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A shape coefficient is introduced to quantify droplet shape by measuring its similarity to a desired shape to enable the study
of droplet shape evolution upon impingement on a solid surface. Parametric simulations are performed with an experimen-
tally validated numerical model to determine the impact conditions to maximize the shape coefficient. Results show that the
Weber number is the controlling factor that determines the maximum achievable shape coefficient and the time instant when
it is achieved for small Ohnesorge numbers, whereas the Reynolds number becomes the key parameter defining the optimal
shape when the Ohnesorge number is large. A regime map is also developed to define the regions where a desired droplet
shape can be achieved without splash. © 2013 American Institute of Chemical Engineers AIChE J, 59: 3071-3082, 2013
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Introduction

Droplet impact on a solid surface has been fascinating to
scientists due to its natural beauty in many natural phenomena,
as well as its importance to many industrial applications. How-
ever, the complicated physics behind the stunning photographs
of droplet impact have been puzzling for over a century since
Worthington first studied it in 1876." Much research has been
conducted and significant progress has been reported during
the past century.2 Chandra and Avedisian® studied the collision
of a liquid droplet on a solid metallic surface with greatly
improved quality of images. Zhao et al.* recorded the splat ra-
dius during spreading and recoiling on a flat surface with
refined time resolution. Kim and Chun® have performed exper-
imental study on the spreading and recoiling of different drop-
lets on different solid surfaces. Sikalo et al.® studied the
droplets impact on inclined surfaces. Perelaer et al.” investi-
gated the impact of droplets with various molar mass on a dry
solid surface. Son et al.® performed study on the spreading of a
droplet on a solid surface with a controlled contact angle.
Léopoldes et al.” studied the droplet impact on chemically het-
erogeneous surfaces. Experimental studies have also been per-
formed on time evolution of droplet spreading radius on a
solid surface.'” A regime map has been constructed to charac-
terize different modes of spreading dynamics based on the
combination of driving forces and resistances.'’ The fluid dy-
namics at the contact line has also been extensively studied to
unravel its complexity. The contact angle hysteresis phenom-
enon has first been observed and reported by Dussan.'> A later
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study showed that surface inhomogeneity, surface roughness,
and impurities on the surface could all contribute to the contact
angle hysteresis.'? The contact angle change with temperature
has been studied by different research groups.®'*!'> Splash
phenomena are of considerable interest. An empirical dimen-
sionless number has been proposed experimentally to indicate
the threshold for splash.lﬁ’17 Three factors have been identified
for causing splash: the surrounding gas,lg’19 the surface rough-
ness,'®'*?* and the compliance of the solid substrate.?'
Analytical modeling of droplet impact has been difficult due
to the complicated physics and nonlinear nature of the governing
different equations. The simplified one-dimensional (1-D) mod-
els have been proposed by only considering one parameter (the
wetted area or the droplet spreading radius). Frenkel first derived
the form of a spreading droplet using variational method.**
Bechtel et al.** included the change in kinetic energy in a varia-
tional approach in 1981, and many different kinds of 1-D models
have been proposed since then®!'*2%2426 1o describe different
impact conditions by approximating the drop shape with spheri-
cal cap, cylinder or rimmed cylinder shapes.>” Numerical simu-
lations have been an important alternative to study droplet
impact dynamics. The challenge of numerical modeling of drop-
let impact arises from the moving interface between the droplet
and the surrounding gas, which is difficult in terms of both phys-
ical modeling and numerical implementation. Many different
numerical models have been proposed based on Navier—Stokes
equations, such as marker-and-cell method by Harlow and
Welch,?® volume of fluid (VOF) method, level-set method,?’
front-tracking method,30 phase-field method,31 and so forth.
Bussmann et al.*? also developed a 3-D model based on the
VOF method to study droplet impact on an inclined surface.
Schwartz and Eley®® simulated droplet motion on low energy
and heterogeneous surfaces. A numerical model using the
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Lattice Boltzmann method has also been developed to study
droplet impact.**

However, most of the previous research focused on study-
ing droplet spreading radius or similar metrics. Little attention
has been paid to the change of droplet shape and its relation-
ship to the physics of droplet impact, which is often more im-
portant to control for a wide range of industrial applications
than just the droplet spreading radius. For instance, if one
wants to build a uniform film with inkjet printing for thin film
deposition, it would be important to know how close one can
make a single-droplet shape resemble a uniform film (i.e., a
pancake-like shape) upon impingement on the substrate. Since
uniform film deposition and uniform coating are of great
industrial interests, this article presents a comprehensive theo-
retical investigation of the droplet shape change during the
impact focusing on how to flatten a single droplet (i.e., to
form a pancake-like film) without splash under different
impact conditions, which is essential for achieving a desired
quality of coatings in ink-jet deposition, thermal spraying, and
so forth. An integral metric is proposed to characterize the
droplet shape by measuring the similarity between the
achieved droplet shape and a desired pancake-like shape.
Compared with conventional metrics such as the spread fac-
tor,'" the proposed shape coefficient can capture more details
of the droplet spreading and it contains important information
about the similarity of the droplet shape to a desired shape
that is very important for a number of industrial applications.
In addition, this shape metric can be qualitatively related to
the physical forces of droplet spreading and, thus, provides a
method to investigate the physics of droplet shape evolution.
Simulations are used to identify the conditions in terms of rel-
evant dimensionless numbers for achieving a desired shape
and at what stage (time instant) of the impact dynamics.

