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ABSTRACT

There are various situations of drop impact on solid surfaces widely occurred in
natural phenomenon or used in different industrial applications. However,
comparing and classifying these drop impact situations is not easy due to
different states of the parameters affecting drop impact dynamics. In this article,
a unified transformation framework is proposed to study various situations of
vertical/oblique drop impact on horizontal/inclined stationary/moving flat
surfaces with/without a crossflow. This simple framework consists of a
coordinate with normal and tangential axes on a horizontal stationary surface.
For each drop impact situation, the drop velocity, gravitational acceleration,
possible induced flow due to the moving surface, and possible crossflow are
transformed into the framework. Comparing the transformed versions of
considered drop impact situations facilitates identification of their physical
similarities/differences and determines which situations (and under what
conditions) lead to identical results and can be used interchangeably. Although
common situations of drop impact on moving surfaces (having tangential
component of surface velocity) lead to asymmetric drop spreading, the
possibility of symmetric drop spreading on moving surfaces is demonstrated and
analyzed using the proposed transformation framework. This interesting
possibility means that for related production lines or experimental setups, where
symmetrical drop spreading is required, the surface does not need to be
stationary. In such applications/éetups, the use of moving surfaces (rather than
stationary surfaces) can considerably accelerate the symmetric drop impact
process. Our simulation results of several of the considered drop impact
situations well confirm the facilities/predictions of the proposed transformation
framework.

1. INTRODUCTION
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Drop impact on solid surfaces is a widespread
phenomenon in nature and industry. Typical examples
include raindrop erosion, inkjet printing, fuel spraying,
coating, painting, aircraft deicing, surface cooling, and
self-cleaning surfaces (Moreira et al., 2010; Marengo et
al.,, 2011; Josserand & Thoroddsen, 2016). This
phenomenon is also widely used in thermal systems,
thermal spraying, and surface cooling due to its high heat
transfer capacity (Benther et al., 2021; Xu et al., 2022; Dai
et al., 2023). The importance of understanding and
controlling drop-surface interaction in various situations is
growing due to advances in additive manufacturing,

applications, and electronic boards/devices (Mohammad
Karim, 2023; Wang et al., 2022). In addition, the dynamic
contact line and the surface wettability topics are related
to drop-solid investigations (Marengo et al., 2011).
Interactions between forces such as inertial, viscous,
interfacial, aerodynamic, and gravity cause the dynamics
of drop impact on surfaces (Mohammad Karim, 2023).

In the phenomenon of drop impact on a flat surface,
the drop velocity can be vertical/oblique, the surface can
be horizontal/inclined and stationary/moving, and a
crossflow may or may not be present. These differences
lead to various drop impact situations having different
physical and technical properties. Most studies have been
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NOMENCLATURE

Parameters
A constant related to chemical potential
cs speed of sound
dV cell volume
D, initial drop diameter
DW downstream drop spreading width
DW* dimensionless downstream drop spreading width
e, normal component of unit vector
e, tangential component of unit vector
F, body force vector
Fr, Froude number
F.surface tension force vector
g gravitational acceleration
gn normal componnet of gravitational acceleration
g: tangential componnet of gravitational acceleration
H drop spreading height
H* dimensionless drop spreading height
H,, drop equilibrium height
dimensionless equilibrium height
k constant related to interface curvature
mJ mass of gas phase at t = t°
mj mass of gas phase at t = t"
M constant mobility
n surface unit normal vector
L, boundary layer length characteristic
L, domain length in x direction
L, domain length in y direction
p pressure
q source term used for conservation of mass
7 location vector
7. location vector of drop center
Re,, Reynolds number
Re;,, Reynolds number of the boundary layer flow
t time
T dimensionless time
u flow velocity vector
u, p; boundary layer velocity
UW upstream drop spreading width

dimensionless upstream drop spreading width
V;  drop impact velocity
V4, normal component of drop impact velocity
V4 tangential component of drop impact velocity
V,rs 0as free-stream velocity
V,w gas flow velocity just above the surface
V., surface velocity
W drop spreading width
W*  dimensionless drop spreading width
We, Weber number
W,, drop equilibrium width
W,  dimensionless drop equilibrium width
Greek symbols
a inclination angle of surface
B angle of surface velocity
6  boundary layer thickness
At time step
AV volume of interfacial region
6  oblique angle of drop velocity
6. contact angle
u  dynamical viscosity
U,  gas dynamical viscosity
w; liquid dynamical viscosity
Ue  Cchemical potential
& interface thickness
p  density
pg  9asdensity
p;  liquid density
o surface tension coefficient
¢  order parameter
Q, gas phase region
Abbreviations
2D  two-dimensional
3D three-dimensional
CH Cahn-Hilliard
MLBFS multiphase lattice Boltzmann flux solver
NS  Navier-Stokes

focused on the dynamics of the simplest situation i.e.,
vertical drop impact on horizontal stationary surfaces
(Pasandideh-Fard et al., 1996, 1998; Rioboo et al., 2001;
Xu etal., 2005; Xu, 2007; Marengo et al., 2011; Josserand
& Thoroddsen, 2016; Gordillo et al., 2019). In the last two
decades however, a number of investigations have been
conducted on understanding the dynamics of more
complex situations: oblique drop impact on horizontal
stationary surfaces (Yin et al., 2018; Shusheng et al.,
2020; Zhao et al., 2022), drop impact on inclined
stationary surfaces(Sikalo et al., 2005; Lunkad et al., 2007;
Cui et al., 2009; Antonini et al., 2014; LeClear et al.,
2016; Shen et al., 2016; Zhang et al., 2017; Hao et al.,
2019; Jiang & Zhou, 2020; Sahoo et al., 2020), drop
impact on moving surfaces(Chen & Wang, 2005; Fathi et
al., 2010; Almohammadi & Amirfazli, 2017a, 2017b; Hao
& Green, 2017; Buksh et al., 2019; Zhan et al., 2021), and
drop impact on horizontal stationary surfaces including a
gas crossflow (Cunha et al., 2018; Ferrao et al., 2019;

