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Droplet spray cooling has wide applications in electronic cooling, steam generators, evaporators and con-
densers etc due to its high efficiency. The cooling effect depends on the droplet spreading dynamics
greatly. In our study the transient two-dimensional axisymmetric model for droplet cooling is developed
with a level set method, where the dynamics of the moving contact line is described with the Molecular
Kinetic Theory (MKT). After validation with experimental data, the effect of impact velocity, surface ten-
sion, initial droplet radius, equilibrium contact angle and liquid viscosity on droplet spreading is inves-
tigated. It is found that the dynamics of the moving contact line can be described accurately with
MKT, and the predicted droplet spreading radius agrees quite well with the experimental data, while
the Constant Contact Angle (CCA) model overpredicts the droplet spreading rate. The maximum heat flux
occurs at the point when the droplet spreading transits from capillary-inertial spreading to capillary-
viscous spreading. The droplet spreading rate will increase with the increasing impact velocity, surface
tension and initial radius, or decreasing equilibrium contact angle and liquid viscosity. Due to the effect
of thermo-capillary force, the cold substrate can promote the droplet spreading, and the hot substrate can
retard the droplet spreading. These findings may be of great significance for effective droplet spreading
cooling.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Spray cooling is an effective way for rapid heat removal from
the solid surfaces, it is widely used in electric cooling [1], steam
generators, liquid evaporators, condensers in industry [2]; further-
more, it can also be used in medicine to cool down the outer layer
of the human skin during dermatological laser treatments [3]. Dur-
ing spray cooling there are mainly two distinct stages, named the
initial spreading stage and the later evaporation stage [4].
Although the spreading stage is much shorter than the evaporation
stage, and the amount of heat transfer during this stage is insignif-
icant, the initial droplet spreading has substantial effect on the liq-
uid coverage and the subsequent evaporation heat transfer [5],
hence comprehensive studies have been carried out in this area.

Pasandideh-Fard et al. [6] studied the water droplet impinging
cooling on a hot surface, they revealed that increasing impact
velocity can enhance the heat flux from the substrate by only a
small amount, due to the effect that the wetting area for heat
transfer is not increased too much under high impact velocity.
They also found that at a fixed Reynolds number the cooling effi-
ciency increases with Weber number, however, at large Weber
numbers, the cooling efficiency depends only on the Prandtl num-
ber, independent of the droplet impact velocity or size. Moon et al.
[7] studied the effect of wetting states (i.e., non-wetting, partial-
wetting and total-wetting) on the heat transfer of an impinging
droplet on textured substrate; they also examined the effect of
impact Weber number, surface temperature and textured area
fraction on the heat transfer. They further studied the spreading
and receding characteristics of a non-Newtonian droplet impinging
on a heated surface [8], and found that the maximum spreading
diameter for a Newtonian DI-water droplet is larger than that of
a non-Newtonian droplet because of the difference in liquid viscos-
ity. In the spreading regime, the dynamic contact angle is almost
similar for the Newtonian and non-Newtonian droplets, but in
the receding regime, it substantially changes with temperature
due to the variation of viscosity with temperature. Ganesan et al.
[9] investigated the non-isothermal droplet impact on a heated
solid substrate with circular heterogeneous wettability. The
heterogeneous wettability was incorporated into the arbitrary
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Nomenclature

A fitting parameter
B fitting parameter
Bo Bond number
Ca Capillary number
Cp non-dimensional specific heat, Cp = H + (1 � H)Cp,g/Cp,l
H Heaviside function
k� equilibrium frequency of molecular displacement
kB Boltzmann constant
Ma Marangoni number
n number of sites of solid-liquid interaction per unit area
n
!

