolution of the deforming interface shape. The insets consist of two identical interfacial states coloured in I" and 7, respectively; the
negative sign of r represents its direction, and the grey arrows refers to the direction of Marangoni stresses. The surfactant-related parameters remain unchanged from Fig. 3.
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Fig. 8. (a) Interfacial shapes for the three studied systems at ¢ = 25 x Rev., along with a similar inset showing the direction and magnitude of Marangoni stress as in Fig. 7; (b)
exemplified interfacial evolution in the surfactant-laden I system presenting the different outcomes depending on dispersed drop behaviours. (i) Coalescence: ligament formation
from consequent larger drop (circled in blue) elongation; (ii) merging back with the deforming interface: recurring ligament formation (circled in red) from the deforming interface.
The surfactant-related parameters remain unchanged from Fig. 3.
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Fig. 9. (a) Temporal evolution of dispersed entities number for surfactant-free, surfactant-laden I, and surfactant-laden II systems for a time frame of + = 7 — 30 X Rev., along
with the representative interfacial shapes corresponding to the four steps of liquid dispersion (at r = 9,13, 15,23.5 X Rev., exemplified by the surfactant-free case). This profile is
divided into three stages: (A) no dispersed drop, (B) dramatic increase and (C) gentle fall-off, which are respectively shown by dashed, solid, and dotted lines; (b) fitted drop
size distribution (Probability Density Function with respect to log-scale of normalised drop volume) at ¢ = 26 X Rev. for the three cases. The surfactant-related parameters remain

unchanged from Fig. 3.

demonstrated earlier, this reflects the fact that Marangoni stress aids
the commencement of breakup events via capillary instability in the
system with Marangoni stress turned on, and thus dispersed drops are
generated rapidly enough to reach comparable amount to its counter-
part for the Marangoni-free system, though a delayed appearance of
the first dispersed drop is observed for the former system. Following
the overlap, the drop count for the Marangoni-free system rises sharply
until its peak is reached. This is due to the fact that a large amount of
thin ligaments are formed simultaneously from the deforming interface,
along with the drop production, which give rise to similarly increasing
rate as in the case of a single breakup event via capillary instability.
This provides additional evidence for the effect of the Marangoni stress
on the interfacial dynamics and associated phenomena as reported in
Section 3.2.2 and Fig. 7.

Another key aspect to highlight from Fig. 9-(a) is the appearance
of humps in Stage C for all three cases (circled in orange), which
can be indicative of the occurrence of dispersed interfacial structure
formation, either from recurring ligament production or large coalesced
drop fragmentation, as explored in Section 3.2.3. Eventually, the rate
of drop formation and coalescence seems to stabilise somewhat, with a
steady decline in the number of drops and smaller rates for the clean
and Marangoni-free cases after 1 = 28 X Rev. compared to the onset of
Stage C. From this point onward, the dynamics developing in the tank
stagnate, reducing to sporadic coalescence and subsequent breakup
chains as described in Section 3.2.3. For this reason, the simulations
were terminated after this point.

Finally, the dispersed entities number at the instant where we
terminated our simulations takes the following order: surfactant-free
(17), surfactant-laden I (43), and surfactant-laden II (82) systems.
This provides further indication of the surfactant effect on the liquid
dispersion in the studied configuration as summarised below:

» The reduced interfacial tension promotes tip-streaming (or tip-
dropping), which contributes to the formation of more dispersed
drops in the surfactant-laden system [;

» The Marangoni stress, in general, acts to counteract and retard
interfacial deformation and drop formation, which explains the
larger dispersed phases number in its absence;

» Marangoni stress is found to encourage the breakup events via
capillary instability, which is commonly occurs under general
emulsion scenarios [62], and, to some extent, suppresses tip-
streaming.

10

3.3.2. Drop size distribution

The dispersed entities number alone is not a representative metric
of the effect of surfactant in the stirred mixer. Additionally, a drop size
distribution analysis at t = 26 X Reuv. is carried out for the three studied
cases herein, as presented in Fig. 9-(b). The drop size in this context is
defined as the volume of a dispersed entity, V,;, and is normalised by
the volume of a spherical drop, V.,,, whose diameter corresponds to

the capillary length scale, \/o,(p,, — p,)g-

The data structure has been evaluated using quantile—quantile (Q-
Q) test and box plots, and the outliers (i.e., non-physical tiny drops
and elongating large ligaments) are removed from the analysis. In the
field of statistics, one commonly applies the Kolmogorov-Smirnov (K-
S) test [75] and the Anderson-Darling (A-D) test [76] to examine the
goodness of one population of data to fit one specific distribution; a
non-parametric analysis of variance, for example, Kruskal-Wallis (K-
W) test [77] is then used to contrast the distributions and the following
Dunn’s test [78,79] specifies the distinct sets of data. Following such
procedure, the filtered data sets are fitted to a logistic distribution,
satisfying both the K-S test and the A-D test with a significance level of
0.05. Furthermore, K-W test is conducted to contrast the distributions,
where statistical significance is implied among the three data sets. More
specifically, subsequent Dunn’s test determines that the Marangoni-
free system is distinct from (lower than) the other two systems, as
far as their medians are concerned. This finding is consistent with
the prior work [80] pointing out the manifold effects of surfactant
on the average drop size, especially in mixing scenarios, as opposed
to the assertion that the addition of surfactant simply reduces the
interfacial tension, and therefore, the dispersed drop size. The deviation
for the Marangoni-free data strengthens this statement indicating that
the effect of surfactant on the drop size is not limited to lowering
interfacial tension but also arises from the Marangoni stress, which
plays a role in drop breakup mechanisms as demonstrated in previous
sections.