The rest of the article is organized as follows. First, a theo-
retical model for droplet impact along with its numerical
implementation and validation is presented. A metric of drop-
let shape characterization is defined and the reasoning behind
the definition is provided in the next section. Then, a series of
simulations are conducted to study the droplet shape evolution
and results are discussed. The following section presents a re-
gime map for finding the hydrodynamic conditions that would
yield a desired droplet flattening upon impact without splash.
Conclusions are given in the last section.

Numerical Model and Validation
Numerical modeling

We start our modeling with several assumptions to sim-
plify the analysis for the impact conditions of interest. First,
the fluid is assumed to be incompressible because the impact
velocities of interest are much lower than the speed of sound.
The shape of the droplet is assumed to be spherical prior to
impact. The fluid flow is assumed to be Newtonian, both lig-
uid and gas flow are treated as laminar, and the viscosity and
surface tension are assumed to be constant during the impact.
The droplet and substrate are assumed to be isothermal.

With the assumptions above, the equations of mass and
momentum conservation are as follows

V-u=0 (D
Ou

p5+pu-Vu=V- [-pI+;7(Vu+(Vu)T)]+F 2)

where p is the fluid’s density (kg/m®), u is the velocity vec-

tor (m/s), p is the pressure (Pa), 7 denotes the dynamic vis-
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cosity (Pa-s), F is the body force, and I is the identity
matrix.

The phase-field method?! is adopted to track the move-
ment and deformation of the interface between the liquid
phase and gas phase on a fixed grid. Unlike the sharp inter-
face models, such as VOF, level-set, and so forth, the
phase-field method provides a way of modeling interfacial
forces as continuum forces by treating the interface as a
diffusive interface described by the Cahn-Hilliard equa-
tion,* which ensures the correct dissipation of energy.

The commercially available software COMSOL 3.5a is
used to implement the model. COMSOL introduces a phase-
field variable ¢ to represent different phases instead of using
the composition variable C that ranges from O to 1. The
phase-field variable ¢ is taken to be (2C — 1) and, thus,
ranges from —1 to 1, with —1 in the gas phase, 1 in the lig-
uid phase, and —1 to 1 across the interface. The convective
Cahn-Hilliard equation describes the evolution of the inter-
face in terms of the phase-field variable

0
2 - V)p=V - (MVH) ®
where M is the mobility (m3s/kg) and p is the chemical
potential (Pa) of both phases.

To compute the chemical potential, the mixing energy
needs to be defined following the Ginzburg—Landau form™®

; A
Enic(§.V$)= 5 (#7=1)+ £ [VoP )

where 4 is the mixing energy density (V) and ¢ is the inter-
face thickness (m), which are related by36
2V2 4
o= i_ 5)
3 ¢
where ¢ is the surface tension between liquid and the sur-
rounding gas. Therefore, the chemical potential can be
obtained by>'

2_
1= aEmix -V aEmix =} (_v2¢+ ¢<¢ 1)) (6)

¢ OV &2

When the interface thickness ¢ approaches 0O, the asymp-
totic limit of the phase-field model is the sharp interface
model. In this limit, the mobility M and the interface thick-
ness ¢ must reduce to O at the same time. Thus, a constraint
is placed on M and ¢

M=o 7

where o is a tuning parameter.

Unlike the sharp interface models that have to deal with
the discontinuities across the interface to calculate the inter-
facial force due to surface tension, a continuum body force
Fy is used in the phase-field model to include the effect of
surface tension within the diffusive interface domain, which
is calculated by

Fy=uve ®)

Taking into account the gravity force F,, the total body
force F in Eq. 2 becomes

F=F,+F,=pg+uVve ©))

where g is the gravity vector.
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The governing equations are nondimensionalized based on
the following scaling

X u tu p . g
X'=ut=—ift=——pt= g = (10)
L U L P pr(foz 8 &ref
* * % g % L
pr=Lp="le= T =t (11
Pref Myet Orref Oref

where L is the characteristic length scale, U is the reference
velocity, the subscript “ref” is for reference values and the
superscript “*” stands for dimensionless. The nondimen-
sional governing equations, in which the superscripts “*” are
omitted for convenience, are

