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Abstract 
In this study, the spreading velocities within the droplet impact on a sapphire glass surface is investigated with the aid of 
particle image velocimetry (PIV) method. Experiments are performed for unheated and heated surfaces and droplets with 
impact velocities ranging from 1.12 to 2.40 m/s which correspond to Weber numbers in the range 40–190. It was observed 
that the radial velocity is linear throughout a relatively large range of spreading radius. However, the velocity profiles show 
a non-linear shape outside radial positions owing to the capillary and viscous forces over time. For high-Weber numbers, 
the linearity of radial velocity profile is more evident due to the viscosity effects in the lamella which are insignificantly 
relative to the inertia forces. Also, the spreading velocities within the droplet pair are investigated at room temperature using 
the same methods. Another stagnation point formation was observed in the interaction area. In the last part, radial velocity 
measurements within the liquid lamellas were compared with analytical and computational models for the temperature of 
unheated surface. For high-Weber case, the analytical model quite agrees with the linear parts of the radial velocity profiles 
in the interior radial positions. For moderate Weber case, the predicted radial velocity profile only agrees well with the lin-
ear parts of experimental data during early spreading process, but the inconsistency between the analytical model and PIV 
results rises in the later spreading and receding phases. Comparing the results with the computational simulation show that 
there is a good agreement for both linear and non-linear parts in radial velocity profiles.
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dh  Horizontal distance (mm)
dh  Non-dimensional horizontal distance
dv  Vertical distance (mm)
dv  Non-dimensional vertical distance
E  Energy
hl  Thickness of lamella (mm)
hl  Non-dimensional thickness of lamella
q′′  Heat flux (W/m2)
R  Radius (mm)
r  Non-dimensional radius
T  Temperature (°C)
t  Time (s)
U  Velocity (m/s)
Uo  Initial velocity (m/s)
u  Non-dimensional velocity
Re  Reynolds number
We  Weber number

Greek letters
�  Volume fraction
μ  Dynamic viscosity (Ns/m2)
ρ  Density (kg/m3)
σ  Surface tension (N/m)
τ  Non-dimensional time
�  Mean curvature of the interface
θ  Contact angle
η  Constant non-dimensional parameter

Subscripts
l  Lamella
r  Rim
s  Surface

1 Introduction

The phenomenon of droplet impact onto solid surface can 
be seen in many industrial applications such as fuel injec-
tion in internal-combustion engines (Panão and Moreira 
2005), inkjet printing (de Gans et al. 2004), spray coating 
(Eslamian and Soltani-kordshuli 2017), and spray cooling 
systems (Kim 2007; Zhang et al. 2013; Cheng et al. 2016). 
When a droplet impacts onto a surface, different droplet 
impact dynamics such as splashing, spreading, receding, 
bouncing can be seen, and these dynamics are discussed in 
a comprehensive review (Yarin 2006). Rioboo et al. (2002) 
have investigated time evolution of droplet spreading factor 
on dry solid surface. They have classified the time evolution 
of droplet spreading factor into four different phases: kine-
matic, spreading, relaxation, and a wetting. Droplet impinge-
ment onto a heated surface includes a wide range of dynamic 
processes like kinetic energy conversion, and heat and mass 
transfer; these are important mechanisms, which occur in 
a very short time, for understanding the physics of droplet 

and surface interactions (Jung et al. 2016). Using different 
nano-textured surfaces, cooling performance is achieved up 
to 1 kW/cm2 (Sinha-Ray et al. 2011; Sahu et al. 2012). Many 
investigations have been performed about droplet impact 
onto dry surface or thin liquid film as reported found in a 
comprehensive review article (Liang and Mudawar 2017).

In the literature, experiments have concentrated more on 
single droplets, while those regarding multi-droplet interac-
tions are very limited. Coalescence of droplet pair for sessile 
droplets is investigated in several studies (Menchaca-Rocha 
et al. 2001; Aarts et al. 2005; Ristenpart et al. 2006; Narhe 
et al. 2008; Lee et al. 2012, 2013; An et al. 2017). Also, there 
are limited investigations for multiple-droplet impact with 
high inertia (Roisman and Tropea 2002; Cossali et al. 2003; 
Liang et al. 2019; Ersoy and Eslamian 2020). Roisman and 
Tropea (2002) have studied the impact of droplet pairs on 
isothermal surfaces experimentally. They have established 
an empirical model to explain the uprising sheet owing to 
the interaction of droplet pairs. Liang et al. (2019) exam-
ined the droplet pair experimentally at room temperature 
for simultaneous and non-simultaneous cases. They have 
classified non-simultaneous events into three main subcases 
according to the interaction forms. They also emphasized 
that increasing vertical spacing reduces spreading area and 
uprising sheet height due to the increased viscous dissipa-
tion. Ersoy and Eslamian (2020) experimentally examined 
uprising sheet evolution with time for simultaneous droplet 
pairs with large Weber numbers on dry and wet surfaces 
utilizing liquids with various colors. They found three dif-
ferent uprising sheet types for droplet pair impingement on 
dry surface.

