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The evaluation of nanoparticle dispersion within viscoelastic fluids upon impact on hydrophobic and hy-
drophilic surfaces is conducted using the Euler-Lagrangian technique. The volume-of-fluid approach is
employed in conjunction with the Lagrangian method to model the transport of nanoparticles in a three-phase
system (particles-air-viscoelastic fluid). The assessment of nanoparticle dispersion was conducted over a range
of Péclet numbers and contact angles (¢ = 30° and 120°) in three-dimensional (3D) space using the mean
square displacement method. The findings suggest that the dispersion of nanoparticles is mainly influenced by
normal stress. During droplet impact, nanoparticles exhibit non-Fickian superdiffusive behaviour due to the
viscoelastic fluid’s non-Gaussian distribution of velocity and stresses (normal and shear) fields. The wettability

of the fluid with solid surfaces substantially affected the dispersion of nanoparticles in the viscoelastic fluid.

1. Introduction

Bio-aerosol transport, biofluid transport, drug delivery, spray coat-
ings, inkjet printing, and the impact of raindrops on leaves are just a
few examples of the many natural and industrial processes that rely
on the interaction of droplets with solid surfaces. Numerous surgical
procedures conducted within hospital settings result in the generation
of bioaerosols derived from biofluids [1,2]. Biofluids are known to
include viruses and bacteria at the nano- and microscales. Most of these
biological fluids exhibit viscoelastic characteristics [3-6]. Viruses and
bacteria can be regarded as nanoparticles to assess their dispersion
within biofluids when subjected to the impact of biofluids on a solid
surface.

Due to the complex interaction of nonlinear material rheology, fluid
inertia, elasticity, and fluid—structure interactions, developing robust
and accurate simulation methods for the simulation of viscoelastic
fluid flow dynamics is difficult [7-9]. The presence of particles in the
fluids affects the transmission of stress during fluid-particle interac-
tion and the interaction between particles and solid surfaces at the
boundary [10]. Biological fluids and non-Newtonian polymeric fluids
may exhibit shear-thinning, shear-thickening, or viscoelastic properties,
respectively, in response to the solvent-incorporated material’s chem-
ical and physical properties [5,8,11]. Introducing particulate matter
within the non-Newtonian fluid introduces additional complexities in
the interplay of momentum exchange between the fluid and particles at
the microscopic level [12]. As a result, accurately forecasting the con-
tinuum scale response of this multiphase system becomes an immense
challenge both experimentally and computationally [10,13].

* Corresponding authors.

Modelling nanoparticle mobility in fluids requires the use of com-
putational approaches. To evaluate the dynamics of particle-laden
viscoelastic fluids, numerical techniques, including the lattice Boltz-
mann method [14-16], finite difference method [17,18], finite element
method [19], finite volume method [9,10], and smoothed particle
hydrodynamics [20], were applied. Using the discrete element method
(DEM) in conjunction with computational fluid dynamics (CFD) fa-
cilitates a deeper understanding of the intricate dynamics governing
particle—fluid and particle-particle interactions [10,12,21]. However,
due to the paucity of information regarding the number of particles,
precise rheological properties of the fluid, and flow characteristics,
it is difficult to obtain fast and accurate predictions of particle-laden
viscoelastic fluid flow. Numerous constitutive equations are available in
the literature to model viscoelastic fluids, such as Oldroyd-B, Giesekus,
and Phan-Thien-Tanner (PTT) models [22]. Each viscoelastic model has
its limitations [11]. For example, it has been discovered that when
the fluid’s deformation rate is significantly greater than the relax-
ation time of the microstructure, the Oldroyd-B model performs inad-
equately [11]. The Phan-Thien-Tanner model [23] is developed based
on the network theory for polymeric solutions, while the Oldroyd-
B [24] and Giesekus [25] models are developed based on the concept
of an elastic spring attached to two beads in a polymeric solution.

Recent studies, Ayar et al. [12], Fernandes et al. [10], and Faroughi
et al. [9,26] evaluated the drag force acting on spherical particles
moving through viscoelastic fluids modelled with the Oldroyd-B and

E-mail addresses: t.shende@ucl.ac.uk (T. Shende), i.eames@ucl.ac.uk (I. Eames), e.moeendarbary@ucl.ac.uk (E. Moeendarbary).

https://doi.org/10.1016/.jnnfm.2024.105221

Received 21 September 2023; Received in revised form 15 March 2024; Accepted 19 March 2024

Available online 22 March 2024

0377-0257/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/jnnfm
https://www.elsevier.com/locate/jnnfm
mailto:t.shende@ucl.ac.uk
mailto:i.eames@ucl.ac.uk
mailto:e.moeendarbary@ucl.ac.uk
https://doi.org/10.1016/j.jnnfm.2024.105221
https://doi.org/10.1016/j.jnnfm.2024.105221
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnnfm.2024.105221&domain=pdf
http://creativecommons.org/licenses/by/4.0/

T. Shende et al.

Giesekus constitutive equations by developing and employing a CFD-
DEM method. Zhang and Shaqfeh [13,27] utilised the finite volume
method, as proposed by Yang et al. [28], to investigate the impact
of polymer concentration and volume fraction of a non-colloidal rigid
sphere in viscoelastic fluids modelled with Oldroyd-B and Giesekus
constitutive equations on shear rheology. These investigations demon-
strate that the microscale and continuum-scale dynamics of particles
in viscoelastic fluids are affected by the first normal stress difference
that the fluid experiences. This suggests that particle dispersion in a
viscoelastic fluid is thus significantly impacted by the normal stress
field within the fluid.

The complexity of analysing particle-laden viscoelastic fluid flow
increases when particles in the fluid interact with a two-phase system
that has a fluid-fluid interface. Depending on the properties of the two
fluids and a solid surface, the fluid—fluid interface deforms under the
influence of forces within a viscoelastic fluid (e.g viscous, elastic, etc.)
and outside fluid (e.g fluid—fluid interfacial tension) and its interaction
forces with a solid boundary (e.g. contact angle). Complex interactions
in three-phase systems involving particles and fluids can be simu-
lated by combining the Euler-Lagrangian [10,21] and Volume of Fluid
(VoF) [29] approaches. The Lagrangian tracking technique improves
the computational framework by exposing particle-level behaviour and
interactions [30]. This methodology makes monitoring nanoparticles,
analysing their trajectories, and anticipating their dispersion patterns
easier. In this paper, we developed a three-phase volume-of-fluid-
Lagrangian method for viscoelastic fluids to simulate the droplet impact
of particle-laden viscoelastic fluids on a solid surface.

Droplet impact of Newtonian and non-Newtonian fluids on hy-
drophilic and hydrophobic surfaces has been extensively studied from a
spatial and temporal perspective [31-35]. The wettability of the surface
governs droplet impact on the surface. The dynamics of droplets as
they spread out and recede from a surface and eventually separate
from it have been studied in great detail [31,36-38]. Incorporating
nanoparticles into a viscoelastic fluid results in distinct spreading and
splashing mechanisms compared to the Newtonian solvent. This is due
to the influence of the viscoelastic fluid’s elongation properties on the
interactions between the particles and the fluid and the interface be-
tween air and liquid [36]. The wettability of interfaces between fluids
and solids has a significant influence on the dispersion of nanoparticles.
The interactions between nanoparticles and the substrate upon impact
are influenced by how much a fluid wets a surface [32,39]. The wetting
behaviours of hydrophobic and hydrophilic surfaces differ, leading to
variations in the contact area, adhesion, and consequent dispersion of
nanoparticles [32]. Research has demonstrated the critical importance
of surface wettability in controlling the fate of nanoparticles and, thus,
dispersion of nanoparticles in various fluidic settings, demonstrating its
relevance across numerous applications [31,32,40-44]

