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A B S T R A C T   

The solidification of a droplet after impacting a solid substrate initiates immediately at the bottom surface owing 
to rapid heat transfer. Transient splat solidification greatly affects the spreading dynamics, such as flattening and 
recoil. This study experimentally and numerically studied the spreading and transient solidification of a paraffin 
droplet impacting transparent solid substrates. The impact phenomena, including flattening, recoil, final splat 
geometry, and solidification at the bottom surface, were observed using a high-speed camera from the side and 
bottom. The effects of the substrate material, substrate temperatures, and droplet temperatures were thoroughly 
discussed. The results suggest that there are two patterns of splat solidification, depending on the impact con
ditions. The impacted droplet (with a temperature of 123 ◦C) started to solidify at the periphery and gradually 
progressed toward the splat center on low-thermal-conductivity polycarbonate substrates. For lower initial 
droplet temperatures or substrates with higher thermal conductivity, solidification occurred immediately after 
the impact across the entire bottom surface of the splat owing to the faster cooling. Numerical simulations were 
performed to reproduce the impact phenomena and good agreement was obtained for the spreading factor, recoil 
height, final splat geometry, and solidification at the bottom surface of the splats. An in-depth comparison be
tween the experimental and simulation results revealed that the transient solidification immediately after impact 
significantly affected the spreading of the impacted droplets, especially when the substrate had a high thermal 
conductivity. The results demonstrate that the proposed experimental and numerical methods provide accurate 
evaluation and prediction of droplet impact, concerning transient solidification and its influence on the 
spreading dynamics of the droplets.   

1. Introduction 

The spreading and solidification of an impacted droplet on a solid 
surface is a common phenomenon in various industrial sectors, 
including thermal spraying [1], inkjet printing [2], droplet-based ad
ditive manufacturing [3], and airframe icing [4]. Because the outcomes 
of droplet impact play key roles in the performance of the related 
components and products, this topic of research has attracted engineers 
and scientists from various fields. Depending on the specific applica
tions, various impact behaviors have been thoroughly studied [5]. 
Within the field of fluid mechanics, the main focus has been on flat
tening [6], splashing [7], recoil and rebound [8], and boiling [9] of the 
impacted droplets. In the field of solid mechanics, the thermal stress [10, 
11], adhesion [12–14], and cracking [15] of solidified splats have been 
frequently studied. 

Splat solidification occurs during the phase transition from liquid to 

solid, and is associated with heat transfer with solid surfaces and 
ambient air. The solidification usually initiates at the bottom immedi
ately after the impact along with the spreading of the liquid [16]. The 
solid layer at the bottom surface of the impacted droplet strongly affects 
the impact behavior owing to the high local viscosity. Therefore, it is 
important to understand the mechanism of transient solidification 
immediately after impact to achieve a better understanding and more 
precise prediction of droplet-impact phenomena. 

Numerical simulations [16–22] have been widely used to study the 
solidification of impacted droplets. For example, Kang et al. [16] 
modeled the impact and solidification of a paraffin droplet on a metal 
substrate. The geometry of the solidified splat was numerically calcu
lated and the simulation results showed good agreement with the 
experimental measurements. Fukudome et al. [17] simulated the so
lidification phenomena of a molten Sn droplet impacting a substrate 
using an explicit moving-particle simulation method. They found that 
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the solidification timescale for splats depends on the local film thickness. 
The solidification on the outer surface starts at the thin periphery and 
progresses toward the thick center. Bot et al. [20] studied the 
thermal-spraying process by simulating the impact and solidification of 
ceramic droplets. An Eulerian–Lagrangian approach was used to track 
the droplet/gas interface and the liquid/solid front during splat solidi
fication. They considered the interactions of neighboring splats and 
investigated the formation of gas traps and the effects on the coating 
properties. Zhang et al. [22] focused on the interactions between 
neighboring droplets, and their results suggested that the solidification 
of the second droplet determined interface bonding and splat mor
phologies. Most of the previous studies focused on the general solid 
behavior and the geometry of fully solidified splats. Few researchers 
have studied the mechanism of the initiation of solidification at the 
interface, which has a significant effect on the subsequent spreading 
dynamics. Several works [23–27] have observed the solidification of 
impacted droplets on solid substrates. Fang et al. [28,29] experimentally 
investigated the coupling effect between the drop-scale fluid dynamics 
and splat solidification by impacting a water droplet with a subcooled 
surface with special consideration of the effect of the inclined angle of 
substrates. Previous results generally reported the final splat geometry 
or the time evolution of the solidification along the thickness direction. 
To fully understand the mechanism of solidification at the splat/sub
strate interface, it is necessary to directly investigate the transient so
lidification at the bottom surface of the splat. 

Recently, transparent substrates have been used to carry out droplet- 
impact tests to study gas traps [30], vapor film at the interface [31], and 
boiling on superheated substrates [32] by observing the bottom surface 
of the impacted droplet. Transparent substrates have advantages over 
solid substrates, such as metals, because they allow direct observations 
of the splat/substrate interface. In this work, droplet impact was 
observed on three types of transparent substrate using a high-speed 
camera to study the transient solidification of the impacted droplets 
and their spreading dynamics. Special consideration was given to the 
effects of the substrate material, droplet temperature, and substrate 
temperature. Numerical simulations were carried out to quantitatively 
reproduce the experimental results, including the spreading factor, 
recoil height, final splat geometry, and transient solidification at the 
interface. 