However, majority of these studies could have provided 
restricted quantitative data such as the spreading droplet 
diameter and spreading lamella height. Recent advances in 
the visualization and imaging technology make the signifi-
cant progress in the measurement methods. Spreading pro-
cess after droplet impact is characterized by quick energy 
transformations and dissipations within a millimeter-scale 
area. The main limitation is the difficulty of optically access-
ing to the target area for non-invasive measurements of phys-
ical quantity. In such cases, the success of particle image 
velocity (PIV) measurement is particularly remarkable. PIV 
measurement method is a flow visualization method used to 
investigate the behavior of flow in a given region (Adrian 
2005). This method allows for more in-depth analysis of 
dynamic behaviors over time and animation of the flow. 
Using the PIV method, velocity components in the desired 
area can be measured. Adequate illumination and high mag-
nification are often essential to obtain good quality data. 
Nevertheless, increasing the magnification value reduces the 
visual field and limits the spatial resolution.

Currently, there are limited efforts to use PIV method 
with droplet interactions in the literature. Most of these 
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studies have focused on sessile droplets (Kang et al. 2013; 
Frommhold et al. 2015; He and Qiu 2016; Morozov et al. 
2018; Al-Sharafi and Yilbas 2019), or droplet with low We 
number impact on cold (Karlsson et al. 2019), unheated 
(Erkan and Okamoto 2014), and heated surfaces (Erkan 
2019). Moreover, those concerning droplets with higher 
We number (Smith and Bertola 2011) impact onto heated 
surface are quite sparse (Lastakowski et al. 2014). Morozov 
et al. (2018) experimentally investigated the velocity dis-
tribution inside a sessile droplet on a heated surface when 
a cold droplet falls on the sessile droplet. The results show 
that, instantly, the interaction between droplets increases the 
average velocity in the droplet. Erkan and Okamoto (2014) 
examined the spreading velocities within a single droplet 
with low We number impinging on a non-heated glass sur-
face in early spreading phase for different impact veloci-
ties using PIV method. They indicated that instant radial 
velocity distributions show linear and non-linear behaviors. 
The non-linear part is because of the eddy flows created 
at the external regions of the liquid lamella. Also, Erkan 
(2019) examined the radial velocity distributions inside a 
single droplet with low We number impinging on heated 
surface. PIV measurements of the radial velocity inside the 
liquid lamella on the unheated surface were compared with 
a numerical volume of fluid (VOF) model and an analytical 
model. It was indicated that numerical model can estimate 
pretty much the velocity profiles. Despite these efforts, there 
are not enough investigations about the spreading veloci-
ties within the inertia-dominated droplet impact on a heated 
surface.

In this paper, we studied the spreading velocities within 
the inertia-dominated droplet impact on a heated surface 
with the aid of time-resolved PIV and shadowgraph tech-
niques. The experiments are performed for droplets with the 
velocities of 1.12–2.40 m/s corresponding Weber numbers 
( We = �Uo

2Do∕� ) varied from 40 to 190, where ρ is the 
liquid density, Uo is the droplet impact velocity, Do is the 

initial droplet diameter, and σ is the surface tension of fluid 
until it is completely disc-shaped ( � =

tUo

Do

= 2 , where t, Do , 
and Uo denote physical time, initial droplet diameter and 
droplet velocity, respectively). Droplets with a Weber num-
ber 40 < We < 100 and 100 ≤ We are defined as moderate- 
and high-Weber numbers in this study, respectively. In addi-
tion, the spreading velocities within the droplet pair are 
investigated at room temperature for moderate We cases 
using the same methods. In addition, radial velocity meas-
urements within the liquid lamellas compared with an ana-
lytical model and a computational simulation for unheated 
surface temperature. Computational simulations are carried 
out using Star-CCM+ , for interface tracking, the volume of 
fluid model is used. The results provide additional quantita-
tive data to validate new numerical models.