The processes of advection and diffusion regulate the dispersion of
nanoparticles. The advection process occurs when a fluid’s bulk motion
carries a particle while preserving its properties. Diffusion, conversely,
is the net movement of particles due to particle random motion from a
higher concentration to a lower concentration without the bulk flow
of a fluid. Thus, the Péclet number, a parameter that quantifies the
relative significance of advection and diffusion, is a crucial factor
in determining the dispersion characteristics of nanoparticles [21,45,
46]. Previous research has investigated the impacts of varying Péclet
numbers on the dispersion and migration of nanoparticles, providing
insights into the intricate relationship between advection and diffusion
mechanisms [46,47]. Furthermore, the investigation of the contact
angle, which serves as an indicator of the fluid’s wetting charac-
teristics on solid surfaces, has been thoroughly examined in several
contexts [31,32,40-43]. The investigation of the influence of contact
angle on nanoparticle dispersion yields significant insights into the
interfacial phenomena that dictate the interactions between particles
and surfaces [44].
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The majority of research conducted on the phenomenon of dis-
persion has mostly concentrated on fluids that adhere to Newtonian
principles [48-54]. There is a limited body of work that has exam-
ined the dispersion of nanoparticles by monitoring their movement
within viscoelastic fluids [47,55-59]. While there has been consider-
able research conducted on particle tracking in Newtonian fluids and
two-dimensional porous media [30,48,60], there is currently a lack of
comprehensive investigations regarding the dispersion of nanoparticles
inside viscoelastic fluids in a three-dimensional (3D) context. The in-
fluence of dimensionality on hydrodynamic interaction varies between
two-dimensional (2D) and three-dimensional (3D) systems [46,61].
Prior investigations of nanoparticle tracking have predominantly been
conducted within a limited spatial domain in two dimensions, primarily
due to constraints imposed by available instrumentation.

Viscoelastic fluids exhibit viscoelastic instability while flowing
through contraction and curved channels due to the fluid’s elastic
properties and extra polymer stress [8,62]. This viscoelastic instability
significantly affects solute and nanoparticle dispersion in the viscoelas-
tic fluid [47,62]. The investigation of the dynamics of the dispersion
of nanoparticles inside viscoelastic fluids resulting from the impact
of droplets holds significant importance in many industrial applica-
tions [63]. It has been found that viscoelastic rheological properties
play a crucial role in determining how fluid particles move [63]. Al-
though the impact of the particle-laden viscoelastic droplet on surfaces
has been studied experimentally [36,63,64], numerical simulation of
the particle-laden viscoelastic droplet is scarce, and thus, it is not
clear whether normal stress or elastic instability contribute to the en-
hancement or suppression of the dispersion of particles during droplet
impact.

The impact of droplets of particle-laden viscoelastic fluid on both
hydrophobic and hydrophilic solid surfaces was investigated in this
work. We chose the PTT viscoelastic model, as we have shown in our
earlier work [29] that the PTT model can be adapted to upscale the
rheological properties of the non-Newtonian fluid from the pore scale
to Darcy’s scale in a porous medium [29]. The discrepancy between
droplet dynamics and particle dispersion, as simulated by the PTT
and Oldroyd-B models, is examined. We demonstrated that increas-
ing particle concentration enhances the droplet’s initial momentum,
resulting in distinct spatial and temporal stress patterns and particle
dispersion. The primary objective of this study is to provide two novel
contributions. To the best of our knowledge, there has been no prior
investigation on incorporating nanoparticles as a distinct phase inside
a three-phase (particles-fluid-air) simulation study utilising the volume-
of-fluid-Lagrangian approach for viscoelastic fluids. Specifically, this
study focuses on the influence of a viscoelastic fluid droplet on hy-
drophilic and hydrophobic surfaces in a three-dimensional context.
Furthermore, our findings demonstrate anomalous characteristics of
nanoparticle dispersion when viscoelastic fluid droplets collide over
a range of Péclet numbers. It has been demonstrated that the spatial
variation in normal stress influences the dispersion of nanoparticles.

2. Governing equations

The volume-of-fluid-Lagrangian approach is employed to examine
the migration of nanoparticles suspended within a viscoelastic fluid
during droplet impact. The governing equations of the viscoelastic
Phan-Thien-Tanner fluid are solved using RheoTool [65] implemented
in the OpenFOAM C++ library [66]. The movements of the nanopar-
ticles are projected by utilising the flow field that has been previously
computed and applying Newton’s second law at every incremental time
interval.

2.1. Eulerian frame: Volume-of-fluid method

The equation of motion of viscoelastic fluids with velocity field
u; and time ¢ is defined using continuity equation (V - uy = 0) and
momentum equation [11],

6uf
Pt ;+uf~Vuf :V'6+F7—SP, (1)
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where py is the fluid density, o is the total fluid stress tensor, F, is the
interfacial force, and S; represents an extra source term that accounts
for the influence of particle forces on the fluid flow during each
iteration. The stress tensor o in Eq. (1) can be decomposed into three
components: a pressure term (—pl), the Newtonian part represented by
7 = 2uD, and the viscoelastic part denoted as Ops
6=-pl+7+0p,, @

where p is the pressure, y is the solvent viscosity, I is the identity tensor,
op is the polymeric stress tensor, and D = % (Vuf + (Vuf)T) is the rate
of deformation tensor.

The constitutive equation for polymeric stress tensor o, contribu-
tion, based on network theory for polymeric solutions, is defined by
the Phan-Thien-Tanner model [23,67,68] as follows:

O
f(op)op + A, = 2n,D, 3
where I(])_p’ is the Gordon-Schowalter derivative of o,
o v
O'p=0'p+§(0'p‘D+D~O'p), 4)
v 60'p T
o, = TS +ug - VO'IJ —0p- Vug — (Vuy) - 0p, 5)
v
where o, is the Oldroyd’s upper-convected derivative of o, [24], 4 is

the characteristic relaxation time, and 1y is the polymeric fluid contri-
bution to the zero shear viscosity (1) i.e. 7y = 1, + p. The PTT model’s
parameter ¢ accounts for the slip between the polymer’s molecular
network and the continuous fluid medium. The ¢ = 0 represents affine,
and ¢ # O represents a non-affine version of the rheological model.
While numerous viscoelastic polymeric fluids exhibit polymeric slip at
the microscale, we encountered difficulties in accurately determining
the proper value of ¢ based on experimental data available in the
literature. Thus, we have employed the affine version (with { = 0)
of the PTT model. As a result, the upper-convected derivative was
utilised in Eq. (3). Phan-Thien and Tanner originally defined the stress
invariant function f (6p) in Eq. (3) using the linear form as f (6p) =1+
;ltr(ap) [23,69], where ¢ represents the viscoelastic fluid’s extensional
p%operties, which is inversely proportional to the fluid’s extensional
viscosity [68]. Phan-Thien later suggested an exponential equation,

EA
flop) = e%tr(ap), in 1978, which considers the exponential increase in
strain under intense flow [67]. It should be noted that if f(c},) = 1 and
¢ =0, then Eq. (3) becomes the Oldroyd-B equation [24]. For weak flow
(e.g. viscometric flow), the PTT model predicts the dynamics viscosity
n of the fluid as [67],
_ Mo

T ee-oni

The polymer within the polymeric fluid undergoes various levels of
stretching, entanglement, and compression. The conformation tensor A
describes the extent to which a polymer is stretched in a fluid [22,70].
The polymer stress vanished when A = I in the limit of a long time [22].
The o, of the PTT model as function of A is given by,

©

n
op= AT, %)
The evolution of A using the linear form of PTT is [22],

v —

PR ETICEY 3)[
A

and evolution of A using exponential form of PTT is,

A 1], (€))

v ee(trA—3)

A=——I[A-T] ©)

v
where A is the upper-convected derivative of A,

V. 0A T
A= =" up VA AV — (Vup' - A (10)
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The flow of viscoelastic polymeric fluids, represented by u; for ad-
vection and Vug for stretching and re-orientation of the polymer, are
depicted in Eq. (10). The restoring elastic term is proportional to
A [70].