normal vector
Nu Nusselt number
Oh Ohnesorge number
p non-dimensional pressure
r ratio
r0 droplet radius
Re Reynolds number
t non-dimensional time
T non-dimensional temperature
u non-dimensional velocity
We Weber number
x, y coordinates

d dirac delta function
e non-dimensional thickness of interface
/ distance function
k non-dimensional thermal conductivity

k ¼ H þ ð1� HÞkg=kl. Distance between adsorption sites
on the solid surface

j curvature
l non-dimensional viscosity, l = H + (1 � H)lg/ll

h contact angle
q non-dimensional average density, q ¼ H þ ð1� HÞqg=ql
q0 density
r0 surface tension
rT variation coefficient of surface tension over temperature
ci capillary-inertial
cl contact line
d density, dynamic
g gas
l liquid
s surface
w wall
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Lagrangian-Eulerian (ALE) model through the space-dependent
contact angle. They found that the equilibrium position depends
on the wettability contrast and the diameter of the inner circular
patterned region, the heat transfer is higher at smaller wettability
contrast or larger inner patterned region. The total heat transfer
increases with increasing impact Weber number. They also
adopted the dynamic contact angle with variation of local temper-
ature, and studied droplet impact dynamics and heat transfer
under different values of Reynolds number, Weber number, solid
phase initial temperature and reference equilibrium contact angle
[10]. They found that the temperature-dependent contact angle is
negligible in partially wetting droplets, but it becomes essential for
non-wetting and highly wetting droplet impact.

Berberovic et al. [2] studied the impact heat transfer of a cold
liquid droplet onto a dry heated substrate, the thermophysical
properties of droplets varies with temperature. In their computa-
tional model based on the volume of fluid method, the air flow sur-
rounding the liquid droplet was considered; the numerical results
agree quite well with experimental and theoretical results in terms
of droplet spreading pattern, associated heat flux and temperature
distribution. Diaz and Orgega [11] investigated the gas-propelled
liquid droplet impinging onto a heated surface through numerical
simulation; the volume of fluid model was adopted with a constant
contact angle. They found that the heat transfer is mainly domi-
nated by diffusion during the early stage of impact. The heat trans-
fer enhancement is expected to occur when the ratio of kinetic
energy of carrier gas over droplet is larger than 0.1. Strotos et al.
[12] studied the water droplet impinging cooling with volume of
fluid method, in this model the droplet dynamics, heat conduction
in solid substrate and droplet evaporation were coupled together,
the predicted droplet shape, temperature, flow and vapor distribu-
tion agree well with experimental observations. They also summa-
rized the non-dimensional parameters for predicting the cooling
effectiveness of droplet impinging on the solid surfaces [13].
Bhardwaj et al. [14] numerically studied the influence of liquid
properties and interfacial heat transfer during microdroplet depo-
sition onto a glass substrate. Four liquids (i.e., isopropanol, water,
dielectric fluid and eutectic tin-lead solder) were studied under
both isothermal and non-isothermal conditions. The coupled influ-
ence of interfacial Biot number and hydrodynamics on the initia-
tion of phase change was studied.

As seen from the literature review above, the spray cooling is
affected by quite a number of parameters. For the spray cooling,
the impact velocity (Weber number) is usually quite large, the
impact kinetics is dominant, thus the splashing, injection and fin-
gering may happen, which are not desirable in spray cooling. On
the contrary, the droplet spray cooling under low impact Weber
number is seldom studied, in these cases the capillary force
becomes dominant instead of impact kinetics. In this paper we will
focus on the droplet spreading under low impact Weber number;
the effect of impact velocity, equilibrium contact angle, liquid vis-
cosity, surface tension, droplet radius, thermo-capillary effect,
Prandtl number on the droplet spreading and the heat transfer will
be studied. In computational modelling of droplet spreading, sim-
ulation of moving contact line is one of the main challenges. It has
been well established that the dynamic contact angle is not con-
stant during droplet spreading, and it involves different length
scales from nanometer to micrometer [15–17]. In the present
study, the Molecular Kinetic Theory (MKT) [18] will be adopted
to describe the relationship between the dynamic contact angle
and velocity of moving contact line. The simulation will be tested
by experiments.

