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In this paper the sensitivity of the Nukiyama and Leidenfrost effects to high velocity and high number density jets
has been assessed. The effects of Nukiyama and Leidenfrost describe the non-linear and non-monotonous phase-
change of liquid droplets upon a hot surface. According to fundamental experiments, these effects occur at two
specific temperature values, i.e. the Nukiyama temperature and the Leidenfrost temperature. However, if dense
jets are injected with high rate, the occurrence of these effects can be shifted at different temperatures values,
mainly due to local thermos-kinetical effects produced by multiple hits of droplets at high frequency against the
surface. In this work, this phenomenon has been investigated by means of three-dimensional computational fluid
dynamics simulations of high-pressure fuel spray (300 bar - 700 bar) impinging a hot aluminium wall heated at
different temperature values representative of the phase-change regimes. The surface temperature variation due
to the spray impingement has been reproduced by means of the conjugate heat transfer approach, which relies on
the coupling of the one-dimensional finite element method simulation of the surface. The methodology has been
used to map the actual values of the Nukiyama and Leidenfrost temperatures and their shift compared to the
reference experimental ones. The reasons behind the shift have been investigated by means of the three-
dimensional results, then a correlation with the components of the average Weber number of the impinging
droplets has been proposed.

liquid) decreases as the temperature increases up to a minimum
value. This minimum is associated with the so-called Nukiyama
temperature;

transition boiling: the fast evaporation of the liquid leads to the

1. Introduction

1.1. Framework

The wall impingement of liquid jets against hot surfaces is the focus
of several studies, both experimental and numerical, because of its key
importance in different technologies. If the surface temperature is higher
than the saturation temperature of the impinging liquid, the liquid
phase-change upon the surface features a complex evolution. The
sequence of the phases faced by the liquid droplets upon a high tem-
perature surface is exhaustively described by the so called ‘droplet
lifetime curve’ [1] (Fig. 1). According to this curve, as the temperature
of the surface increases above the saturation temperature of the liquid,
three regimes can be distinguished:

e nucleate boiling: the droplet lifetime (i.e., the time frame during
which the impinged substance adheres to the surface as a shaped
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formation of vapor zones which locally cool down the surface,
resulting in a lower actual contact temperature between the solid and
the non-evaporated liquid. In this regime, the droplet lifetime in-
creases as the temperature increases above the Nukiyama tempera-
ture value. The droplet lifetime continues to increase up to a
maximum value associated with the so-called Leidenfrost tempera-
ture. At the Leidenfrost temperature, the vapor zones have reached a
consistent shape, resulting in the formation of a thin vapor film that
fully prevents the contact between the solid and the non-evaporated
liquid;

film boiling: the droplet lifetime decreases as the temperature in-
creases above the Leidenfrost value up to the complete change to
vapor phase. In this regime, the super high temperature has
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Fig. 1. Droplet boiling curve of Water. Data taken from [2].

destroyed the vapor film, leading to the lack of an insulating layer
between the solid and the non-evaporated liquid.

In the field of droplet boiling curves reconstruction, a plethora of
experimental works [3-8] present tests conducted under extremely
controlled laboratory conditions. In these experiments the liquid drop-
lets were gently dropped upon the surface by means of a needle,
resulting in a limited velocity. Furthermore, the droplets were injected
one by one, or with a regular pattern. These conditions pose two heavy
limitations on the results obtained by the tests:

o Since the injection of liquids at high pressure is a common practice in
the current state of technology, the gentle deposition of droplets is no
longer representative of the phenomena occurring in real devices.
Typically, the kinetic state of a droplet is well represented by the
non-dimensional Weber number in Eq. (1), where p is the density of
the liquid, o is the surface tension of the liquid, D is the subscript
associated to the liquid droplet, d is the droplet diameter, u is the
relative velocity between the droplet and the back-gas. Using the
component of the droplet velocity that is perpendicular to the surface
(u,), leads to the perpendicular Weber number (We,), while using
the component that is parallel to the surface (i), leads to the parallel
Weber number (We)). For the current typical spray injection pres-
sure, the resulting values of the Weber number are thoroughly higher
than those considered decades ago to draw up most of the spray-wall
impingement maps [9-12]. It must be considered that droplets that
feature a high Weber number are able to penetrate thin films of
heavy hydrocarbons [13], thus, they would be able to slow down the
formation of a thin film of vapor shifting, in fact, the occurrence of
the Leidenfrost effect.
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e Since current sprays are very dense, their impingement against a
surface leads to the spreading of large footprints that are complex in
shape [14,15], while single droplets or lines of droplets lead to a
contact point. Considering high surface temperature applications,
the enhanced heat exchange induced by the footprint area may result
in the shift of the occurrence of the Nukiyama and Leidenfrost
effects.