2. Droplet-impact experiments 

2.1. Testing setup 

The setup for the droplet-impact tests was modified from setups used 
in previous studies [16,33] and is sketched in Fig. 1. The droplet was 
generated and free-fell onto a solid substrate. The impact and solidifi
cation of the droplet were observed using a high-speed camera 
(HAS-D71, DITECT Co., Ltd.). An industrial paraffin wax (HNP-9, Nip
pon Seiro, Japan) with a melting point of approximately 80◦C was 
selected as the droplet material because it can be easily melted and so
lidified near room temperature. The paraffin wax was pre-melted in a 
heated aluminum holder, into the bottom on which a needle with a 
3.0-mm inner diameter was inserted. Droplets could be generated at the 
needle tip by turning up the micrometer head (MHH2-50, Mitutoyo). 
Droplets detached from the needle and impacted the substrate when 
their weight exceeded the surface tension force. For a given paraffin 
wax, the mass of each droplet is constant for a given droplet tempera
ture, which was controlled by a thermocouple (Type K, 0.32-mm wire 
diameter) attached to the bottom of the holder. 

Droplet-impact tests were conducted under isothermal and non- 
isothermal conditions. In the isothermal impact tests, the substrate 
was placed onto a hot aluminum block. The substrate temperature was 
kept the same as the droplet temperature using a hot plate placed 
beneath the aluminum block. No cooling and solidification of the 
impacted droplet took place during the tests. A high-speed camera was 

used to capture the horizontal view of the impact behaviors, as shown in 
Fig. 1. In the non-isothermal impact tests, the initial temperature of the 
substrate was controlled at approximately 20 ◦C using an air condi
tioner. The impacted droplet cooled and solidified on the substrate, 
which involved heat transfer from the droplet to the substrate. In both 
the isothermal and non-isothermal impact tests, the heat of the droplet 
slightly dissipated to the environment owing to convective and radiative 
heat transfer. In addition to horizontal observation, the splat/substrate 
interface was observed through the transparent solid substrates that 
were specifically used for photography from the bottom. As illustrated in 
Fig. 1, a hole was manufactured on the support stage and a 45 ◦ tilted 
mirror was equipped under the stage. A ring light was equipped to 
improve the brightness of the horizontal view. An extra ring light was 
placed over the hole for the bottom observation in the non-isothermal 
impact tests. 

2.2. Materials and experimental conditions 

Three types of transparent material — polycarbonate, quartz glass, 
and sapphire glass — were used as substrates. The dimensions and 
surface roughness of each disc substrate are summarized in Table 1. 
Some of the main thermal and physical properties of the substrates are 
summarized in Table 2. The sapphire glass had the highest thermal 
conductivity, which is comparable to that of steels. The polycarbonate 
had the lowest thermal conductivity of 0.19 W/(m⋅K), which is close to 

Fig. 1. Illustration of the setup for the droplet-impact tests. For the non- 
isothermal impact, a mirror was placed below the transparent substrate to 
observe the bottom surface of the impacted droplet with a high-speed camera. 
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that of paraffin wax. The material properties of paraffin wax (HNP-9), 
which have been extensively evaluated previously [10,13,16,34], are 
summarized in Table 3. 

Three experimental variables were examined in this study: the sub
strate material, droplet temperature, and substrate temperature. Droplet 
temperatures were set at either 100 or 140 ◦C. The substrate tempera
ture was 20 ◦C for non-isothermal impact tests and was set equal to the 
droplet temperature for the isothermal impact tests. Three aforemen
tioned transparent substrates were tested for each droplet temperature 
and substrate temperature. A total of 12 experimental conditions 
(Table 4) were used to study the effects of the three experimental vari
ables on the impact behavior. It should be noted that the droplet tem
peratures of 100 ◦C and 140 ◦C were the measured temperatures of the 
paraffin wax using a thermocouple attached to the aluminum holder 
(Fig. 1). The actual temperatures at the moment of impact were 
measured using a thermography camera. It was found that the temper
atures decreased from 100 and 140 ◦C to 95 and 123 ◦C, respectively. 
These actual values at the impact were treated as the droplet tempera
tures in the following analysis. The Weber numbers were 129 and 138 
for droplet temperatures of 95 and 123 ◦C, respectively. The Reynolds 
numbers were 551 and 914 for droplet temperatures of 95 and 123 ◦C, 
respectively. A unique testing serial number was assigned to each test 
condition in Table 4. For example, test No. (2) P-123-20 represents test 
conditions of a polycarbonate substrate, droplet temperature of 123 ◦C, 
and substrate temperature of 20 ◦C. The height of the impact from the 
needle tip to the substrate surface was kept constant at 50 mm for all 
tests. The impact velocity was calculated as 0.99 m/s by assuming free- 
fall. Three tests were conducted for each testing condition. 