In the following sections, the physical model and mathematical
formulation with dynamic contact angle model will be introduced
first, followed by the validation of current model with our experi-
mental data. After that, the effect of several key parameters of liq-
uid on droplet spreading and the resultant heat transfer is studied.
Finally, some conclusions will be drawn for spreading cooling.
2. Physical model and mathematical formulation

In Fig. 1 the schematic diagram of droplet spreading cooling on
the hot substrate is shown. When the spherical droplet approaches
the solid substrate, the air between the droplet and substrate will
be pushed away, the air cushion will be formed no matter how low
the droplet approaching velocity is. Firstly, the droplet will skate
on the air cushion, usually with a thickness at the order of nanome-



Fig. 1. Schematic diagram and computational domain for droplet spreading on hot
substrate (r0 is the initial droplet radius).
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ter, then the bottom of droplet will touch the solid substrate and
the droplet starts to spread. According to our experimental obser-
vation based on the parameters in our simulation, the skating dis-
tance of droplet is between 0.25r0 to 0.5r0 (r0 is the initial radius of
droplet). In the following simulations, after the sensitivity study of
spreading rate on initial skating distance, initial contact angle is set
at 165� when the droplet starts to spread, corresponding to the
skating distance 0.26r0. Due to the difference between the dynamic
contact angle and equilibrium contact angle, the contact line will
be driven to move along the substrate, the generated capillary
wave will propagate along the surface. The droplet spreading can
induce the internal flow inside the droplet, and affect the heat
transfer between the droplet and substrate. As the approaching
velocity of droplet is assumed quite low, the time scale for
approaching velocity is larger than that of heat transfer, the uni-
form temperature gradient is assumed before droplet spreading.

Due to its symmetry, an axisymmetric level set method [19,20]
is adopted to simulate the droplet spreading. Under low approach-
ing velocity, the droplet spreading is driven by the capillary force
instead of the impact kinetics, hence the capillary-inertial velocity

is taken as the characteristic velocity uci ¼
ffiffiffiffiffiffiffi
r0
q0r0

q
. The initial droplet

radius is taken as the characteristic length, the temperature differ-
ence between the substrate and ambient temperature Tw � T0 is
taken as the characteristic temperature. Then the normalized gov-
erning equations for two-phase flow are as follows:

Continuity equation

r � u!¼ 0 ð1Þ
Momentum equation

@ u!
@t

þ u!�r u!¼ � 1
q
rpþ 1

qRe
r � ½lðr u!þr u!TÞ�

þ 1�Ma � T
qRe � Ca j n!dð/Þ � Ma

qRe � CarsTdð/Þ ð2Þ

Energy equation

@T
@t

þ u!�rT ¼ 1
qCpRe � Prr � ðkrTÞ ð3Þ

Level Set convection equation
@/
@t

þ u!�r/ ¼ 0 ð4Þ

The volume fraction is defined with the Heaviside function

Heð/Þ ¼
0 / < �e
1
2 1þ /

e þ 1
p sin p/

e

� �� � j/j 6 e
1 / > e

8><
>: ð5Þ

where
e ¼ 1:5dx
d is the Dirac delta function as rH(/)

The normal vector at the interface

n!¼ r/
jr/j ð6Þ

The curvature

j ¼ r � r/
jr/j ð7Þ

The normalized density, dynamic viscosity, specific heat and
thermal conductivity are defined as follows

q ¼ H þ ð1� HÞrd ð8aÞ

l ¼ H þ ð1� HÞrl ð8bÞ

Cp ¼ H þ ð1� HÞrCp ð8cÞ

k ¼ H þ ð1� HÞrk ð8dÞ

Here
rd = qg/ql, rl ¼ lg=ll, rk ¼ kg=kl, rCp ¼ Cpg=Cpl

The governing equations are discretized with a finite volume
method on a Marker-And-Cell (MAC) mesh, with velocity defined
at cell faces and scalar variables at the cell centers. The coupling
between the continuity equation and momentum equation are
solved with the standard projection method. The Adams-
Bashforth scheme is adopted to solve the advection term, and
Crank-Nicolson is adopted to solve the diffusion term. After the
intermediate velocity is obtained, it will be updated through pres-
sure correction enforced by continuity equation. For the level set
advection equation, the advection term is discretized with a
fifth-order Weighted Essentially Non-Oscillatory (WENO) scheme,
then the re-initialization algorithm is adopted to keep / as the
algebraic distance to the interface. All the spatial discretizations
are performed with the second-order central difference scheme.