The conformation tensor is a second-order tensor that is both sym-
metric and positive-definite. Therefore, it can be expressed as the
factorisation of RART, where R represents the matrix of eigenvectors
of A and A represents the diagonal matrix of eigenvalues obtained
from A. Guenette et al. (1995) proposed the inclusion of a diffusion
term V - (,Vug) on both sides of the momentum Eq. (1) in order to
enhance the stability of numerical simulations [71,72]. Both terms
cancel each other out once a steady state is achieved. Thus, Eq. (1)
becomes [73,74],

Ju
Pt <a_rf +ug Vuf> =V [(u + np)Vug| = —pI-V- (n,Vug) +V-6,+F,-S,.
an

The stress experienced during the impact of a viscoelastic droplet
on a solid surface exhibits an exponential increase, particularly at the
interface between the solid and liquid when the droplet’s contact line
advances and recedes. The rapid increase in the magnitude of stress
may result in numerical instability issues while conducting simulations.
Thus, we have employed the log-conformation tensor method, accessi-
ble in RheoTool [65,73], to mitigate numerical stability issues [75,76].
In this particular methodology, the constitutive equation is redefined
by employing the logarithm of the conformation tensor, denoted as
O =In(A) = RAPRT and A = exp(A‘")). This reformulation allows the
stress field to be linearised in regions with exponential growth while
guaranteeing that the conformation tensor stays positive-definite [73].
As a result, this strategy improves numerical stability [73,76]. Eq. (7)
of linear PTT model is solved in term of O as,

% +Up-VO— (00 —0Q)—2B = %(e’@ -0, a2)

where f = 1 + e[tr(e®) — 3] for the linear PTT, f = ¢#lt¢®)-3 for the
exponential PTT, and

Myx mxy my,
M=RVu/R" =\m, m, m,|, 13
myx mgy mg,
0 Oy, Oy
Q=Rl-0, 0 o,|R", a4
-y, —O 0
my 0 0
B=R( 0 m, 0 |RT, 1%
0 0 my
where o, = 22Ut A Finally, the polymeric stress is computed using
ij A=A,
op= "7p[e9 —IJ. Readers are referred to [65,73,75-78] for more details.

In the volume-of-fluid method for two-phase flows, the above equa-
tions are solved simultaneously with the transport equation for phase
volume fraction ¢ (0 < a < 1),

‘;—‘: +V - (aup) + V- (a1 — ug,) =0, 16)
where ug, = u; — u, is the relative velocity between two phases. The
artificial interface compression term, V - (a(l — a)u;,), guarantees the
sharpness of the interface [79-82]. For sharpness and boundedness,
the term a(l — a) ensures that compression is active in the interfacial
region where 0 < « < 1 [79,82]. The numerical diffusion is controlled
by discretisation of relative velocity (for more details, please refer
to [81,82]). At fluid—fluid interface, p = ap, + (1 — a)p, and n =
an; + (1 — a)n,. p; and n; represents density and viscosity of i fluid,
respectively. The interfacial force in Eq. (1) [83] is

F, =y x(Va), 17)
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Va

where y is the interfacial tension, and x = -V - » is the interfacial
curvature. The equilibrium contact angle 6 at fluid—solid interface
satisfies 7 - n; = cosf, where n; and # are the unit vector normal to
the wall and fluid—fluid interface respectively.

2.2. Lagrangian frame

The motion of individual nanoparticles with mass m;, and velocity
v, in the Lagrangian framework is governed by Newton’s second law
Eq. (18) [21,59,84,85],

dv,
my g = F¢ + Fg, (18)
where F is the contact forces acting on the particles due to interparti-
cle interaction or particle-wall interactions and Fy, is the particle-fluid
interaction forces acting on particles. As the particles move through the
fluid, they experience different forces due to the interaction between
the particles and the fluid [21,46,59,86-89]. However, we defined
particle—fluid forces as [21,46],

Fp=Fgp+Fg +Fp, 19)

where Fgp,Fp,Fp, are the combined gravity and buoyancy force, the
Brownian motion force, and the drag force, respectively. The Fg 5 due
to gravity g is determined using [21,59,871,

FG)B=mPg<1—ﬁ>, (20)
Pp

where p, is the density of the particle. Nanoparticles exhibit Brownian
motion, which is a stochastic movement caused by their interactions
with nearby molecules, owing to their small size [46,61]. This motion
is anticipated to significantly influence the dispersion of these nanopar-
ticles within a fluid medium under the influence of flow [21,89].
The nanoparticle experiences a stochastic Brownian force (Fg) due to
thermal fluctuations in the fluid, which is defined as a Gaussian white
noise random process [90],

,, 216vky T

At ij—pz
72d3 p; C, (—p>
pAEme \ o

where kg is the Boltzmann constant, Ar is the time step, & is the
Gaussian random number with zero mean and unit variance, dy is the
diameter of the particle, 7' is the temperature, &; is the Kronecker

delta function, v is the kinematic viscosity. The Stokes—Cunningham
l.]dp

slip correction, C, = 1 + 23—"‘ 1.257 +0.4e?m |, is a function of
P

Fg =¢ 21)

the molecular mean free path (4,,) [89]. It should be noted that the
temperature of the fluid influences the fluid’s viscosity and density
along with Brownian movements of the nanoparticles [91]. As a result,
the flow was assumed to be isothermal with a constant temperature of
300 K. The drag force (Fyy) acting on the particle is given by

B 3Cq Reymyn (ug — vp)

> , (22)
4pp dp

Fp

where Cy is the drag coefficient, and Re, =

is the particle
2/3
)

puodp

1o
Reynolds number. In this work, we selected CqRe, = 24(1 + éRe
since the Rey, is less than 100 [59].

A simplified model comprising of a Hertzian spring-slider-dashpot
system [59,86,92], implemented in the OpenFOAM, is utilised to cal-
culate the contact forces resulting from particle collisions. The dashpot
is a representation of viscous dissipation, while the spring is a repre-
sentation of elastic deformation. The Hertzian contact theory [86,92]
establishes that the stiffness coefficient for the collision between two

spherical particles of equal size is k, = 3 a ”Ip) in the normal direction
VT Ap
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24/4,6,
andkt=@5

3C—1p)
6, are the particle’s Young’s modulus, Poisson ratio, shear modulus
and normal direction displacement, respectively. Similarly, the stiffness

coefficient for the collision between particle i and wall w is denoted

, in the tangential direction, where E, Xp> Gp and

8dp/3 . 24/4d,G, .
as ky, = —5——— in the normal direction and k., = —-——245, in
1*154_1—;«%, 2-1p

E, Ew
the tangentizlijl direction [86,92], where E,, y,,, and &, are the wall’s
Young’s modulus, Poisson ratio, and tangential direction displacement,
respectively. The damping coefficient in both the normal and tangential
directions is obtained using w, = Y(mpkn)l/zﬁrll/ *, where Y is an
empirical constant which is a function of the coefficient of restitution
(e) [92]. The total force F. exerted on particle i by its neighbouring
particle j (or by wall w) as a result of particle-particle collision Fy,;
and particle-wall collision F,,; will be

Fc=F,;+Fy; (23)
Fy = z [(—kndy” = WUy - mp) mp| + [—ked — v U] (24)
j

Fw,i = Z [(_knwal}li - anUniw : nw) nw] + [_ktwétw - Wthsiw] > (25)
w

where 6, and y, are the displacement and damping coefficient in the
tangential direction during particle-particle interaction; &,,, and
are the displacement and damping coefficient in the normal direction
during particle-wall interaction; y,, is the damping coefficient in the
tangential direction during particle-wall interaction. Uy is the velocity
vector of particle i relative to particle j; Ug; is the slip velocity of the
particle—particle contact point, U, is the velocity vector of particle i
relative to the wall w; Uy, is the slip velocity of the particle contact
point with the wall. The unit vector n,, points from particle i’s centre to
particle j’s centre, and the unit vector n,, points from particle i’s centre
towards the wall. For a comprehensive explanation of particle contact
forces, readers are directed to the work of [21,59,85,86,92].

Fernandes et al. [10] integrated the Lagrangian library [59] of
OpenFOAM with the RheoTool [65,73] to conduct simulations of vis-
coelastic flow with particles, a two-phase system involving viscoelastic
fluid and particles [10]. In the present study, we have integrated the
Lagrangian library of OpenFOAM with the volume-of-fluid method
employed in the RheoTool. This enabled us to conduct simulations
involving particles in a two-phase system consisting of air and a vis-
coelastic fluid. Consequently, our system can be considered a three-
phase system, encompassing particles, air, and the viscoelastic fluid.
The rheolnterFoam solver of RheoTool [65] was modified to perform a
three-phase numerical simulation.