V. u=0 (12)
p% +pu-Vu=V- [—pI+én(Vu+(Vn)T)]

bepgt Vg (13)

%-&-(u : V)qb:%v (MVp) (14)

where Re is the Reynolds number, We is the Weber number,
and Fr is the Froude number. The Ohnesorge number Oh
can be obtained from the Reynolds and Weber numbers as
follows

_ prerL,We:pref UZL; %

Re ;
nref Oref

vWe n
Re Pref Oref L

as)

Due to the problem symmetry, the droplet and the sub-
strate can be modeled in a half-domain, as shown in Figure
1, where the droplet falls down from a certain distance
above the substrate with an initial velocity. The droplet trav-
els downward due to inertia and gravity, impinges on the
rigid horizontal wall and spreads. The boundary conditions
are shown in Figure 1, and the equilibrium contact angle
between the droplet and the substrate is set to 7/2. Note that
the wall boundary is set as no-slip and it requires no special
treatment for the moving contact line with the phase-field
method because the diffusive interface provides an effective
slip length for the contact line to move.?’” To calculate the
dimensionless numbers for droplet impact, the droplet diam-
eter D is taken to be the characteristic length scale and the
impact velocity U is taken to be the reference velocity. The
reference density and viscosity are set to be the density and
viscosity of the liquid droplet. The reference surface tension
is set to be the surface tension between the liquid and gas
phases.

Validation

The model described above has been extensively validated
in our previous work against various 1-D analytical models
and experiments. The results are presented elsewhere.”®
Here, we only report some representative validation results
using a nondimensional version of the model in comparison
with experiments reported in literature.® Figure 2 shows
excellent agreement between the model predictions and ex-
perimental data for a water droplet impacting on a steel plate
with a contact angle of 7/2, Weber number of 27, and Ohne-
sorge number of 0.0026. The surrounding medium is air at
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Figure 1. Simulation domain geometry and boundary
conditions.

20°C and corresponding air density and viscosity are used
for the simulation. The tuning factor o needs to be large
enough to maintain a constant interface thickness but still
low enough not to damp the convection motion. A too high
mobility can lead to excessive diffusion of droplets. Here,
we set the tuning factor o to the default value 1.

Shape Coefficient Definition

Extensive research has been conducted on shape represen-
tation during the past decades for multimedia searching and
image retrieval in computer vision, computational geometry,
and related fields.**** Various shape descriptors have been
proposed to characterize both 2-D and 3-D shapes for multi-
media storage, searching, and retrieval. Shape, as a geomet-
ric representation of objects in space, contains rich
information about the physics of underlying phenomena.
Yet, little research has been reported on connecting the
shape representation to fundamental understanding of the
physical phenomena to support a capability for the model-
based rational design and control of complex processes. This
section presents an integral metric—a shape coefficient—that
we propose to use for characterization of the droplet shape
during impact to establish a foundation for side-by-side
quantitative comparison of desired and physically realizable
shapes.

For a single-droplet impingement, droplet shape can be
represented axisymmetrically in 2-D. Methods of 2-D shape
representation can be categorized generally into the contour-
based and region-based methods.*> The contour-based
method is chosen due to the relatively simple characteristics
of droplet shape wherein most of the droplet shape informa-
tion is contained in the droplet boundary. Because the objec-
tive is to achieve a uniform film upon an impact of a single
droplet (i.e., to flatten the droplet to a pancake-like structure),
the shape metric is defined by measuring the similarity
between the actual droplet shape and the desired shape (i.e., a
rectangle in 2-D cross-sectional space or a cylinder in 3-D).

To study droplet shape evolution, the droplet image at
each time instant can be obtained from the simulation, as
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Figure 2. Comparison of experimental data®® on the spreading radius evolution and simulation results.

representatively shown in Figure 3a. Because the axis of
rotation (the left-hand-side edge in Figure 3a is not part of
the droplet boundary and, thus, should not be included in the
droplet contour, a mirror operation is performed on a half-
space droplet representation shown in Figure 3a, resulting in
a full droplet cross-section in Figure 3b. The latter contour
representation includes only physical interfaces of a droplet
projected on a 2-D space which are then processed with a
modified Moore-Neighbor tracing algorithm* to obtain the
droplet contour as shown in Figure 3c.