2  Experimental setup

The schematic representation of the experimental setup used 
in PIV experiments is given in Fig. 1. The main elements 
of the PIV system are fast camera and laser generator. The 
laser generator used in this study for droplet illumination is 
DPSS 532 nm wavelength green laser system with output 
power 10 W. A set of lenses are arranged to make the planar 
laser light layer. The light layer is placed in parallel with 
the sapphire glass. Fastcam Mini camera is equipped with a 
long-distance microscopic lens which is placed parallel to 
the laser-lit surface and captures the movement of particles 
from the bottom through a 2-cm-diameter circular hole. A 
long-pass filter that cuts wavelengths shorter than 600 nm 
and transmits longer wavelengths is placed in front of the 
Fastcam Mini camera. Photron Fastcam SA5 synchronized 
with Fastcam Mini, captured the shadowgraphy images of 
droplets from the side. Also, an IR long-pass filter (800 nm) 
is used to get rid of the laser reflections and to transmit just 

Fig. 1  Schematic diagram of 
experimental setup for PIV
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the IR wavelengths. An infrared lamp source is used in the 
experiments for the shadowgraph method. From shadow-
graph images, droplet impact velocity and initial diameter 
were determined. Both cameras recorded serial images at 
20,000 frames per second. The observation area for PIV 
camera is 640 × 480 pixels corresponding to a 0.02 mm/
pixel image resolution.

The temperature-controlled test plate system is con-
sisted of a copper block, insulation material, thermocou-
ple, cartridge heaters, temperature controller, and sapphire 
glass. Twelve cartridge heaters (200 V, 1.25 A 250 W) were 
installed in the holes on the sides of copper block. The maxi-
mum operational temperature is 871 °C for cartridge heat-
ers. The temperature of the heated surface is controlled by 
a temperature controller integrated with a calibrated K-type 
thermocouple fixed on the glass using a high temperature 
band. The maximum absolute uncertainty value for the ther-
mocouple is 1.5 °C. Sapphire glass surface is preferred due 
to its transparent and high thermal conductivity. The droplet 
generator was placed vertically up from the surface with a 
known distance. By shifting this distance, droplet impact 
velocity can be changed. The impact conditions of drop-
lets [diameter, droplet velocity, center-to-center horizontal 
spacing (dh), and vertical spacing (dv) between droplets] are 
obtained by pixel analyzing using an open source software 
(ImageJ) (Schneider et al. 2012) from shadowgraph images 
and these values are given in Tables 1 and 2 for all cases. 
Each case was repeated at least three times for the same 
surface temperature and impact conditions. In this study, 
distilled water is used in the droplet production. To make 
the flow visible for velocity measurement using PIV, poly-
meric fluorescent particles (6 µm) were sufficiently added to 

the distilled water as tracer particle. The addition of these 
particles slightly affects the viscosity and surface tension of 
pure water (Sakai et al. 2007). Before the experiments, water 
containing the polymeric fluorescent particles is sonicated 
around 20 min with an ultrasonic cleaner to distribute the 
particles in the fluid well.

Sample photo frames obtained from PIV for droplet 
experiment are given in Fig. 2. The distributions of the par-
ticles are clearly visible in the photographs. In PIV analysis, 
two consecutive photographs (A and B) of the laser-illumi-
nated plane are recorded at t0 and t0 + Δt, respectively. The 
velocity distribution of the fluid can be found from particle 
displacement (derived from the distance from which parti-
cles travel from A to B) and Δt. With the help of in-house 
code (Erkan et al. 2008), the velocities of the particles can 
be easily calculated for a large number of photographs. The 
laser intensity is 6.5 and the magnification value of the PIV 
camera is 2. When we increase the magnification value, we 
can get more clear images. However, increasing the magni-
fication value reduces the visual field and limits the spatial 
resolution of the measurement. As shown in Fig. 2, there are 
some dark regions because of insufficient illumination zones 
on the PIV image. This situation is explained in detail in Ref. 
(Erkan and Okamoto 2014).