Ferrao et al., 2020; Pereira, 2019). The latter situations are
more common in natural phenomena and practical
applications (Almohammadi & Amirfazli, 2017a; Garcia-
Geijo et al., 2020). In the following, the physical aspects
and the investigations carried out to compare and combine
these situations (more complex ones) are reviewed.

In the above drop impact situations having tangential
(relative to the surface) component of drop impact
velocity, the drop inertial force has a component tangential
to the surface as well. Such a force leads to asymmetric
drop spreading/splashing on the surface. For the drop
impact situations with inclined surfaces, the gravity force
has also a component tangential to the surface. The
possible moving surface induces a boundary layer flow
above the surface which can affect the drop dynamics
within the boundary layer (Almohammadi & Amirfazli,
2017a, b). The possible crossflow inserts aerodynamic
forces on the drop both outside and inside the boundary
layer (Ferrao et al., 2019, 2020).

2116



E. Azadi and M. Taeibi Rahni / JAFM, Vol. 16, No. 11, pp. 2115-2129, 2023.

According to the authors’ research, no studies have
compared the aforementioned drop impact situations
altogether. However, there are a few studies in the
literature that have made a comparison between two of
them. Note that, if the drop impact results of two of these
situations are similar, their results (and even their
experimental setups) can be used interchangeably. Bird et
al. (Bird et al., 2009) experimentally studied two situations
of drop impact on inclined surfaces (with inclination angle
from 0 to 50° with respect to a horizontal plane) and drop
impact on moving surfaces (with tangential velocity from
0 to 21 m/s). For the given normal and tangential drop
impact velocities of millimeter-sized drops, they reported
similar results for both cases. Buksh et al. (Buksh et al.,
2020) reported that the experimental results of drop impact
on horizontal moving surfaces having tangential velocity
and drop impact on inclined surfaces are similar, where
these cases have the same normal and tangential drop
impact velocities. They concluded that both situations are
equivalent (Buksh et al., 2020). Garcia-Geijo et al.
(Garcia-Geijo et al., 2020) developed an analytical model
(assuming negligible gravity effects) to predict
asymmetric spreading of drops on stationary/moving
surfaces for situations where the tangential drop impact
velocity is present. Ferrao et al. (Ferrao et al., 2019)
experimentally studied the drop impact on an inclined
surface and drop impact on a horizontal surface including
a crossflow, where in the latter case the crossflow causes
the drop to impact the surface obliquely. They observed
that for the same drop impact velocities, the results of
these two situations are not identical (due to the drop
deformation caused by the aerodynamic forces related to
the crossflow).

In addition to the mentioned studies, there are a few
articles in the literature combining the different situations
of drop impact on flat surfaces. The combined situations
of drop impact provide interesting opportunities for
experimental setups and practical applications (e.g.,
achieving high-speed drop impact, decoupling normal and
tangential drop impact velocities, controlling drop
spreading/splashing results). Zen et al. (Zen et al., 2010)
conducted an experiment to investigate the dynamics of
drop impact on an inclined moving surface having
tangential velocity. They observed that when the inclined
surface moved downward with a special velocity, the drop
impact results altered from downward splashing to surface
deposition. Li (Li, 2013) developed an experimental setup
to access and study the high-speed micron-sized drop
impact on inclined moving surfaces having horizontal
velocities of 10 to 63 m/s and inclination angles of 0 to 75°
(with respect to a horizontal plane). Aboud and Kietzig
(Aboud & Kietzig, 2015) investigated the dynamics of
drop impact on inclined surfaces having horizontal
velocities. The use of moving surfaces allowed them to
examine the high-speed drop impact (up to 27 m/s) on
inclined surfaces. Cimpeanu and Papageorgiou
(Cimpeanu & Papageorgiou, 2018) simulated oblique
drop impact (including a background air flow with the
same oblique velocity) on a horizontal surface. Raman
(Raman, 2019) simulated oblique drop impact on a

horizontal moving surface, where the tangential
component of oblique drop velocity is in the direction of
surface velocity or in the opposite direction.

According to the reviewed studies, the parameters
affecting the dynamics of drop impact on flat surfaces
have different conditions leading to various situations of
drop impact. However, there is hardly any work in which
all the mentioned drop impact situations are systematically
compared and classified. It seems the most important
reason for this lack is that there is no unified framework
for comparing and classifying these different situations.

