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A B S T R A C T

The droplet impact phenomena onto liquid films are a field extensively researched for over a century, which
are driven by many practical applications such as heat exchangers, internal combustion engines and spray
cooling. Despite the extensive work on wetted surfaces, the influence of temperature on droplet outcome,
local evaporation/boiling effects, and liquid film stability has been overlooked in the literature. Therefore, the
main objective of this work is to evaluate the influence of the liquid film temperature on the crater and jet
dynamics. The experimental setup was designed for this purpose, in which a borosilicate glass surface that
contains the liquid film is placed over an aluminium block with embedded cartridge heaters, heating it by
conduction. Water, n-decane and n-heptane are the fluids adopted for the experiments due to their differences
in thermophysical properties and saturation temperature. Different conditions are considered, which include
two dimensionless thicknesses, ℎ∗ = 1.0 and ℎ∗ = 1.5, and a range of dimensionless temperatures, 𝜃 = 0,
𝜃 = 0.2, 𝜃 = 0.4 and 𝜃 = 0.6. Qualitative and quantitative analyses are performed regarding crater evolution,
and central jet height and breakup measurements, respectively. Evaporation rate measurements are required
due to the influence on the liquid film thickness variation. Qualitative results show that temperature differences
promote the formation of recirculation zones near the impact surface and the crater boundaries, as well as
the influence on the crater shape and curvature. In terms of the quantitative analysis, the central jet height
measurements for the n-heptane and n-decane reveal that higher values of the dimensionless temperature lead
to an increase in the jet height, as well as promoting and increasing the occurrence and number of secondary
droplets, respectively. Water follows a similar trend with the exception of 𝜃 = 0.2, which can be explained by
a time scale analysis.
1. Background

The droplet impact phenomena has been an interesting field for
over a century. The early pioneer work of Worthington [1] led to
a multitude of studies, described by several authors [2–4], which
involve interfacial phenomena, such as surface tension, evaporation
and condensation, surface morphology [5], two-phase flow dynam-
ics [6,7], combustion [8,9], among others. Nowadays, research on
this topic is mainly driven by industrial applications, such as heat
exchangers [10], internal combustion engines [11], spray cooling [12],
ink-jet printing [13], etc.

There are several dimensionless numbers that define the droplet im-
pact phenomena. The Weber number represents the ratio of disruptive
hydrodynamic to the stabilising surface tension forces, 𝑊 𝑒 = 𝜌𝑈2

0𝐷0∕𝜎,
where 𝜌 is the fluid density, 𝑈0 is the droplet impact velocity, 𝐷0 is the
droplet diameter, and 𝜎 is the surface tension. The Reynolds number
relates the inertial to the viscous forces, 𝑅𝑒 = 𝜌𝑈0𝐷0∕𝜇, where 𝜇 is the
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fluid viscosity. The Froude Number, 𝐹𝑟 = 𝑈2
0 ∕𝑔𝐷0, relates the inertial

to the gravitational forces, where 𝑔 is the gravitational acceleration
constant. The Ohnesorge number, 𝑂ℎ = 𝜇∕

√

𝜌𝜎𝐷0, is defined as the
ratio between the viscous forces and the inertial and surface tension
forces. The different combinations of the inertial and thermophysical
properties lead to a variety of outcomes, which includes deposition,
prompt and corona splash, central jet, among others [14].

The study of crater formation has been previously researched, as
described by the review of Prosperetti and Oguz [15]. Work performed
prior to this point focused on the mechanics of rain underwater noise,
which is linked to acoustical phenomena. In terms of crater dynamics,
these can be entirely described by the Weber and Froude number, as the
influence of viscosity is considered negligible [16]. The crater shape is
dependent on the liquid film thickness, ranging from hemispherical for
deep pools to oblate for liquid films. This occurs due to the constraint
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Nomenclature

ℎ̇ Liquid film thickness evaporation rate
[

mm∕s
]

𝐷0 Droplet impact diameter [mm]
𝐷𝑐 Borosilicate glass cylinder inner diameter

[cm]
𝑒𝑐 Borosilicate glass cylinder thickness [cm]
𝐹𝑟 Froude Number [−]
𝑔 Gravitational acceleration constant

[

m∕s2
]

ℎ Liquid film thickness [mm]
ℎ∗ Dimensionless liquid film thickness [−]
𝐻∗

𝑗𝑒𝑡 Dimensionless central jet height [−]
𝐻𝑗𝑒𝑡 Central jet height [mm]
𝑁 Total number of observations [−]
𝑛𝑏 Number of central jet breakups [−]
𝑂ℎ Ohnesorge Number [−]
𝑞 Heat flux

[

W∕m2]

𝑅𝑒 Reynolds Number [−]
𝑇 Temperature [°C]
𝑡 Time [s]
𝑈0 Droplet impact velocity

[

m∕s
]

𝑊 𝑒 Weber Number [−]
𝑥𝑖 Experimental values [−]

Greek Symbols

𝛼 Thermal diffusivity
[

m2∕s
]

𝜇 Dynamic viscosity
[

mPa∕s
]

𝜇𝑠𝑡 Average value [−]
𝜈 Kinematic viscosity

[

m2∕s
]

𝜌 Density
[

kg∕m3]

𝜎 Surface tension
[

mN∕m
]

𝜎𝑠𝑡 Standard deviation [−]
𝜏 Dimensionless time [−]
𝜃 Dimensionless temperature [−]