We utilised the MULES (Multidimensional Universal Limiter with
Explicit Solution) limiter, which guarantees boundedness by constrain-
ing the value of a to the range between 0 and 1, regardless of the
particular numerical scheme and mesh structure utilised [81,93]. The
Laplacian term was discretised utilising the Gauss linear corrected
scheme, whereas the gradient and divergence terms of the governing
equations were discretised employing the Gauss linear scheme. To com-
pute the convective term in the governing equation, the Convergent and
Universally Bounded Interpolation Scheme for the Treatment of Advec-
tion (CUBISTA) was utilised [7,73] which enhances the numerical sta-
bility. The time derivative was discretised using the Euler scheme. The
pressure field was solved utilising a geometric agglomerated algebraic
multigrid (GAMG) solver with diagonal incomplete-Cholesky (DIC)
smoother, whereas the estimation of the stress field and velocity field
was conducted with a preconditioned (bi-) conjugate gradient (PBiCG)
solver with diagonal incomplete-lower—-upper (DILU) preconditioning.
The SIMPLEC (Semi-Implicit Method for Pressure-Linked Equations-
Consistent) algorithm was implemented for pressure-velocity coupling.
An absolute tolerance of 10710 was established for pressure, velocity,
and stress fields. The Euler scheme was employed to integrate velocity
in the context of Lagrangian particle transport.
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2.3. Numerical domain and boundary conditions

We simulated the impact of particle-laden viscoelastic fluids on a
solid surface in three dimensions (3D). Boundary conditions of no-slip
for velocity, fixed flux pressure for pressure, and constant contact angle
for phase volume fraction were used on the solid surface (bottom).
In the computational domain, pressure was subjected to a fixed value
boundary condition at the top and sides, while velocity and phase
volume fraction were subjected to a zero gradient boundary condition.
At the start of the simulation, the whole computational domain around
the droplet was filled with air. There were more than 15.8 million
cells in the computational domain. We performed a grid convergence
study at a droplet impact velocity of 0.4 m/s on a hydrophobic surface.
After a grid density of 900 cells/ymm?, the simulation demonstrates a
negligible variation in values of viscosity and velocity. Despite the high
computational cost, all simulations were run with a grid density of
more than 5000 cells/mm?3, Courant number, Co = u A4t/ Ax, of 0.05,
and a time step At of 107® s to maintain convergence and accuracy,
where Ax is the length interval. The computationally expensive simu-
lations were conducted in parallel using University College London’s
high-performance computing cluster facility.

2.4. Dispersion coefficient (D)

The Stokes-Einstein equation was used to determine the molecular
diffusion coefficient Dgp of spherical nanoparticles in a viscoelastic
fluid [94],

kgT

=— 26
3rnyd, (26)

Dgg
We tracked the movement of the individual particles in the fluid. We
fitted the linear portion of the mean square displacement (MSD) curve
(r(')?) = 2D? to obtain the dispersion coefficient (D) [48,94]. The
MSD of the nanoparticles was estimated using (r(t')?) = ((r(t + ') —
r(t))?), where ¢’ is a lag time, r(¢) is position of nanoparticles in fluid
at time 7, and () is used to denote an ensemble value. The dispersion
coefficient was normalised by Dgz. To evaluate the correlation of
nanoparticle transport with Péclet number Pe, the velocity autocorrela-
tion function (VACF), Cp 1(t') = ((vyy(t +1') = (vyy)) (0xy(®) = (vyy)))s
was used, where v, ,(#) is the velocity of a nanoparticle at the beginning
of its trajectory, and vy ,(t+1') is the velocity of nanoparticles after a lag
time ¢, and (v, , ) represents the mean velocity of nanoparticles across
all time and trajectories [21,95].

Péclet number Pe = lg’éL indicate the relative variation in the rate
of advection and diffusion of nanoparticles, where, U, is the velocity
of the viscoelastic droplet, and §; is the characteristic length scale
(here initial diameter of the droplet D, ). The dimensionless time is
pUZD4

) 1y s .
defined as ¢}, = 5—0. Weber number We = indicate the relative
variation in the inertial and surface tension forces. Capillary number

mUo . .. s - .
Ca = ”70, indicates the relative variation between viscous forces and

. . ) Uph o 3.
surface tension forces. Weissenberg number Wi = DL indicate the

relative variation in elastic and viscous forces. The D(ié%orah number
De = ti indicates how fluid behaves over a given time-frame, where ¢,
is a characteristic time of the deformation process. Ohnesorge number
Oh = \/y;'prm indicates the relationship between viscous, inertial and
surface tension forces.

We performed three sets of numerical experiments. In the first
set, we simulated the impact of a particle-laden polyethylene oxide
(PEO) droplet (having 10° silica nanoparticles) of 2 mm diameter on
a hydrophobic surface (6 = 160°) and a dilute polyethylene oxide
droplet (without particles) of 3 mm diameter on a hydrophobic surface
(6 = 106°) to validate the numerical method. In the second set, we
simulated the impact of xanthan gum droplets (having 100 and 10000
soda lime microspheres) of 2 mm diameter on a hydrophobic surface
(6 = 120°) using the PTT and Oldroyd-B models and compared it
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Fig. 1. Viscometric data of shear viscosity-shear rate of PEO fluid of Zang et al. [64],
and xanthan gum fluid of Campagnolo et al. [96] fitted with Eq. (6) of PTT model
using following model parameters. [Zang et al.: 7, = 035 Pa's, 1=6s, and & = 0.85;
Campagnolo et al.: n, =0.08 Pa's, = 1.1 s, and € = 0.1. The solid line is PTT model
prediction using Eq. (6).

with the impact of a particle-laden Newtonian fluid. In the third set
of experiments, we simulated the impact of a particle-laden dilute PEO
fluid droplet (having 5000 silica nanoparticles) of 1 mm diameter on a
hydrophilic (¢ = 30°) and hydrophobic (6 = 120°) surface over a range
of Pe. Fig. 1 shows that experimentally observed viscometric data of
PEO fluid of Zang et al. [64] and xanthan gum fluid of Campagnolo
et al. [96] fits with equation (6) of PTT model using model parameters
given in the description of Fig. 1. Validation of the PTT model for PEO
fluid is given in section S1 of the supporting information (SI).

3. Results and discussion
3.1. Validation

The three-phase numerical model was validated against experi-
mental data from Zang et al. [64]. The droplet (Dd,o = 2 mm) of
polyethylene oxide (PEO) with silica nanoparticles (dp = 0.2 microns)
impacting a hydrophobic surface (6 = 160°) exhibits spatial and tempo-
ral variation as shown in Fig. 2b and simulation clip 1 attached in the
supplemental information (SI) at an impact velocity of 0.88 m/s. The
silica nanoparticle had a density p, of 2000 kg/m?, a Young modulus
E, of 7.1x 10 N/m?2, and a Poisson’s ratio #p of 0.16 [97]. The 100
nanoparticles were randomly distributed in the viscoelastic fluids at the
start of the simulation, accounting for approximately volume fraction
¢ of 1075, We assumed the temperature of the fluid as 300 K and the
mean free path of the particle as 10~ m. The rheological properties of
the PEO fluid available in [64] were fp = 0.35Pas, 5, = 0.005 Pas, and
y = 0.0592 N/m. We assumed that the density, relaxation time, and PTT
extensibility parameters of the PEO fluid were p; = 1000 kg/m>, 1 =65,
and ¢ = 0.85, respectively, and the density and viscosity of the air were
pa =1 kg/m3 and Uy = 1073 Pa s, respectively. Furthermore, we used
droplet impact visualisation data and experimental rheological data of
a dilute polyethylene oxide (PEO) from Huh et al. [98]. Numerical
simulations were conducted utilising the rheological properties of a
dilute PEO fluid as described by [98] (pf = 1000 kg/m?>, n, = 0.001
Pas, n, = 0.0013 Pa's, 2 = 0.06 s, and € = 0.85). Huh et al. [98]
experimented without nanoparticles at an impact velocity of 0.4 m/s.
We simulated the impact of a dilute PEO fluid having D,;, = 3 mm
on a hydrophobic surface having 6 = 106° at an initial impact velocity
of 0.4 m/s, which corresponds to We of 7, Wi of 8, Ca of 7.76 x 1073,
Oh of 0.003, and De of 7. We should point out that, given the lack of
all of the rheological properties required for numerical simulation, we
assumed part of the rheological properties. Hence, our simulation is not
a perfect duplicate of the experimental work of Zang et al. [64] and
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Fig. 2. (a-d) Comparison of the Zang et al. [64] experiment (with particles) and Huh et al. [98] (without particles) with numerical simulation in 3D. The red colour shows the
distribution of particles within the fluid. The blue colour indicates the topology of the fluid droplet. The size of the nanoparticles was increased to enhance their visibility. (e) The
temporal change of the normalised contact line diameter seen in [64,98] experiment with the results obtained from numerical simulations conducted using the PTT model.