In this article, a unified and simple transformation
framework is proposed to study various situations of
vertical/oblique drop impact on horizontal/inclined
stationary/moving flat surfaces with/without a crossflow.
For each situation, the parameters affecting drop impact
dynamics are transformed into the framework. The
resulting drop impact situation is called the transformed
version. Comparing the transformed versions facilitates
understanding their physical similarities/differences and
determines which situations (and under what conditions)
lead to identical results and can be used interchangeably.
Also, for each case, technical possibilities/limitations for
designing the related experimental setups and practical
applications are discussed. In addition, possible
combinations of the considered drop impact situations are
presented and analyzed using the transformation
framework. Note that, common situations of drop impact
on moving surfaces (having tangential component of
surface velocity) lead to asymmetric drop spreading. In
this article however, for the first time the possibility of
symmetric drop spreading on moving surfaces is
demonstrated using the proposed framework. For this,
three combined situations of drop impact on moving
surfaces under special conditions -which can lead to
symmetric drop spreading- are recognized and analyzed.
Changing the target stationary surfaces with the proposed
moving surfaces -whilst maintaining symmetric drop
spreading- gives new opportunities and leads to faster
operating drop impact processes in related fast production
lines and experimental setups. Finally, several of the
considered drop impact situations are numerically
simulated, where the results confirm the facilitates and
predictions of the proposed transformation framework.

The rest of this article is organized as follows. In
section 02, first the unified transformation framework is
introduced. Then, the basic situations of drop impact and
their transformed versions are presented. Next, by
comparing and classifying these transformed versions, the
physical similarities/differences and technical
possibilities/limitations of the considered drop impact
situations are determined. In section 3, possible
combinations (and their transformed versions) of the basic
drop impact situations are covered. In section 4, the
possibility of symmetric drop spreading on moving
surfaces is introduced and discussed. In section 5, several
of the considered drop impact situations are simulated and
their results are analyzed. Finally, in section 6, the
summaries and conclusions of this study are presented.
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2. BASIC SITUATIONS AND THEIR TRANSFORMED
VERSIONS

Before studying various situations of drop impact, it
is appropriate here to explain the key terms used in this
study for presenting these situations, as: vertical: in the
direction of gravitational acceleration; oblique: the drop
velocity has an angle with the vertical direction; inclined:
the surface has an angle with a horizontal plane;
normal/tangential: relative to the surface. In addition, the
following symbols were used: V;: drop velocity; g:
gravitational acceleration; V;: surface velocity; V;,,: gas
flow velocity on the surface; V; (. gas free-stream flow
velocity; and §: boundary layer thickness.

The basic situations of dop impact on surfaces are
presented in Table 1 (real cases). To facilitate analyzing,
comparing, and classifying these different situations, a
unified transformation framework is developed. This

framework consists of a coordinate with normal and
tangential axes on a horizontal stationary surface. For each
real case, all effective parameters (i.e., the drop impact
velocity, gravitational acceleration, possible induced flow
due to the moving surface, and possible crossflow) are
transformed to this framework to create the corresponding
transformed version, see Table 1 (transformed versions).

2.1 Descriptions

The simplest possible situation of drop impact on a
surface is vertical drop impact on a horizontal stationary
surface (case B1). In this case, there are only the normal
components of drop impact velocity and gravitational
acceleration, therefore, the drop spreads/splashes
symmetrically on the surface. In the oblique drop impact
on a horizontal stationary surface (case B2), the existence
of tangential component of drop impact velocity leads to
asymmetric drop spreading/splashing on the surface.

Table 1 Schematics of basic situations of drop impact on flat surfaces and their
transformed versions

Case Real

Transformed

B1:
Vertical Drop
Impact on a g
Horizontal l
Va

Stationary

Surface

|

B2:

Oblique Drop

Impact on a g

Horizontal l Fo NV
1

Stationary

Surface

B3:

Vertical Drop
Impact on an
Inclined
Stationary
Surface

- .
:- er Var = Vgsina
ve, .

gr = gsina

_ Van = Vg cosa
gn = gcosa X

B4:

Vertical Drop
Impact on a
Horizontal
Moving

Surface with
Normal

Velocity

BS5:

Vertical Drop
Impact on a g
Horizontal l
Moving

Tangential

Velocity

B6: Vg fs
Oblique Drop
Impact on a
Horizontal
Stationary
Surface with

Surface with i Va

ven

5 Var = Vg sin@

Van = Vycos8

a Crossflow

2118



E. Azadi and M. Taeibi Rahni / JAFM, Vol. 16, No. 11, pp. 2115-2129, 2023.

In case B3, drop impacts vertically on an inclined
stationary surface. As shown in its transformed version,
there are the normal and tangential components of both
drop impact velocity and gravitational acceleration.
Therefore, the drop has more tendency to spread/splash
asymmetrically on the surface (compared to case B2).

In case B4, the drop impacts vertically on a horizontal
moving surface having an upward velocity. This moving
surface creates a flow field above the surface. In its
transformed version, the surface velocity of the real case
is added to the drop velocity and a free-stream downward
flow is regarded. In this case, since both the drop impact
velocity and gravity acceleration have no tangential
component and the free-stream flow is in normal direction,
the drop spreads/splashes symmetrically.

The vertical drop impact on a horizontal moving
surface having a tangential velocity is considered in case
B5. This moving surface creates a boundary layer flow
above the surface. The flow velocity starts from the
surface velocity and reaches zero at the top of the
boundary layer. In its transformed version, the tangential
component of drop impact velocity is equal to the surface
velocity of the real case but in opposite direction, which
leads to asymmetric drop spreading/splashing. Also, the
flow velocity starts from zero to the free-stream velocity.
Note that the free-stream flow does not affect the drop
outside the boundary layer, because they have the same
tangential velocity there. Note that, for typical surface
velocities used in the related experimental setups and
practical applications, the boundary layer thickness is
often small enough for the drop velocity direction not to
be affected by the flow. However, if the surface velocity
is high, e.g., more than about 63 m/s for micron-sized
drops (Li, 2013), the boundary layer flow pushes the drop
away from the surface.