3. Experimental results 

3.1. Flattening, recoil, and final geometry 

Horizontal views of the isothermal and non-isothermal droplet im
pacts during the initial 30 ms after the first contact with the substrate are 
shown in Figs. 2 and 3, respectively. The impact conditions were care
fully selected to prevent splat splashing. As can be seen in the photo
graphs, a microsatellite droplet fell onto the primary droplet at 
approximately 30 ms. Satellite droplets were undesirably generated 
when the droplets broke up and departed from the remaining liquid at 
the needle tip [35]. 

For all six isothermal impact conditions, the droplet flattened on the 
substrate until it reached the equilibrium state without any obvious 
recoil. Recoil could be observed for non-isothermal impact (Fig. 3). The 
extent of the recoil presented a clear correlation with the droplet tem
perature, with more intensive recoil and a larger peak recoil height 
occurring at the lower droplet temperature of 95 ◦C. The spreading 
factor, d/d0, and dimensionless height, h/d0, were used to quantify the 
impact behavior. Both d/d0 and h/d0 were calculated from the photo
graphs in Figs. 2 and 3 following the rules described in Fig. 4. The 
evolutions of d/d0 in the initial 25 ms and h/d0 in the initial 50 ms are 
provided in Figs. 5 and 6, respectively. The average of three tests was 
plotted in Figs. 5 and 6 and following experimental results of d/d0 and h/ 
d0. Error bars were also indicated in these figures, but they are very 
narrow in some cases due to the small variance in the measured 
spreading factors. The spreading factor became stable at approximately 
10 ms with values ranging from 2 to 3.5. In Fig. 6, the recoil can be 
observed for non-isothermal impact, where a peak dimensionless height 
h/d0 appeared at 20–25 ms. According to the numerical simulations 
described in Section 4, under non-isothermal conditions, the splat 
gradually solidified on the substrate within 5 to 15 s depending on the 
droplet temperature and substrate material. The final geometries of the 
splats after solidification were measured using a stylus-type surface 
profiler (DSF600K31, Kosaka Laboratory Ltd., Tokyo, Japan). The splat 
geometries are summarized in Fig. 7 for droplet temperatures of (a) 95 
◦C and (b) 123 ◦C. Generally, a thicker splat with a narrower diameter 
was observed at a lower droplet temperature and on a high-thermal- 
conductivity substrate. 

3.2. Transient solidification at the bottom surface 

Solidification of the impacted droplet initiated at the bottom surface 
owing to rapid heat transfer with the substrate. The time evolutions of 
splat solidification at the bottom surface were photographed through the 
transparent substrates for all six non-isothermal impacts, as shown in 
Fig. 8. The splats were black before solidification. They gradually 
changed to white as they solidified because of the scattering of the ring 

Table 1 
Dimensions and surface roughness of the disc substrates.  

Substrate material Polycarbonate Quartz glass Sapphire glass 

Diameter (mm) 40 40 40 
Thickness (mm) 20 10 10 
Surface roughness, Ra (nm) 23 6.8 4.4  

Table 2 
Thermal and physical properties of the substrates.  

Substrate material Polycarbonate Quartz 
glass 

Sapphire 
glass 

Density (kg/m3) 1200 2200 3980 
Specific heat at 100 ℃ (J/(kg⋅K)) 1260 749 750 
Thermal conductivity at 20 ℃ (W/ 

(m⋅K)) 
0.19 1.38 42 

Thermal conductivity at 100 ℃ 
(W/(m⋅K)) 

– – 25 

Static contact angle at 95 ℃ (◦) 11.5 15.8 14.5  

Table 3 
Thermal and physical properties of paraffin-wax droplets.  

Material Paraffin wax droplets 

Density (liquid) (kg/m3) 760 
Density (solid) (kg/m3) 930 
Specific heat at 100 ℃ (J/(kg⋅K)) 2300 
Latent heat of solidification (J/kg) 1.9×105 

Solidus temperature (℃) 65 
Liquidus temperature (℃) 90 
Thermal conductivity at 25 ℃ (W/(m⋅K)) 0.26 
Dynamic viscosity at 80 ℃ (Pa⋅s) 0.0076 
Dynamic viscosity at 90 ℃ (Pa⋅s) 0.00616 
Dynamic viscosity at 120 ℃ (Pa⋅s) 0.00380 
Dynamic viscosity at 140 ℃ (Pa⋅s) 0.00296 
Surface tension at 95 ℃ (N/m) 0.0217 
Surface tension at 123 ℃ (N/m) 0.0194  

Table 4 
Droplet-impact conditions.  

Testing No. Substrate 
material 

Droplet 
temperature 

Substrate 
temperature 

(1) P-123- 
123 

Polycarbonate 123 ◦C 123 ◦C 

(2) P-123-20 Polycarbonate 123 ◦C 20 ◦C 
(3) P-95-95 Polycarbonate 95 ◦C 95 ◦C 
(4) P-95-20 Polycarbonate 95 ◦C 20 ◦C 
(5) Q-123- 

123 
Quartz glass 123 ◦C 123 ◦C 

(6) Q-123-20 Quartz glass 123 ◦C 20◦ C 
(7) Q-95-95 Quartz glass 95 ◦C 95 ◦C 
(8) Q-95-20 Quartz glass 95 ◦C 20 ◦C 
(9) S-123-123 Sapphire glass 123 ◦C 123 ◦C 
(10) S-123-20 Sapphire glass 123 ◦C 20 ◦C 
(11) S-95-95 Sapphire glass 95 ◦C 95 ◦C 
(12) S-95-20 Sapphire glass 95 ◦C 20 ◦C  

