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A B S T R A C T

Nowadays, several efforts are being made to design more efficient, cleaner, and economically accessible
engines. Spray-wall interactions are strongly related with the fuel–air mixture and emission formation. As
such, they are considered as the most important physical processes in engine research. In the present study,
the infrared thermography coupled with an inverse heat transfer data reduction is applied to evaluate the wall
heat transfer of an iso-octane spray generated by a multi-hole gasoline direct injector (Spray G) impinging on a
heated thin foil. The experimental apparatus includes an Invar foil (50 μm in thickness) heated by Joule effect
and the injector located at 66.66 injector nozzle diameter above the surface. Thermal images of the impinging
spray are acquired from the dry side of the foil at several time delays from the start of injection at two different
injection pressures (10 and 20MPa) and two different wall temperatures (373 and 473K). The experimental data
are reduced in the dimensionless form in terms of the spray cooling efficiency 𝜉, which represents the ratio
between the spray cooling heat flux and the heat transfer capability of the fluid, by taking into account the area
of impact of the spray. Results show a substantial increment of the heat flux and the spray cooling efficiency
by increasing the wall temperature. Also, the increment of the injection pressure has an increasing effect on
the area of impact, the heat flux, and the efficiency of the spray for both wall temperatures investigated in
the experimental campaign. The spray cone angle and the plume jet axis angle were also estimated from the
wall heat flux distribution.
1. Introduction

Great efforts are underway in the field of internal combustion
engines devoted to increasing the combustion efficiency coupled to the
reduction of the pollutant emissions to safeguard community health.
A good efficiency of the combustion process goes through an improve-
ment of the air/fuel mixture preparation before the start of the ignition
that, for injected supplying fuel, means a rapid fragmentation of the
liquid bulk in smaller and smaller droplets, their rapid vaporization
and homogeneous mixing with the air in the combustion chamber.
Increasing the injection pressure is an efficient way to obtain finer fuel
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droplets though, at typical pressures of 20–100 MPa, the spray penetra-
tion increases, and additional troubles overcome due to the deposit of
fuels on the chamber wall [1]. Several efforts are being used to design
more efficient, cleaner and economical engines. To achieve this goal,
the fuel injection process, spray development and combustion are being
studied using computational and experimental approaches [2–5]. It is
well known that there are aspects of the fuel injection process, specif-
ically, of the spray-wall interaction (SWI) that need to be understood
and improved. The spray-wall interaction phenomenon on combustion
process is considerably complex, as different behaviors of the droplets
can be identified leading to a fuel film formation on the walls after
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Nomenclature

Acronyms

CFD Computational Fluid Dynamics
ECN Engine Combustion Network
FPA Focal plane array
GDI Gasoline direct injection
IR Infrared
NETD Noise equivalent temperature difference
SWI Spray-wall interaction

Variables

𝛼 Thermal diffusivity coefficient
𝛥𝐻𝑓𝑔 Heat of vaporization of the fluid
𝛥𝑇 Temperature drop
𝛿𝑖𝑛𝑣𝑎𝑟 Invar thickness
𝛿𝑝𝑎𝑖𝑛𝑡 Paint thickness
�̇� Mass flow rate
𝜖 Emissivity
𝜌𝑖𝑛𝑣𝑎𝑟 Invar density
𝜌𝑝𝑎𝑖𝑛𝑡 Paint density
𝜌𝑡𝑝 Density
𝜎 Boltzmann constant
𝜃 Spray cone angle
𝜉 Spray cooling efficiency
𝑐𝑝 Specific heat at constant pressure
𝑐𝑝𝑣 Constant pressure heat capacity of gas
𝑑0 Injector nozzle diameter
𝑑𝑐 Footprint to spray center distance
𝑘𝑖𝑛𝑣𝑎𝑟 Invar thermal conductivity
𝑘𝑝𝑎𝑖𝑛𝑡 Paint thermal conductivity
𝐿 Length of the plate
𝑁𝑢 Nusselt number
𝑝𝑖𝑛𝑗 Injection pressure
𝑞𝑟 Radiative heat flux
𝑞𝑡 Tangential conduction heat flux
𝑞𝑗𝑜𝑢𝑙𝑒 Joule heat flux
𝑞𝑛𝑐 Natural convection heat flux
𝑞𝑠𝑝𝑟𝑎𝑦 Heat flux
𝑅2 Coefficient of determination
𝑇1 Lower wall temperature
𝑇𝑓 Fuel temperature
𝑇𝐿 Leidenfrost temperature
𝑇𝑚 Thin foil mean temperature
𝑇𝑤 Upper wall temperature
𝑇1𝑛𝑢𝑚 Numerically obtained 𝑇1
𝑇𝑓 Spray impact temperature
𝑇𝑠𝑎𝑡 Saturation temperature
t Time
IT Integration Time