Finally in case B6, a falling drop influenced by a
crossflow deforms and impacts a horizontal stationary
surface obliquely. The crossflow affects the drop mainly
outside the boundary layer. When a falling drop is
influenced by a crossflow, it deviates from its initial path
and deforms due to the exerted aerodynamic forces
(Ferrao et al., 2019, 2020). The drop deformation and its
oblique velocity cause asymmetric drop
spreading/splashing on the surface. If the crossflow
velocity exceeds a certain limit, the deformation of drop
intensifies and finally the drop breakups before impacting
the surfac (Ferrao et al., 2020; Carrolo et al., 2019).

2.2 Comparisons

Regarding the real cases in Table 1, the physics of
each case is somehow different from the others. However,
by comparing the transformed versions one can easily find
their similarities/differences based on the drop impact
velocity components, gravitational acceleration, possible
flows caused by moving surfaces, and possible crossflow.

Comparing real cases in Table 1, only in cases B2 and
B6 the drop velocity is oblique. Although a falling drop
with an oblique velocity is common in nature, accessing a
precise oblique drop velocity angle is not technically easy
in practice. Note that, a falling drop with oblique velocity
can be created in several ways, such as: lateral movement

of a dripper nozzle, pressurized oblique nozzle,
electrically charged falling drop, and falling drop in the
vicinity of a crossflow. Obviously, such ways require
more equipment and computations compared to creation
of a falling drop with vertical velocity.

Comparing transformed cases in Table 1, only in
cases B1 and B4 the parameters affecting drop impact
dynamics do not have tangential components. In these
cases, the drop spreads/splashes symmetrically on the
surface. In case B4 the downward free-stream flow can
make the drop impact results different from case Bl
(despite having the same normal drop impact velocities).
Note that, if the free-stream velocity is low, its effects are
negligible and thus the results of both cases are almost the
same. However, for this case further investigations are
needed to determine the quantitative conditions leading to
such negligible effects. On the other hand, since the drop
terminal velocity is limited due to the exerted drag
aerodynamic force (Aboud & Kietzig, 2015), case Bl
cannot be used for the experimental testing of high-speed
normal drop impact on surfaces (Li, 2013). In case B4
however, by increasing the upward surface velocity,
accessing such high-speed normal drop impact can be
possible in experiments.

Cases B2, B3, B5, and B6 (which have the tangential
drop impact velocity in their transformed versions) occur
extensively in natural phenomena and industrial
applications. In addition to this tangential velocity, there
is the tangential component of gravitational acceleration
in case B3, the tangential boundary layer flow in case B5,
and the tangential crossflow in case B6. All these
tangential parameters can lead to asymmetric drop
spreading/splashing and may cause the drop to slide on the
surface (Aboud & Kietzig, 2018). Note that, in case B6,
the inserted aerodynamic forces due to the crossflow often
deform the drop before it impacts the surface. This
deformation leads to different spreading/splashing results
compared to impacting a spherical drop on the surface
with the same drop impact velocity (Ferrao et al., 2019).

Comparing cases B2, B3, and B5, where they have the
same V,,, as well as the same V,;. If the gravity effects are
negligible, cases B2 and B3 yield almost identical drop
impact results. Also, if the boundary layer flow effects are
negligible, cases B2 and B5 yield almost identical drop
impact results. Consequently, if the effects of gravity and
boundary layer flow are negligible, cases B2, B3, and B5
yield almost identical drop impact results. Note that, if
such conditions (negligibility of such effects) are possible
for two of these cases, then the available results (and even
the setup) of one of them can be used instead of the other
(due to the same results). The experimental studies of
(Bird et al., 2009) and (Buksh et al., 2020) demonstrated
the same drop spreading/splashing results for the vertical
drop impact on inclined surfaces (case B3) and moving
surfaces (case B5), where these cases have the same V,
and V;;. In both these experiments millimeter-sized drops
were used. Buksh et al. (Buksh et al., 2020) noted that the
gravity in case B3 and the boundary layer flow in case B5
did not affect initial drop spreading/splashing on surfaces,
within the range of parameters used in their experiment.
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Case B5 has two interesting and practical features
compared to cases B2 and B3. First, the normal and
tangential drop impact velocities in case B5 are
independent since the tangential velocity is only related to
the surface velocity. This allows an easier access to a wide
range of tangential drop impact velocity in experimental
setups and practical applications (despite keeping the
normal drop impact velocity constant). Second, as
mentioned before, since the drop terminal velocity is
limited due to the drag force, cases B2 and B3 cannot be
used to achieve high-speed tangential drop impact
velocities. While the setup of case B5 allows such a high-
speed tangential drop impact velocity by increasing the
surface velocity. However, it is necessary to consider the
effects of induced boundary layer flow.

Although the transformed versions of cases B5 and
B6 have similar boundary layer flows, their results are
dissimilar due to two main differences. In case B5, outside
the boundary layer, the drop is not affected by the flow,
therefore its path and shape do not change there
(Almohammadi & Amirfazli, 2017a). While in case B6,
the drop is deviated and deformed due to the exerted
crossflow outside the boundary layer (Cunha et al., 2018).

3. COMBINED SITUATIONS AND THEIR
TRANSFORMED VERSIONS

In this section, the drop impact situations resulting
from the combinations of the considered basic cases in the
previous section are presented, see Table 2.