PIV images are divided into interrogation windows. Then, 
particle displacement is calculated for particle groups by 
evaluating the cross-correlation of several small query 
windows. Width and height control the size of the query 
windows in pixels. Correlation provides the most possible 

Table 1  The impact conditions 
of single droplets for moderate- 
and high-Weber cases

Temperature 
(°C)

Moderate-Weber cases High-Weber cases

D
o
 (mm) U

o
(m/s) We Re D

o
 (mm) U

o
(m/s) We Re

25 2.42 1.12 42 2710 2.35 2.37 183 5570
100 2.40 1.13 43 2712 2.38 2.36 184 5664
150 2.39 1.12 42 2677 2.38 2.40 190 5712
200 2.38 1.13 42 2689 2.39 2.39 190 5712
250 2.35 1.12 41 2632 2.36 2.37 184 5593

Table 2  The impact conditions of droplet pairs at room temperature

Parameters Case I Case II

Droplet diameter (mm) 2.23 2.25 2.23 2.25
Droplet velocity (m/s) 1.13 1.13 1.50 1.49
We 40 40 70 69
Re 2519 2543 3345 3353
d
h

1.80 1.76

d
v

0.02 0.09

Fig. 2  PIV images with tracing particle
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displacement for a group of particles moving in a straight 
line between image A and image B. For computing velocity 
fields, 16 × 16 pixel interrogation area with a 50% overlap-
ping is used.

3  Results and discussion

3.1  Single droplet case

Figure 3 shows some of the shadowgraph images for drop-
let at different surface temperatures and selected instants of 
non-dimensional times. The kinetic energy of the droplet upon 
impingement is transformed into the liquid’s radial motion 
during the initial stages of contact with the surface. When 
the droplet expands across the surface, the kinetic energy of 

droplet is partly dissipated by the viscous forces. Eventually, 
when the droplet reaches maximum spreading area, surface 
tension slows the enlargement by accumulating the residual 
kinetic energy of the liquid in the interface energy caused by 
deformation. At this point, droplet changes form into a circular 
lamella. As expected, for high-Weber cases, spreading area 
is larger and liquid lamella thinner than the low-Weber cases 
because of the balance between the impact kinetic energy (Ek) 
and interfacial energy (Es) with the dissipated energy by vis-
cosity during spreading process (Ev) and the interfacial energy 
at the maximum spreading area ( Es

′):

At the beginning of spreading process, in droplets impact 
on the surface up to 200 °C with moderate We numbers, 

(1)Ek + Es = E�
s
+ Ev.

Fig. 3  Shadowgraph images of a droplet impact: a moderate- and b high-Weber number cases at different surface temperature and non-dimen-
sional times
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nucleate boiling and secondary droplets were not observed. 
Nevertheless, as the liquid lamella approaches its maxi-
mum expansion, it was observed that a few small second-
ary droplets were randomly scattered around due to the 
growth and explosion of vapor bubbles during the boiling 
process for 150 °C case. When the surface temperature was 
250 °C, a significant number of secondary droplets were 
observed from the very beginning of the spreading process. 
The dynamics of vapor bubble growth during spreading are 
affected by the pressure change throughout droplet impact 
and by the flow in the lamella. In later stages, the liquid 
lamella starts to flow radially to the center. For high We 
number cases, finger formations at the rim are observed at 
150 °C surface temperature for later stages. These finger 
formations are strongly dependent on the We and surface 
temperature. With increasing temperature, fingering pattern 
occurs earlier because of the viscosity of the liquid decreases 
with increasing temperature. When the surface temperature 
were 200 °C and 250 °C, the generation of vapor bubbles 
occurs at the contact area due to boiling then several tiny 
secondary droplets occur and scatter around randomly. 
However, a somewhat higher imbalance was found at bot-
tom interfaces of the droplets, possibly due to intermittent 
contact with the surface due to higher inertial effects. After 
some point, this phenomenon causes the liquid lamella 
smashes into several small parts.

Figures 4 and 5 show the velocity fields for the moder-
ate- and high-We cases at 150 °C, the surface temperature. 
As can be understood from the figures, in the middle region 
of the vector fields, a stagnation point is developed near the 
impingement area due to the presence of the solid surface 
and the lateral outflows. As expected, a larger spreading 
area occurs in high-Weber number case. As time passes, 
the velocity magnitudes reduce due to kinetic energy dis-
sipation when the droplet expands. For both cases, droplets 
are largely in contact with the 150 °C surface. However, 
growing vapor bubble generation starts on bottom interface 
and increases with residence time. These bubbles caused 
random significant disruptions on bottom interface which 
led to failures in the positions of the tracer particle on the 
measurement plane. To examine the radial distribution of the 
velocity, we carried out spatial averages over a quarter field 
area (Erkan and Okamoto 2014). For this, we choose the 
areas lightened more uniformly eliminating the dark areas.