Huh et al. [98]. In addition, we must acknowledge that errors occur
during the execution of experiments, which may result in variances in
the results. Notwithstanding this disparity, our findings closely align
with experimental observation, as illustrated in Fig. 2 and simulation
clip 1, which is appended in the supplemental information.

Fig. 2a,b demonstrates that the simulation and experimental mea-
surements conducted by Zang et al. [64] exhibit an agreement, with
only a slight disparity, at an initial impact velocity of 0.88 m/s. It
should be noted that there is not a perfect match between the droplet’s
topology and the numerical simulation. However, the droplet’s shape
changes in the numerical simulation are similar to those observed in
the experiment over time. This outcome is anticipated due to making
certain assumptions about rheological properties. Fig. 2e demonstrates
a strong correlation between the temporal changes in the contact line
diameter and the experimental findings reported by Zang et al. [64] in
their study. No evidence of nanoparticle aggregation or the formation of
nanoparticle clusters was seen in the fluid. This outcome is anticipated
due to the low concentration (¢ = 107°) and random distribution
of the nanoparticles throughout the fluid. In simulation clip 1 of the
supporting information, there is an alignment of the temporal fluctu-
ations in the velocity of particles and viscoelastic fluid in the centre
of the droplet. The simulation corresponds to We = 30, Wi = 2640,
Ca of 4.6, Oh of 0.95, De of 30 and Pe = 2.88 x 10’. We estimated
the dispersion coefficient of nanoparticles using the MSD method as
4.81 x 10™> m?/s. Fig. 2c,d demonstrates a substantial similarity be-
tween the experimental findings of Huh et al. [98] in the absence of
particles and the numerical simulation conducted using the PTT model
at an impact velocity of 0.4 m/s. Fig. 2e demonstrates a good match
between the temporal change in the diameter of the contact line and
the experimental findings Huh et al. (2015) [98] reported, with a slight
disparity. The results show that a numerical model can be used to assess
the dispersion of the nanoparticles following impact on a solid surface,
despite some constraints associated with numerical simulation.

3.2. PTT and Oldroyd-B viscoelastic models and Newtonian fluid

We simulated the impact of a viscoelastic fluid droplet (D, , = 0.002
m) on a hydrophobic surface (6 = 120°) having rheological properties
of xanthan gum fluid similar to the ones presented by Campagnolo
et al. [96] (np = 0.08, n, = 0.005, 4 = 1.1) using PTT-linear (¢ = 0.85),
PTT-exponential (¢ = 0.85), and Oldroyld-B (¢ = 0) models at an initial
impact velocity of 0.8 m/s. Furthermore, we simulated the impact of
Newtonian fluid on the hydrophobic surface, which has a viscosity of
0.08 Pa s. A total number of 100 soda-lime microspheres of 50 pm were

randomly distributed in the droplets, resulting in a volume fraction ¢
of 0.0016 and indicating a dilute particle concentration in the fluid.
The soda-lime microsphere had a density p,, of 2490 kg/m?, a Young
modulus E, of 7.2x 10'° N/m?, and a Poisson’s ratio z, of 0.20.

The spatiotemporal variation of a Newtonian fluid droplet differs
greatly from that of a viscoelastic fluid droplet, as seen in Fig. 3. Fig. 3
and simulation clip 2 attached in the SI show that Newtonian fluid
with constant viscosity u of 0.08 Pa s could expand and recede without
rebounding from the surface, whereas viscoelastic fluid with #, of 0.08
Pa s could expand and rebound from the surface during the receding
phase. At a We value of 20, the maximal diameter of the droplet spreads
in the viscoelastic fluid is 1.2 times greater than in the Newtonian
fluid, at the same impact velocity U, = 0.8 m/s (see Fig. 3e). The
maximum height of the droplet from the surface was less than the
initial diameter of the droplet for Newtonian fluid, whereas viscoelastic
fluid’s maximum height was 1.4 times the initial diameter during the
rebound phase of the droplet. The particles in the fluids follow the path
adopted by the fluid’s velocity field (see Fig. 3 and simulation clip 2 in
the SI). The dispersion coefficient of particles, estimated using the MSD
method, in Newtonian fluid and viscoelastic fluid were 1.83x10~° m?/s
and 1.43 x 10~ m?/s, respectively, at the same Pe of 3.64 x 10'!.

In addition to surface tension forces that prevent fluid deforma-
tion, viscous forces predominate in Newtonian fluid due to its higher
viscosity. On the contrary, viscoelastic fluid has shear thinning (vis-
cosity decreases as shear rate increases) as well as elastic properties
(relaxation of fluid after stretching or compression); thus, in high
shear regions, the viscosity of the droplet decreases, resulting in less
resistance to deformation of the droplet. This is the primary reason for
the significant difference between Newtonian and viscoelastic fluids’
droplet dynamics. In addition, viscoelastic fluids have a dispersion
coefficient that is seven times greater than that of Newtonian fluids.
This indicates that the shear-thinning property of viscoelastic fluids
causes the particles to be more widely dispersed throughout the fluid.

In Fig. 3 and simulation clip 2 in the SI, we can see that we got
identical results when we modelled the viscoelastic fluid with PTT-
linear and PTT-exponential models (with an extensional parameter of
e = 0.85) and the Oldroyd fluid (with an extensional parameter of ¢ =
0). Both the PTT fluid and the Oldroyd-B fluid exhibit the same spatial
variation in terms of droplet shape, diameter, height from the surface,
and particle location in the fluid (see Fig. 3b,c,e,f). We compute the first
normal stress difference (N1 = o,,—0,,) for both the PTT and Oldroyd-
B fluids to conduct additional evaluations. Fig. 3 and simulation clip 2
in the SI demonstrate that the spatial and temporal variation in the
local N1 is the same for PTT and Oldroyd-B fluids. The magnitude of
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Fig. 3. Spatial variation in the droplet and micro-sphere particles dynamics (in 3D) during impact of (a) Newtonian fluid (4 = 0.08) (b) viscoelastic PTT fluid (7, = 0.08, 1, = 0.01,
A= 1.1, e =0.85), and (c) Oldroyd-B fluid (n, = 0.08, 7, = 0.01, 2= L1.1) of (D;, =2 mm) on a solid surface having a contact angle of 120° at We = 20, Wi = 440, De = 440, Ca
= 0.96, Oh = 0.21, and Pe = 3.64 x 10''. (d) Comparison of the spatial variation of the local first normal stress difference (N1) with dimensionless time ¢, at the centre of the
droplet during the impact of Oldroyd-B fluid (left side) and PTT fluid (right side). Temporal variation of (e) the normalised droplet diameter (D(t)/D,), (f) the normalised height
of the droplet from the surface (H(r)/D,), and (g) magnitude of the volume-averaged first normal stress difference |[N1]|.

the volume-averaged | N 1| with regard to the dimensionless time (¢, is
seen in Fig. 3g, further confirms this. The results show that the droplet
impact dynamics are not considerably influenced by the extensional
parameter ¢, but are governed by the dominating rheological factors
o Mg, and A. Therefore, the Oldroyd-B model, which is governed by
only three rheological parameters (4, #,, and 1), can be utilised for
three-phase numerical simulations.