Predicting the Nukiyama and Leidenfrost temperature values is a key
requirement for different application areas: impingement of air-water
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jets against metal surfaces in atomized evaporative cooling techniques,
urea-water liquid sprays for SCR (Selective Catalytic Reactors) in gas
after-treatment devices, and fuel sprays in internal combustion engines.

In the framework of cooling techniques, e.g. continuous casting and
thermal treatments of metal surfaces, the use of air jets enriched with
dispersed water droplets is an effective method to enhance the heat
exchange coefficient by using the droplet phase change upon the hot
surface [16]. The effectiveness of the cooldown provided by the water
spray setup is crucial in order to ensure the target solid structure, and its
mechanical properties. If the Leidenfrost effect occurs unexpectedly, a
thin film of water vapor covers the hot surface of the metal piece,
strongly reducing the heat exchange coefficient. As a result, the effec-
tiveness of the cooling technique may be limited for dozens or hundreds
of seconds [17] because the Leidenfrost vapor film is a structure that is
slowly consumed. In [18] Hnizdil et al., based on their optical experi-
mental measures, report that the Leidenfrost effect may occur from 423
K to 1273 K depending on the spray features. The authors propose a
correlation that returns the shift of the Leidenfrost temperature
depending on the water spray density upon the contact surface, the
droplet velocity and the droplet Sauter mean diameter.

SCR devices are components of the aftertreatment system in the
balance of plant of internal combustion engines, aimed at reducing the
concentration of nitrogen oxides at the tailpipe. SCRs can be installed
both on traditional Diesel engines as well as on the next generation of
spark ignition engines, which should work with lean and ultra lean
mixtures, e.g. engines fueled with hydrogen, natural gas and biogas for
power generation or maritime transportation. A solution of water and
urea is injected in the form of liquid spray before the SCR, so that the
combination of the high temperature of the back-gas (i.e., the engine
exhaust gases), and that of the exhaust pipe itself, promotes the evap-
oration and the thermal decomposition of the injected solution into
ammonia [19]. The understanding of the influence of the phase-change
thermal regimes faced by urea-water droplets upon the exhaust pipe
surface is mandatory in order to assess the SCR conversion efficiency,
and the possible occurrence of ammonia slip. Even though the typical
injection pressure of urea-water jets is relatively low (5-10 bar), the
short distance between the free jet and the walls may lead to impinging
droplets at 25-30 m/s, namely Weber number values over 150. The
identification of the Leidenfrost effect under SCR conditions, and the
evaporation time of impinged urea-water droplets have been experi-
mentally studied in recent works [20-22] without any focus on the shift
of the phenomena due to real spray dynamics. In [23,24], the authors
present experimental data that show the upward shift of the Leidenfrost
temperature due to the porosity of the surface material, which speeds up
the consumption of the vapor layer, since vapor can escape the surface
through the pores.

In direct injection internal combustion engines, at high load espe-
cially, the fuel spray impinges the hot surface of the piston head,
resulting in the split of the impinged fuel mass into fuel film and re-
flected droplets. The piston temperature strongly affects both the mass
split ratio, and the characteristics of the reflected spray, thus influencing
the local distribution of the fuel vapor in the oxidizer. To reduce the
harmful emissions of engines, the repeatability of the mixture formation
is compulsory. To this aim, the optimal design of the fuel spray targeting
has gained increasing attention in the last decade. It is highlighted that
in modern engines based on low temperature combustion concepts, the
timing of the main injection event (i.e., the one that mainly contributes
to the torque) is usually positioned near the top dead center, when the
piston is very close to the injector tip. In this condition, the distance
between the free jet and the surface is extremely short. Moreover, the
impingement of such dense and high velocity spray on the hot surface
results in a significant local cool-down of the piston [25]. These colder
spots may act as sources of soot formation, since successive droplets
would face a lower surface temperature. The next generation of engines
will rely on both advanced injection technologies (injection pressure up
to 700 bar), and new net-zero emissions e-fuels, whose thermophysical
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behavior under engine conditions must be characterized. In this
framework, mapping the shift of the Nukiyama and Leidenfrost effects is
important to achieve a comprehensive understanding of the fuel spray
injection setup.