The dynamic contact angle is described with MKT [18]. In this
theory, the dynamic contact angle is defined as the microscopic
angle in the first few layers of molecules above the solid wall,
and it also equals to the observable angle in the experiment. The
dynamic contact angle can be written as the function of velocity
of moving contact line as follows:

hd ¼ acosðcos hw � A lnðBCacl þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðBCaclÞ2

q
ÞÞ ð9Þ

where A ¼ 2nkBT
r0

, B ¼ r0
2lk�k, and they can be fitted through our exper-

imental data as A ¼ 0:64 and B ¼ 246.
Due to the symmetry of droplet in y direction, only the right half

of droplet is simulated, as seen in Fig. 1. After sensitivity study, the
grid size 201� 201, the time step 1� 10�4, the domain 4 � 4, the
finite slip length ks ¼ 1� 10�5 are adopted in the simulation.

The boundary conditions are as follows:
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Fig. 2. Comparison of transient variations of spreading radius from experimental
and numerical results with Molecular Kinetic Theory (MKT) and Constant Contact
Angle (CCA) model for moving contact line. (At this default case, Re = 185.2, Oh =
5.4 � 10�3, Ma = 0, Pr = 7.0).
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Left boundary (x = 0)

Symmetric: u ¼ 0, @v
@x ¼ 0, @T

@x ¼ 0

Right boundary (x = 4)

Free boundary: v ¼ 0, @u
@x ¼ 0, @T

@x ¼ 0

Lower boundary (y = 0)

Solid boundary: u ¼ v ¼ 0, T = 1

Upper boundary (y = 4)

Free boundary: u ¼ 0, @v
@y ¼ 0, @T

@y ¼ 0

In order to evaluate the relative importance of different forces,
the following non-dimensional numbers are defined:

Reynolds number

Re ¼ qlucir0
ll

ð10aÞ

Capillary number

Ca ¼ lluci

r0
ð10bÞ

Weber number

We ¼ qlu
2
cir0
r0

ð10cÞ

Effective Marangoni number

Ma ¼ rTðTdrop � TwÞ
r0

ð10dÞ

Here rT is the variation coefficient of surface tension over temper-
ature, and is negative for most liquids.

Ohnsorge number

Oh ¼ llffiffiffiffiffiffiffiffiffiffiffiffiffiffiqlr0r0
p ð10eÞ

Nusselt number

Nu ¼ k
@T
@y

ð10fÞ

Transient total heat transfer rate

qðtÞ ¼
Z r

0
k
@T
@y

dx ð10gÞ

The surface tension and viscosity are highly dependent on the
temperature, the temperature-dependent surface tension will be
studied through the thermo-capillary effect. Due to the low Ohne-
sorge number, the viscous effect is negligible compared with the
inertial effect and capillary effect, hence the temperature-
dependent viscosity has little effect on the droplet spreading and
heat transfer, this is verified in the preliminary studies. Thus the
constant properties are adopted for simulation, which are taken
from experiment of water droplet spreading in air as follows:

Liquid density ql ¼ 988:0 kg=m3, dynamic viscosity ll = 8.41 �
10�4Pa�s, surface tension r0 = 0.0673 N/m, equilibrium contact
angle h0 = 22.2�, liquid radius r0 ¼ 0:365 mm. Based on these
parameters, the calculated capillary-inertial velocity
u0 ¼ 0:432 m=s, the corresponding non-dimensional numbers Re

= 185.2, Oh ¼ 50:4� 10�3, Ca = 4.69 � 10�3, We ¼ 1:0, Pr = 7.0 and
Ma = 0.
3. Experiment