the spray interaction, increasing the unburned hydrocarbons and soot
formation.

Regarding engine efficiency, the heat transfer between the fuel
deposits and the walls in the cylinder produces an unwanted heat
loss and less engine efficiency. It is known that the spray-wall impact
promotes the breakup of the droplets, reducing their size, accelerating
the evaporation and the combustion process, while the dispersion of the
2

spray in the wall reduces the local spray temperature and may delay the
ignition [6–9].

It is important to highlight this phenomenon because, for direct
injection engines under cold start conditions, in which there are low
densities and temperatures, those conditions promote a large liquid
spray penetration that might reach the piston surface or the walls of
the combustion chamber. Even the computational models are powerful
tools, its accuracy relies on the existence of high-quality experimental
data, a reason why several efforts are being taken in place by different
research institutes. Heat transfer measurements are required to widen
the fundamental knowledge on the spray-wall interaction and to serve
as a database for models improvement.

For gasoline direct injection engines, the spray-wall interactions
are among the most interesting physical processes nowadays because
they play an important role in the process of mixture formation. Those
interactions could produce fuel deposits on the surface of the piston
because there is not sufficient time for the fuel to completely evapo-
rate. In this complex phenomenon, different parameters have a strong
influence like the distance between the injector tip and the wall, the
spray cone angle, the fuel temperature, wall temperature, wall-fuel
difference in temperature, the number of consecutive injections, and
the injection pressure itself. In particular, the injection pressure and
the wall/fuel difference in temperature have an important influence
on the SWI. More experimental data related to the time-dependent
temperature on the piston surface could make the current knowledge
about droplet/wall interactions stronger.

To analyze the SWI it is important to have a clear sight of what the
spray cooling phenomenon is. This phenomenon takes place when liq-
uid forced through a small orifice (injector holes) splits into a scattering
cloud of fine droplets and then impacts on a heated surface [10]. Once
the droplets reach the surface they can evaporate or form a thin liquid
film, removing huge amounts of energy at low temperature due to the
latent heat of evaporation in addition to the energy needed to produce
the phase change of the liquid.

It is possible to find studies about one single droplet interaction
with walls like the one presented by Moreira et al. [11]. The issue is
related to the fact that a spray does not behave exactly as the addition
of individual droplets. In fact, a directly injected spray is defined
by strong spatial and temporal interactions resulting in a complex
physical phenomenon that cannot be fully explained by single droplet
studies. As a result, it is important to acquire experimental data related
to spray-wall interaction using real sprays impacting on piston-like
surfaces.

Qualitative measurements have been conducted on real sprays ap-
plying optical techniques as Schlieren imaging [12–14], Mie scattering
technique [13,15,16], Planar laser-induced fluorescence [17] and Phase
Doppler Anemometry technique [18]. Those methodologies are useful
to acquire information about the propagation and the chemical compo-
sition of the spray before and after the beginning of the wall interaction
but they do not give any information about the temperature drop and
the footprint after the spray wall impingement.

As stated before, CFD studies are carried out to understand the
physics behind the multi-phase sprays propagation and evaporation
[18–20] and, in addition to experimental contributions [21–23], they
are providing enough information to clarify the physics behind the
spray development.

The ‘‘Spray G’’ injector, an eight-hole solenoid-activated gasoline-
direct injector, has been identified by the ECN Engine Combustion
Network (ECN) as a benchmark for the gasoline direct injectors (GDI)
in order to develop a data-set of experiments and computational fluid
dynamics simulations which will become a focal point for models
validation and further advanced diagnostics [24].