Subscripts

air Surrounding air
conv Related to convective effects
drop Droplet
f Liquid film
grav Related to gravitational effects
sat Saturation point
therm Related to thermal effects
vis Related to viscous effects

that both the wall and the liquid film impose on the crater devel-
pment. These craters may transition to a conical shape if a capillary
ave forms after impact and propagates along the crater wall [17].
erberović et al. [17] evaluated the crown formation for different liquid
ilm thicknesses, 0.5 < ℎ∗ < 2, impact velocities, and fluids. The cavity
epth measurements display similar tendencies for early impact stages
nd are posteriorly conditioned by the liquid film thickness, whereas
n increase in the Weber number and a decrease in the film thickness
eads to higher crater diameters. Bisighini et al. [16] analysed the crater
haracteristics for deep pool droplet impact for 170 < 𝑊 𝑒 < 2190 and
62 < 𝐹𝑜 < 694. The measurements show that increasing values of
eber and Froude numbers lead to a higher maximum crater depth

nd correspondent time. Most recently, experimental work involving
rater analysis focuses on burning liquid films [18,19], several liquid
ayers [20] or different fluids for droplet and liquid film [21,22], which
nderlying dynamics are fundamentally different.
2

e

Succeeding the maximum crater expansion, there is a retraction
period. This process can lead to the formation of a Rayleigh/central
jet, with or without breakup, or crown splashing, which are depen-
dent on the balance between the inertial, viscous and surface tension
forces [23]. The spatial evolution of the Rayleigh jet involves specific
dynamics, such as pinch-off [24] and secondary atomisation associated
with height development. The pinch-off location shifts from a lower
to an upper position when subjected to higher accelerations [25]. In
terms of jet development and consequent breakup, the maximum jet
height does not follow a linear tendency with the Weber number, which
tends to display more disparate values for higher Weber numbers.
The time at which the central jet reaches the maximum height has
an improved trend in comparison with the central jet measurements.
An increase in the Weber number leads to a later time the central jet
reaches a maximum [26]. Castillo et al. [23] developed regime maps
for Rayleigh jet breakup on deep pools, distinguishing no breakup,
Rayleigh jet breakup and crown splash based on the Weber, Reynolds
and Ohnesorge numbers. Higher impact velocities lead to an increase
in the central jet height. For Weber numbers below the critical value,
no breakup occurs. This value increases for higher Ohnesorge numbers,
as the crown instabilities are dampened due to the increase of viscosity.
The central jet breakup is suppressed for 𝑂ℎ > 0.091, as the outcome
transitions directly from no breakup to crown splashing with the in-
crease of the Weber number. Manzello et al. [27] studied the impact of
water droplets onto liquid films, varying the Weber number and liquid
film thickness, ranging from 𝑊 𝑒 = 5.5 to 𝑊 𝑒 = 206, and from ℎ∗ = 0.6
to ℎ∗ = 8.1, respectively. The authors concluded that the critical Weber
umber is independent of the liquid film thickness. However, no jet
reakup was verified for the lower thicknesses, ℎ∗ = 0.6 and ℎ∗ = 1.3, in
omparison to deep pool regimes, meaning that liquid film thicknesses
onsiderably higher than the droplet diameter promote the occurrence
f jet breakup. The jet height measurements display maximum values
or ℎ∗ = 1.3. However, increasing the liquid film thickness beyond this
alue leads to a reduction in the maximum jet height, which is more
ignificant for 𝑊 𝑒 = 206.

The fluid viscosity also exhibits a role in the jet evolution. Michon
t al. [28] stated that the central jet grows faster with the increase of
iquid viscosity up to 𝜇 = 6 mPa s, which is contrary to the popular
elief that an increase in viscosity leads to the underdevelopment of
he velocity fields. This occurs due to the cavity not being disturbed
y capillary waves, smoothing its collapse and leading to faster and
hinner jets that emerge from the impact region [29]. For higher
iscosities, up to 𝜇 = 15 mPa s, bubble entrapment and high-speed
ets are suppressed and, for 𝐹𝑟 ≥ 300, the jet emerging velocity is
ndependent of the liquid viscosity. Ghabache [29] studied the relation
etween a crater formed by the release of a gas bubble in the liquid,
nd the upcoming jet from the bursting bubble. The results show that
he jet velocity is inversely proportional to the radius of the bubble.
or 𝜇 < 6 mPa s, for the studied range of bubble radius, the jet velocity
ncreases for higher values of viscosity.

In modern applications, such as internal combustion engines, pro-
oting secondary atomisation originated from droplet impact onto

iquid films is crucial to improve the fuel/air mixture preparation and,
onsequently, the combustion efficiency. Different parameters of the
roplet, the liquid film and the surrounding gas are factors that deter-
ine the outcome of the impact and, due to this, understanding jetting,

mong other sources of atomisation, is essential. Despite the extensive
ork on liquid films, the influence of temperature on droplet outcome,

ocal evaporation/boiling effects, and liquid film stability has been
verlooked in the literature [4]. Most recently, several authors have
een researching heated liquid films regarding fire suppression [22,30,
1], characterised by water–oil interactions and immiscible properties
f the droplet and the liquid film. Even though one could correlate to
ifferent applications, there are inherent phenomena that arise due to
he interaction of different fluids, such as vapour plume bursting and

xplosion.
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Table 1
Thermophysical properties of water, n-decane and n-heptane at room temperature
(𝑇 = 20 °C).