Table 2 Schematics of combined situations of drop impact on flat surfaces and their
transformed versions

Inclined Moving
Surface with
Velocity in an
Arbitrary
Direction

Case Real Transformed
CL: . 'y 7
Oblique Drop VM:V
Impact on an - A .

L I A\ Vgr = Vg sin(a + 8)

vey, i \ - — Vicos B
gr = gsina \\\ 4
Van = Vg cos(a + @)

gn =gcosa | + Ve sinf8
|

c2: gl

Oblique Drop
Impact on an
Inclined
Stationary
Surface

r=2 Var = Vg sin(a + 6)

C3:

Oblique Drop
Impact on a
Horizontal
Moving Surface
with Tangential

Velocity

C4:

Vertical Drop
Impact on an
Inclined Moving
Surface with

r=r
[T
ve,

g

Var = Vgsina + Vg

e
| E— _ .
7 gr = gsina
7 On = g cOS @ Vin = Vgcosa
— n =

Inclined Moving
Surface with

Tangential
g ; = |
Velocity
Vertical Drop - Vors =V
- .
Impact on an I £ \

ven | )
gr = gsina A | /'Vh’, = Vgsina — Vycosa

Inclined Moving
Surface with
Vertical Velocity

HOI’IZ(_)I"Ita| Gn = geosa i Vin = Vgcosa + Vi sina
Velocity -

X

Bt \
C6: A VARV VALY VA
\Vertical Drop [ amm. Vers=%
Impact on an R ( )

\ _‘/f Vae = (Vg + ) sina

gn = gcosa Van = (Vg + V) cosa
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Case C1 presents a general combined case described
as oblique drop impact on an inclined moving surface
having velocity in an arbitrary direction. All possible
combined cases of vertical/oblique drop impact on
horizontal/inclined stationary/moving surfaces are special
cases derived from this case. Other combined cases
introduced in Table 2 are those which are more common
in natural phenomena or have suitable features for
designing experimental setups and practical applications.
Some of these combined cases have previously been used
for drop impact investigations: case C3 numerically by
(Raman, 2019), case C4 experimentally by (Zen et al.,
2010), case C5 experimentally by (Aboud & Kietzig,
2015) and (Li, 2013), and the transformed version of case
C6 (with the difference that the gravity was normal to the
surface) numerically by (Cimpeanu & Papageorgiou,
2018).

Note that, if the effects of the induced flows and
gravity are negligible, then the transformed versions of
these complex cases are simplified to the cases of oblique
drop impact on horizontal stationary surfaces having the
specific normal and tangential drop impact velocities.

4. SYMMETRIC DROP SPREADING ON MOVING
SURFACES

In many practical applications such as inkjet printers,
additive manufacturing, and spot soldering, symmetric
spreading of drops on surfaces has a significant effect on
the product quality. On the other hand, in the production
lines dealing with moving surfaces having the tangential
component of surface velocity, the drop impact on such
surfaces leads to asymmetric drop spreading. Is it possible

to achieve the symmetric drop spreading on such moving
surfaces? Based on the authors’ research, no studies
previously addressed such a possibility. Here, using the
proposed transformation framework such a possibility is
investigated as follows.

In Table 3, three combined cases of drop impact on
moving surfaces, which can lead to symmetric drop
spreading under special conditions, are presented. Note
that, these cases correspond to cases C3, C4, and C5 (in
Table 2), respectively, under special conditions. In cases
S1, S2, and S3, the surface velocities (in real situations)
are chosen such that the tangential drop impact velocities
(in transformed versions) become zero, thus, the drops
impact the surfaces normally, see Table 3. Such values of
surface velocity are obtained by setting the tangential drop
impact velocity to zero in cases C3, C4, and Cb.

However, to achieve a symmetric drop spreading, the
effects of tangential gravity force (in cases S2 and S3) and
induced flows due to the surface velocity (in all three
cases) must be negligible. Here, to investigate such
possibilities (negligible such effects), the experimental
studies of (Bird et al., 2009) and (Buksh et al., 2020) are
reviewed. These studies showed that the drop impact on
inclined stationary surfaces or horizontal moving surfaces
having tangential velocity yield identical results. Such
results showed indirectly that the effects of gravity force
and induced flow are negligible (within the ranges of
parameters used). In both experiments, millimeter-sized
drops were used and the ranges of velocities were V,,, =
1.1-3.7m/s and V; =0—21 m/s in (Bird et al.,
2009) and V4, =04-29m/s and V; =0.6—
2.9 m/s in (Buksh et al., 2020).

Table 3 Schematics of combined situations of drop impact leading to symmetric drop

Case Real

Transformed

SI:

Oblique Drop
Impact on a
Horizontal
Moving Surface
with Tangential

H Vi, = Vysind
) >

Velocity

S2:

Vertical Drop
Impact on an
Inclined Moving
Surface with

gc = gsina T

Inclined Moving
Surface with
Horizontal
Forward
Velocity

Tangential gn =gcosa Vin = Vgcosa N

Downward | s

Velocity

S3: AN SIS S S S S, GIIIIIIIes

Vertical Drop a:‘\,’ /,/ e ///»/I/t / /g »///r /;/ ;p/f:’x‘;/: 'y
Impact on an r-r ’

g = gsina
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gn = gcosa VVan = Va/
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Although the drop impact situations in the
experiments of (Bird et al., 2009; Buksh et al., 2020) are
not the same as the cases presented in Table 3, their
possible tangential gravity forces and induced flows are
similar (except case S3, which have a different induced
flow). This means the tangential gravity forces (in cases
S2 and S3) and induced flows (in cases S1 and S2) are
negligible, within the ranges of parameters used in the
experiments of (Bird et al., 2009; Buksh et al., 2020).
However, further investigations are needed to determine
the effects of the induced flow in case S3.