Figure 6 shows radial velocity profiles with standard 
deviations at 150 °C for (a) moderate and (b) high We num-
ber cases. It was found that radial velocity is linear over 
a fairly wide range of spreading radius, but owing to the 
capillary and viscous forces over time, the velocity profiles 
took on a non-linear form in the external radial positions. 
Similar behavior is observed and reported in Ref. (Erkan 
2016). For high We case, the linearity of the radial velocity 
profile is more apparent because of the viscosity effects in 

the lamella relative to the inertia forces which are negligi-
ble. Also, radial velocity profiles could possibly be obtained 
with significantly less volatility owing to less intense boiling 
which reduced the measurement error compared to the mod-
erate We case. Uncertainty gaps are expanding at external 
radial locations particularly for the early stage of the spread-
ing process for both cases. The reason is that the gradients 
of velocity are so large due to the energy loss owing to the 
viscous dissipation.

In the same way, Fig. 7 shows radial velocity profiles 
with standard deviations at 250 °C for (a) moderate and (b) 
high We number cases. Radial velocity distribution reveals 
partly a common pattern in the case of 150 °C surface tem-
perature. For moderate We number case, more bubbles and 
secondary droplets are observed due to more severe boiling 
which causes more loss of the tracer particle location. In 
both cases, higher fluctuations in the radial velocity distribu-
tion are found owing to more intense boiling.

Figures 8 and 9 demonstrate the variation of non-dimen-
sional velocity ( u =

U

Uo

 ) profiles with spreading non-dimen-
sional radius ( r = R

Do

 ) for the moderate- and high-Weber 
number at various surface temperatures. Generally, radial 
velocities show different profiles at different times after 
impact owing to the changing relationship of hydrodynamic 
forces at all surface temperatures. Although the radial veloc-
ity is linear over a relatively large range of spreading radius, 
the velocity profiles took a non-linear shape in the external 
radial positions due to viscous and capillary forces over 
time. It can be seen that intense boiling at surface tempera-
ture 250 °C, especially in later stages, has a great influence 
on the radial velocity distribution for moderate We case. For 
high We case, the radial velocity profile linearity is more 
evident due to the viscosity effects in the lamella are insig-
nificant relative to the inertia forces at all surface tempera-
tures. It is also observed that the surface temperature does 
not have a great effect on the radial velocity distribution in 
the internal radial positions (up to r ≈ 0.7) for high We 
cases. In addition, the velocity profiles almost show similar 
trends and values at � = 0.5 for non-linear parts at all tem-
peratures. Intense boiling at surface temperature 250 °C, 
especially in later stages, increases the range of radial veloc-
ity distribution in external radial locations.

3.2  Droplet pair case

In the areas specified in introduction, the actual process 
takes place with more than one droplet effect rather than a 
single-droplet effect. The main difference for the multiple-
droplet case is the interaction of nearby droplets. As can be 
expected, the velocity distribution inside a droplet is sig-
nificantly affected by the presence of a nearby droplet. To 
better understand, there is an urgent need to find the gap for 
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the interactions between the droplets. Therefore, we also 
investigated the spreading velocities within the droplet pair 
impact onto a sapphire glass surface with the aid of time-
resolved PIV and shadowgraph techniques. Experiments are 
performed for simultaneous droplet pair cases at room tem-
perature. To obtain the synchronous droplet pair, a speaker-
connected signal generator has been added to the experimen-
tal setup. As the droplets reached a certain size, a 100 kHz 
frequency and single-mode signal was applied to break the 

droplets from the tip of the needles simultaneously. Droplet 
pair experiments performed only for moderate Weber num-
ber case, taking into account the limitations of the current 
laser power and the maximum possible spatial resolution.

Some of the shadowgraph images for droplet pair at room 
temperatures and selected instants of non-dimensional times, 
as shown in Fig. 10, and droplet impact conditions for drop-
let pairs are given in Table 2. For single-droplet case, a 
circular liquid lamella develops and extends radially after 

Fig. 4  Velocity vector fields at 150 °C and We = 42 for different non-dimensional times: a τ = 0.50, b τ = 1, c τ = 1.5, and d τ = 2
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impact on the surface, as shown in Fig. 3. On the other hand, 
for droplet pair case following impacting surface, droplets 
spread like a single-droplet case on the sapphire glass after a 
certain time. Subsequently, the liquid lamellas interact each 
other at some point ( ≈ 0.50 ). This interaction time is highly 
depend on the horizontal and vertical distance between drop-
lets and impact conditions. The flow activity in the middle 
areas contributes to a specific phenomenon called uprising 

sheet. This uprising sheet formation is a characteristic fea-
ture of multiple-droplet interaction and occurs when liquid 
lamellas have high kinetic energy at the contact point.