C. Kang et al.                                                                                                                                                                                                                                    



International Journal of Heat and Mass Transfer 228 (2024) 125672

4

light at the solidified area. In other words, a larger gray value represents 
a higher degree of solidification. It should be noted that a white ring can 
be seen near the splat periphery in some photographs. This undesirable 
white ring does not indicate solidification and is formed by refraction of 
the piling up of the liquid near the splat edge (Fig. 3). Two types of 
solidification pattern were observed in Fig. 8 depending on the impact 
conditions. When the 123 ◦C droplets impacted the polycarbonate sub
strate (P-123-20 in Fig. 8), solidification started at approximately 500 
ms and gradually propagated from the periphery to the splat center. For 
the other impact conditions, the solidification occurred immediately 
after impact and was initiated simultaneously across the entire bottom 
surface of the splat. 

The evolutions of the gray values at the splat center were extracted 
from each photograph and plotted in Fig. 9 for droplet temperatures of 
(a) 123 ◦C and (b) 95 ◦C. The gray values increased as the solidification 
of the splat proceeded. A sharp reduction in the gray values occurred at 
approximately 25 ms under certain conditions. This was caused by the 
refraction at the splat center during recoil when the liquid flowed back 
from the periphery to the center. The refraction at the outer surface of 
the splat partly prevented the light from arriving at the center of its 
bottom surface, and hence led to a reduction of the gray value. The gray 
values gradually became saturated at approximately 215 for all condi
tions. This process took 10–103 ms depending on the impact conditions. 
Because the impacted droplets completely solidified after 5–15 s, satu
ration of the gray values occurred much earlier than the complete so
lidification of impacted droplets. In other words, the droplet is still in the 
liquid above the thin solid layer at the point of saturation of the gray 
values. For certain impact conditions, (e.g., S-95-20), the flow was still 
intense (Fig. 3) when the gray values reached saturation at approxi
mately 10 ms. The transient solidification of the impacted droplet 

occurred within 10–103 ms, during which the gray values increased and 
reached saturation. The transient solidification is investigated by 
comparing the measured gray values and calculated solid-layer thick
ness in Section 5. 

3.3. Effects of impact conditions 

3.3.1. Effect of substrate temperature 
The substrate temperatures were set as the droplet temperature for 

the isothermal impact tests and 20 ◦C for the non-isothermal impact 
tests. For isothermal impact, the splat spread on the substrate until the 
surface tension reached equilibrium at the contact point of the droplet, 
substrate, and air. Because the impacted droplet continued to move 
outward and flatten, no clear recoil occurred (Fig. 2). Under non- 
isothermal conditions, the droplet solidified near the interface imme
diately after impact. The flattening of the impacted droplet was greatly 
restricted owing to the rapid increase in the viscosity of the splat near 
the interface. In our previous study, liquid paraffin wax above the so
lidified layer was pulled back to the center by the surface tension force, 
which induced a recoil [16]. 

3.3.2. Effect of the substrate material 
In this study, the substrate materials affected the impact behavior, 

mainly because of differences in their thermal conductivity, which was 
the lowest for polycarbonate and highest for sapphire glass (Table 2). 
Low thermal conductivity leads to slower heat transfer from the droplet 
to the substrate and hence results in a lower cooling rate and slower 
solidification. Without heat transfer and solidification, the substrate 
material has no obvious effect on isothermal impact behavior. Even 
though small differences in the static contact angle were measured for 

Fig. 2. Horizontal view of isothermal impact during the initial 30 ms.  

C. Kang et al.                                                                                                                                                                                                                                    



International Journal of Heat and Mass Transfer 228 (2024) 125672

5

the different substrates (Table 2), this had a limited effect on the 
spreading factor and recoil height (Figs. 5 and 6). The surfaces of three 
types of substrates are sufficiently smooth (Ra is less than 30 nm), thus, 
the effect of the surface roughness on spreading dynamics appears to be 
negligible. 

For non-isothermal impact, the faster heat transfer with the sapphire- 
glass substrate caused faster solidification of the splat and resulted in a 
smaller spreading factor at the steady state (Fig. 5). A more-intense 
recoil with a larger peak height was also observed for the sapphire- 
glass substrate. This is because the smaller spreading factor suppressed 
the loss of kinetic energy of the liquid droplet during its viscous dissi
pation. As a result, the smallest diameter and largest thickness of the 
solidified splats were measured for the sapphire-glass substrate (Fig. 7). 

Transient solidification at the bottom surface of the splat is another 
important phenomenon that can be affected by the substrate material. 
As stated in Section 3.2, when the 123 ◦C droplet impacted the 

polycarbonate substrate, the solidification started at 500 ms at the pe
riphery and progressed to the center of the splat. For the quartz-glass 
and sapphire-glass substrates, solidification occurred much earlier and 
more quickly owing to rapid cooling at the interface. The lower thermal 
conductivity of the polycarbonate resulted in a much longer time to cool 
and solidify the impacted droplets. 