Here, two technical subjects about the cases in Table
3 are discussed. First, in these cases, the surface velocity
and the drop impact velocity are dependent. Second, as
mentioned in section 2, providing a precise oblique drop
velocity angle for case S1 (compared to a vertical drop
velocity) in practice requires more equipment. However,
cases S2 and S3 (having vertical drop velocities) do not
require such equipment.

Therefore, when the effects of tangential gravity force
and induced flows due to moving surfaces are negligible,
the cases presented in Table 3 can be used for providing
symmetric drop spreading. Using the moving surfaces
(instead of stationary surfaces) in designing related
production lines or experimental setups (where symmetric
drop spreading is required) can considerably accelerate the
drop impact process. Note that, in many production lines
the surface velocities are not high enough to create any
flow affecting drop spreading results.

5. NUMERICAL MODELING

In this section, numerical simulations are performed
to evaluate some predictions of the proposed unified
transformation framework under special conditions, e.g.,
symmetric spreading of drops on moving surfaces in cases
S1and S2 and the same asymmetric spreading of drops for
cases B2, B3, and B5. For this, first our numerical
methodology and code validation study are presented.
Then, the simulations of six of the drop impact situations
considered before (cases B1, B2, B3, and B5 in Table 1
and S1 and S2 in Table 3) are performed. At the end, the
related results are analyzed and discussed.

5.1 Methodology

Here, multiphase lattice Boltzmann flux solver
(MLBFS) is used for our simulations. MLBFS uses the
finite volume method to solve macroscopic governing
equations. However, instead of macroscopic fluxes, the
corresponding mesoscopic fluxes (defined using a local
lattice Boltzmann method) are evaluated at cell faces
(Wang et al., 2015; Niu et al., 2018; Li et al., 2019; Yang
etal., 2021; Azadi & Taeibi Rahni, 2023).

MLBFS uses Navier-Stokes (NS) and Cahn-Hilliard
(CH) equations as follows:

dp _ am
3% + V. (c2pii) = c2u.Vp, (1)
a(ptd)

ot + V(P = @)

—Vp + V. [u(Vi + (V)] + E + F,,
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d

a(f +V.(¢pU) = V.(MVuy) +q, (3)
where, ¢, is speed of sound, F, |s surface tension force, and
Fb is body force (e.g., grawty). In addition, ¢ is the order
parameter which varies smoothly from zero (for gas) to 1
(for liquid) across the interface. Moreover, constant M is
called mobility and u is chemical potential defined as:

ey = 4Adp(p — 1)(¢p — 0.5) — kV?¢, ()

where, parameters A and k are related to surface tension
coefficient (o) and interface thickness (), such that A =

120 /¢ and k = 30 §/2. Also, E, is given by:

Fy = Vg, (5)

Finally, source term q is used to conserve total mass
of each fluid phase and is defined as:

q:

1 mt —m?
e ZMV pdv |, 0.1<¢ <009,
AV (pl py) At

0, elsewhere.
(6)

where, 0.1 < ¢ < 0.9 represents the interfacial region and
AV is its volume. Moreover, Q, indicates gas region
(¢ < 0.5); mjj and mJ are masses of gas region at t = t"
and t%; p; and p,, are liquid and gas densities, respectively;
At is time step; and dV is cell volume. For more details of
MLBFS see (Wang et al., 2015; Niu et al., 2018; Li et al.,
2019; Yang et al., 2021; Azadi & Taeibi Rahni, 2023).

5.2 Code Validation

The capability and accuracy of MLBFS for modeling
different two-phase benchmark problems (e.g., 3D drop
impact on flat surfaces) have been validated in several
articles(Wang et al., 2015; Niu et al., 2018; Li et al., 2019;
Yang et al., 2021; Azadi & Taeibi Rahni, 2023). Here, a
typical 2D benchmark problem, namely: semi-circular
drop deformation on a flat surface with various contact
angles, is simulated to validate our code. It has an
analytical solution and is close to the drop impact problem
in both drop deformation and wetting boundary condition.

Initially, a stationary semi-circular drop is forced to
be placed on a flat surface with contact angle of 90°. Due
to interfacial forces, the drop is deformed to reach its
shape and contact angle at equilibrium state. This problem
is simulated using different equilibrium contact angels
(30°, 60°,90°, 120°, and 150°) leading to partial surface
wetting/dewetting processes. In the absence of gravity,
using the mass conservation of the drop, the equilibrium
width (W,,) and height (H.,) of drop are derived
analytically (Fakhari & Bolster, 2017) as follows:

VVeq T
1 — sin(@ e —
D, ~ Sine) fzec —sin(26,)
)
Hey 1 —cos(0,) s
Dy 2 26, — sin(26,)’
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Fig. 1 Comparison of numerical values of W¢, and Hg, for different contact angles with analytical
relations (7)

Table 4 Parameters used for simulation of the
benchmark problem of wetting/dewetting of a semi-
circular drop on a flat surface

P 12 o Dy
(kg/m*) | Pa.s) | P/Po | /Mo | (N jm) | (mm)
1000 0.001 843 54.2 0.0728 1

where, D, is the drop initial diameter and 6, is the contact
angle at equilibrium state, see drop shapes in Fig. 1.