Infrared Thermography (IR) has been already employed to visualize
and measure the temperature distribution of impinging sprays [25,26].
This technique brings several advantages [27] that make it suitable

in such a complex area of investigation: it provides high sensitivity
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Fig. 1. Rendering of the experimental apparatus with the detailed drawing of the clamped thin foil that includes the following components: 1. Invar thin foil 2. Square rigid frame
3. Copper clamp 4. Spring 5. Holding nut.
measurements and it is a non-intrusive, two-dimensional technique
capable of very low response time. Gibbons and Robinson [28] carried
out, for the first time, a study of a single source electrospray using thin
foil thermography to investigate the local convective heat transfer. A
preliminary study employing IR thermography to study the ‘‘Spray G’’
wall interaction with hot wall was performed by Contino et al. [29].
The latter was focused mainly on the experimental setup and the rela-
tive infrared camera calibration procedure. Moreover, the temperature
maps presented and discussed are relative to high time delay from the
start of injection (up to 20ms), when the interaction is ended (injection
duration 1ms). Even though the ‘‘Spray G’’ injector has been largely
characterized in previous works as reported by Duke et al. [30], no heat
transfer measurements are available in the literature. In the present
work, using the same experimental apparatus described in [29], the
wall heat transfer interaction was investigated by means of infrared
thermography coupled with an inverse heat transfer data reduction.

In the first place, the experimental data reduction and the heat flux
calculation methodology are described in detail. Then, the results are
presented and discussed in terms of the spray area of impact and the
non-dimensional spray cooling efficiency distribution. Finally, the heat
transfer data are also used to evaluate the spray cone angle and the
plume jet axis angle.

2. Experimental setup

A render of the experimental setup used to evaluate the time history
of the wall temperature and the heat transfer of a spray impacting on an
electrically heated thin foil is shown in Fig. 1 [29]. As it can be noticed
in Fig. 2 the apparatus can be divided in two different sub-systems: the
spray injection/impinging wall and the acquisition system.

The ECN injector eight-hole nozzle (𝑑0 = 165 μm) are equally
spaced on a circumference. As commonly seen in GDI applications, the
nozzle holes are stepped and thus a 388 μm counterbore was machined
coaxially with each of the eight inner holes. The complete technical
description of the adopted injector is reported in [30–32]. The details
of the spray geometry are described in Fig. 3. Due to the nozzle tip
counterbore, the Coanda effect produces a deviation of the spray from
the drill hole design axis.

The spray impingement characterization is carried out by using a
target plate reported in Fig. 1. It is a squared, 100mm in side, Invar foil
(Goodfellow FE02-FL-000140) of 50 μm in thickness included within an
aluminum rigid frame electrically insulated and clamped between two
copper clamps. A current controlled DC power supply allows to set a
specific amperage between the two sides of the target plate which, in
3

Fig. 2. Schematic of the experimental setup.

turn, is uniformly and steadily heated by Joule effect. For the present
work, the tests are performed with two wall temperatures of 373 and
473K, which are obtained with the current application of 31.2 and
53.2A through the foil respectively, resulting in a voltage drop of 1.17
and 1.92V.

A continuous tension stress is applied through four springs and
holding nuts to keep the foil straight during heating and to avoid the
thermal expansion effects. The target plate is located at 𝑧 = 11mm, cor-
responding to z/𝑑0 = 66.66, downstream of the injector tip and facing
the injector’s axis perpendicularly to minimize the natural convection
effects on the foil.