Fluid 𝜌
[

kg∕m3] 𝜇 [mPa s] 𝜎
[

mN∕m
]

𝑇𝑠𝑎𝑡 [°C]

Water 998.2 1.002 72.73 99.8
N-heptane 685.8 0.412 20.29 98.4
N-decane 732.1 0.929 23.89 174.1

Therefore, the main objective of the current work is to evaluate
he influence of the liquid film temperature on the crater and jet
ynamics, and to visualise the occurrence of temperature-related phe-
omena. Qualitative and quantitative analyses are performed regarding
rater evolution, and central jet height and breakup measurements,
espectively.

. Experimental setup

The experimental setup is illustrated in Fig. 1. It consists of five
ain components, including the pumping system, the image acquisi-

ion, the heating controller device, the illumination source and the
mpact surface. A droplet is formed at the tip of a hypodermic needle
hrough a NE-1000 syringe pump that pushes the fluid through a tube
hat is connected to the needle. The droplet is allowed to free-fall
nder the influence of gravity. The droplet impacts onto a stationary
iquid film confined by a two-part borosilicate glass container. This
ontainer comprises of a borosilicate glass hollow cylinder with an
nternal diameter of 𝐷𝑐 = 12 cm and a thickness of 𝑒𝑐 = 0.5 cm, coupled
o a borosilicate glass plate of 15 cm × 15 cm × 0.2 cm. The distance
etween the droplet impact region and the boundaries of the container
s ≈ 20 times higher than the largest droplet diameter, meaning that the
iquid film thickness is considered uniform throughout the surface, and
he boundaries of the container do not influence the droplet impact
henomenon [23,32,33]. To guarantee that there is no fluid leaking
hrough the contact area of both parts, these are glued by an acetoxy
ilicone, LOCTITE® SI 5366, which is a bonding agent specifically
esigned for sealing up to operating temperatures of 𝑇 = 250 °C. In
rder to heat the liquid film, the borosilicate glass container is placed
n an aluminium block of dimensions 15 cm × 15 cm × 3 cm with four
mbedded cartridge heaters of 250 W each. Each heater has a length of
2.5 cm and is fixated laterally into the aluminium block, heating it by
onduction and, consequently, the liquid film. The surface temperature
s controlled by a heating device connected to an embedded K-type
hermocouple 0.75 cm below the aluminium surface. A graphite plate
f 15 cm×15 cm×0.4 cm is positioned amidst the aluminium block and
he glass surface to block reflections from the aluminium. In terms of
mage acquisition, a high-speed camera was employed for the droplet
mpact phenomena visualisation. A Photron FASTCAM mini UX50 with
Macro Lens Tokina AT-X M100 AF PRO D was used at a frame rate

f 4000 fps for a resolution of 1250 × 512 pixels. The shutter was
aried between 20000–40000 fps for the experiments, requiring higher
hutter values for higher temperatures and liquid film thicknesses.
he illumination source was provided by a LED lamp and positioned
pposite to the high-speed camera, combined with a diffusion glass in
etween for uniform lighting. A precision scale is adopted to verify the
iquid film thickness by weight and the evaporation rate measurements,
hich will be detailed in the following section. The precision scale

s positioned on the side and not under the aluminium block, as the
epresentation in Fig. 1 is solely for visualisation purposes.

The fluids adopted for the experiments are water, n-decane and n-
eptane. These were selected due to the differences in thermophysical
roperties and saturation temperature, which are displayed in Table 1.
n addition, water is a reference fluid extensively researched [34],
nd the n-decane and n-heptane are surrogate fuels for kerosene/jet-
uel [35,36] and diesel [37,38], respectively.
3

Fig. 2 displays the schematic of the physical setup. A single droplet,
f diameter 𝐷0 and impact velocity 𝑈0, free falls vertically until im-
acting a liquid film of thickness ℎ. The droplet is considered at room
emperature, 𝑇𝑑𝑟𝑜𝑝 = 𝑇𝑎𝑖𝑟, and the liquid film is heated by a heat flux,
, generated in the aluminium block by the cartridge heaters until
eaching a specific temperature, 𝑇𝑓 . The dimensionless temperature,
=

(

𝑇𝑓 − 𝑇𝑎𝑖𝑟
)

∕
(

𝑇𝑠𝑎𝑡 − 𝑇𝑎𝑖𝑟
)

, correlates the saturation temperature of
the fluid, 𝑇𝑠𝑎𝑡, the temperature of the liquid film and the temperature
of the surrounding air. Therefore, the dimensionless temperature varies
between 𝜃 = 0 and 𝜃 = 1, where 𝜃 = 0 corresponds to the liquid film
and the droplet at room temperature, 𝑇𝑓 = 𝑇𝑑𝑟𝑜𝑝 = 𝑇𝑎𝑖𝑟, and 𝜃 = 1 to
the liquid film at saturation temperature, 𝑇𝑓 = 𝑇𝑠𝑎𝑡.