3.3.3. Effect of droplet temperature 
The impact behavior depends on the initial droplet temperature 

mainly because of the temperature dependence of the droplet viscosity 
and the difference between the initial temperature and the melting 
point. Higher droplet temperatures led to larger spreading factors 
mainly because of the lower viscosity for all impact tests (Fig. 5). For 
non-isothermal impact, lower peak recoil heights were measured for the 
higher droplet temperature because of the larger spreading factors 
(Fig. 6). As a result, thinner splats with larger diameters were measured 
for higher droplet temperatures as shown in Fig. 7. The droplet tem
perature also affected the solidification immediately after impact. As 
shown in Fig. 8, for a temperature of 123 ◦C, the splat solidified on the 
polycarbonate substrate from the periphery to the splat center and the 
interface was completely solidified at approximately 1500 ms. At 95 ◦C, 
the splat solidified at the interface much more quickly (within 50 ms). In 
addition, the solidification took place simultaneously across the entire 
bottom surface owing to the smaller difference between the initial 
temperature and the melting point. 

Fig. 3. Horizontal view of non-isothermal impact during the initial 30 ms.  

Fig. 4. Definitions of the spreading factor and dimensionless height.  
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4. Numerical simulation 

4.1. Simulation model 

A typical numerical model and mesh distribution are sketched in 
Fig. 10. The droplet was assumed to have a spherical shape before 
impact. The diameters were calculated according to the mass and den
sity as 3.74 and 3.60 mm for droplet temperatures of 95 and 123 ◦C, 
respectively. The impact and solidification of the droplet induced by 
transient heat transfer with the substrate and environment were calcu
lated for all impact conditions. The environmental temperature, pres
sure, and heat-transfer coefficient were set as 20 ◦C, 1 atm, and 10 W/ 
(m2⋅K), respectively. The temperature-dependent surface tension and 
static contact angle (see Table 2) were measured and incorporated to 
account for the surface wettability during impact. The dynamic contact 
angle was not used in our work because the droplet spreading dynamics 
were dominated by the high wettability and rapid solidification in the 
current impact tests. Considering the well-interfacial contact resulting 
from the smooth substrate surfaces and low impact temperature, the 
interfacial thermal contact resistance was neglected in the simulation. 
However, it should be noted that the absence of dynamic contact angle 
and contact thermal resistance could lead to minor simulation errors. 
Particularly in the case of widely studied water droplet impact, signifi
cant simulation errors might arise if the dynamic contact angle is not 
considered. 

Commercial software FLOW-3D (Flow Science, Inc.) was used to 
model the impact and solidification of the paraffin droplet using an axis- 
symmetric model. Finite-difference approximations were used to solve 
the Navier–Strokes equations. The finite-volume method was used to 
ensure the conservation of fluxes on each grid and the whole domain. 
Conservations of mass, momentum, and energy can be described using 

the following equations: 

∇⋅u = 0, (1)  

ρ ∂u
∂t

+ ρ∇⋅(uu) = − ∇P + f + ρg + ρF + S, (2)  

ρ ∂I
∂t

+ ρ∇⋅(uI) = − P∇⋅u +∇⋅(k∇T) + h(Twall − T), (3)  

where t is the time, ρ is the density, u is the velocity vector, P is the 
pressure, f is a viscosity term, g is the gravitational body acceleration, F 
is a source term owing to solidification, which can be described by Eq. 
(7) (Section 4.2), S is a surface-tension term, k is the thermal conduc
tivity, h is the heat transfer coefficient, T and Twall are the temperatures 
of the liquid and wall, respectively, and I is the internal energy, which 
can be described by 

I = cT + (1 − fs)L, (4)  

where c and L are the specific heat and latent heat, respectively, and fs is 
the solid fraction, which is a function of local temperature. The volume- 
of-fluid method [36] was used to track the free surface, where a frac
tional parameter, F, was used to identify the status of each calculation 
element. F has a value ranging from 0 to 1, representing the fluid frac
tion of each element. To track the interface between the liquid and the 
ambient air, the continuity equation was solved: 

∂F
∂t

+ u⋅∇F = 0. (5) 

More-detailed descriptions of the simulation model can be found in 
our previous work [16]. 

Fig. 5. Experimental results of the time evolutions of the spreading factor.  
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4.2. Numerical considerations of the splat solidification 

Paraffin wax is a non-crystalline material that melts over a range of 
temperatures. The solidification of the droplet was determined by the 
local temperature. A solid fraction, fs, was assigned to each element 
according to its temperature, following the relationship shown in Fig. 11 
(b), which was calculated using Eq. 6 based on differential scanning 
calorimetry measurements during phase transition (Fig. 11(a)): 

fs(T) =
∫ Tl

T (c(T) − cbase)dT
∫ Tl

Ts
(c(T) − cbase)dT

, (6)  

where, Ts and Tl are the solidus and liquidus temperatures, respectively, 
c is the specific heat, and cbase is the baseline for calculating the latent 
heat during phase transition. The effect of solidification on the fluid flow 
is considered in the momentum equation via the momentum source term 
F, 

F = − TSDRG
fs

2

(1 − fs)
3 u. (7) 

TSDRG is a constant that depends on the mushy-zone microstructure 
[16]. The values of TSDRG were calculated as 1.32 × 109 and 8.7 × 108 

s− 1 for droplet temperatures of 95 and 123 ◦C, respectively. 