Shear stress controls the flow of Newtonian fluids, whereas poly-
mers in viscoelastic non-Newtonian fluids cause normal stress. Hence,
the first normal stress difference N1 experienced by the fluid deter-
mines the droplet impact dynamics. Fig. 3d and simulation clip 2 in the
SI illustrate that the spatial distribution of N1 exhibits both positive
and negative values, and it undergoes large temporal variations. The
magnitude of the positive N1 is greater in regions where the fluid
comes into contact with a solid surface. The highest positive N1 values
are found at the outside edge of the solid-fluid contact line when the
droplet is spreading and in the middle of the droplet when it is receding.
The N1 values rise during the receding phase due to the collapse
of the droplet’s outer rim at the centre, followed by a subsequent
rebound. During the rebounding process of the droplet, there is an
observed augmentation of the negative N1 in the core region of the
droplet. Fig. 3g demonstrates that the magnitude of N1 undergoes an
increase during the spreading phase of the droplet and a subsequent
decrease during the receding phase. The magnitude of N1 exhibits a
modest increase during the detachment of the droplet from the surface,
followed by a subsequent asymptotic decline. These findings suggest
that the spatiotemporal variation in normal stress within the droplets
is the primary factor influencing their behaviour.

The behaviour of the droplet impact is influenced by the volume
fraction of the particles in the fluid. Consequently, we simulated a
PTT fluid droplet impact at U, = 0.8 m/s utilising 10,000 randomly
distributed particles having d, = 50 pm. This yielded a volume fraction
¢ of 0.16. The mass of particles introduced into the 2 mm droplet was
1.63 mg, while the mass of the fluid droplet was 4.2 mg; therefore, the
droplet containing 10,000 particles had a total mass of 5.83 mg. The

initial total momentum of the droplet containing 10,000 particles was
4.65x107° kg m/s, whereas it was 3.36x 10~° kg m/s with 100 particles.
Although the initial impact velocity of a fluid droplet remains constant,
the results indicate that an increase in particle concentration causes
the droplet’s initial momentum to increase. As demonstrated in Fig. 4
and simulation clip 3 in the SI, we observed notably distinct droplet
impact dynamics for viscoelastic fluids when impacting 100 and 10,000
particles, primarily due to differences in the initial momentum.

Fig. 4c demonstrates that the droplet’s maximum spread with 10,000
particles was 1.2 times greater than that with 100 particles. The
dimensionless time ¢, of the spreading and receding phases was greater
for the fluid containing 10,000 particles than that of 100 particles, as
depicted in Fig. 4a—c. The volume-averaged total stress goes up during
the spreading phase and down over time during the receding phase for
both fluids with 100 and 10,000 particles, as shown in Fig. 4d. The
PTT fluid containing 10,000 particles exhibits a greater total stress and
for a longer duration when compared to the fluid with 100 particles.
Fig. 4b displays the spatial distribution of the total stress (combination
of normal and shear stress) magnitude within the droplet at various
dimensionless time intervals. Fig. 4b clearly shows that the local total
stress is maximum at the surface of the wall and the outside edge of
the fluid—solid contact line during the spreading phase (at 1, = 0.2,
0.8). As the droplet spreads, it forms a thin layer of fluid around its
centre, known as the lamella, and an outside rim that is taller than the
lamella. As the spreading continues, the thin layer of lamella undergoes
increased local stress and velocity in its core part (seen at 7, = 1.4, 2)
due to polymer stretching in that specific area. The local total stress
in the lamella region reduces as the droplet starts to recede. The local
stresses are largely concentrated in the central region of the droplet
and close to the wall’s surface at the droplet’s centre (i.e., along the
axis of symmetry), observed at ¢, = 4 during the receding and rebound
phases. The periphery of the droplet suffers the lowest localised total
stress.

The spatial distribution of particle velocity at various dimension-
less times is illustrated in Fig. 4a. The velocity of the fluid and the
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Fig. 4. Spatiotemporal variation of a) the particle velocity (v,), b) the magnitude of the stress (¢) as a function of dimensionless time #;, during the impact of a PTT fluid droplet
(D, =2 mm) on a solid surface having a contact angle of 120° at We = 20, Wi = 440, Pe = 3.64x 10'! having 100 particles (left side) and 10000 particles (right side). Temporal
variation of (c) the normalised droplet diameter (D(t)/D,,) and d) magnitude of the volume-averaged stress . (¢) mean-square displacement (MSD) of particles. Short-time MSD
is a function of #'!7, which suggests superdiffusive dispersion, as the black line indicates. The dispersion coefficients were 1.43 x 10~ m?/s and 2.82 x 10~5 m?/s for droplets with
100 and 10000 particles, respectively. Fig. a) illustrates a cross-sectional view of a droplet at its central region in 3D, whereas Fig. (b) shows a 2D slice of the 3D domain at the

centre of the droplet.

local velocity of the particles are identical. Consequently, advection
governed the particle dispersion that occurred during droplet impact.
Particles encountered their minimum velocity in the central region of
the droplet, close to the solid surface, throughout the spreading phase.
Most of their velocity was concentrated along the solid-fluid contact
line (refer to 7, = 0.4, 0.8). The velocity in the lamella region begins to
increase as the droplet expands further and reaches its minimum value
when it reaches its maximal spread. When droplets begin to recede,
the outer rims collapse with each other at the centre, resulting in
the droplet’s interior experiencing the greatest pressure. Consequently,
a Worthington jet is formed, which causes an elevation in both the
fluid velocity and particle velocity within the upper core region of
the droplet (refer to 7;, = 3, 4). The momentum concentration in the
uppermost region of the droplet’s core is significantly greater than the
surface tension forces between the solid and fluid, resulting in the
droplet’s eventual rebound from the surface. Because the momentum
and velocity of the particles in the fluid are comparable to those of the
fluid itself, the particles in the fluid travel with the fluid and exhibit a
distribution of velocities that is similar to the fluid’s.

The mean square displacement of particles upon droplet impact on
a hydrophobic surface with fluid containing 100 particles and 10,000
particles is depicted in Fig. 4e. The MSD for both fluids shows a non-
linear relationship with a lag-time, as shown in Fig. 4e. The MSD
curve of a fluid containing 100 particles differs from that of a fluid
containing 10,000 particles. The dispersion coefficients obtained using
the MSD approach were 1.43 x 10> m?/s and 2.82 x 10~ m?2/s for
droplets with 100 and 10,000 particles, respectively, at the same Pe
of 3.64 x 10'1. The short-time MSD « #'!'7 exhibits a non-Fickian super-
diffusive dispersion. The main reason for a non-Fickian super-diffusive
dispersion of particles within a viscoelastic fluid is the large spatial
fluctuation of the fluid velocity with time (see Fig. 4a).

3.3. Influence of wettability on normal and shear stresses

The impact behaviour of droplets can be affected by variations in
the fluid’s rheological characteristics, the particles’ size and density,
and the surface’s wettability. Most biofluids are dilute viscoelastic
fluids with a viscosity slightly higher than their solvent (i.e., water).

Silica nanoparticles are frequently employed in numerous industrial
and biological applications. As a result, we simulated the impact of a
dilute polyethylene oxide droplet (D,, = 0.001 m) containing 5,000
silica nanoparticles on hydrophobic (¢ = 120°) and hydrophilic (6 =
30°) surfaces over a Pe (5.91 x 10° - 1.18 x 108). This corresponds to
a volume fraction (¢) of 4 x 10~!'!. These simulations correspond to
Weber numbers We ranging from 0.001 to 60, Weissenberg numbers
Wi ranging from 0.06 to 120, Deborah numbers De ranging from 0.06—
120, Capillary numbers Ca ranging from 1.94 x 10~* to 3.88 x 10~2 and
Ohnesorge number Oh 0.005.

Numerical simulations were conducted utilising the rheological
properties of a PEO fluid as described by Huh et al. [98] (p; =
1000 kg/m3, ny = 0.001 Pa s, 7, = 0.0013 Pa's, 1 =0.06s, and € = 0.85).
At the beginning of the simulation, a dilute PEO droplet with a diameter
of D,;, = 0.001 m was randomly distributed with silica nanoparticles
(p, = 2000 kg/m’, E, = 1.1x 10! N/m?, y, = 0.16 [88]) of d}, = 20 nm.