Fig. 3 displays a flowchart for the droplet impact onto heated
liquid films (for 𝜃 > 0). With the aid of a high-speed digital camera,
the droplet impact is recorded, and the droplet physical parameters,
namely its diameter and impact velocity, are analysed through MAT-
LAB. The algorithm processes the images obtained through binarisation
and detection of contiguous regions. Initially, background subtraction
is performed to differentiate the droplet from its surroundings. The
processed image is then binarised through the Otsu’s method [39], and
the properties of the droplet are measured, consisting on its horizon-
tal and vertical diameters, and centroid, for a substantial number of
frames. The droplet diameter is calculated by averaging the horizontal
and vertical diameters during free fall. In contrast, the impact velocity
is defined by the difference of centroids of the last frame before impact
and successive prior frames. The dimensionless numbers, such as the
Reynolds and Weber numbers, are calculated based on this analysis.
Due to the dependency of the droplet diameter on the dimensionless
film thickness, the evaporation rate and liquid film temperature mea-
surements are performed subsequent to the droplet analysis, which will
be presented more thoroughly in the following section. Once these
are fully characterised, the liquid film is then heated for an extended
period of time until reaching a stabilisation temperature. However, due
to evaporation, the liquid film thickness initially established changes
over time. Therefore, the liquid film must be re-evaluated by being
weighted with a precision scale. If the liquid film weight is over an
acceptable range (meaning there is an excess in fluid), then fluid
should be removed, either manually by means of a syringe or through
evaporation over a period of time, as mentioned in Fig. 3, until reaching
a certain liquid film weight and, correspondingly, thickness. If, due
to excess evaporation, the liquid film thickness has decreased, then
fluid should be added to the liquid film, followed by a period of
temperature stabilisation. This iterative process is concluded once the
weight of the liquid film is within a confidence interval of 95%. Once
all of these conditions are met, the droplet is released from the tip of
the needle, impacting the heated liquid film. Different authors range
their experiments from 3 to 5 impacting droplets for isothermal condi-
tions [23,27,40,41]. Due to the influence of temperature on the liquid
film and impact phenomena, and following previous works [7,42], a
minimum of 10 impacting droplets is considered for each experimental
condition to ensure repeatability and consistency of the results. Pixel
size was varied between 29.8 μm and 38.7 μm. Posteriorly, the post-
processing of the results is performed, such as visualisation, analysis of
the central jet, and the overall influence of temperature. The average,
𝜇𝑠𝑡, and standard deviation, 𝜎𝑠𝑡, measurements are calculated by the
following equations, 𝜇𝑠𝑡 =

∑𝑁
𝑖=1 𝑥𝑖∕𝑁 and 𝜎𝑠𝑡 =

√

∑𝑁
𝑖=1

(

𝑥𝑖 − 𝜇𝑠𝑡
)

∕𝑁 ,
respectively, where 𝑥𝑖 are experimental values and 𝑁 is the total
number of observations. The experimental measurements, including the
droplet parameters, liquid film temperature and evaporation rate, and
central jet height, were calculated based on these statistical functions.
The jet height measurements were performed through a MATLAB al-
gorithm. Similarly to the droplet analysis, a background subtraction
and binarisation were required to highlight the impact region and the
central jet. Image cropping was performed on the liquid film interface
in order to isolate the central jet and to minimise possible measurement
errors. Subsequently, a filtering function was applied to remove any
additional noise, followed by the height measurements on the region
of interest.
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Fig. 1. Schematic of the experimental setup.
Fig. 2. Schematic of a droplet impinging onto a liquid film affected by a heat flux.
3. Results and discussion

Prior to studying the droplet impact phenomena, we must verify the
conditions regarding the surrounding air and the droplet/liquid film.
Air temperature and humidity were kept at 20 ± 2 °C and 50 ± 3%,
respectively. As a temperature is selected by the heating device, the
cartridge heaters act as a heat source, consequently heating the liquid
film. However, due to heat dissipation between the liquid film and the
surrounding environment, its temperature is expected to be lower than
the previously selected temperature. Therefore, the temperature mea-
surements of the liquid film are crucial not only to define the impact
phenomena, but also for the corresponding evaporation measurements
that will follow. Due to this, six K-type immersion thermocouples were
coupled to a height gauge with micrometre precision for the liquid
film temperature measurements. Fig. 4(a) exhibits the thermocouples
4

placement in the liquid film. The thermocouple probe positioned in
the impact region is displayed by the blue cross, represented by 𝑃1.
The red crosses, which refer to the remaining thermocouples, are
oriented both straight (𝑃4, 𝑃5 and 𝑃6) and radially (𝑃2, 𝑃3 and 𝑃4). This
orientation allows for temperature measurements at different positions
in the liquid film in order to verify its thermal homogeneity. Fig. 4(b)
displays how to immerse the thermocouples in the liquid film. The
measurements were performed at a vertical distance of 0.1 ± 0.05 mm
from the borosilicate glass surface.

Fig. 5 exhibits the n-heptane liquid film temperature measurements
for a selected input temperature on the heating device of 𝑇 = 70 °C.
The measurements were performed for approximately 30 min after
reaching a stability state. For this particular case, the liquid film reaches
a temperature of 𝑇𝑓 = 66.5 °C, which is slightly lower than the one
established on the heating device. The temperature measurements were
performed for several ranges and fluids, and show a similar tendency to
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Fig. 3. Flowchart of the experimental procedure.

Fig. 5, which includes an initial heating phase until reaching a stability
temperature.

As previously stated, subsequent to the analysis of temperature
fields, due to evaporation, the liquid film thickness variation must
be quantified to guarantee a constant film thickness throughout the
experimental study. Fig. 6 displays the liquid film evaporation rate
of water, n-heptane and n-decane as a function of the liquid film
temperature. The results are presented in mm∕min due to the existence
of a liquid surface whose thickness varies over time. To measure the
evaporation rate, a precision scale with a 0.01 g measurement precision
was employed to weigh the liquid film over extended periods of time.
The liquid film evaporation rate is represented by ℎ̇ due to the nature
of the phenomena. The water and n-heptane display higher evaporation
rates due to a lower saturation temperature in comparison with n-
decane. To guarantee a constant liquid film thickness, a second syringe
pump with a pumping rate equal to the evaporation rate is used to
add fluid onto the outer region of the borosilicate glass surface. The
maximum relative error associated with the temperature measurements
is 3.12% for water, 0.45% for n-heptane and 0.43% for n-decane.
The maximum relative error for the evaporation rate measurements is
1.34% for water, 0.59% for n-heptane and 1.2% for n-decane.