Velocity vector fields for simultaneous droplet pair at 
room temperature for different non-dimensional times as 
shown in Fig. 11 when Weber number is around 40. As can 
be seen from the figures, in addition to the middle region 
of the vector fields, another stagnation point formation was 

Fig. 5  Velocity vector fields at 150 °C and We = 190 for different non-dimensional times: a τ = 0.50, b τ = 1, c τ = 1.5, and d τ = 2
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observed in the area where the droplets interact. This stag-
nation point is caused by the upward flow caused by the 
formation of the uprising sheet. This situation also can be 
seen from the velocity distribution in the x direction at y = 0 
for different non-dimensional times in Fig. 12 for We≈ 40 
and We ≈ 70 . Furthermore, when the droplet pair spreads 
depending on the time, the velocity magnitudes decrease 
due to the kinetic energy loss due to viscosity.

3.3  Comparison single‑droplet case with theory

When a droplet impacts onto surface, it generates a radi-
ally expanding flow in lamella (Yarin and Weiss 1995). The 
lamella is bounded by a rim formed by capillary forces and 
liquid viscosity stresses. Yarin and Weiss (1995) and Rois-
man et al. (2002) have proposed the quasi-one-dimensional 
empirical model for the radial velocity distribution in the 
lamella, which satisfies equations of mass and momentum 
balance, for the spreading process in the case of high-Weber 
number droplet impact:

where r is non-dimensional radius, and c is an inverse of the 
initial radial velocity gradient which is determined by using 
following equations from the initial conditions ( � = 1):

where D1 and eD are represented as:

(2)u =
r

(� + c)

(3)3We + 5(1 − cos⟨�⟩)Reh1 = 10ReWeh
3

1

(4)

c =
D1

4
√
6

⎡
⎢⎢⎣
1

12
+

1

We
− eD −

D
2

1

4We
(1 − cos⟨�⟩) − D1h1

We

⎤⎥⎥⎦

−
1

2

− 1,

(5)D1 =

√
2

3h1

Fig. 6  Radial velocity profiles at 150 °C for a moderate and b high We number cases

Fig. 7  Radial velocity profiles at 250 °C for a moderate and b high We number cases
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The expression for the radial velocity field in the liquid 
lamella is valid only for larger times after impingement 
( 𝜏 ≫ 1 ) and the details of the theoretical model are given in 
their study (Roisman et al. 2002). The constant non-dimen-
sional parameter c values 0.48 and 0.53 are determined from 
the experimental data with the help of Eqs. (3)–(6) for mod-
erate and high We cases, respectively. The comparison of 
the PIV results with the analytical model using Eq. (2) at 
different non-dimensional times for the droplets impact on 
unheated surface is shown in Fig. 13a for the case of moder-
ate We number. For radius smaller than r ≈ 0.9 , all velocity 
profiles look nearly linear rely on r with a time-dependent 
inclination. The analytical model largely agrees with the 
linear parts of the velocity profiles during early spreading 
process up to τ ≈ 1. Partial linearity is still observed in the 
later stages, but radial velocity profiles diverge from the 
theory. This is most likely due to the direction of the flow 
shifting towards the center, since the spreading process ends 
and the recoil process begins. If we multiply radial velocity 

(6)eD = Re−1
⎛⎜⎜⎝

1

20h
3

1

+
3

5h1

⎞⎟⎟⎠
.

profiles with a time delay (� + 0.48 ), we can compare all 
experimental velocity profiles when plotted against r with 
one solid curve, as shown in Fig. 13b.

For high We number case, Fig. 14a shows the comparison 
of the PIV results with the analytical model using Eq. (2) at 
different non-dimensional times. With radius shorter than 
r ≈ 1.15 , all velocity profiles appear almost linear depend-
ing on r , with a time-dependent inclination. The theoretical 
model approves generally with the linear parts of the veloc-
ity profiles. Contrary to the case of moderate Weber num-
ber, the linearity of the radial velocity profile in the internal 
radial positions is more evident and the agreements govern 
for a longer period of time due to the viscosity effects rela-
tive to the inertia forces are unimportant in the lamella. All 
experimental velocity profiles are plotted against r and com-
pared with one solid curve by multiplying velocity profiles 
with a time delay (� + 0.53 ), as shown in Fig. 14b.