4.3. Mesh sensitivity analysis 

The accuracy of the simulation generally increases with a reduction 
of the mesh size. However, precise modeling of the current impact and 
spreading behavior requires a large amount of computing resources, 
particularly for non-isothermal impact. Therefore, mesh sensitivity 

Fig. 6. Experimental results of the time evolution of the dimensionless height.  

Fig. 7. Final geometries of the solidified splats under non-isothermal impact for 
droplet temperatures of (a) 95 ◦C and (b) 123 ◦C. 
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analysis was performed to find the most-efficient mesh distributions. 
Considering the great importance of the mesh resolution at the interface, 
a fine mesh was applied to the interface to study the effect on the 
calculated spreading factor. Table 5 shows eight mesh distributions of 
the liquid domain tested in the sensitivity analysis. The mesh size for the 
substrate domain was fixed at 50 μm. The calculated spreading factors 
for the various mesh distributions of the liquid domain can be found in 
our previous study [16], where the simulation results became stable for 

interface mesh sizes of 2 and 5 μm for non-isothermal and isothermal 
impact, respectively. The mesh distributions of the liquid domain were 
therefore set as No. 4 and No. 6, as described in Table 5, for isothermal 
and non-isothermal impact, respectively. 

The mesh size for the substrate affects the simulation results for non- 
isothermal impact by influencing the heat transfer at the interface and 
within the substrate, especially the rapid heat transfer immediately after 
impact. Quadrilateral substrate elements with sizes of 5, 10, 25, and 50 

Fig. 8. Photographs at the bottom surface of impacted splats. The splat changed from black to white during solidification.  

Fig. 9. Time evolutions of the gray values at the center of the bottom surface of the splat under non-isothermal impact for droplet temperatures of (a) 123 ◦C and (b) 
95 ◦C. 
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μm were examined to investigate the effects on the calculated spreading 
factor. The mesh distribution for the liquid domain was fixed as No. 6 
(Table 5), as determined by the former analysis. The calculated 
spreading factors for each type of substrate are shown in Fig. 12 for a 
droplet temperature of 95 ◦C. No clear difference could be seen for the 
sapphire-glass substrate with different substrate mesh sizes. The 
spreading factors decreased and approached the experimental values 
when the mesh sizes of the quartz-glass and polycarbonate substrates 
were reduced. This might be caused by their low thermal conductivities, 
which led to a large temperature gap at the interface, and a large 

temperature gradient within the substrate. Therefore, a finer mesh dis
tribution is required to accurately calculate the heat transfer and 
spreading factor at the interface for substrates of polycarbonate and 
quartz glass. In Fig. 12, the spreading factors become stable at a sub
strate mesh size of 10 μm; this value was used in all non-isothermal 
simulations. 

Fig. 10. (a) Axis-symmetrical numerical model and (b) a typical mesh distribution.  

Fig. 11. (a) DSC measurement of the paraffin wax and (b) temperature-dependent local solid fraction.  
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5. Simulation results and discussion 

5.1. Dynamic spreading and final geometry 

Fig. 13 shows comparisons of the experimental and simulated time 
evolutions of splat geometries on sapphire glass under (a) isothermal 
and (b) non-isothermal conditions for a droplet temperature of 95 ◦C. 
Good agreement was achieved for key impact behaviors, including 
flattening and recoil. Fig. 14 shows the spreading factors in the initial 25 
ms, in which the data points represent the experimental measurements 
and the curves represent the simulation results. High accuracy was 
achieved for simulations for both isothermal (Fig. 14(a, b)) and non- 
isothermal impact (Fig. 14(c, d)). The undesirably generated 

Table 5 
Mesh distributions of the liquid domain to be examined (unit: μm).  

No. Mesh size along 
r-axis 

Mesh size along z-axis 
(bottom surface) 

Mesh size along z-axis 
(top surface) 

1 80 80 80 
2 40 40 40 
3 25 10 40 
4 25 5 40 
5 25 3 40 
6 25 2 40 
7 25 1 40  

Fig. 12. Effect of the mesh size of the substrate on the spreading factors for (a) polycarbonate, (b) quartz-glass, and (c) sapphire-glass substrate materials. The droplet 
temperature is 95 ◦C. 

Fig. 13. Comparison of the experimental and simulated time evolutions of splat geometries under (a) isothermal impact and (b) non-isothermal impact on a 
sapphire-glass substrate and for a droplet temperature of 95 ◦C. 
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secondary droplet was not intentionally reproduced in the simulation 
because it is not the focus of this study. The second droplet impacted the 
primary splat at around 30 ms, whereas our simulations mainly focused 
on droplet spreading during the initial 25 ms. A volume of the secondary 
droplet is less than 1 % of the primary droplet, thus it is believed to have 
very limited influence on the transient solidification at the interface. 

After impact, the splats gradually solidified along with the heat 
transfer with the substrate and ambient environment. The experimental 
and numerical final geometries of the solidified splats after non- 
isothermal impacts are compared in Fig. 15 for droplet temperatures 
of (a) 95 ◦C and (b) 123 ◦C. Good agreement was observed between the 
simulation results and experimental measurements. 