In order to validate current numerical model, the experiment on
droplet spreading is carried out. The droplet of distilled water is
generated from minuscule conical glass nozzles through gravity-
driven pinch-off. The substrate is the 1-mm-thick microscope glass
slide. For each deposition, a fresh area of the substrate is used, hence
there is no liquid film in the deposition area. In order to minimize
the effect of droplet kinetics on the droplet spreading, the droplets
are deposited onto the substratewith relatively low impact velocity
(We < 0.1). The rapid spreading is recorded with a Phantom V1610
CMOS high-speed video camera, with frame rates up to 20 k fps.
The long-distancemicroscopes with 10XMitutoyo objective is used
in the camera, with the corresponding pixel resolution of 2.4 mm.
Backlighting is accomplished with a 350 W metal-halide lamp
(Sumita Optical Glass, Inc), which is shone onto a diffuser. The
spreading rates are calculated from the transient variation of mea-
sured droplet spreading radius in high-resolution videos.
4. Results and discussion

4.1. Numerical validation

In this study, the relationship between the dynamic contact
angle and the velocity of moving contact line is provided with
the MKT. In order to test its validity, the transient spreading radius
predicted with MKT is compared with that from the model of Con-
stant Contact Angle (CCA) and our experimental data with high-
speed camera, as shown in Fig. 2. It can be found that with the
CCA model the droplet spreads much faster than that with MKT,
because the dynamic contact angle with CCA model is always
much lower than that with MKT during the droplet spreading, thus
the driving force near the moving contact line is much larger than
that predicted with MKT. The transient spreading radius with MKT
can agree quite well with the experimental data, and it can also
reflect the two distinct spreading stages. One is the capillary-
inertial spreading stage, and the other is the capillary-viscous
spreading stage. In the early stage upon the droplet deposition,
the droplet will spread towards the equilibrium stage, the capillary
force will be balanced by the inertial force, thus it is named as
capillary-inertial spreading stage. In the later stage, with the slow-
ing down of droplet spreading, the droplet spreading will be bal-
anced by the viscous dissipation, thus it is named as the
capillary-viscous spreading stage. This has been studied exten-
sively through experiments and theoretically [21–25]. It is well
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known that for fast droplet spreading on substrate with fully wet-
ting, in the capillary-inertial spreading stage, the spreading radius r
is proportional to t0:5. In our study the substrate is partially wetting
with equilibrium contact angle h0 ¼ 22:2�, the power of time is
reduced to 0.45; In the later stage, the droplet spreading is slowed
down and transits to the capillary-viscous spreading, the spreading
radius is proportional to t0:1, this is consistent with the Tanner’s
Time Constant Contact Angle Molecu
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law in analytical solution [25]. The comparisons show the accuracy
of current numerical model with MKT for moving contact lines.

In Fig. 3 the droplet profiles from numerical simulation and
experiment are compared at different times, it can be found that
the droplet profile evolution with MKT agrees quite well with the
experiment, but the numerical results with CCA deviate greatly
from them. Consistent with the results in Fig. 2, the droplet spreads
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quite fast with CCA. Because the upper region of droplet falls
slower than the lower region of droplet, the pinch-off occurs at t
= 1.68 and a relatively large droplet is generated. While for the
numerical results with MKT and experiment, the pinch-off does
not occur at t = 1.68 due to slow spreading rate. Actually, the
pinch-off occurs at t = 2.35 when a relatively small droplet is gen-
erated. This also proves that the MKT can predict the droplet
pinch-off accurately.

4.2. Heat transfer during droplet spreading

The local Nusselt number distributions along the substrate at
different times are provided in Fig. 4, it can be found that the heat
transfer mainly occurs between the droplet and substrate during
droplet spreading, because the heat convection in the droplet is
much higher than that in the surrounding gas. During the droplet
spreading, the moving contact line will move along the substrate,
and the bulk of droplet will move downward towards the sub-
strate, so the impinging flowwill be formed inside the droplet. This
can be found in the velocity and temperature fields at t = 1.8 in
Fig. 5. The local temperature gradient and Nusselt number inside
the droplet near the substrate are also high. At t = 2.1 the local Nus-
selt number reaches the maximum value of 43, then the maximum
Nusselt number is decreased due to the slowing down of droplet
spreading. At t = 20.0 the Nusselt number becomes very low with
nearly uniform distribution, because the droplet has reached the
quasi-steady state and heat conduction becomes dominant instead
of strong convective heat transfer.