1.2. Contribution

To the best knowledge of the authors, poor attention has been posed
on the shift of the Nukiyama and Leidenfrost effects induced by jets with
high velocity and high number density. Something on this research topic
has been presented by Hnizdil et al., [18] with focus was on optical
Particle Image Velocimetry (PIV) methods for water atomization.
However, it is underlined that optical facilities equipped with PIV are
expensive, uncommon, and require a very specific competence. There-
fore, reproducing that setup to determine new correlations to predict the
shift phenomenon for different fluids and applications would not be
viable. Computational three-dimensional simulations can be attractive
in order to collect hints on the boiling regimes faced by the liquid under
real jet conditions. In several simulation software there are two different
options to set the Nukiyama and Leidenfrost temperatures i.e. setting
fixed values or choosing between different models based on the critical
properties of the fluid [26] and on the back pressure of the vessel [27,
28]. However, heavily dense and fast sprays can shift the occurrence of
the Leidenfrost effect towards temperature values that are different from
the theoretical one. Having hints on the shift of the Nukiyama and
Leidenfrost temperature values for real conditions can support the
optimization of the spray targeting, the injector positioning and the
properties of the liquid phase at given injection pressure and wall
temperature.

It is also underlined that in [18] the authors correlate the Leidenfrost
temperature of a real jet with the volume flow rate per unit surface, the
droplet velocity and the Sauter mean diameter. However, the volume
flow rate per unit area used as a parameter in their correlation can be
hard to estimate, because it strongly depends on the local incident of the
jet. In order to improve the feasibility of the correlation,
non-dimensional quantities and some key operating conditions can be
used as parameters. Moreover, the correlation proposed in [18] bonds
the chosen parameters directly with the effective Leidenfrost tempera-
ture, without any explicit dependence from the liquid properties. This
limits the use of their correlation to jets made of water. We believe that
the validity of this analysis can be extended by identifying a correlation
for the shift of the Leidenfrost temperature which must be then added to
its reference values, that is calculated based on the adopted liquid.

In light of the above, this work deals with the CFD (Computational
Fluid Dynamics) three-dimensional simulation of liquid sprays injected
at high pressure against a heated wall. The dynamic thermal phenomena
faced by the droplets upon the wall have been simulated by coupling the
CFD simulation with a one-dimensional Finite Element Method (FEM)
solver. CFD and FEM solutions are coupled by the heat flux equation.
The simulation tests presented in this work are the same chosen in a
previous experimental work of the same authors [29] in the field of
internal combustion engine. The resulting effective boiling curves show
that the regime switch (from transition boiling to film boiling) occurs
within a tighten range of wall temperature compared to the ones based
on theory. Eventually, the shift of the Leidenfrost temperatures has been
correlated both with the average Weber number of the spray and with
the operating parameters (injection pressure, distance).

2. Methodology

The simulation domain and the simulation matrix as well are
consistent with the experiments conducted by the same authors [29] in
an optically accessible vessel which features a smooth aluminum wall at
the bottom. The temperature of the wall was controlled electrically by a
J-type thin thermocouple located at the center 1.0 mm under the sur-
face. The impinging jet was commercial pump gasoline at 298 K
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Table 1
Main properties of the tested fuel.

Fuel property Pump gasoline

Density @15 °C (kg/L) 0.720-0.775
Vapor pressure @38 °C (kPa) 48-103
Specific heat (kJ/kg/K) 2

Viscosity @20 °C (mPa s) 0.37-0.44
Lower heating value (MJ/L) 30-33

(Table 1) injected by means of a single-hole common-rail diesel injector
(100 um in diameter) installed at the top of the vessel.

2.1. CFD model setting

The software used to run the CFD simulations is STAR-CD by
Siemens. The computational domain is a box of 80 mm width x 80 mm
length, while the height depends on the tested distance between the
injector tip and the wall. The grid base size was set to 4 mm in the re-
gions in which the presence of fuel droplets is not expected according to
the experimental measurements [29]. The spray region was meshed by
using a base grid size of 1 mm with two refinements around the injection
point realized in order to capture the spray atomization and breakup. As
a result, the cell size was fined up to 0.5 mm along 10 mm downstream
the injector tip, and then up to 0.25 mm along 5 mm.

The transport equations based on the Reynolds-Averaged Navier
Stokes (RANS) approach were discretized using a second-order central
differencing scheme and a fixed time step of 0.5 ps. The two-equations k
— ¢ RNG model was adopted to account for the turbulence. The evolu-
tion of the spray was captured in a Lagrangian manner: the Huh and
Gosman model [30] was used to simulate the atomization, and the Reitz
and Diwakar model [31] was used to simulate the secondary break-up.
During the breakup process, the mutual interaction between computa-
tional droplets was enabled by using the O’Rourke model [32]. As a
wall-impingement model, the STAR-CD custom Bai-ONERA model [9,
10] was chosen. The setup of the atomization model, the breakup model,
and the wall-impingement model was successfully validated against
experimental data in previous works of the present authors [29,33] on
the same topic.