To define a shape coefficient, we will characterize both
the droplet shape and the desired shape with a shape signa-
ture function, which will be sampled to give us characteristic
vectors for the shapes. The characteristic vectors will be
transformed into Fourier domain to filter out high-frequency
image noises and facilitate normalization. The shape coeffi-
cient will be defined by measuring the Euclidean distance
between the characteristic vectors in the Fourier domain.
Here, we use the centroid distance as a shape signature.42
Let the coordinates of the points on the contour obtained
from image processing be (x(j), y(j), where j=1,2,.N and N
is the total number of points). We can calculate the centroid
of the droplet contour as

1 & 1 &
XL.Zﬁj:lej;yczﬁj:Zij (16)

The normalized centroid distance can be defined as

(b)

(a)

Figure 3. (a) Half of a droplet cross-section (symmetric about the vertical axis of rotation at the left edge) at one
time instant obtained directly from simulation; (b) full cross-section of a droplet by mirror imaging of the
half-space image in (a) about the axis of rotation; (c) droplet contour obtained with Moore-Neighbor trac-
ing algorithm.
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where D is the droplet diameter. Note that the points on the
contour acquired from image processing are not evenly dis-
tributed and are highly dependent on the specific image and
the image processing algorithm and, thus, cannot be directly
used to compare the droplet shape from different images.
Although Eq. 17 shows that the centroid distance is a func-
tion of the coordinates (x, y), a closer look can show that it
is a 1-D function that only varies with one independent vari-
able as x and y are related on the contour. A natural choice
of the independent variable for the centroid distance would
be the polar angle with respect to the centroid. However,
during droplet impingement, the droplet shape could some-
time be deformed significantly so that the centroid distance
changes rapidly with the polar angle. According to Nyquist—
Shannon sampling theorem, a very high sampling frequency
would be required to obtain sufficient information so that the
droplet shape can be recovered from discretely sampled
points, which leads to high computational cost and sensitiv-
ity to image noises. Therefore, we used the distance d along
the contour with respect to a reference point (e.g., the start-
ing point of the contour chosen to be the left bottom corner
point) as the independent variable, so that the centroid dis-
tance will not change very fast with it no matter what the
droplet shape looks like. Then, we can plot the centroid dis-
tance of a droplet contour as a function of the normalized
distance nd (defined as d/perimeter of the contour) as shown
in Figure 4. So a droplet contour can be characterized by the

A7)

(c)
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Figure 4. Centroid distance r as a function of normalized distance nd for droplet contour, rectangle contour.

function r(nd). If a finite number of points is taken on the
contour, the characteristic function r(nd) becomes a charac-
teristic vector for the droplet shape, which is rotationally and
translationally invariant as long as the same reference point
is used. The desired geometry is defined as a rectangle that
circumscribes the droplet contour as shown in Figure 5, the
characteristic function of which is plotted as the dashed line
in Figure 4.

Now, measuring the similarity between two shapes
becomes computing the “distance” between the two functions
defined in the same domain in Figure 4 using one of the pos-
sible metrics for the norm of the space. Because the contours
are obtained numerically from discrete point image process-
ing, we need to sample these two functions at the same nor-
malized distance to turn these two functions into two vectors,
and then measure the distance in the vector space. With the
points obtained from image processing algorithm, a piecewise
cubic spline is used to fit the shape functions of r(nd) and
then N, points are sampled at normalized distance nd = i/N;
(where i =0, 1.N,) to obtain the characteristic vectors r; and
r, for the droplet and a desired shape, respectively.

To this point, we developed an approach to measure the
similarity between the two shapes in terms of a distance
between the two characteristic vectors that parameterize the
shape contours. But there are two reasons that we want to
take a further step to measure the similarity between the
shapes in the frequency domain by taking a Fourier trans-

form of these two vectors. First, if there is a sharp spike
somewhere on the droplet contour caused by noise in
image processing or acquisition, it can be easily eliminated
in the frequency domain using low-pass filtering. Second,
if the droplet is scaled differently during the image process-
ing, the characteristic vectors will be scaled, as well as the
distance between them, and it is relatively easier to normal-
ize in frequency domain by the direct current (DC) compo-
nent of the shape due to its averaging characteristics.

Thus, a discrete Fourier transform of the characteristic
vectors is computed by Egs. 18 and 19

Ralk)= 5> raiexp (2mi(i= 1) (k= 1) /N)[Ra(1) (19

Ng
Ro(K) ]%Zr,.(j)exp(27ri(j—1)(k—1)/N\.)/Rd(l) (19)
s =1

where R; and R, are the Fourier characteristic vectors for
droplet and rectangle, respectively, and R,(1) is the DC com-
ponent of vector R,. Normalizing both R; and R, by R,(1)
eliminates the baseline scaling effect, but keeps the relative
distance between the vectors unchanged. Note that no
low-pass filter needs to be applied to eliminate the
high-frequency image noises because N, determines the high
cut-off frequency as the fundamental frequency is determined
by the length of the signal that is fixed at 1 as shown in Figure 4.

o

Figure 5. Uniform sampling of droplet contour and the contour of the desired geometry.
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With the Fourier characteristic vectors, we can, thus,
define a shape coefficient to measure the similarity between
the simulated or experimentally observed droplet shape and
the desired target shape by measuring the Euclidean distance
between the two Fourier characteristic vectors

=1 S RGRGFL | SR OGP 20

where R; and R, are the Fourier characteristic vectors for the
droplet and the desired shape, respectively.