Moreover, skewness and kurtosis are computed to examine the
asymmetry (i.e., tail) of the distributions. First, negative skewness for
all three cases signifies the left-tailed shape, which can be translated as
all three cases exhibit an inclination to produce small drops. In regard
to the magnitude (absolute value) of skewness, incremental skewness
is obtained for the three cases following the order: surfactant-free
(—=0.23) < surfactant-laden I (—0.76) < surfactant-laden II (—1.01). In
addition, the kurtosis indicates “heavier” tails for the same ordering, in
other words, the surfactant-laden system II produces the largest amount
of small drops, followed by the surfactant-laden I, and finally the
surfactant-free system. This comparison leads to a similar conclusion as
above: interfacial tension reduction promotes the production of smaller
drops while the Marangoni stress acts to mitigate this effect.
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Fig. 10. A general quantitative insight into the mixing process for the systems with Marangoni stress turned on (a) and off (b), with regard to the evolution of interfacial area
(lines) and dispersed entities count (symbols). Profiles of both metrics are displayed for varying surfactant elasticity numbers g, = 0.5,0.7,0.9 during ¢ = 7 — 30 X Rev.. Except for
the variations in g, the rest of the surfactant-related parameters remain unchanged from Fig. 3.

3.4. Effect of surfactant elasticity, f

Fig. 10-(a) and -(b) provide a quantitative insight into the mixing
process in systems of varying elasticity numbers with respect to the
evolution of the interfacial area (made dimensionless via the initial
interfacial area, A;) and dispersed phases count; (a) refers to the three
cases with Marangoni stress turned on and (b) presents the Marangoni-
free systems. It can be seen that prior to dispersed entity formation
(i.e., Stage A defined in Section 3.3.1), a small change in interfacial
area is seen for both Marangoni-free system and its counterpart in
the presence of Marangoni stress. This is consistent with what we
demonstrated in Section 3.2.1 that the elongational flow experienced
by the deforming interface is so strong that the effect of increasing g,
(and therefore the modified interfacial tension and Maranogoni stress)
is negligible during this step. After that, increasing g,, which augments
the sensitivity of interfacial tension to the surfactant concentration,
generally promotes interface deformation and formation of dispersed
entities (shown as incremental A/ A and entities count, respectively, in
Fig. 10-(b)). However, these effects are only prominent prior to the fall-
off (i.e., Stage C defined in Section 3.3.1). Following the onset of the
fall-off, no distinguishable trend regarding either the interfacial area
or dispersed entities count is seen for increasing f,. Furthermore, in
comparison with Fig. 10-(a), the presence of Marangoni stress mitigates
the effects mentioned above. In other words, under realistic scenarios,
increasing g, from 0.5 to 0.7 leads to insignificant change in interfacial
area and dispersed phases count. Instead, an obvious increase is seen
in both metrics at 1 = 15 — 25 x Rev. for f; = 0.9, the largest g, studied
herein.

To elucidate the observations highlighted above, Fig. 11 provides a
comparison (f = 9 X Rev.) among the three cases with Marangoni stress
turned on in terms of surfactant-related properties on the interface.
First, to gain a comprehensive insight into the surfactant property
profile on the deforming interface, a quantity (for instance, the sur-
factant concentration I'), is averaged over a horizontal slice of the
interface. The averaged I', I', on a sequence of horizontal slices,
located at different heights of the interface, is then tracked. This gives
Fig. 11-(a) where the markers refer to the I' over the horizontal slice
at the corresponding height, as demonstrated in the schematic inset.
Similarly, Fig. 11-(b) plots the averaged interfacial tension and the
strength of Marangoni stresses along the interface (vertically). From
these figures, larger g, results in lower interfacial tension, as expected,
more uniform surfactant concentration (narrower range of I'), and
larger Marangoni stress induced along the interface. As shown in the
figure, the Marangoni stress on the waist of the interface (labelled as
a, Z ~ 0.6) is larger in magnitude augmenting deformation (negative,
pointing downward); likewise, that induced in the lower part of the
interface (labelled as b, Z 0.1) is stronger retarding deformation

~
~

11

(positive, pointing upward). Meanwhile, the retarding force exceeds the
augmenting one (take g, = 0.9 as an example, |7|, ~ 32 > |7]|, =~ 9).
Hence, the sum of these effects is reflected as a negligible change in
interfacial area (i.e., overlapping lines) as observed in Fig. 10.