Determining the Nukiyama (Ty) and Leidenfrost (T;) temperature
values is crucial to reproduce the heat transfer between the generated
liquid fuel film and the heated wall. According to the Bai-ONERA model,
the thermal regimes that a droplet upon a surface may face are described
by the non-dimensional temperature T* defined as the Eq. (2), where T,
represents the temperature of the wall:

7TW_TN

T = F7—F7
T, —Ty

(2)

For T* < 0, the wall temperature is lower than the Nukiyama one,
this condition represents the nucleate boiling regime. The condition 0 <
T* < 1 represents the transition boiling regime. For T* > 1, the wall
temperature is greater than the Leidenfrost one, this condition repre-
sents the film boiling regime. Since the tested room pressure is the at-
mospheric pressure, the reference Leidenfrost temperature was
calculated by using the correlation proposed by Spiegler [26] (Eq. (3),
where T, represents the critical temperature).

27

T, = ﬁTc 3

In this study, a pseudo-pure liquid named Gasolinel was selected
from the STAR-CD database. This fluid mimics the main characteristics
of the commercial gasoline. In particular, the critical temperature is 544
K, thus, the Leidenfrost temperature at 1 bar (T7, 1pqr) is 459 K. In order to
identify the Nukiyama temperature, the midpoint approach [28,34] was
used (Eq. (4), where T 1pq is the normal boiling temperature of the
Gasolinel, namely 371 K). As a result, the Nukiyama temperature was
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set at 415 K.

T, +T;
TN, 1 bar = s,1 bar 3 L1 bar (4)

2.2. CHT model setting

During the setup of the boundary conditions of the CFD simulation,
the software enables the use of an additional module called Conjugate
Heat Transfer (CHT) that calculates the temperature of the wall itera-
tively at each time-step based on the fluid phenomena occurring upon
the wall. Therefore, the CFD three-dimensional simulation is coupled
with a one-dimensional FEM model (Fig. 2) that computes the temper-
ature variation along the thickness of the solid wall caused by the con-
duction across the solid, and by the convection upon the surface (Fluid-
Solid Interface (FSI)). The CHT module requires the thermophysical
properties of the solid material (Table 2), and the bulk thickness i.e., the
depth from the FSI at which the temperature is not affected by the heat
transfer. In order to run the FEM simulation, an arbitrary number of
solid layers of heigh 6 must be placed below the FSI.

Preliminary simulations were conducted to test the influence of the
number of layers and of the bulk on the results. Fig. 3 reports the
behaviour of the temperature at the FSI for different number of layers
considering the wall temperature of 423 K. Since the CHT model is
applied to the whole boundary, the average variation compared to the
initial temperature is limited, being the spray-wall impingement focused
in a relatively small zone of the wall. As visible in Fig. 3, for a number of
layers higher than ten, the resulting wall temperature profiles are almost
overlap, thus, a value of 100 layers was chosen.

3. Results

In this section, we discuss the results obtained with the CFD simu-
lations on the test points listed in Table 3. These points were chosen
because they are representative of the injection conditions and timing in
a reference low temperature combustion engine. It is underlined that the
spray-wall impingement methodology proposed in this work was vali-
dated on these points against experimental data in [29]. In order to
record the cooldown of the wall due to the impingement of the spray, the
CFD boundary results were processed with a Matlab algorithm able to
select only the faces of the cells with a temperature value different from
the initial one. The temperature values of this subset of cells were then
averaged to determine the mean temperature that was used to calculate
the local cooldown of the wall as in Eq. (5). Fig. 4 shows the temperature
of each cell face on the FSI selected by the algorithm for the results
analysis.

AT(t) = T,(t) — T, (0) (5)

Fluid
FSI
10
20
Solid -
i @
- B ©

Fig. 2. Schematic of the implemented conjugate heat transfer approach.
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Table 2

Properties of the metal surface used for wall impingement tests.
Thickness (mm) 1
Density (kg/m>) 2698
Thermal conductivity (W/m/K) 210
Specific heat (J/kg/K) 900
Roughness (pm) 1
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Fig. 3. Surface temperature profile for different number of layers.

Table 3
List of the simulation campaign points.

Distance (mm) Injection pressure (bar) Surface temperature (K)

20 500 208 - 415 - 493
700
30 500
700
423
422
44
2 422 421
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Fig. 4. Temperature of the cells faces of the surface at 2 ms after start of in-
jection. Test 423 K, 20 mm, 700 bar.