The shape coefficient C ranges from O to 1 with unity cor-
responding to the perfect match between the realized droplet
shape and the desired geometry. With this definition of the
shape coefficient, we also need to determine how to choose
an appropriate Ny, which cannot be too small such that the
approximation error is too large and cannot be too large

such that the high-frequency noise is introduced. As shown
in Figure 6, the shape coefficient converges to a limiting
value as N, increases, and when N, approaches 200, less
than 0.1% relative error is observed for the specific case of
droplet shapes considered in this article.

The effectiveness of the shape coefficient in capturing
droplet shape upon impact is exemplified in Figure 7. Simu-
lations were performed for the Weber number of 17.9, the
Ohnesorge number of 0.085, and the Froude number of
50,968. The shape coefficient, along with the realized and
desired (rectangular) droplet shapes at three different time
instants, is plotted as a function of time from the moment of
impact until the final equilibrium is attained. As one can see
from the inset figures, the similarity of droplet shapes is
well-captured by maximizing the shape coefficient. The
change of the spread factor with time is also plotted for
comparison. As we can see, the shape coefficient is able to
capture more details of the droplet spreading than the spread
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Figure 7. Change of shape coefficient and spread factor with time during the droplet impingement.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Table 1. Combinations of Weber and Ohnesorge Numbers Used for Simulations

We =0.714 We =17.9 We = 45.7 We=714 We = 121 We = 183
Oh = 0.085 (0.714, 0.085) (17.9, 0.085) (45.7, 0.085) (71.4, 0.085) (121, 0.085) (183, 0.085)
Oh=0.1 (0.714, 0.1) (17.9, 0.1) (5.7, 0.1) (71.4,0.1) (121, 0.1) (183, 0.1)

Oh=0.129 (0.714, 0.129) (17.9, 0.129) (45.7, 0.129) (71.4, 0.129) (121, 0.129) (183, 0.129)
Oh=0.224 (0.714, 0.224) (17.9, 0.224) (45.7, 0.224) (71.4, 0.224) (121, 0.224) (183, 0.224)
Oh=0.338 (0.714, 0.338) (17.9, 0.338) (45.7, 0.338) (71.4, 0.338) (121, 0.338) (183, 0.338)
Oh=04 (0.714, 0.4) (17.9, 0.4) (45.7, 0.4) (71.4, 0.4) (121, 0.4) (183, 0.4)

factor. In the early stages of droplet impact, the shape coeffi-
cient oscillates significantly, indicating significant changes in
droplet shape. However, the spread factor hardly changes
and provides much less insight into changes in droplet shape.
In addition, the maximum shape coefficient occurs at a dif-
ferent time than the spread factor and usually occurs before
the maximum spread factor as shown in Figure 7 and dis-
cussed in our previous work.*’ Although this work focuses
on shape evolution and attaining an optimal shape upon
impact of a single droplet, it would be of significant practical
interest to consider a problem of the liquid film shape evolu-
tion upon impingement of multiple interacting droplets.
Although the physics of interacting droplets will obviously
be more complex, the shape coefficient introduced in this ar-
ticle will still be a valid metric to use for assessing the
behavior of the deposited liquid layer in respect to its simi-
larity to a desired shape as dictated by the target application.

Results and Discussion

With the defined shape coefficient and the validated nu-
merical model, simulations can be conducted to study the
shape evolution of the droplet under different impact condi-
tions. Based on the governing conservation Eqs. 12-15, the
impact conditions are determined by the contact angle and
three independent dimensionless numbers: Weber number (or
Reynolds number), Ohnesorge number, and Froude number.
Contact angle is set to /2 for this study because the contact
angle does not affect the early stage of the droplet spreading
much when the spreading is driven by inertial forces.*®
According to previous ﬁnding,s,45 the Froude number, which
represents the relative importance of gravity effects, has little
influence on the droplet shape evolution when the droplet di-
ameter is at submillimeter scale, which is of particular inter-
est of our study. Because our objective is to investigate how
to optimally flatten a droplet upon impact to produce a uni-
form thickness pancake-like structure, our primary focus is
on studying the effects of the Weber number (or Reynolds
number) and the Ohnesorge number on maximizing the
achievable shape coefficient and identifying the time instant
in the impact sequence that corresponds to the best match
between the desired and realized droplet shapes.