Upon verifying the conditions regarding the droplet and the liquid
film, the study of the droplet impact is initiated. In order to evaluate the
influence of the liquid film temperature on the droplet impact outcome,
this work focuses on both qualitative and quantitative results. Qualita-
tive analysis is performed on crater evolution, whereas the quantitative
data regards to the central jet height and breakup measurements for
different liquid film temperatures and thicknesses. The dimensionless
temperature, 𝜃 =

(

𝑇𝑓 − 𝑇𝑎𝑖𝑟
)

∕
(

𝑇𝑠𝑎𝑡 − 𝑇𝑎𝑖𝑟
)

, correlates the saturation
temperature of the fluid, 𝑇𝑠𝑎𝑡, the temperature of the liquid film,
𝑇𝑓 , and the temperature of the surrounding air, 𝑇𝑎𝑖𝑟. This parameter
is adopted for the current work, which quantifies the influence of
temperature on the impact phenomena. Table 2 displays the droplet
impact parameters, such as the diameter and impact velocity, which
are required to calculate the dimensionless numbers. In order to have
similar Weber numbers, due to the water higher surface tension in
comparison to the n-decane and n-heptane, the water droplet requires
a higher impact velocity. Different conditions are considered, which

∗ ∗
5

include two dimensionless thicknesses, ℎ = 1.0 and ℎ = 1.5, and a
Table 2
Impact parameters and dimensionless numbers of the study cases for different fluids.

Fluid D0 [mm] U0
[

m∕s
]

We Re Fr

Water 2.67 ± 0.04 2.71 ± 0.01 269 7208 280
N-heptane 2.56 ± 0.06 1.75 ± 0.01 265 7450 122
N-decane 2.72 ± 0.07 1.80 ± 0.01 270 3856 121

range of dimensionless temperatures, 𝜃 = 0, 𝜃 = 0.2, 𝜃 = 0.4 and 𝜃 = 0.6.

Figs. 7a and 7b show the influence of 𝜃 on the crater overall devel-
opment for both water and n-decane at different impact conditions. It
is possible to visualise the existence of temperature-related dynamics
near the crater and the impact surface. These are denominated as
recirculation zones, and are promoted by increasing values of 𝜃. At 𝜃 =
0, meaning that the droplet and the liquid film are at ambient tempera-
ture, water and n-decane do not display recirculation zones. However,
for 𝜃 > 0, due to the temperature differences, these regions near the
crater boundaries begin to emerge, which are properly captured with
the high-speed digital camera. In terms of crater shape, for water,
temperature also affects its growth, altering its local curvature near the
impact surface. For the n-decane, there is a slight shift in crater shape,
transitioning from an oblate (𝜃 = 0 and 𝜃 = 0.2) to a conical shape (𝜃 =
0.4 and 𝜃 = 0.6). These may occur due to the maximum crater diameter
being influenced by the liquid temperature, leading to differences in
its formation. The crater should be analysed quantitatively in future
studies in order to correlate with the jet formation regarding maximum
diameter and depth as a function of the liquid film temperature.

Succeeding the qualitative analysis regarding crater formation and
retraction, the central jet parameters, such as its height and breakup,
are quantified. Fig. 8 represents the growth of the central jet and
possible breakup, inducing secondary atomisation. The height of the jet,
𝐻𝑗𝑒𝑡, is defined as the vertical distance from the gas–liquid interface to
the top of the jet. If there is a detachment of a secondary droplet from
the main central jet, breakup occurs, leading to a sudden decrease of
its height and to the formation of secondary atomisation.

Fig. 9 displays the measurements of the ratio of the central jet height
to the droplet diameter, 𝐻∗

𝑗𝑒𝑡 = 𝐻𝑗𝑒𝑡∕𝐷0, as a function of dimensionless
time, 𝜏 = 𝑡𝑈0∕𝐷0, for the n-heptane droplet impact. Fig. 9(a) refers
to the lower liquid film thickness, ℎ∗ = 1.0, and Fig. 9(b) to the
higher thickness, ℎ∗ = 1.5. For the lower thickness, the jet height
measurements display similar tendencies for the lower temperatures,
𝜃 = 0 and 𝜃 = 0.2, and no central jet breakup is visualised. The
curves follow a continuous path, starting from the emerging central
jet, reaching its maximum height, followed by a gradual decrease until
merging with the film. However, for higher temperatures, 𝜃 = 0.4 and
𝜃 = 0.6, there is a clear difference in the jet height, showing higher
measurements for increasing values of 𝜃. The maximum jet height also
occurs at later stages of impact for higher temperatures, and the impact
phenomena occur for longer periods of time. Additionally, it is also
possible to verify that, for 𝜃 = 0.4 and 𝜃 = 0.6, the curves display
irregularities opposite to the smoothness at lower temperatures. These
can be denominated as line discontinuities, which are associated with
secondary atomisation that cause a sudden decrease in the central jet
height. For the higher liquid film thickness, the increase of 𝜃 promotes
higher central jets. Contrary to the lower liquid film thickness, in which
𝜃 = 0 and 𝜃 = 0.2 exhibited similar results, for this case, ranging from
𝜃 = 0 to 𝜃 = 0.6, there is a progressive increase of the jet height
measurements. Similarly to Fig. 9(a), the duration of the phenomena
is also affected by the liquid film temperature. In terms of breakup,
there are considerably more discontinuities compared to the lower
thickness, meaning that there is more than one jet breakup occurrence
throughout the phenomena. Fig. 10 displays the formation and breakup
of the central jet for the higher liquid film thickness and 𝜃 = 0. It is
possible to identify several instances in which the central jet leads to
secondary atomisation. The first breakup occurs during the formation
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Fig. 4. Thermocouple positioning on the liquid film. 𝑃1 refers to the position of the first thermocouple, 𝑃2 to the position of the second thermocouple, and so forth: (a) Thermocouple
displacement in the liquid film; (b) Visual representation of the immersed thermocouple.
Fig. 5. Liquid film temperature measurements of n-heptane for a selected temperature
of 𝑇 = 70 °C on the heating device.