Figure 15a and b shows the comparison of time evolution 
of non-dimensional radial velocity results with the analytical 
model using Eq. (2) for different non-dimensional spread-
ing radius for moderate- and high-Weber cases, respectively. 
Time evolution of radial velocity for the droplets with mod-
erate-Weber number shows good agreements with the theory 

Fig. 8  Non-dimensional radial velocity profiles obtained from PIV for moderate We numbers: a τ = 0.50, b τ = 1, c τ = 1.5, and d τ = 2
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at only some certain non-dimensional spreading radius, 
whereas for high-Weber number case, the agreements are 
remained for a longer time interval. Analytical model overes-
timates non-dimensional radial velocity values during early 
spreading process for both cases. For moderate We number 
case, with spreading radius shorter than r ≈ 0.75 , the theo-
retical model agrees well generally with the experimental 
data. However, for r = 1 case, the analytical model disagrees 
with the experimental data when non-dimensional time is 
larger than 1.25 due to the weakening of spreading phase. 
In other words, wide deviations from the analytical model 
begin to come out as r takes larger values corresponding to 
the external radial positions. In addition, it was observed that 
the theoretical model is valid too in the inner radial positions 
when non-dimensional time is larger than 0.5.

3.4  Comparison with numerical model

Droplet impacts on the surface at room temperature were 
modeled using the Star-CCM + which is a commercial 
software package. For interface tracking, the VOF method 

proposed by Hirt and Nichols (1981), which is appropriate 
for the simulation of droplet-surface interaction, is used. In 
the VOF method, the volume fraction α is defined as:

where the α is 1 inside the liquid, 0 in the gas phase, and 
values between 0 and 1 in the interface area. The differ-
ence of VOF in comparison to other methods is that a single 
momentum equation is solved for the two phases (gas–liq-
uid), where the fluid properties are updated according to the 
value of volume fraction of the cell. Continuity and momen-
tum equations for gas–liquid are as follows:

where � and �
�
 are for gravity and surface tension force act-

ing on the fluid at the interface calculated by the continuum 

(7)� =
Volume of liquid phase

Total volume of the control volume
,

(8)∇ ∙ � = 0

(9)
���

�t
+ ∇ ∙ (���) = −∇p + ∇ ∙ �(∇�) + �

�
+ ��,

Fig. 9  Non-dimensional radial velocity profiles obtained from PIV for high We numbers: a τ = 0.50, b τ = 1, c τ = 1.5, and d τ = 2
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surface force model (Brackbill et al. 1992) respectively. 
In this model, liquid and gases are assumed to be totally 
immiscible.

where � is the mean curvature of the interface and n is the 
unit vector normal to the interface and directed from liquid 
to gas. In Eq. (9), the fluid density ρ and viscosity μ are 
defined by:

A schematic diagram of computational domain with 
boundary conditions is illustrated in Fig. 16. To minimize 
simulation work and calculation time, symmetric nature of 
the problem is considered and symmetry boundary con-
ditions are used. Pressure outlet boundary conditions are 
applied on top and right sides of the domain, symmetry 
boundary condition are applied on left side of the domain, 
also no-slip wall boundary condition with the static contact 
angle is applied on bottom side of the domain. Quadrilat-
eral mesh is selected for meshing the solution domain and 
the area near the axis and surface boundary are intensely 
meshed. The number of total mesh elements is 5 × 105 and 

(10)�
�
= ��n, � = −∇ ∙ [

∇�

|∇ �| ], n = ∇�,

(11)� = ��liq + (1 − �)�gas,

(12)� = ��liq + (1 − �)�gas.

mesh size ranges from 8 to 16 µm. Droplet is defined by 
field function and placed above the sapphire surface, where 
the droplet domain was initialized to be liquid and with 
a respective initial velocity. The velocity of the droplet 
obtained from shadowgraph images is given to the droplet 
as the first velocity. Some parameters related to droplet used 
in the modeling are taken as follows, the density of the water 
�w = 998 kg/m3, the dynamic viscosity �w = 0.93 × 10−3 Ns/
m2, and surface tension � = 0.072 N/m as well as the density 
of air �a = 1.225 kg/m3. The adaptive time step is applied by 
taking Courant number 0.2 in numerical studies.

Figure 17a, b show the comparison between experimental 
and computational droplet shapes for both cases at some 
time steps. Despite some minor differences, the 2-D axisym-
metric model is very accurate and there is a good agreement 
between the numerically predicted droplet shapes and shad-
owgraph images.