4.3. Effect of impact velocity

The initial impact velocity of droplet can have great effect on
the droplet spreading and the heat transfer process, as seen in
Fig. 6. When the impact velocity is increased from 0.0375 to
0.432 m/s, the corresponding Weber number based on the impact
velocity is increased from 7:53� 10�3 to 1.0. During the droplet
impact on the solid substrate, the impact kinetics can be converted
into the spreading kinetics. At low Weber number of 7:53� 10�3,
the impact kinetics is negligible, the kinetics for spreading mainly
comes from the released surface energy; while at highWeber num-
ber of 1.0, the impact kinetics becomes significant, and it can be
converted into the kinetics for spreading. thus the spreading rate
at higher impact velocity is higher, the maximum spreading radius
is reached at earlier time. After reaching the maximum spreading
radius, the droplet will not spread further in the capillary-viscous
spreading stage, and it will approach steady stage with almost con-
stant spreading radius.

During the droplet spreading at high impact velocity, the flow
inside the droplet becomes stronger, resulting in stronger convec-
tive heat transfer between the droplet and solid substrate, thus the
heat flux at high impact velocity is higher than that at low impact
velocity in the capillary-inertial spreading stage. Because the dro-
plet spreads little at the later capillary-viscous spreading stage,
its total heat transfer rate will not increase dramatically at high
impact velocity. On the contrary, at low impact velocity, the dro-
plet will continue to spread in the capillary-viscous spreading
stage, its total heat transfer will increase sharply at the transition
point from the capillary-inertial spreading stage to capillary-
viscous spreading stage. Although the impact velocity of
0:432 m=s is one order higher than that of 0:0375 m=s, there is
not significant heat transfer enhancement, this can be explained
from the variation of dynamics contact angle, as seen in Fig. 6(c).
According to Eq. (9) from MKT, the dynamic contact angle is
increased with the increasing velocity of moving contact lines. At
high impact velocity u0 ¼ 0:432 m=s, the velocity of moving con-
tact lines is higher than that at low velocity u0 ¼ 0:0375 m=s,
hence the dynamic contact angle is also higher. Because higher
dynamic contact angle can impede the droplet spreading, the ratio
of droplet spreading rate is not as high as the ratio of impact veloc-
ity. It can also be noted that when the droplet reaches the maxi-
mum spreading radius, the velocity of moving contact lines will
approach zero, leading to the sharp decrease of dynamic contact
angle.

4.4. Effect of equilibrium contact angle

Due to the surface roughness or chemical property, the sub-
strates may have different values of equilibrium contact angle,



Fig. 7. Effect of droplet equilibrium contact angle on spreading radius and total
heat flux (Re = 185.2, Oh = 5.4 � 10�3, Ma = 0, Pr = 7.0).
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which can also affect the droplet spreading. The relationship
between dynamic contact angle and velocity of moving contact
line is described with MKT. When the equilibrium contact angle
is increased, the dynamic contact angle will also be increased
under the same velocity of moving contact line, as seen in Fig. 7
(c). When the equilibrium contact angle is increased from 22:2�

to 60�, the droplet spreading rate is decreased because the driving
force is determined by the difference between the dynamic contact
angle and equilibrium contact angle. As the Ohnesorge number is
quite low at 5:4� 10�3, the droplet spreading is the capillary-
inertial spreading, with the spreading radius over time following
the scaling law. It is well known that on the fully wetting substrate
with zero equilibrium contact angle, the spreading radius r over
time follows r � t0.5.From Fig. 7(a), it can be found that the power
is decreased to 0.45, 0.43 and 0.41 when the equilibrium contact
angle is increased from 22:2�, 40� to 60�. The power 0.41 at 60�

is quite close to 0.40 in their correlation obtained by Bird et al.
[24]. As expected, at high equilibrium contact angle, the equilib-
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rium contact radius is decreased because the overall droplet vol-
ume is constant.