3.1. Sensitivity to the Nukiyama temperature definition

In this section, the sensitivity of the heat exchanged to the Nukiyama
temperature calculation method is presented. At given saturation tem-
perature and Leidenfrost temperature, it is important to evaluate the
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robustness of the midpoint approach (Eq. (4)) adopted for the identifi-
cation of the Nukiyama temperature. From experimental data in the
literature [3-8], it is known that for pure hydrocarbons the ratio be-
tween the Nukiyama temperature, and the saturation temperature is in
the range 1.05 (for n-hexane) — 1.2 (for n-dodecane). Since pump gas-
oline is mainly made of hydrocarbons with carbon number between C5
and C9, the sensitivity test has been conducted by performing a sweep of
the Nukiyama temperature value including that of n-hexane (1.05 - Ty,
1bar = 389 K) and that of n-dodecane (1.2 - Ts 1pqr = 445 K) as extrema, as
well as the one returned by the use of the midpoint approach (415 K).
For this test, the initial wall temperature has been set at 423 K, chosen in
order to fall in the transition boiling regime (0 < T* < 1). Table 4 lists
the different conditions adopted for the following tests.

Fig. 5 shows the behaviour of the wall temperature and that of the
wall heat flux for the three Nukiyama temperatures values listed above.
The test with the value 389 K shows a delayed cooling effect during the
early injection. Instead, the tests with the values 415 K and 445 K have
almost the same evolution of both wall temperature and heat flux.
Considering the overlap between the curves associated with a
Nukiyama/saturation ratio between 1.1 and 1.2, and that the phase-
change properties of commercial gasoline are well represented by C8
components, the midpoint rule has been considered reliable.

3.2. Assessment of the surface cooldown

Consistently with the theory behind the Nukiyama effect, the
maximum heat flux, thus, the maximum cooldown of the wall, occurs
when 0 < T* < 1 (transition boiling regime). Since the Nukiyama tem-
perature value has been set at 415 K, the simulation tests characterized
by the wall temperature 423 K have a non-dimensional temperature T*
= 0.18, thus, the maximum heat flux is expected. The simulation tests
characterized by the wall temperature 493 K have a wall temperature
above the Leidenfrost temperature (459 K), and a non-dimensional
temperature T* = 1.77 (film boiling regime). In these cases, a limited
cooldown of the wall should be expected, since the fuel vapour layer
insulates the liquid film from the wall, leading to a reduced heat flux. In
the simulation tests characterized by the wall temperature 298 K, no
wall temperature variation is expected (T* = —2.66), since the liquid
film and the wall are in thermal equilibrium.

Fig. 6 shows the wall temperature variation for the three tested
temperatures (298 K, 415 K, 493 K) at different values of the injection
pressure (columns in Fig. 6) and at a different distance between the
injector and the wall (rows in Fig. 6). As expected, the average cooldown
around the spray impingement zone is zero for the test at 298 K
(nucleate boiling regime, blue lines), whilst a slight temperature
reduction (< 0.5 K) can be observed for the test at 493 K (film boiling
regime, yellow lines). These two temperature tests show almost the same
behaviour at any injection pressure and distance. The tests at 415 K
(transition boiling regime, red lines) show a moderate average cooldown
(around 3.5 K). During the early spray-wall impingement (time < 0.25
ms after the start of injection) the temperature reduction is quite steep
due to the high exchange surface created by the spreading of the liquid
fuel footprint, and the enhanced heat exchange driven by the phase
change. Moving towards advanced instants, the new impinging droplets
stack on the previously formed footprint, promoting the increasing of
the thickness and of the thermal inertia of the wall film and not the
exchange area. As a result, the longer is the record time after the start of

International Journal of Thermofluids 27 (2025) 101275

injection, the more the temperature variation curve is flat.

Focusing on the effect of the injection pressure, it is underlined that
the same energizing time has been applied for both the injection pres-
sure values, thus, during the simulation tests conducted at 700 bar, the
injector shoots a larger amount of fuel mass against the wall compared to
that injected at 500 bar. At a higher injection pressure the spray breakup
is enhanced, leading to larger number of parcels that can impinge the
wall in different positions. Therefore, the higher is the injection pres-
sure, the larger are the spray footprints, and the heat flux as well.
Focusing on the effect of the distance between the injector and the wall,
it is worth to mention the non-monotonous decreasing profile of the
cooldown under transition boiling conditions. In Fig. 6 it is visible that
for advanced instants after the start of injection, the wall temperature
reduction has a maximum, then, the wall heats up. This is observed
because the longer distance promotes the liquid fuel mass trans-
formation from dispersed to vapour, thus, a smaller mass is available to
form the wall film. As a result, the spray footprints are thinner, and they
can evaporate faster. It is underlined that the position of the maximum
temperature reduction at 700 bar, is more advanced compared to that
recorded at 500 bar because of the greater spray momentum at higher
injection pressure, which produces a deeper penetration across the fuel
film.