Fig. 5 and Fig. 6 depict the changes in droplet shape, the velocity of
nanoparticles (v,), fluid velocity (u s normal stress along the XX and
YY directions (oyy, oyy), and shear stress along the XY direction (cxy)
during the impact of a dilute viscoelastic fluid droplet with a diameter
of 1 mm on both a hydrophilic surface with a contact angle of 6 = 30°
(Fig. 5) and a hydrophobic surface with a contact angle of § = 120°
(Fig. 6). These figures expressly represent the spatiotemporal variation
of these parameters for a Weber number (We) of 4, a Péclet number
(Pe) of 2.96 x 107 and Weissenberg number (Wi) of 30. The diameter of
the droplet’s spread is 2.3 times larger for an angle of # = 30° compared
to an angle of & = 120°. This outcome is anticipated since a hydrophilic
surface has the ability to retain fluid in contact with the solid surface
for an extended period of time. The droplet underwent a process of
spreading, receding, rebounding, and detaching from the surface, with
an angle of 6 = 120°. As anticipated, a droplet with an angle of 6 = 30°
exhibited spreading, receding, and maintained adhesion to the surface.

The velocity distribution of nanoparticles exhibits a resemblance to
the velocity of the dilute viscoelastic fluid across various dimensionless
time 7, (see Figs. 5 and 6). This similarity implies that the fluid’s
velocities predominantly influence the motion of the nanoparticles
within the fluid during droplet impact at § = 30° and 6 = 120° and at
We of 4 and Wi of 30. The velocity of both the fluid and nanoparticles
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Fig. 5. Spatiotemporal variation of the nanoparticles velocity (v,), fluid velocity (u,), normal stress along XX direction (cyy), normal stress along YY direction (oyy), shear stress
along XY direction (oyy) over a range of dimensionless time 7;, during the impact of a PEO fluid droplet (D,, = 1 mm) on a solid surface having a contact angle of 30° at We =
4, Pe = 2.96 x 107 and Wi. The colour bar visually represents the normalised profile of parameters relative to their respective maximum values. The Fig. illustrates a cross-sectional

view of a droplet at its central region in 3D.
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Fig. 6. Spatiotemporal variation of the nanoparticles velocity (v,), fluid velocity (u,),
normal stress along XX direction (o), normal stress along YY direction (oy,), shear
stress along XY direction (o) over a range of dimensionless time 7, during the impact
of a PEO fluid droplet (D,;, = 1 mm) on a solid surface having a contact angle of 120°
at We = 4, Pe = 2.96x 107 and Wi. The colour bar visually represents the normalised
profile of parameters relative to their respective maximum values. The Fig. illustrates
a cross-sectional view of a droplet at its central region in 3D.

exhibits its highest magnitude in proximity to the air-water interface,
in contrast to the central region of the droplet, across a range of 7.
The predominant concentration of high fluid velocities occurs primarily
within the region where the droplet undergoes morphological changes.
The histogram of the velocity field within a viscoelastic fluid droplet
at t, = 1.5 is depicted in Fig. 7c,d. The relative frequency of velocity
distribution along the X and Z directions exhibits overlap and symmetry
around zero velocity while being non-Gaussian for both # = 30° and
0 = 120°. The relative frequency of velocity distribution along the Y-
direction exhibits a skewed profile in the negative direction at an angle
of # = 30°, which can be attributed to the channelised flow of fluid in

the negative Y-direction. In contrast, the velocity distribution exhibits
a non-Gaussian profile with a predominant skewness in the positive Y-
direction for # = 120°. This can be attributed to the channelised flow
of fluid in both positive and negative Y-directions during the spreading
phase.

Figs. 5 and 6 show that normal stress along the XX direction
(oxx) is predominantly high near the boundary region of the droplet,
specifically at the solid surface, due to friction between the solid and
fluid during the spreading and receding phases. In contrast, normal
stress along the YY direction (6yy) is predominately high near the
boundary during the spreading phase, in the top central region, and
in certain pockets of boundary regions during the receding/rebounding
phase. The region shown in Figs. 5 and 6 with higher values of 6y y and
oyy is the region where maximum stretching and compression of the
elastic polymer molecules occurs.

For both 6 = 30° and @ = 120°, the normal stress distribution along
XX, YY, and ZZ (ox x, 6yy, 6,) shows a non-Gaussian skewed profile
in the positive direction (see Fig. 7a). Fig. 7a illustrates the overlapping
of the histogram of distribution of oyy and o,, and exhibiting a
bimodal distribution with two distinct peaks for both § = 30° and
0 = 120° at r;, = 1.5. The presence of these two peaks suggests the
existence of two distinct regions characterised by elevated normal stress
values along the XX and ZZ directions. The first peak corresponds to
the values of oy y and 6, within and close to the air-water interface
droplet, while the second peaks, characterised by significantly higher
values, represent the values at the fluid-solid interface. The magnitudes
of oxxy and o, at & = 30° are 6.4 times greater than those at
6 = 120°. In contrast, the magnitude of oyy is > 15 times greater for
0 = 120° compared to & = 30°. Based on these findings, it appears
that the normal stress oy y and o, dominate when a viscoelastic fluid
impacts a hydrophilic surface at 7;, = 1.5, while the normal stress oyy
dominates when a droplet impacts a hydrophobic surface at 7, = 1.5. At
0 = 30°, we find that the magnitudes of oy y and ¢, are larger than
the magnitude of oy, during the spreading and receding phases. At
0 = 120°, the magnitudes of oy y and ¢, are greater compared to the
magnitude of oy, during the spreading phase, whereas the magnitude
of oyy is greater compared to the magnitudes of oy y and o, during
the receding and rebounding phases.

The histogram of the distribution of shear stress along the XY, XZ,
and YZ directions (cyy, 6x 7, oy ) demonstrates overlap and symmetry
around zero shear stress while exhibiting non-Gaussian characteristics
for both 6 = 30° and 6 = 120° (see Fig. 7b). The average normal stress
within the droplet is three orders of magnitude higher than the average
shear stress for both contact angles of 30 degrees and 120 degrees.
This observation suggests that normal stress plays a dominant role in
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[ We = 4, Pe = 2.96x 107 and Wi = 30 ].

influencing both the viscoelastic droplet’s morphology and the flow of
the fluid.

The fluid droplet can be characterised as a dilute viscoelastic
fluid, exhibiting a viscosity (0.0013 Pa s) that is marginally greater
than that of water (0.001 Pa s). The velocity of a Newtonian fluid
shows spatiotemporal variation primarily due to the influence of shear
stress [11]. In contrast, for a viscoelastic fluid, the fluid velocity is
primarily governed by normal stresses [11,22]. The observed behaviour
of nanoparticles migrating within a viscoelastic fluid, which is similar
to the fluid velocity, is depicted in Figs. 5 and 6. These figures, namely
Fig. 5 (for 0 = 30°), Fig. 6 (for 6 = 120°), Fig. 7 (for a histogram of the
distribution of stresses and velocity), provide clear evidence that the
dispersion of nanoparticles is primarily influenced by the normal stress
within the viscoelastic fluid. These results agree with experimental
results obtained by Babayekhorasani et al. [45] and Jacob et al. [95]
for the dispersion of nanoparticles in porous media.

3.4. Droplets maximum spread

The time-dependent spread of the droplet diameter over a range of
Péclet numbers (5.91 x 10°-1.18 x 108) and Weissenberg numbers (0.6—
120) is illustrated in Fig. 8. The maximum diameter of the droplet’s
spread shows an increase with an increase in Pe and Wi (see Fig. 8).
The maximum spread diameter is influenced by wettability, with a
higher value observed for the hydrophilic surface (§ = 30°) compared
to the hydrophobic surface (9 120°). At 6 30°, the maximum
spread is > 1.6 times than that at § = 120°. The rebounding of droplet
impact at an angle of 30° was not observed in our study. However, we
did observe droplets rebounding at an angle of 120° when the Péclet
number (Pe) exceeded 2.96 x 107, the Weber number (We) exceeded
4 and Wi exceeded 30. These results agree with the results of Hu
et al. [32] and Aksoy et al. [99]. Fig. 8c and 8d demonstrate that the
maximum spread of the droplet exhibits a comparable pattern with
respect to both the Péclet number (Pe) and the Weissenberg number
(wi).
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3.5. Nanoparticle dispersion

The mean square displacement (MSD) method was employed to
assess the dispersion of nanoparticles within a viscoelastic fluid [29,
45,95] during droplet impact. Fig. 9a demonstrates that the mean
squared displacement exhibits a non-linear relationship with lag-time
for a range of Pe and Wi at contact angles § = 30° and 6 = 120°. The
data presented in Fig. 9 demonstrates that the MSD over a short time
is o #'182 for both 6 = 30° and 6 = 120° across various values of the
Pe and Wi. The exponent of 1.82 indicates that nanoparticles exhibit a
non-Fickian superdiffusive dispersion process [53] when subjected to
droplet impact on a solid surface across a range of Pe (5.91 x 10° —
1.18 x 10%) and Weissenberg number, Wi (0.6 - 120). Fig. 9a illustrates
that the MSD for 6 = 30° exhibits a slight increase as the Péclet number
(Pe) increases. Nevertheless, the MSD at an angle of § = 120° exhibits
a significantly low value for Pe < 5.91 x 10°, followed by a sudden and
substantial increase in MSD for Pe > 5.91x 10, with a slight subsequent
increase for Pe > 5.91 x 107.