5.2. Solidification of the impacted droplets 

For non-isothermal impact, the heat transfer and solidification 
occurred immediately after the impact at the bottom surface of the splats 
and significantly affected the spreading dynamics. Accurate simulation 
of this transient phenomenon is critical for predicting the non- 
isothermal impact of droplets. Fig. 16 shows the time evolution of the 
calculated thickness of the solidified layer at the splat center. Here, the 
solidified layer thickness (red line) is compared with the measured gray 
values (black open symbols in Fig. 16, which was also shown in Fig. 9) 
for the three substrates for a droplet temperature of 95 ◦C. Because the 
impacted droplet was black in liquid and gradually became white during 
solidification, the gray values serve as a parameter to quantify the de
gree of solidification. We speculate that a solid layer with certain 
thickness formed near the interface when the gray values became 
saturated. In Fig. 16, the gray value at t = 100 ms is termed Gsat, which 
refers to the gray value at saturation. tsat represents the time when the 

gray values first reach Gsat. δsat is the calculated thickness of the solid 
layer at t = tsat. The values of these three parameters are summarized in 
Table 6 for each substrate. Gsat is approximately 215 for all three sub
strates. For the polycarbonate substrate, the gray values became satu
rated at 71 ms. For the quartz-glass and sapphire-glass substrates, which 
had higher thermal conductivity, this process was much faster and the 
gray values reached saturation at 13 ms. The computed values of δsat 
were 23.5, 23.5, and 35.3 µm for impacts on polycarbonate, quartz- 
glass, and sapphire-glass substrates, respectively. Even though the pol
ycarbonate substrate requires a much longer time for the gray values to 
reach saturation, similar solid-layer thickness were calculated for the 
three substrates. This suggests that the point of saturation of gray values 
might correspond to a specific solid-layer thickness for a given droplet 
material. Comparison of the measured gray values and calculated solid- 
layer thickness suggested that the simulation provides an accurate pre
diction of the transient solidification at the bottom surface of the splat 
immediately after impact. 

We used the photographs of the impacted droplets during solidifi
cation to directly compare the simulation results with the experimental 
results in terms of the transient solidification at the interface. 
Figs. 17–19 present a comparison of the photographs and numerical 
results of the solidification at the bottom surface of the splat for impact 
on the three substrates. The photographs on the left present the gray 
values of the splat observed from the bottom. The images on the right 
side are computer-generated; the background of these images is black, 
which is the same as the photographs. The gray values of the splat were 
determined according to the calculated thickness of the solid layers. The 
splat was black before solidification and the gray values gradually 
increased to Gsat (i.e., 215 when the calculated thickness of the solid 
layer increased to typical sizes of 23.5 or 35.3 µm, depending on the 

Fig. 14. Spreading factors of isothermal impact for droplet temperatures of (a) 95 ◦C and (b) 123 ◦C, and of non-isothermal impact at (c) 95 ◦C and (d) 123 ◦C.  
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Fig. 15. Comparison of the numerical and experimental final geometries of the splats after solidification for droplet temperatures of (a) 95 ◦C and (b) 123 ◦C.  

Fig. 16. Time evolution of the calculated thickness of the solid layer at the splat center and the measured gray values for non-isothermal impact on three types of 
substrates for a droplet temperature of 95 ◦C. 
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substrate material). The gray values were assumed to linearly increase 
with the thickness of the solid layer. The simulation generally repro
duced the solidification at the bottom surface of the splat for all con
ditions except for the bright ring at the splat periphery in certain 
photographs. This was caused by the refraction of the liquid piled up 
there (Fig. 3). The simulation results suggest that the gray values of the 
impacted droplets could be used as a parameter to evaluate the degree of 
initial transient solidification of impacted droplets. In addition, the good 
agreement between the numerical and experimental results suggests 
that the simulations provide accurate predictions of not only the initi
ation and progress of the solidification of an impacted droplet but also 
the subsequent dynamic behavior under various impact conditions. 

5.3. Effect of transient solidification on the spreading of impacted droplets 

To investigate the effect of transient solidification on the spreading 
of impacted droplets, the simulation results of the dimensionless contact 
radius, dc/d0, at the splat/substrate interface is plotted in Fig. 20(a) for 
impact of a 95 ◦C droplet on a polycarbonate substrate. The time evo
lutions of dc/d0 were compared for isothermal and non-isothermal 
impact. The volume ratio of the solid layer to the whole splat was 
termed Vs and its time evolution is plotted in Fig. 20(a) as the right axis. 
It can be seen that the contact line moved rapidly immediately after the 
impact and stopped expanding after several milliseconds. For non- 
isothermal impact, dc/d0 reached equilibrium much earlier than for 
isothermal impact because of transient heat transfer and solidification. 
The difference in dc/d0 between isothermal and non-isothermal impact 
increased with time owing to the progress of interface solidification. To 
quantitatively investigate the effect of solidification on the spreading of 
impacted droplets, the time at which the difference in dc/d0 between 
isothermal and non-isothermal impact reaches 3 % was termed t0.03, 
which is shown in the enlarged graph (Fig. 20(b)). 3 % does not have a 
specific significance. This value was selected to quantify the effect of the 
transient solidification on droplet spreading, because we think that a 

Table 6 
Typical parameters for identifying gray values and solid-layer thickness in 
Fig. 16.  