Because stronger flow can be induced inside the droplet at
lower equilibrium contact angle, the peak heat flux at low equilib-
rium contact angle is higher than that of high equilibrium contact
angle. The peak heat flux occurs near the transition point when the
capillary-inertial spreading transits to capillary-viscous spreading
stage.

4.5. Effect of liquid viscosity

The liquid viscosity has great effect on the droplet spreading
and the heat transfer, as shown in Fig. 8. When the liquid viscosity
is increased from 8:41� 10�4 to 0.01 Pa�s, the corresponding Ohne-
sorge number is increased from 0.0054 to 0.064, the spreading rate
at low viscosity is much faster than that of high viscosity. Further-
more, at liquid viscosity ll = 8.41 � 10�4Pa�s, the droplet spreading
can be divided into the capillary-inertial spreading stage and
capillary-viscous spreading stage clearly, while at large liquid vis-
cosity ll ¼ 0:01 Pa � s, the transition between two stages becomes
quite smooth. It is also noted that in the initial capillary-inertial
spreading stage, the heat flux is increased gradually because the
induced flow inside the droplet becomes stronger. Near the critical
transition point at around t = 2.1, the heat flux reaches the maxi-
mum and starts to decrease because the flow is suppressed by vis-
Fig. 8. Effect of droplet viscosity on spreading radius and total heat flux (Ma = 0, Pr
= 7.0; The corresponding Reynolds numbers and Ohnesorge numbers are Re = 185.2,
Oh ¼ 50:4� 10�3 at ll ¼ 8:41� 10�4Pa � s; Re = 31.2, Oh ¼ 0:0321 at
ll ¼ 0:002 Pa � s; Re = 15.6, Oh ¼ 00:0642 at ll ¼ 0:01 Pa � s).
cosity in the capillary-viscous spreading stage. When the liquid
viscosity is increased from 8:41� 10�4 to 0.01 Pa � s, the maximum
heat flux is decreased sharply from 17.9 to 1.33, and the average
heat flux is also decreased greatly.
4.6. Effect of surface tension

The kinetics for droplet spreading comes from the energy stored
as surface tension. When the droplet is deposited on the substrate,
it will deform towards the equilibrium stage. Due to the reduction
of surface area of droplet, the surface energy will be released and
converted into droplet kinetics, hence the surface tension can
affect the droplet spreading. From Fig. 9(a), it can be found that
at high surface tension r0 ¼ 0:1 N=m, the droplet spreads quite fast
due to the high capillary force, and it reaches the maximum
spreading radius at the end of capillary-inertial spreading stage,
and comes to rest quickly. The corresponding total heat transfer
will increase steadily, after reaching the maximum value it will
start to decrease quickly. On the contrary, when the surface tension
is low at r0 ¼ 0:02 N=m, the driven capillary force will become
quite weak, the droplet spreads mildly in both capillary-inertial
spreading stage and capillary-viscous spreading stage. The corre-
sponding total heat transfer rate will be quite low, and it increases
mildly in the capillary-inertial spreading stage, then decreases a
Fig. 9. Effect of surface tension on spreading radius and total heat flux (Ma = 0, Pr =
7.0; The corresponding Reynolds numbers and Ohnesorge numbers are Re = 101,
Oh ¼ 90:90� 10�3 at r0 ¼ 0:02 N=m; Re = 185.2, Oh ¼ 50:4� 10�3 at
r0 ¼ 0:0673 N=m; Re = 225.8, Oh ¼ 40:43� 10�3 at r0 ¼ 0:1 N=m).
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little at the capillary-viscous spreading stage. When the surface
tension is intermediate at r0 ¼ 0:0673 N=m, the maximum total
heat transfer rate is reached, and it is also highest at the
capillary-viscous spreading stage.
4.7. Effect of initial droplet radius

Fig. 10 shows the effect of initial droplet radius on the droplet
spreading rate. Within the radius range from 0.1 to 0.75 mm, the
Ohnesorge number is less than 0.01 and the Bond number is less
than 0.08, hence the viscous effect and gravitational effect can be
neglected. It can be found that with the increasing droplet radius,
the spreading rate increases slightly, finally it will approach the
constant equilibrium radius. The heat flux at r0 ¼ 0:365 mm is
quite close to r0 ¼ 0:75 mm due to the close spreading rate, but
the heat flux at r0 ¼ 0:1 mm is much lower due to its lower spread-
ing rate.