As stated in the introduction, experimental studies do not 
provide quantitative data to confirm numerical models. The 
most compared parameters are the variation of the spread-
ing diameter and the height of the spreading droplet. For 
this purpose, we first verified our model by comparing the 
variation of non-dimensional spreading diameters with time 
for both cases, as shown in Fig. 18. As predicted, for high-
Weber number cases, spreading area is larger than the mod-
erate Weber number cases, as inertial forces become more 
significant than surface tension.

Fig. 10  Shadowgraph images of a simultaneous droplet pair impact on surface at room temperature and non-dimensional times for a We ≈ 40 
and b We ≈ 70
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Experimental and computational radial velocity profiles 
at room temperature for both cases are given in Fig. 19. The 
computational results were collected from the surface along 
a line situated at a height of 0.2 mm. Numerical simulation 
predicts the instant radial velocity distributions linear and 
non-linear behaviors very well for both cases. However, for 
the high We case, numerical simulation shows some devia-
tions from PIV results.

4  Conclusion

In this study, we have investigated the radial velocities 
within the droplets impact on unheated and heated surfaces 
using PIV and shadowgraph techniques. Unlike previous 

studies, we have investigated the radial velocities in the 
liquid lamella until it is completely disc-shaped for mod-
erate- and high-Weber numbers. Using the radial veloc-
ity profiles, the variations in the spreading mechanisms 
were analyzed for both cases. It was observed that the 
radial velocity is linear throughout relatively large range 
of spreading radius; however, the velocity profiles took a 
non-linear shape in the external radial positions owing to 
the capillary and viscous forces over time for both cases. 
For high-Weber numbers, the radial velocity profile lin-
earity is more evident due to the viscosity effects in the 
lamella are insignificant relative to the inertia forces at all 
surface temperatures. In other words, the surface tempera-
ture does not have a great effect on the radial velocity dis-
tribution in the internal radial positions. Intense boiling at 

Fig. 11  Velocity vector fields for simultaneous droplet pair at room temperature and We ≈ 40 for different non-dimensional times: a τ = 0.50, b 
τ = 0.75, c τ = 1, and d τ = 1.5
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Fig. 12  Non-dimensional velocity distribution in the x direction at y = 0 when We ≈ 40, and We ≈ 70. for different non-dimensional times: a 
τ = 0.50, b τ = 0.75, c τ = 1, and d τ = 1.5

Fig. 13  a Non-dimensional radial velocity profiles, symbols represent the PIV results, while the solid curves represent Eq. (2). b The variation 
of normalized velocity u(� + 0.48 ) with non-dimensional radius at room temperature for moderate We number case
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surface temperatures of 200 °C and 250 °C, especially in 
later stages, increases the uncertainties in the radial veloc-
ities in external radial locations as severe disturbances are 
generated at the interface by the bubble nucleation. More-
over, the spreading velocities within the droplet pair are 
investigated at room temperature using the same methods. 
Another stagnation point due to the upward flow caused 
by the formation of the uprising sheet was observed in 
the interaction area. Afterwards, radial velocity measure-
ments within the liquid lamellas were compared with an 
analytical model (Roisman et al. 2002) and a computa-
tional simulation for unheated surface temperature. For 

Fig. 14  a Non-dimensional radial velocity profiles, symbols represent the PIV results, while the solid curves represent Eq. (2). b The variation 
of normalized velocity u(� + 0.53 ) with non-dimensional radius at room temperature for high We number case

Fig. 15  Time evolution of non-dimensional radial velocity for different non-dimensional spreading radius a for moderate- and b high-Weber 
cases. Symbols represent the experimental data, while the solid curves represent Eq. (2)

Fig. 16  Sketch of the computational domain and boundary conditions
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high-Weber number case, the analytical model largely 
agrees with the linear parts of the radial velocity profiles 
in the internal radial positions. For moderate Weber num-
ber case, the predicted radial velocity profile only agrees 
well with the linear parts of experimental data during early 
spreading process, but the inconsistency between the ana-
lytical model and PIV results rises in the later spreading 
and receding phases. Computational simulations are car-
ried out using Star-CCM + and the volume of fluid model 
is used for interface tracking. Comparing the PIV results 
obtained with the computational simulations shows that 
there is a good agreement for both linear and non-linear 
parts in radial velocity profiles.

Fig. 17  Comparison between shadowgraph and computational images obtained for a moderate and b high We number cases

Fig. 18  Comparison between experimental and computational results 
for the non-dimensional spreading diameters with time

Fig. 19  Radial velocity profiles at room temperature for a moderate and b high We number cases. Symbols represent the PIV results, while the 
solid curves represent the computational results
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