A set of simulations is first conducted to study the effects
of Weber and Ohnesorge numbers when the Ohnesorge num-
ber is small (i.e., much smaller than unity). A 2-D sweep
over a range of Weber and Ohnesorge numbers is performed,
as shown in Table 1. The droplet diameter is fixed at 50 um
to make the Froude number much larger than corresponding
Weber and Reynolds numbers, so that gravity has little influ-
ence on the droplet impact results. The results are plotted in
Figures 8 and 9.

To explain the results, we need to first take a look at the
physics behind the shape evolution of droplet impact. There
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are three forces that play roles in droplet impact dynamics:
the inertia force Fy, the surface tension force F,, and the
viscous force F,, which can be defined as

Fy=pU*D*;F,=aD;F,=nUD 1)

During droplet impact, the inertia force drives the fluid to
spread and possibly splash, whereas the surface tension force
strives to hold the fluid together and viscous force always
goes against the moving direction. If there is no surface ten-
sion, fluid will try to form a thin film under gravity. If there
is no inertia, the surface tension at the liquid-gas, liquid-
solid, and solid-gas interfaces will turn the droplet into a
spherical cap with an appropriate contact angle, as deter-
mined from the Young equation. With this simple insight
into droplet behavior in the limiting cases, it is possible to
bring some physical meaning to the shape coefficient. The
inertial force favors pancake-like shape (corresponding to
large shape coefficient), whereas surface tension likes the
spherical cap shape (corresponding to small shape coeffi-
cient). Because the inertia force corresponds to Kkinetic
energy, surface tension derives from surface energy, and vis-
cous forces dissipate mechanical energy, the energy perspec-
tive can be used also to interpret the droplet impact
behavior. When the inertia force drives the droplet shape
away from the equilibrium spherical cap, kinetic energy is
converted to surface energy and when the droplet recoils
back to a spherical cap the surface energy is converted to ki-
netic energy. This kinetic to potential (surface) energy con-
version process is dissipative in nature due to the presence
of viscous losses. This behavior is similar to oscillation of a
simple mechanical spring-mass system, although it is a dis-
tributed system.

With the physics in mind, we can explain the results
shown in Figures 8 and 9. Because an Ohnesorge number
smaller than 1 implies the viscous force is smaller than sur-
face tension, the latter will be the main resistance force that
opposes flattening of the droplet shape upon impact. Addi-
tionally, the inertia force needs to overcome the surface ten-
sion to achieve a flat shape. Therefore, we need the inertia
force to be larger than the surface tension (i.e., Weber num-
ber is large) for the large shape coefficient to result. In other
words, the maximum achievable shape coefficient is primar-
ily influenced by the Weber number, as shown in Figure 8
with little influence of the Ohnesorge number for fluids with
relatively low viscosity, and smaller viscous forces as com-
pared to both fluid inertia and surface tension, for which Oh
<< 1. However, as the Ohnesorge number is approaching
unity, the effect of viscous forces on shape evolution
becomes more pronounced (i.e., the curves begin to split in
Figure 8) especially in the case when neither surface tension
(We << 1) nor inertia (We >> 1) dominate the shape evo-
lution upon impact. That is when We ~ (1-10) surface ten-
sion and inertia balance each other, giving a greater
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Figure 8. Maximum shape coefficient achieved for varying
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significance to the viscous stresses in defining how the inter-
face will evolve during the impact. This does not change the
overall trend of a monotonic increase in the shape coefficient
with the Weber number, but introduces a minor suppression
in the rate of this increase as the behavior transitions from
surface tension to inertia dominated. In addition, the simula-
tions indicate that when the Ohnesorge number is much
smaller than 1 and the Weber number is much larger than 1,
the maximum shape coefficient is achieved in the first
spreading cycle (i.e., before the droplet reaches its maximum
spreading radius); however, when the Ohnesorge number is
approaching unity, the maximum shape coefficient does not
always occur in the first spreading cycle, especially for the

moderately large Weber number cases.* It requires either a
sufficiently large Weber number, bordering an onset of drop-
let splash, or a sufficiently small Ohnesorge number for the
maximum shape coefficient to occur in the first spreading
cycle. When the maximum shape coefficient does occur in
the first spreading cycle, we can see from Figure 9 that the
Ohnesorge number does not affect much of the dimension-
less time (scaled by the inertia time scale) corresponding to
the maximum shape coefficient. This is because the viscous
forces have minimal effect on the droplet shape evolution
during the first spreading cycle when the kinetic energy of
the droplet is very high and inertia forces dominate the mo-
mentum transport. On the other hand, when droplet inertia is

*
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Figure 9. Time instant for achieving a maximum shape coefficient for different Weber numbers (for low Oh number

fluids).
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Table 2. Combinations of Reynolds Number and Ohnesorge Number for Simulations