To specify simulation parameters, the liquid and gas
phases were chosen to be water and air at 15 °C,
respectively, and D, was set to be 1 mm, see Table 4.
Also, a 2D rectangular domain of 3D, x 1.5D, with a
uniform grid of 241x121 was used.

The initial distribution of order parameter (Liang et
al., 2019) was set to:

D, — 2|7 — 7.
#(?) = 0.5 + 0.5 tanh <M>

$ )

where, 7 is the location vector originated at the bottom left
corner of the domain and 7. = (1.5D,, 0) is the location of
the drop center. Here, the interface thickness (¢) was set
to 4 grid cells (Fakhari & Bolster, 2017). Also, the initial
pressure distribution was set to p(¥) = (26/Dg)¢.

For boundary conditions, on the bottom surface, the
no-slip boundary condition was used for NS equations and
wetting boundary condition (Fakhari & Bolster, 2017) was
used for CH equation as:

(7. Vu¢) |Wa” =0, (10)

where, 7 is the unit normal vector of the surface. In
addition, the opening (inflow/outflow) boundary
condition was used for the top and side boundaries.

In Fig. 1, resulting values of dimensionless quantities
Weq = Weq/Do and H;, = H.q/D, are compared with
analytical relations (7), showing close agreements for all
contact angles used.

5.3 Drop Impact Cases

In the following, to simulate drop impact cases, the
liquid and gas phases were chosen to be water and air at
15 °C, respectively. The values of specific parameters
used are: drop diameter, D, =1 mm; normal drop
velocity, V;, = 1m/s; gravitational acceleration, g =
9.81m/s?; and contact angle, 8, = 90°. Three important
dimensionless numbers in this study are: Reynolds,
Weber, and Froude, as:

Re. = PVanDo _ PVdnDo - Vizn.

" w0 o " gDy (11)

In Table 5, the above parameters and values of
dimensionless numbers are tabulated. As shown in this
table, since Fr; ! (the ratio of gravity and normal inertial
forces) is less than 1072, it expects gravity force not to
affect drop spreading results (Garcia-Geijo et al., 2020),
however this term has not been neglected in our
simulations. Moreover, the parameters which are
different, based on various drop impact cases, are
presented in Table 6.

R 4
(n' V¢)|wall = _ECOS(QC) ¢(1 - ¢)|wall' (9)
Table 5 Parameters used in all simulated drop impact cases
P H a Dy Van )
(kg/m?) | (Pa.) [P/ P |1/ ¥s | v fim) | mm) | (/) |m/s)| O | Rem | Wen | T
1000 0.001 | 843 | 54.2 | 0.0728 1 1 9.81 | 90° | 1000 | 13.74|101.94
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Table 6 Parameters which are different based on the
simulated drop impact cases

% %
Case (m‘}ts) ( n‘;’f;) In 9e
B1 0 0 g 0
s1 0 -1 g 0
S2 0 -1 g cos45 gsin45
B2 1 0 g 0
B3 1 g cos45 gsin45
B5 1 1 g 0
As follows, the physical domain and the

boundary/initial conditions used are described. A 2D
rectangular domain of L, X L, = 7Dy X 2.7D, was
adopted for all our simulations. According to the
boundaries of the domain (see transformed versions of the
considered cases), for the bottom surface, the no-slip
boundary condition was used for NS equations and the
wetting boundary condition (relations (9) and (10)) was
used for CH equation (Fakhari & Bolster, 2017). In
addition, the opening boundary condition was used for the
top boundary. The side boundaries were also considered
as opening unless entering boundary layer flow exists
there (see the left boundary in case B5 and the right
boundary in cases S1 and S2). For such boundaries, inlet
boundary condition with a second-order velocity profile of
boundary layer u, ;, was applied as:

2

Uy,bl Y Y

—=2(5)-(5) 12
7e=2(5)-) (12)
8 _5477 b _paVassko W
Ly JRe,’ 0 tg

where, L, is the distance downstream from the start of the
boundary layer to the start of the physical domain (Eyo et
al., 2012). Here, L, was chosen so that § = L,,.

The order parameter distribution was initialized by
relation (8) (Liang et al., 2019), where the location of drop
center 7. = (3.5D,,0.5D,) for cases B1, S1, and S2 (in
which drop is expected to spread symmetrically) and 7. =
(2D,, 0.5D,) for cases B2, B3, and B5 (in which drop is
expected to spread asymmetrically). Here, the interface
thickness (&) was set to 4 grid cells (Fakhari & Bolster,
2017; Liang et al., 2019). Moreover, the initial pressure
distribution was set to p(¥) = (26/Dy)¢ and the
distribution of velocity vector was initialized by:

U = (wgpr + (Var = epr) b —Van®), (14)

where, u, ;; is given by relation (12) for cases B5, S1, and
S2 (with boundary layer flow), while u, ;, = 0 for cases
B1, B2, and B3 (without initial boundary layer flow).

The dimensionless quantities W* =W /D,, H* =
H/Dy,, and T =tV,;,/D, were used to quantify
symmetric drop spreading results, where W, and H are
drop spreading width and height, respectively. For
asymmetric drop spreading, UW* = UW /D, and DW* =
DW /D, were also used, where UW and DW are the
corresponding upstream and downstream drop spreading
widths, respectively. Note that, the boundary of the drop
was defined where ¢ = 0.5.