of the central jet, at 𝜏 = 29.4, and the jet maintains its growth after the
detachment of the secondary droplet. The following breakup occurs at
later stages, 𝜏 = 43.4, during the descent of the central jet. These can be
verified by the line discontinuities in Fig. 9(b). In order to quantify how
the dimensionless temperature affects the promotion of the jet breakup,
as well as the number of central jet breakups, 𝑛𝑏, associated with the
jet growth, Fig. 11 shows the percentages regarding the number of
breakups of the central jet as a function of 𝜃. As previously mentioned,
a minimum of 10 droplets are considered for each impact condition to
ensure repeatability and consistency of the experimental data. For the
lower thickness, Fig. 11(a), 𝜃 = 0 and 𝜃 = 0.2 display 𝑛𝑏 = 0, meaning
that there is no central jet breakup. However, for 𝜃 = 0.4, there are
80% of occurrences where no breakup occurs, and 20% in which the
central jet breaks one time. For the higher temperature, 𝜃 = 0.6, all
the jets were affected by breakup, as there is a 100% occurrence on
the jet producing one secondary droplet. For Fig. 11(b), the central
jet displays breakup tendencies for the entire range of temperatures.
6

Fig. 6. Evaporation rate of n-decane, water and n-heptane for different liquid film
temperatures.

Similar to the previous case, there is a shift in the breakup occurrence
percentage. The jet breaks twice

(

𝑛𝑏 = 2
)

for 𝜃 = 0 and 𝜃 = 0.2, with
a 100% occurrence for both cases. When increasing the temperature
up to 𝜃 = 0.4, the central jet breaks 2 to 3 times with an 80%∕20%
occurrence, respectively. For the highest temperature, 𝜃 = 0.6, all
the jets formed subsequent to droplet impact led to the formation of
3 secondary droplets. The results presented on the n-heptane droplet
impact for the various impact conditions show that higher temperatures
not only promote central jet breakup, as well as increase the number
of secondary droplets produced.

The central jet height measurements and correspondent breakup
for the n-decane droplet impact are presented in Figs. 12 and 13,
respectively. For both liquid film thicknesses, Figs. 12(a) and 12(b),
higher temperatures lead to an increase in jet height, as well as the
duration of the phenomena. This is analogous to the n-heptane, as both
fluids follow a similar tendency. In terms of breakup, it is also possible
to identify line discontinuities on both cases, which is predominant
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Fig. 7. Visualisation of the crater formation subsequent to droplet impact as a function of dimensionless temperature: (a) Water, ℎ∗ = 1.5, 𝜏 = 21.1; (b) N-decane, ℎ∗ = 1.0, 𝜏 = 12.4.
Fig. 8. Representation of the central jet height and posterior breakup.
with central jet breakup. For ℎ∗ = 1.0, this occurrence can be mainly
found for 𝜃 = 0.4 and 𝜃 = 0.6, whereas for the higher thickness,
ℎ∗ = 1.5, breakup is noticeable for all the temperatures. The number
of jet breakups is displayed for both thicknesses in Figs. 13(a) and
13(b). For the lower thickness, ℎ∗ = 1.0, the central jet does not break
at room temperature, 𝜃 = 0, displaying a 100% occurrence of no
formation of secondary droplets (𝑛𝑏 = 0). By increasing temperature,
the central jet starts to break, having a 10% chance of breaking once
(𝑛𝑏 = 1) for 𝜃 = 0.2 and, for the higher temperatures, there is a
clear transition in the breakup event, as there is a 60% occurrence
for one secondary droplet for 𝜃 = 0.4, and displaying only central jet
breakup for 𝜃 = 0.6. The higher thickness case, unlike the previous
results, shows several discrepancies in terms of a standard trend. For
𝜃 = 0, the jet breakup ranges from 1 to 3 times. For the following
temperature, 𝜃 = 0.2, there are no circumstances in which the jet
breaks one time (𝑛 = 1). These results are in agreement with the
7

𝑏

previous cases, in which the number of secondary droplets originated
from the central jet breakup is promoted by higher values of 𝜃. For the
upper range, 𝜃 = 0.4 and 𝜃 = 0.6, the number of secondary droplets
ranges between 3 and 5 with similar percentages, which is an increase
when compared with lower temperatures. Therefore, both fuels have
identical trends, as the rise in temperature promotes jet breakup and
increases the number of secondary droplets originating from the central
jet. The temperature increase is associated with the variation of the
thermophysical properties of the fluids, which leads to lower values of
surface tension and viscosity. The experimental results are in agreement
with the literature [23,28], as higher Weber and lower Ohnesorge
numbers promote jet breakup.