Re=0.5 Re=2.5 Re =4.0 Re =5.0 Re =6.5 Re =8
Oh = 1.01 (0.5, 1.01) (2.5, 1.01) (4, 1.01) (5, 1.01) (6.5, 1.01) (8, 1.01)
Oh=12 0.5, 1.2) (25,1.2) 4, 1.2) (5, 1.2) 6.5, 1.2) (8, 1.2)
Oh=134 (0.5, 1.34) (2.5, 1.34) (4, 1.34) (5, 1.34) (6.5, 1.34) (8, 1.34)
Oh = 1.55 (0.5, 1.55) (2.5, 1.55) (4, 1.55) (5, 1.55) (6.5, 1.55) (8, 1.55)
Oh = 1.69 (0.5, 1.69) (2.5, 1.69) (4, 1.69) (5, 1.69) (6.5, 1.69) (8, 1.69)
Oh=2 0.5,2) (2.5,2) 4, 2) 5,2) (6.5, 2) 8, 2)
Oh =258 (0.5, 2.58) (2.5, 2.58) (4, 2.58) (5, 2.58) (6.5, 2.58) (8, 2.58)
Oh=4.47 (0.5, 4.47) (2.5, 4.47) (4, 4.47) (5, 4.47) (6.5, 4.47) (8, 4.47)
Fr 2.04 X 10° 5.09 x 10* 1.30 X 10° 2.04 X 10° 3.45 X 10° 5.22 X 10°

greater than surface tension, but not overly dominant in the
first spreading cycle (i.e., relatively moderate Weber num-
bers between 10 and 100), the maximum shape coefficient
does not necessarily occur in the first spreading cycle as the
spreading and shape evolution is defined by the interplay
between surface tension and viscous forces.*’ Indeed, this is
illustrated by an increased dispersion of the dimensionless
time vs. We number curves in Figure 9 as the Ohnesorge
number approaches unity. Interestingly, the local maxima are
observed in the time required for droplets to reach their max-
imum shape coefficient, which becomes more pronounced
for greater Oh number cases and shifts toward a greater criti-
cal We number at which the maximum occurs. The
“location” of all maxima corresponds to approximately the
same value of the Reynolds number (Re = We'”2/Oh) for all
cases, which is about 20 for our simulation resolution in
terms of the Weber number. This suggests that there is a uni-
versal scaling in relative magnitude of inertia and viscous
forces that is required to achieve the best match between the
physically realized and a desired, pancake-like droplet shape
in the case of low-Ohnesorge number fluid droplet
impingement.

To assess the effect of the viscous force, rather than sur-
face tension, as a balancing force acting against the fluid
inertia upon droplet impact, we performed another set of
simulations with viscous force being the main resistance

force (i.e., Oh > 1). With the hypothesis that the ratio of the
inertia force to the main resistance force is the determining
factor for shape coefficient, we did a 2-D sweep of Reynolds
(instead of the Weber number) and Ohnesorge numbers
within the ranges shown in Table 2 (the corresponding
Froude numbers for each case are listed in the last row). The
results of the simulations are shown in Figures 10 and 11.

As expected, the curves of the maximum achievable shape
coefficient with different Ohnesorge numbers collapse to-
gether when the Reynolds number is larger than unity as the
process is fully dominated by inertia and both the surface
tension and viscous force are suppressed. The timing curves
shown in Figure 11, depicting a dimensionless time to
achieve the maximum shape coefficient, converge to the
same value in the limit of small Reynolds number (Re ~ 1
and below) and follow the same trend, with some spread but
essentially parallel to each other, for larger Reynolds num-
bers. Note that the definition of the dimensionless time is
modified in this case by an additional scaling with the square
root of the Weber number to account for the strong effect
the surface tension is expected to play in arresting the film
spreading when the interface is highly curved near the
advancing contact line. Interestingly, when the Reynolds
number becomes very large, the dimensionless time to
achieve the maximum shape coefficient does not vary
significantly.
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Figure 10. Max shape coefficient achieved for varying the Reynolds number (for high Oh number fluids).
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Regime Map for Droplet Impact

The results of the analysis presented in Figures 8 through
11 can be placed on a regime map to define the region(s) in
the space of relevant dimensionless numbers where we can
obtain a desired pancake-like film with a maximum shape
coefficient from an impinging droplet on a solid surface.
Two equivalent regime maps can be generated with the
Ohnesorge number as the abscissa and the Weber or Reyn-
olds number as the ordinate as shown in Figures 12 and 13,

respectively. The Ohnesorge number depends only on physi-
cal properties and the size of the droplet and, thus, can be
viewed as a property variable, whereas the Weber and Reyn-
olds numbers can be viewed as process variables (i.e., they
depend on the impingement velocity, which can be con-
trolled regardless of the droplet size and fluid properties).
The regime maps are divided into four different domains and
typical ranges of maximum achievable shape coefficient and
maximum spread factor obtained from simulations in the