Fig. 9c and 9d demonstrate a nonlinear relationship between the
normalised dispersion coefficient (D/Dgj) and the Péclet number and
the Weissenberg number for both 6 = 30° and 6 = 120°. The dispersion
of nanoparticles exhibits greater magnitude at a contact angle of 6§ =
120° in comparison to 6 30° when the Péclet number exceeds
5.91 x 107, and the Weissenberg number exceeds 6. The findings of
this study indicate that the dispersion of nanoparticles in a viscoelastic
fluid is influenced by wettability, the Pe, and the Wi. The variation
in dispersion, influenced by wettability, can be attributed to the dif-
ferences in normal stress at 6 = 30° and 0 120° in both space
and time. The normalised velocity autocorrelation function (VACF)
is depicted in Fig. 9b across a spectrum of Pe and 6 values. The
velocity autocorrelation function exhibits a positive correlation across
a spectrum of Pe and 6. The primary factor influencing the migration
of nanoparticles during droplet impact is the advection of the fluid.
Consequently, a significant proportion of the nanoparticles tend to align
themselves with the direction of fluid flow. This phenomenon positively
correlates the Pe and VACF over 6.
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The histogram of the distribution of nanoparticle velocities in the X,
Y, and Z directions, relative to the average velocity of all nanoparticles
within the examined domains, is depicted in Fig. 10. The velocity
distributions of nanoparticles along the X and Z directions demonstrate
a lack of overlap, displaying symmetry around zero velocity and ad-
hering to a non-Gaussian distribution for both § = 30° and 0 = 120°
across a range of Pe and Wi. Nevertheless, the velocity distribution
of nanoparticles in the Y-direction exhibits a non-Gaussian skewness,
characterised by a bimodal distribution with two distinct peaks for both
0 = 30° and 6 = 120°. The velocity distribution exhibits one peak at
approximately zero velocity for both angles of § = 30° and 6 = 120°.
Nonetheless, a second peak can be detected in the negative direction
when 6 is equal to 120°, Pe exceeds 2.96 x 107 and Wi exceeds 30.
Similarly, a second peak can be observed in the positive direction when
6 is equal to 30°, Pe is less than 2.96 x 107 and Wi is less than 30. These
results indicate that the dispersion of nanoparticles exhibits a non-
Fickian transport process when suspended in a dilute viscoelastic fluid,
and this behaviour is influenced by the wettability of the viscoelastic
fluid with a solid surface.

4. Conclusion

Integrating RheoTool’s [65] volume-of-fluid approach with Open-
FOAM'’s Lagrangian library, we developed a volume-of-fluid-Lagrangian
method to model the transport of nanoparticles in a viscoelastic fluid
with three phases: particles, air, and fluid. We simulated the impact of a
particle-laden viscoelastic fluid droplet on a hydrophobic solid surface
using the Phan-Thien-Tanner (PTT) model and compared it with the
Oldroyd-B model and Newtonian fluid. The results show statistically
insignificant variation in droplet dynamics with the PTT and Oldroyd
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models. Thus, the rheological parameters zero shear viscosity (#,), poly-
meric viscosity (r/p), and relaxation time (1) of a viscoelastic fluid play
a governing role in droplet dynamics as compared to the extensibility
parameter ¢ during droplet impact. The droplet dynamics of Newtonian
fluid were significantly different than those of the PTT model at the
same Weber number; unlike Newtonian droplets, viscoelastic droplets
could rebound from the surface. Shear thinning, where the viscosity
decreases as the shear stress increases, is the primary reason for the
viscoelastic droplet’s rebound. Due to its constant viscosity, the Newto-
nian fluid exhibited greater deformation resistance than the viscoelastic
fluid. Therefore, the dispersion of nanoparticles in a viscoelastic fluid
was seven times higher than in a Newtonian fluid. It was observed that
the initial momentum of droplet impact increases with the volume frac-
tion of particles in the viscoelastic fluid, even when the initial impact
velocity remains constant. This increase in the initial momentum leads
to different droplet impact dynamics and the dispersion of particles.
We simulated the impact of a dilute viscoelastic fluid on hydropho-
bic and hydrophilic solid surfaces over a range of Pe. The spatiotempo-
ral variation of nanoparticle velocity within a viscoelastic fluid resem-
bled the spatiotemporal variation of fluid velocity during the impact
of a viscoelastic droplet on a hydrophilic and hydrophobic surface,
suggesting that nanoparticle transport is advection-dominated. We ob-
served that the spatial and temporal variation in the first normal
stress difference (which has positive and negative components) in the
viscoelastic fluid during droplet impact governs the fluid’s velocity field
and deformation of the droplet topology, along with viscous and surface
tension forces. The magnitude of normal stress during droplet impact
was three orders of magnitude greater than shear stress. Consequently,
the normal stress field in the droplet dictates the particle’s trajectory
in the viscoelastic fluid during droplet impact. We observed the non-
Gaussian distribution of the particle’s velocity, fluid velocity, fluid’s
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normal stress, and fluid’s shear stresses. This spatial and temporal
variation of the overall stresses in the viscoelastic fluid leads to the
advection-dominated non-Fickian transport process of nanoparticles in
a viscoelastic fluid.

The intricate behaviour of viscoelastic fluid at the solid interface
depends on various factors, such as the material properties of the
solvent, the concentrations of polymers within the solvent, the presence
of additional chemical compounds, and the molecular interactions
between the fluid and the solid surface. Dynamic contact angles can be
observed in many viscoelastic fluids, leading to Navier slips at the solid
boundary. Moreover, it is worth noting that the scaling behaviour of the
drag coefficient in a viscoelastic fluid exhibits considerable variations
compared to that of a Newtonian fluid [9,10,26,100]. In the future,
we plan to examine the effects of dynamic contact angle, Navier slip,
and changes in drag coefficient on the dispersion of particles and the
dynamics of contact lines created by particle-laden viscoelastic droplets
impacting solid surfaces with varying degrees of curvature.
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Appendix A. Supplementary information

1. Simulation movie Clip 1: Spatiotemporal variation of the fluid’s
velocity field and particle’s velocity field during an impact of
a PTT fluid droplet with 10% nanoparticles on a surface having
6 = 160° at an impact velocity 0.88 m/s and We of 30

2. Simulation movie Clip 2: Spatiotemporal variation of the first
normal stress difference N1 field during an impact of a Newto-
nian fluid, Oldroyd-B fluid and PTT fluid with 100 micro-sphere
particles on a surface having 6 = 120° and We of 20.
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Fig. 10. Histogram of the distribution of the nanoparticle velocity (vy, vy, v,) field along X, Y, and Z directions during the impact of PEO fluid on a solid surface having 6 = 30°
and 6 = 120° over a range of Pe and Wi. The average velocity of the nanoparticle in that direction is used to normalise the particle’s velocity.

3. Simulation movie Clip 3: Spatiotemporal variation of the veloc-

ity field and the magnitude of stress ¢ field during an impact of
a PTT fluid droplets with 100 and 10000 micro-sphere particles
on a surface having # = 120° and We of 20.

4. Validation of a PTT rheological model.
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