The ensuing Fig. 11-(c) provides a comparison of the interfacial
shapes for the three cases in the presence of Marangoni stress, illustrat-
ing the cause of the significant increase in interfacial area and dispersed
entities count for f; = 0.9. As shown in this figure, while the deforming
interfaces in the other two cases start to retract and detach the impeller
hub (+r = 17 X Rev.), the g, = 0.9 case exhibits an interface in the
shape of a tail extending to the vessel bottom. Several long stretching
ligaments are also generated, which subsequently give way to multiple
dispersed drops leading to a sharp increase in dispersed drop count.
Such phenomenon lasts until 7 = 18 X Rev.. On the other hand, this
feature is missing for the Marangoni-free system. This provides further
indication that one of the effects exerted by Marangoni stress is to
encourage drop breakup via long ligament fragmentation driven by the
capillary instability (see Section 3.2.2).

From above, the effect of g, is best appreciated during the in-
termediate period of the mixing process, which corresponds to Steps
2 and 3 of the interfacial behaviours defined in Section 3.1. After
the cessation of the interface-impeller contact, the effect of changing
surfactant elasticity diminishes as displayed in the plots at the instant
where we terminated our simulations; the cases associated with the
three studied g, produce similar interfacial area and dispersed entity
count, for both the scenarios with Marangoni stress turned on and off.
This implies that the effect of changing g, is more pronounced on drop
dispersion compared to coalescence. It should be noted, however, that
due to the complex nature of the flow considered in the present work,
larger computational resolution is required to recover the potential
(and subtle) effect of surfactant on drop coalescence, which is beyond
the discussion presented herein.

4. Conclusions

The current study has extended our previous work on numerical
analysis regarding oil-water emulsification inside an un-baffled stirred
vessel by accounting for the presence of soluble surfactant. We have
contrasted the surfactant-free and surfactant-laden systems in terms
of interfacial behaviours during mixing, transient number of dispersed
phases, and drop size distribution at the instant where the simulations
are terminated. Furthermore, our simulations allow us to turn off the
Marangoni stress, which is evidently unachievable in experimental
work. In this way, we have isolated the effects that arise from interfacial
tension reduction and the Marangoni stress induced by surfactant con-
centration gradient. In general, the decrease in interfacial tension eases
the interface deformation and drop formation in our system, promoting



F. Liang et al.

t = 9XRev.

°
®
3

__Nol

g £
L (=]
| = 3

|T] > 0,t = 17XRev.

N €
‘ <
[
= <

Chemical Engineering Journal 472 (2023) 144807

SQ

6 0.7

t = 18XRev.

(c)

Fig. 11. The averaged surfactant properties along the interface at t = 9 x Rev., (a) the averaged surfactant concentration, I'; (b) the averaged interfacial tension (&, lines) and the
averaged magnitude of Marangoni stresses (7, symbols). The Z refers to the dimensionless height on the interface, scaled using the minimum position of the deforming interface
as in Fig. 4; here, negative r represents its direction pointing downward. (c) A comparison of the interfacial shapes for the three systems in the presence of Marangoni stress at
t =17 X Rev.. Except for the g, variations, the rest of the surfactant-related parameters remain unchanged from Fig. 3.

a second drop breakup mechanism, the tip-streaming/dropping, which
is not observed in surfactant-free system. On the other hand, the role
played by the Marangoni stresses is dependent on the local surfac-
tant concentration distribution. In particular, it could either encourage
breakup events via a capillary instability, or retard interfacial elonga-
tion and thereby drop production, especially via tip-streaming. From
the perspective of drop size, the presence of surfactant exerts manifold
effects such that lowering interfacial tension aids the production of
smaller drops, while the Marangoni stress mitigates this influence.

In addition, a parametric study has been performed to address the
effect of surfactant elasticity, f;. We have demonstrated that increasing
p, facilitates interface deformation and thereby drop formation by
decreasing the average interfacial tension. However, the presence of
Marangoni stress counteracts these effects and leads to a sharp increase
in both interfacial area and dispersed phases count for the largest g
(B, = 0.9) during ¢t = 15-20x Rev., by encouraging the formation of long
ligaments (and thereby subsequent drop production). Ultimately, the
deviation vanishes at the instant we terminated the simulations where
similar drop number and interfacial area are observed.

Throughout this work, we have provided a detailed insight into
surfactant-laden interfacial dynamics within a practical operation unit,
i.e., the stirred vessel. Though all the results are from a specific con-
figuration, the physics we have discussed is generic to stirred mixers.
Considering the flexibility provided by our simulations, our future work
will address other surfactant properties including diffusion and sorption
kinetics. We will also use our high-fidelity simulations to produce corre-
lations of the drop size distributions with the dimensionless parameters
that characterise our surfactant system.
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