Figs. 14(a) and 14(b) display the central jet measurements of a
water droplet impacting onto a heated liquid film for thicknesses of
ℎ∗ = 1.0, and ℎ∗ = 1.5, respectively, where the temperature is varied
between 0 ≤ 𝜃 ≤ 0.6. It is possible to observe that, for both cases,
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Fig. 9. Central jet height measurements of an n-heptane droplet impacting a liquid film for a range of dimensionless temperatures (0 ≤ 𝜃 ≤ 0.6): (a) ℎ∗ = 1.0; (b) ℎ∗ = 1.5.

Fig. 10. Visualisation of central jet breakup subsequent to the impact of an n-heptane droplet (𝜃 = 0, ℎ∗ = 1.5): (a) 𝜏 = 28.7; (a) 𝜏 = 30.1; (c) 𝜏 = 42.9; (d) 𝜏 = 43.9.

Fig. 11. Occurrence of central jet breakup of an n-heptane droplet impacting a liquid film for a range of dimensionless temperatures (0 ≤ 𝜃 ≤ 0.6), where 𝑛𝑏 is the number of
central jet breakups: (a) ℎ∗ = 1.0; (b) ℎ∗ = 1.5.
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Fig. 12. Central jet height measurements of an n-decane droplet impacting a liquid film for a range of dimensionless temperatures (0 ≤ 𝜃 ≤ 0.6): (a) ℎ∗ = 1.0; (b) ℎ∗ = 1.5.
Fig. 13. Occurrence of central jet breakup of an n-decane droplet impacting a liquid film for a range of dimensionless temperatures (0 ≤ 𝜃 ≤ 0.6), where 𝑛𝑏 is the number of central
jet breakups: (a) ℎ∗ = 1.0; (b) ℎ∗ = 1.5.
Fig. 14. Central jet height measurements of a water droplet impacting a liquid film for a range of dimensionless temperatures (0 ≤ 𝜃 ≤ 0.6): (a) ℎ∗ = 1.0; (b) ℎ∗ = 1.5.
f
d
a

he maximum jet height occurs at later stages when increasing the film
emperature. The central jet measurements display similar tendencies
or the different conditions, in which the maximum height shows a
eduction between 𝜃 = 0 and 𝜃 = 0.2, and a gradual increase for
≥ 0.2. With the exception of 𝜃 = 0.2, the overall phenomenon

uration increases with 𝜃, which is also associated with reaching higher
aximum jet height values. Central jet breakup is not visualised for the
ifferent conditions, as the curves follow a continuous path and do not
9

isplay any discontinuities. i
Overall, the increase of 𝜃 leading to higher central jet heights is
associated with the differences in thermophysical properties due to
temperature, such as lower values of viscosity and surface tension.
This is also applicable to both n-decane and n-heptane. However,
the unexpected reduction for 𝜃 = 0.2 requires further studies to
ully comprehend this regime. Therefore, in order to comprehend the
eviation of the results regarding water for 𝜃 = 0.2, a time scale
nalysis was performed. The time scales characteristic of the droplet

mpact phenomena for convection, surface tension, gravity, viscosity
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Fig. 15. Surface tension, convective and gravitational time scales as a function of 𝜃 for the droplet impact phenomenon: (a) N-heptane; (b) N-decane.
Fig. 16. Time scales as a function of 𝜃 for the water droplet impact: (a) Surface tension, convective and gravitational time scales; (b) Close-up of the surface tension and
gravitational time scales.
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and temperature [43] are defined by Eqs. (1)–(5), respectively:

𝑡𝑐𝑜𝑛𝑣 = 𝐷0∕𝑈0 (1)

𝑡𝜎 =
(

𝜌𝐷3
0∕𝜎𝑓

)1∕2 (2)

𝑔𝑟𝑎𝑣 =
√

𝐷0∕𝑔 (3)

𝑡𝑣𝑖𝑠 = 𝐷2
0∕𝜈𝑓 (4)

𝑡ℎ𝑒𝑟𝑚 = 𝐷2
0∕𝛼𝑓 (5)

here 𝜈 is the kinematic viscosity, 𝛼 is the thermal diffusivity and the
ubscript 𝑓 refers to the liquid film. The authors adapted the time scale
quations by utilising the thermophysical properties of the liquid film
ather than the droplet due to the influence of temperature on the
henomena.

Fig. 15 displays the convective, surface tension and gravitational
ime scales as a function of 𝜃 for the fuels. The viscous and thermal
ime scales are not displayed due to being 2 and 6 orders of magnitude
igher than the closest time scale, respectively. Convection is a main
actor in both fluids, as it is the lowest of all the scales, followed by the
nfluence of the gravitational forces. These scales do not alter with 𝜃
ue to their non-dependency on the liquid film thermophysical proper-
ies. However, the surface tension time scale depends on the density
nd surface tension, meaning that its value is affected by 𝜃. Higher
alues of 𝜃 lead to an increase in the surface tension time scale, mostly
ue to the decrease of the surface tension (density also decreases, but
10
t a lower rate). In comparison with both gravitational and convective
erms, the surface tension time scale has a lower influence on the over-
ll phenomena. Therefore, the time scales can be represented by Eq. (6),
hich is applied for both conditions of n-heptane and n-decane.