Regime Map
3
107 ¢ e ——————y - ‘ 3
g ad —-’Py;m;;oefﬁciem:[oﬁﬁﬂ, 0,8933] ]
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I Typical shape at max shape coefficient in Regime I
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Figure 12. Regime map with Weber number as the ordinate.
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fourth section are also included. Domains I and II are where
the large shape coefficients can be obtained and the droplet
shape evolution is dominated by the inertia force. In domain
I, the viscous effects are less important and surface tension
is the main resistance force; thus, the maximum achievable
shape coefficient is mainly determined by the Weber num-
ber. The larger the Weber number, the larger shape coeffi-
cient can be achieved. Therefore, on the lines that are above
and parallel to We =1 (i.e., where We = const > 1) in do-
main I, the maximum shape coefficient does not vary signifi-
cantly and the time needed to achieve the maximum shape
coefficient is also approximately constant. In domain II, the
viscous force becomes the main resistance force, as com-
pared to surface tension, and the maximum achievable shape
coefficient is mainly controlled by the magnitude of the
Reynolds number. That is, the larger the Reynolds number
is, the larger shape coefficient can be achieved. On the lines
that are above and parallel to Re =1 (i.e., Re = constant > 1)
in domain II, the maximum achievable shape coefficient
stays almost the same regardless of the magnitude of the
Ohnesorge number, which is greater than 1 in domain IL
The dimensionless time to reach the maximum shape coeffi-
cient does depend slightly on the Ohnesorge number, but fol-
lows the same trend (see Figure 11) and stops changing after
Re > 10.

In domain III, the inertia effects are weak and the droplet
does not deform much on impact. Its shape evolution is
dominated by slow equilibration via the surface tension or
viscous forces, depending on the magnitude of the Ohne-
sorge number. Domain IV is where the inertia is excessively
large and splash happens. An empirical relation has been
established experimentally to predict when splash happens
through the dimensionless number, the “Sommerfeld” param-
eter K=We"?Re""."” One can expect splash when K is
greater than a critical threshold value of K. (a reasonable
estimate for K. is ~50 although the exact value of K.
depends on the roughness of the solid surface and the sur-
rounding gas'?). The surface roughness and surrounding gas
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effects can be accounted for by choosing an appropriate crit-
ical threshold value for K. which can be obtained empiri-
cally in different situations.

It is worth to note that when the Ohnesorge number is
greater than K, there will never be a chance for the droplet
to reach regime II before it splashes as shown in Figure 13.
This result is expected because when Oh>50 and Re > 1
the surface tension is so weak, as compared to the inertial
force, that it cannot hold the droplet together (i.e., a droplet
will breakup). That implies that for a highly viscous fluid, a
desired pancake-like film topology cannot be realized by a
single droplet impact even with sufficiently large impinge-
ment speed. Another important observation for applications
that one can deduce from the regime II in Figure 13 is that
for more viscous fluids (i.e., featuring larger Ohnesorge
numbers) there is a smaller limit on the maximum shape
coefficient that one can achieve before splash occurs. The
conclusion is opposite in regime I (Figure 12), which shows
that for more viscous fluids we have a larger upper limit for
the maximum achievable shape coefficient.

Conclusions

A numerical model for droplet impact was developed and
validated by comparing to experimental data from literature.
An integral metric—a shape coefficient—was proposed to
provide a quantitative measure of similarity between the
physically realized droplet shape and a desired shape, which
enabled the study of the shape evolution of droplet impact.
The effectiveness of the shape coefficient concept has been
tested and it was shown that the shape coefficient was able
to find the closest droplet shape to the desired shape during
droplet impingement. Simulations were performed to study
the effects of the Weber number, Reynolds number, and
Ohnesorge number on the maximum achievable shape coeffi-
cient. It was found that the maximum achievable shape coef-
ficient was mainly determined by the Weber number when
the Ohnesorge number is smaller than 1, and increasing the

DOI 10.1002/aic 3081



Weber number results in a larger shape coefficient. It has
also been found that the Reynolds number is the main deter-
mining factor of the maximum achievable shape coefficient
when Ohnesorge number is greater than 1. The physics
behind the droplet impact was examined and used to explain
the results. Using an insight obtained from parametric simu-
lations of the limiting cases, a regime map was developed to
indicate the domains in the space of relevant dimensionless
parameters where a desired pancake-like droplet shape can
be obtained upon impact while avoiding a detrimental effect
of splash. Important implications were derived on the proc-
essing conditions for practical applications involving drop-
on-demand thin film deposition of high viscosity fluids with
high degree of thickness uniformity through critical analysis
of the impingement regime maps.
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