3.3. Analysis of the fuel mass split

In this section, the analysis of the injected mass split into liquid film,
dispersed droplets, and vapour is presented. This analysis can confirm
the boiling regime in which the tested points fall, e.g. the lack of wall
film mass and a significant mass of droplets at the same temperature are
sign of the transition to the film boiling regime. More, a significant in-
crease of the vapour mass and a moderate mass of wall film at the same
temperature, are a sign of the switch to the transition boiling regime.
Fig. 7 (20 mm distance) and Fig. 8 (30 mm distance) show the curves of
the fuel mass percentage in the form of wall film (blue), dispersed
droplets (red), vapor (green) together with the profile of the total actual
injected liquid (black). The results are shown for both the tested injec-
tion pressure values i.e., 500 bar (left column) and 700 bar (right
column).

In Fig. 7 and Fig. 8 it is visible that the maximum wall film mass is
created for the wall temperature 298 K, i.e. when the nucleate boiling
regime is expected. As shown Figs. 7al-7a2, at 2 ms after the injection
start, the 40 % (700 bar) - 50 % (500 bar) of the total injected liquid
mass remains upon the wall as wall film. At the end of the test, the 65 %
(700 bar) - 80 % (500 bar) of the total injected liquid mass is in the liquid
phase (as wall film or dispersed droplets). The left mass percentage is in
the vapor phase, mainly created due to the break-up phenomena. This
can be confirmed by the lower mass percentage in the liquid phase
recorded at 30 mm distance and 298 K (Figs. 8al-8a2), compared to that
recorded at 20 mm distance at the same wall temperature
(Figs. 7al-7a2).

Focusing on the simulations at high wall temperature
(Figs. 7b1-7b2, 7c1-7c2 and Figs. 8b1-8b2, 8c1-8¢2), the injected mass
split is quite different compared to the case at 298 K. The tests in which
the transition boiling regime is expected (Figs. 7b1-7b2, Figs. 8b1-8b2)
present the minimum values and the flatter profile of dispersed mass.
This is consistent with the onset of the Nukiyama effect, in fact, the
droplets heavily evaporate upon the wall and converted into vapour. In

Table 4
List of the test Nukiyama temperatures.
Distance Injection pressure Surface temperature Nukiyama temperature Saturation Leidenfrost temperature (K)
(mm) (bar) (K) (K) temperature (K)
20 700 423 389 371 459
415
445
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the tests in which the film boiling regime is expected (Figs. 7c1-7c2, line with the onset of the Leidenfrost effect. The large percentage of
Figs. 8¢1-8¢2) no liquid film is created (0 % wall film mass), the total liquid mass converted in vapor upon the wall (60 % to 80 % depending
injected liquid mass is only split into dispersed droplets and vapour in on the case) reduces the cooldown of the wall since the heat can only be
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exchanged by convection, confirming the observation reported in Fig. 6.

3.4. 4 analysis of the boiling curves

The main aim of this study is to draw up the droplet boiling curves
(coordinates wall temperature — wall heat flux) of a gasoline-like fuel
under realistic spray wall-impingement conditions, discussing the role of
realistic spray velocity and number density on the results. In order to
increase the discretization of the curves along the wall temperature axis,
new CFD simulations with different wall temperature values have been
added to the initial set of three values (289 K, 415 K, 493 K). For each
simulation, the heat flux is returned by the CFD software for each cell
face on the bottom boundary and then averaged across the whole sur-
face. Furthermore, in order to determine a pattern for the effect of the
injection pressure, the set of simulations (20 mm and 30 mm distance,

wall temperature from 389 K to 500 K) has been repeated setting the
injection pressure at 300 bar. The boiling curves are shown in Fig. 9 for
the three injection pressure values 700 bar (yellow), 500 bar (red), 300
bar (blue). For the sake of comparison, the reference Nukiyama and
Leidenfrost temperature values calculated by means of Eq.s 4, 3 are also
shown.

In general, it is visible that the higher is the injection pressure, the
higher are the Nukiyama and Leidenfrost temperature values. This
thermal effect depends on the higher number density and the smaller
diameter of the droplets induced by the higher injection pressure before
the impingement (Fig. 10, 11) due to the enhanced breakup. Because of
the higher number density and smaller droplets, the wall is hit with a
higher frequency in multiple points, slowing down the formation of
vapor structures, and the occurrence of the Nukiyama temperature as
well. On the other hand, at higher wall temperature, the higher number
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density and smaller diameter produced by higher pressure values in-
crease the ability of the droplets to hit the vapor layer, thus, to reduce its
consistency. This leads to the slowing down of the occurrence of the
Leidenfrost effect.