4.8. Effect of thermo-capillary force

It is well known that the surface tension of liquid depends on
the temperature, hereby it is assumed that the variation of surface
tension is inversely related to that of the temperature, as shown by
most liquids. Due to the temperature variation along the surface,
the tangential force will be generated, which can induce the
tangential thermo-capillary force along the surface, and affect the
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Fig. 10. Effect of droplet radius on spreading radius and total heat flux (Ma = 0, Pr =
7.0; The corresponding Reynolds numbers and Ohnesorge numbers are Re = 97.0,
Oh ¼ 10:03� 10�2 at r0 = 0.1 mm; Re = 185.2, Oh ¼ 50:4� 10�3 at r0 ¼ 0:365 mm;
Re = 265.5, Oh ¼ 30:77� 10�3 at r0 ¼ 0:75 mm).
droplet spreading and heat transfer. The strength of the thermo-
capillary effect can be reflected by effective Marangoni number
in Eq. (10d).

If the substrate temperature is lower than droplet temperature
Tw < Tl (Ma < 0), and resultant thermal-capillary force will act
downward along the droplet surface. Because the direction of
thermal-capillary force is consistent with the spreading direction,
it will promote the droplet spreading, thus the heat transfer is also
promoted. On the contrary, if the substrate temperature is higher
than droplet temperature Tw > Tl (Ma > 0), it will retard the droplet
spreading, and heat transfer is weakened, as seen in Fig. 11.
4.9. Effect of Prandtl number

The effect of Prandtl number on the heat transfer performance
during droplet spreading is provided in Fig. 12, here it is assumed
that the thermo-capillary force is absent, hence flow is not affected
by the temperature field, the transient variation of spreading radius
under different Prandtl numbers are identical, thus it will not be
provided here. It can be found that during the capillary-inertial
spreading stage, Prandtl number has slight effect on the heat trans-
fer performance. Because during the capillary-inertial spreading
stage the typical time scale for heat transfer is longer than that of
droplet spreading, the temperature field inside the droplet has
not been greatly changed. While when the droplet reaches the
capillary-viscous spreading stage, the heat flux under large Prandtl
number is much higher than that under low Prandtl numbers.
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Fig. 11. Effect of thermo-capillary force on spreading radius and total heat flux (Re
= 185.2, Oh = 5.4 � 10�3, Pr = 7.0).
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5. Conclusion

The droplet spray cooling on hot substrates is investigated
through transient two-dimensional axisymmetric level set
method, the dynamics of moving contact line is described with
MKT with fitting parameters from the experimental data. The
effect of impact velocity, equilibrium contact angle, liquid viscos-
ity, surface tension, initial droplet radius, thermo-capillary force,
Prandtl number on the droplet spreading and heat transfer is stud-
ied, the following conclusions are drawn.

(1) The dynamics of moving contact line can be described accu-
rately with MKT, while CCA model can overpredict the dro-
plet spreading rate.

(2) In the initial capillary-inertial spreading stage, the heat
transfer increases sharply. It reaches the maximum at the
transition point when the capillary-inertial spreading tran-
sits to capillary-viscous spreading, then it will decrease
mildly.

(3) The droplet spreading radius over time follows the power
law, and the power is related to the equilibrium contact
angle. When the equilibrium contact angle is increased from
22:2� to 60�, the power exponent is decreased from 0.45 to
0.41.

(4) The droplet spreading rate will increase with increasing
impact velocity, surface tension and initial radius, or
decreasing equilibrium contact angle and liquid viscosity.

(5) Due to the effect of thermo-capillary effect, if the variation of
surface tension is inversely related to that of the tempera-
ture, the cold substrate can promote the droplet spreading
and the hot substrate can retard the droplet spreading.
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