𝑐𝑜𝑛𝑣 < 𝑡𝑔𝑟𝑎𝑣 < 𝑡𝜎 (6)

Fig. 16 performs a similar analysis to the previous case for the
ater droplet impact, where 16(a) displays the surface tension, con-
ective and gravitational time scales as a function of 𝜃, and 16(b)
vidences the surface tension and gravitational scales in close detail.
he convective forces are the predominant scale for the entirety of
he temperature range. However, when comparing surface tension with
ravitational time scales, the results differ quite significantly. For fuels,
he gravitational has more influence than the surface tension time scale,
𝑔𝑟𝑎𝑣 < 𝑡𝜎 , regardless of temperature. For water, due to its high surface
ension and variation with temperature, the gravitational and surface
ension time scales intersect at approximately 𝜃 = 0.27. For that reason,

there is a region where the time scale associated with surface tension
is predominant, which corresponds to 𝜃 < 0.27, and a region where
gravitational forces exceed surface tension, which is 𝜃 > 0.27. Eq. (7)
shows a bracket equation of the relation between the time scales for
different domains of 𝜃.
{

𝑡𝑐𝑜𝑛𝑣 < 𝑡𝜎 < 𝑡𝑔𝑟𝑎𝑣, for 𝜃 < 0.27
𝑡𝑐𝑜𝑛𝑣 < 𝑡𝑔𝑟𝑎𝑣 < 𝑡𝜎 , for 𝜃 > 0.27

(7)

When comparing the results between water and the fuels, it is
possible to explain the distinctions at 𝜃 = 0.2 based on the time scale
analysis. Fuels show a clear difference between the order of magnitude
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of the time scales, as represented by Eq. (6), whereas water has a shift
between surface tension and gravitational time scales. This deviation,
which occurs at 𝜃 = 0.27, gives insight into the central jet height reduc-
ion at 𝜃 = 0.2, which is followed by a constant increase of the jet height
or higher values of 𝜃. Therefore, water displays similar behaviour to
uels for 𝜃 > 0.27, as the time scales follow the same relation for that
pecific temperature range, and a distinct behaviour for 𝜃 < 0.27, as
reviously mentioned. Due to the quantitative results presented, both
elated to the central jet and to the time scales, a different approach
o 𝜃 could be adapting the dimensionless numbers, such as the Weber
nd Reynolds Numbers, as a function of the liquid film thermophysical
roperties. This could give a distinct insight into how temperature
ffects the liquid film and subsequent impact phenomena, which could
e considered for future works.

. Conclusions and future work

The phenomena of droplet impact onto heated liquid films were
tudied for varying film temperatures and impact conditions, both
ualitative and quantitatively. In terms of crater development, it is
ossible to visualise the formation of recirculation waves, predominant
t the crater outer boundaries, which are promoted by the dimension-
ess temperature, 𝜃. For water, the crater curvature is influenced by
emperature, whereas for fuels, there is a shift in its shape, transitioning
rom an oblate to a conical shape. The central jet height measurements
f the n-decane and n-heptane reveal that higher values of 𝜃 lead to an

increase in the central jet height, as well as promoting and increasing
the occurrence and number of secondary droplets originating from the
central jet breakup, respectively. For water, no breakup was visualised,
and the central jet height suffers a reduction between 𝜃 = 0 and 𝜃 = 0.2,
which is not in agreement with the fuels. For 𝜃 = 0.4 and 𝜃 = 0.6,

ater follows a similar tendency to n-heptane and n-decane, displaying
igher central jet values for increasing temperatures. The irregularities
isplayed for 𝜃 = 0.2 can be explained by a time scale analysis, in
hich there is a shift in the regime between the surface tension and
ravitational forces.
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ppendix. Physical properties

.1. N-heptane

Density: 𝜌 = 0.23237 × 0.26020−
(

1−(𝑇 ∕540.26)0.2791
)

[

g∕cm3]

Viscosity: 𝑙𝑜𝑔10 (𝜇) = −5.7782 + 8.0587 × 102∕𝑇 + 1.3355 × 10−2𝑇 −
1.4794 × 10−5𝑇 2 [ mPa s ]

Surface tension: 𝜎 = 53.64 (1 − 𝑇 ∕540.26)1.2431 [ mN∕m ]
Thermal conductivity: 𝑙𝑜𝑔10 (𝑘) = −1.8482

+ 1.1843 (1 − 𝑇 ∕536.40)2∕7
[

W∕mK
]

Heat capacity: 𝐶𝑝 = 101.121 + 9.7739 × 10−1𝑇 − 3.0712 × 10−3𝑇 2 +
4.1844 × 10−6𝑇 3 [J∕molK

]

A.2. N-decane

Density: 𝜌 = 0.23276 × 0.25240−
(

1−(𝑇 ∕618.45)0.28570
)

[

g∕cm3]

Viscosity: 𝑙𝑜𝑔10 (𝜇) = −6.0716 + 1.0177 × 103∕𝑇 + 1.2247 × 10−2𝑇 −
1.1892 × 10−5𝑇 2 [mPa s]

Surface tension: 𝜎 = 55.777 (1 − 𝑇 ∕618.45)1.3198
[

mN∕m
]

Thermal conductivity: 𝑙𝑜𝑔10 (𝑘) = −1.7768 + 1.0839 (1 − 𝑇 ∕618.45)2∕7
[

W∕mK
]

Heat capacity: 𝐶𝑝 = 79.741 + 1.6926𝑇 − 4.5287 × 10−3𝑇 2

+ 4.9769 × 10−6𝑇 3 [J∕molK
]
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