It is visible that both the maximum heat flux, corresponding to the
effective Nukiyama temperature, and the minimum heat flux, corre-
sponding to the effective Leidenfrost temperature, are not in line with
the two reference lines. In Fig. 9, for each injection pressure the wall
temperature at which the maximum heat flux is recorded is higher than
the one calculated with the midpoint rule.

The actual wall temperature at the minimum heat flux lies around
425 K - 465 K, thus, with a difference between 10 K-50 K compared to
the reference value (415 K). This difference is in line with the one

reported in other studies [35,36]. On the other hand, the minimum heat
flux, where the Leidenfrost effect occurs, is mainly recorded at lower
wall temperature values compared to the reference one. To deeply
investigate this behaviour, the two components of the Weber number
(perpendicular We, and parallel We), Eq. (1)) have been involved in
drawing the maps of the shift of the Leidenfrost temperature (Fig. 12).
The six markers in the map represent the minimum points of the six
droplet boiling curves shown in Fig. 9, and the map is the fitting surface
of these points. The shift of the Leidenfrost temperature has been
calculated as the difference between the effective Leidenfrost tempera-
ture recorded (i.e., the temperature at which the heat flux is minimum)
and the reference Leidenfrost temperature calculated by means of Eq.

3.
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From Fig. 12, the following points can be summarised:

Focusing on point 1 and point 2, it is visible the effect of increasing
the perpendicular Weber at given parallel Weber. The points are
from the case at lower injection pressure (300 bar) and different
distance (20 mm and 30 mm, respectively). At relatively low injec-
tion pressure, the higher is the perpendicular Weber, the more the
Leidenfrost temperature is shifted backward. This is caused by the
higher rate of vaporization induced by high perpendicular Weber
component because of the higher rate of impact. Besides, the higher
is the perpendicular Weber number, the higher is the kinetic energy
along the perpendicular direction. At the wall impingement, this
high kinetic energy is transferred as deformation energy of the liquid
surface which promotes a strong flattening of the droplet. The latter
phenomenon is responsible of dense, high surface and low thickness
footprints. It is worth to mention that this behaviour is not monot-
onous; in fact, it features a bell shape if the perpendicular Weber
would have been increased further (We, > 1600, e.g. in the case of
injection pressure);

Focusing on point 2 and point 3, it is visible the effect of increasing
the parallel Weber at given perpendicular Weber. The points are

from the case at lower distance (20 mm) and different injection
pressure (300 bar and 500 bar, respectively). The higher is the par-
allel Weber, the shorter is the backward shift of the Leidenfrost
temperature. This is caused by the combination of the larger
spreading of the footprint promoted by the higher parallel compo-
nent, and the lower kinetic energy along the perpendicular compo-
nent. Indeed, at the wall impingement, the droplet kinetic energy
along the parallel component is transferred as shear deformation
energy, promoting high thickness and sparse footprints.

Focusing on point 1, point 3, and point 5 it visible the effect of a
balanced split between perpendicular and parallel components,
while increasing the overall Weber number of the impinging droplet

(We = ,/We, 2+ WeH2), thus, increasing the overall momentum.

Moving from point 1 towards point 5, the Leidenfrost effect is pro-
gressively retarded. At point 5, the shift of the Leidenfrost temper-
ature compared to the reference one changes in sign, resulting in an
upward shift. The same behaviour is visible moving from point 5 to
point 6 and from point 5 to point 4. Thus, regardless to the split of the
kinetic energy between parallel and perpendicular component, a
very high overall Weber number leads to the upward shift of the
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Leidenfrost effect compared to the expectations. Aside from the
distribution of the kinetic energy along the parallel and the
perpendicular direction, droplets with an overall Weber number
higher than a threshold value, are able to penetrate the forthcoming
vapor layer and countering its formation. In this study, the threshold
resulting from the analysis of the map is around We > 1800.

The insights deduced from the map can be summarized by the cor-
relation reported in Eq. (6). The shift of the reference Leidenfrost tem-
perature features a quadratic dependence from the perpendicular Weber
number, and a linear dependence from the parallel Weber number. Due
to the quadratic dependence, if the spray-wall setup promotes the dis-
tribution of the kinetic energy along the perpendicular direction, the
delay Leidenfrost effect may occur easily (e.g. for lower injection pres-
sure). Given a value of the perpendicular Weber number (e.g., We, =
1200), the magnitude of the parallel component needed to delay the
Leidenfrost effect is significantly higher than the magnitude of the
perpendicular component needed if the same value is given for the
parallel one (i.e., Wej =1200).