Table 7 Grid convergence study (case B1)

(in gri%ocells) Grid Wnax %iﬂgtrlve
64 449%173 3.626 481
80 561x217 3.719 2.36
96 673x260 3.783 0.68
110 T71x297 3.809 -

The grid convergence study was carried out using
three different uniform grids for case B1 and comparing
the resulting maximum drop spreading widths, see Table
7. Based on these results, the grid of 561x217 was selected
for our simulations.

5.4 Results and Discussions
54.1

In the following, simulation results of cases B1, S1,
and S2 (in which V;, = 0) are discussed. The resulting
drop spreading shapes of these cases are presented in
Table 8, wherein symmetric drop spreading is obvious for
all of them. In Fig. 2, time evaluation of W* and H* shows
very close results for all the above cases. Quantitatively at
T = 2.775, the deviation of the wetting length of the left
side of drop in cases S1 and S2 (compared to the same
length in case B1) is less than 2.7% and 1.4%, respectively
(are not shown here). As shown in Fig. 3, although the
distributions of velocity streamlines for these cases are
different, the exerting aerodynamic forces are not high
enough to considerably change drop spreading shapes in
cases S1 and S2.

Symmetric Drop Spreading

According to these results, within the ranges of
parameters used in this study, two main conclusions can
be made: 1) the induced boundary layer flow due to the
moving surface (in cases S1 and S2) and the tangential
gravitational acceleration (in case S2) do not affect drop
spreading and 2) symmetric drop spreading is also
possible on moving surfaces. This interesting possibility
means that for the practical applications and experimental
setups, where symmetrical drop spreading is required, the
surface does not need to be stationary. In such
applications/setups, the use of moving surfaces (instead of
stationary surfaces) can considerably accelerate the
symmetric drop impact process.

54.2

In the following, the simulation results of cases B2,
B3, and B5 (in which V4 # 0) are discussed. The
resulting drop spreading shapes of these cases are
presented in Table 9, wherein the same asymmetric drop
spreading shapes are obvious for all of them. In Fig. 4,
time evaluation of UW™*, DW*, and W™ shows very close
results for all the above cases, quantitatively. Similarly for
these three cases, the left side of drop spreads upstream
until it reaches the maximum value at T = 0.675 and then
recedes to the initial contact point and passes this point at
about T = 2.4.

Asymmetric Drop Spreading

For cases B2, B3, and B5, within the ranges of
parameters used in this study, the resulting identical drop
spreading shapes and quantities means that the induced
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Table 8 Time evolution of drop spreading shapes for the transformed versions of cases
B1, S1, and S2. The dash line indicates the initial contact point of drop and surface

T Bl S1

S2

0

e o o
ZHN TN N N

1.350

0.675 - - -

2.400

2.775

TR-A . A -m-A--E--A-E

0||1|I||||l||||||1|||||||l||

0.5 1 T 15 2 25

Fig. 2 Time evolution of H* and W* for the transformed
versions of cases B1, S1, and S2

boundary layer flow due to the moving surface (in case
B5) and the tangential gravitational acceleration (in case
B3) do not affect drop spreading results. Therefore, cases
B2, B3, and B5 can be used interchangeably in related
experimental setups and practical applications.

6. CONCLUSION AND FUTURE OUTLOOK

Due difficulties in comparing and classifying various
situations of drop impact on flat surfaces, in this article the
following items were performed:

= aunified transformation framework was developed to
analyze, compare, and classify various situations of

2125

Fig. 3 Distributions of velocity streamlines for
the transformed versions of cases B1, S1, and
S2atT =2.4

vertical/oblique drop impact on horizontal/inclined
stationary/moving flat surfaces with/without a
crossflow The use of this unified transformation
framework for studying above situations significantly
facilitates  identification ~ of  their  physical
similarities/differences, as well as their technical
possibilities/limitations in experimental setups and
practical applications. The conditions in which some
of the different situations lead to identical results and
therefore can be used interchangeably were also
identified (Section 2),

the combinations of the considered basic situations of
drop impact were also introduced and compared using
the unified transformation framework (Section 3),
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Table 9 Time evolution of drop spreading shapes for the transformed versions of cases B2, B3,
and B5. The dash line indicates the initial contact point of drop and surface

T B2 (Oblique) B3 (Inclined) B5 (Moving)
| @ [ ] ()
| I I
0675 | | - | - : -
| | |
1350 | | : :
Yy — X Yy — % Yy — X
1 1 |
2400 | | | |
Y S W S W s
| | |
2625 | | | |

4r W’ -B2(Oblique)
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- = DW -B3(Inclined) .*/'
aE A W' -B5(Moving) -
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Fig. 4 Time evolution of UW*, DW*, and W* for the transformed versions
of cases B2, B3, and B5

= the interesting possibility of symmetrical spreading of
drop on moving surfaces was investigated. Note that,
the use of moving surfaces (rather than stationary
ones) for design of related production lines or
experimental setups (where symmetrical drop
spreading is required) can considerably accelerate
drop impact processes. Using the unified
transformation framework, three situations of drop
impact on moving surfaces (leading to symmetrical
spreading) were also introduced (Section 4),

= several drop impact situations were numerically
simulated. The related results well confirmed the
facilitation and predictions of the proposed
transformation framework (Section 5).

In this work, 2D drop impact simulations were
performed and typical values of drop impact parameters

were investigated. However, extension of this work can
include 3D simulations and study a wide range of drop
impact parameters. Obviously, the predictions of the
proposed transformation framework can also be verified
experimentally.
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