Testing No. Gsat tsat (ms) δsat (μm) 

P-95-20 215.3 71 23.5 
Q-95-20 215.3 13 23.5 
S-95-20 215.5 13 35.3  

Fig. 17. Comparison of the experimental and numerical results of transient solidification at the bottom surface of the splat immediately after impact. The substrate 
material is polycarbonate. The droplet temperatures are (a) 123 ◦C and (b) 95 ◦C. The left panel displays photographs and the right panel displays computer- 
generated images, in which the gray values indicate the thickness of the solid layers. 
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difference of 3 % is sufficiently notable in terms of dc/d0. t0.03 indicates 
the time when the spreading of the impacted droplet is first noticeably 
affected by transient solidification. Before this time, the inertial force 
dominates the fluid flow owing to the large kinetic energy and low level 
of solidification. The volume ratio of the solid layer at t0.03 was termed 
V0.03

s . t0.03 and V0.03
s were calculated for each substrate and summarized 

in Table 7. It can be seen that a smaller t0.03 is obtained for substrates 
with higher thermal conductivity. This suggests that transient solidifi
cation has a more pronounced effect on the spreading of the impacted 
droplets when the substrate has a higher thermal conductivity. In 
contrast with the large disparity in t0.03, the values of Vs were much 
closer for the different substrates, ranging from 1.3 % to 1.8 %. This 
suggests that transient solidification starts to affect the spreading of 
impacted droplets at a low volumetric solid ratio. Furthermore, we 
speculate that transient solidification may have a comparable influence 
on the spreading of impacted droplets regardless of the impact condi
tions, as long as the degree of splat solidification is constant. 

All the simulation results demonstrated that, although there are no 
direct correlations between the measured gray scales of impacted 
droplets and solid-layer thickness, the simulation yielded reasonable 
predictions for the spreading and transient solidification of the impacted 

molten droplets. Furthermore, the proposed experimental and numeri
cal methods provide valuable guidance for studying droplet-impact 
problems, especially those involving transient solidification. 

6. Conclusions 

The spreading dynamics and transient solidification of paraffin 
droplets impacting solid surfaces were observed and numerically 
modeled. The effects of the substrate material, droplet temperature, and 
substrate temperature were thoroughly discussed. The impact behavior, 
including flattening and recoil, was observed from a horizontal view. 
The transient solidification at the bottom surface of the impacted droplet 
was observed through a mirror equipped below the transparent sub
strates. Numerical simulations were performed to model the whole 
impact behavior, including the impact, heat transfer, and solidification. 
The numerical results of the impact behavior were compared with the 
experimental results using several parameters, such as the spreading 
factor, dimensionless recoil height, geometry of the solidified splat, and 
thickness of the solid layer. The main results were drawn as follows. 

Fig. 18. Comparison of the experimental and numerical results of transient solidification at the bottom surface of the splat immediately after impact. The substrate 
material is quartz glass. The droplet temperatures are (a) 123 ◦C and (b) 95 ◦C. 
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1. The substrate material has little effect on isothermal impact. In 
contrast, the thermal conductivity of the substrate material in
fluences non-isothermal impact. A larger spreading factor and less- 
intense recoil were observed for droplet impact on the low- 
thermal-conductivity polycarbonate substrate. In addition, splat so
lidification initiated and progressed more slowly at the bottom sur
face for the polycarbonate substrate.  

2. Two patterns of splat solidification were observed for non-isothermal 
impact. When the 123◦C droplet impacted the polycarbonate sub
strate, the solidification initiated at the periphery and slowly pro
gressed to the splat center. When the droplet temperature decreased 
to 95◦C or the substrate materials changed to high-thermal- 
conductivity quartz glass and sapphire glass, the splat solidified 
rapidly and simultaneously across the entire bottom surface of the 
splat. The different patterns of splat solidification were caused by 
substrate thermal conductivities and temperature differences be
tween the initial droplet temperature and its melting point.  

3. The simulation results agree well with the experimental observations 
of the whole impact and spreading phenomena, as well as the tran
sient solidification at the bottom surface of the splat. The observed 
gray values of the splat reached saturation at times ranging from 10 
to 103 ms, depending on the impact conditions. The calculated solid- 
layer thickness at the time of saturation of the gray values was 
approximately constant, with a value of around 30 μm, regardless of 
the impact conditions. This suggests that the point of saturation of 

gray values might correspond to a specific solid-layer thickness with 
a given droplet material.  

4. The effect of transient solidification on the spreading of impacted 
droplets was investigated using the parameter V0.03

s . This refers to the 
volume ratio of the solid layer at a specific time (t0.03) when the 
droplet flow is discernibly affected by the transient solidification. It 
was found that transient solidification had a more pronounced effect 
on the spreading of impacted droplets on substrates with higher 
thermal conductivity. Furthermore, transient solidification affected 
the spreading of impacted droplets with a low level of splat solidi
fication when the volumetric ratio of the solid layer was less than 2 
%. 
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