AT, = 72.81 — 0.0268We| — 0.1672We, + 0.0001 We> 6)

It is expected that the validity of Eq. (6) can be extended to injection

10

pressure values and distance values above and below the range inves-
tigated in this work. Besides, considering that the values of the liquid
density and of the surface tension of hydrocarbons lie in a relatively
narrow range, it is expected that Eq. (6) can fit the response of other
gasoline blends and e-fuels with slight modifications to the values of the
constants. On the other hand, the validity of Eq. (6) is not ensured for
walls with irregular surfaces e.g. n-curved surfaces and free forms
because of the complexity to define the two components of the Weber
number locally depending on the impingement point.

In Fig. 13 the shift of the Leidenfrost temperature is mapped on the
chosen operating conditions as coordinates, i.e. injection pressure and
distance. The shape of the fitting surface is expressed in Eq. (7), which
describes the linear dependence from the distance, the quadratic
dependent from the injection pressure, and the cross dependence from
the two conditions. Fig. 13 shows that for any injection pressure, the
higher is the distance, the more the anticipation of the Leidenfrost effect
is reduced. As seen in Figs. 10 and 11, increased distance values cause
reduced velocity and diameter of the droplets due to the longer effect of
the breakup phenomenon. As a result, the higher is the distance, the
lower will be both the impingement rate and the evaporation rate at the
wall, namely the formation of the insulating vapor layer will be slowed
down.
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AT, = —106.16 +1.46-d + 0.21-pypj + 107°-d'pi; + 1.25-107p7,  (7)
4. Conclusions

From the current state of the art, it is known that the dynamics of real
liquid jets which impinge a hot wall strongly affects the surface tem-
perature and fate of the reflected droplets after the impingement. The
dynamics of the interaction may cause heavy shifts of the Leidenfrost
temperature and of the Nukiyama temperature, leading to unexpected
surface cooldown and liquid distribution. This effect is mainly due to the
kinetic characteristics of the impinging jet, e.g. velocity magnitude,
velocity direction and magnitude of the components, number density.

This work is focused on the identification of the shift of both the
Leidenfrost and the Nukiyama temperature compared to the reference
ones determined from the literature (experiments and correlations based
on the gentle deposition of single droplets). As application area, the wall
impingement of fuel sprays in internal combustion engines has been
chosen because the current injection techniques (high pressure injec-
tion, full-cone sprays, small nozzle diameter) are representative of high
velocity and high number density jets. The study has been conducted by
means of three-dimensional CFD and one-dimensional FEM coupled
simulations. The following points summarize the results of the
investigation:

o the simulations can reproduce the transition boiling regime and the
film boiling regime. Increasing the temperature of the surface from
298 K to 423 K causes a local cooldown of the surface of 8 K. The
cooling rate is higher as the injection pressure increases. The rising
the temperature up to 493 K causes the gradual reduction the local
cooldown of the surface up to zero due to the occurrence of the
Leidenfrost effect. Indeed, at 493 K, a consistent part of the injected
mass is in the form of dispersed liquid, whilst no wall film has been
recorded;

the computed boiling curves of the test fuel show a maximum heat
flux delayed compared to the expectations based on the reference
Nukiyama temperature. The Nukiyama temperature is shifted up-
ward of 8 K and 25 K for the injection pressure values 300 bar, and
700 bar, respectively;

under real spray conditions, the switch from transition boiling
regime to film boiling regime is significantly faster. According to the
reference values of the Nukiyama temperature and of the Leidenfrost
temperature, the switch requires to heat up the surface of 44 K. From
CFD simulations it is visible that the switch happens by heating the
surface of 20 K — 30 K, depending on the injection pressure and the
injector-surface distance;

International Journal of Thermofluids 27 (2025) 101275

e depending on the operating conditions, the Leidenfrost effect can be
both anticipated or delayed compared to the expectations. Under the
investigate conditions, a maximum backward shift of 30 K and a
maximum upward shift of 10 K have been recorded. The occurrence
of anticipated or delayed Leidenfrost effect has been correlated to the
distribution of the kinetic energy along the perpendicular or the
parallel direction compared to the wall as well as to the injection
pressure and the injector-wall distance. In the case of pump gasoline,
if the Weber number of the droplets is higher than 1800, the Lei-
denfrost effect is delayed at any distribution of the kinetic energy
between the two directions.
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