The IR thermal camera and the digital signal generator represent the
whole data acquisition and control system. The IR camera employed
in the present work is the Cedip JADE III, a focal plane array (FPA)
camera with spectral response in the 3-5 μm infrared band, noise equiv-
alent temperature difference (NETD) of 25mK at 298K, InSb sensor
dimensions equal to 320 × 240 pixel, and a maximum acquisition
frame rate of 170Hz. A cropped sensor (160 × 120 pixel) has been
employed during acquisition for data bandwidth issues resulting in a
spatial resolution of 3.05 pixel/mm. Two IR camera integration times
(IT) are employed for the two investigated wall temperatures: 150 μs
(𝑇𝑤 = 373K), 30 μs (𝑇𝑤 = 473K). It is worth noting that the ITs
have been chosen to maximize the IR camera thermal sensitivity in
the selected temperature range. As it can be noted in Figs. 1 and
2, the IR camera acquires the radiations deviated by a first surface
mirror which has been interposed for safety reasons. Since the latter
absorbs part of the radiations, an in situ camera calibrations by using



Experimental Thermal and Fluid Science 142 (2023) 110825M. Zaccara et al.

a
e
c
i
f

f
1
i
o
i
p
p
f
n
t
t
f
r
s
t

t
i
t
t
t
i
g
a

d
d

3

t
a
p
e
s

Fig. 3. Spray G single plume geometry.
o
s

w
c
t
a
p
a
o
e
i

blackbody [27] have been conducted by respecting the optical path
mployed during the experimental tests. Further details on the camera
alibration procedure are reported in Contino et al. [29]. In order to
mprove the accuracy of the thermal measurements, the dry side of the
oil is painted with a high emissivity black paint (𝜖 = 0.95).

Iso-octane has been employed as a single-component fuel surrogate
or gasoline. For the present work, the injection duration has been set to
ms and two different injection pressures of 10 and 20MPa have been

nvestigated. Furthermore, both the injector and the fuel temperature
perate at room temperature (298K) and all the tests are carried out
n an open environment at room temperature (298K) and atmospheric
ressure (0.1MPa). Under direct injection strategies, the wall wetting
henomenon is quite common, followed by poor evaporation of the
uel film adhered to the piston surface. This phenomenon is more pro-
ounced under engine cold-start conditions because of the low cylinder
emperature. Also, when the wall surface is at a lower temperature
han the saturation temperature of the fuel results in significant film
ormation. For our case study, the 373 K temperature was selected to
eproduce a cold-start engine condition, and the 473 K temperature was
elected to use a higher temperature than the Nukyama and Leidenfrost
emperature of the isooctane.

Since the studied phenomenon is faster than the maximum acquisi-
ion rate of the IR camera, the time-history of the wall spray cooling
s reconstructed by a single-image acquisition delayed with respect to
he start of the injection and repeating the spray shots. In particular,
he injector frequency is fixed to 0.0625Hz which corresponds to 16 s of
ime interval between one shot and the next one in order to recover the
nitial wall temperature between them. A BNC-575 digital delay/pulse
enerator has been employed to synchronize the injection start (𝑡 = 0 s)
nd the IR camera acquisition delay steps every 50 μs from 0 to 1.2ms,

and every 100 μs up to 1.8ms. To improve the accuracy of the measured
ata, 125 repetitions of the spray impact were carried out for each time
elay step.

The details of the operating conditions are summarized in Table 1.

. Data post-processing

In this section, the methodologies adopted to extract the informa-
ion from the thermal images acquired in the experimental campaign
re presented. The section is divided into five subsections: the tem-
erature measurements, the heat flux calculations, the area of impact
valuation, the spray cooling efficiency and the plume jet axis and the
4

pray cone angle.
Table 1
Investigated operating conditions.

Test conditions

Thin foil temperature (𝑇𝑤) [K] 373 ± 2, 473 ± 2
Current through the foil [A] 31.2 ± 0.15 , 53.2 ± 0.27
Voltage drop through the foil [V] 1.17 ± 0.01, 1.92 ± 0.01
Injection pressure (𝑝𝑖𝑛𝑗 ) [MPa] 10 ± 0.5, 20 ± 0.5
Nozzle-to-wall distance [mm] 11 ± 0.01
Fuel iso-octane (C8H18)
Fuel temperature (𝑇𝑓 ) [K] 298 ± 2
Injected fuel mass [mg] 10.48 @ 𝑝𝑖𝑛𝑗 = 10MPa

15.44 @ 𝑝𝑖𝑛𝑗 = 20MPa
Spray duration [ms] 1
Ambient temperature [K] 298 ± 0.5

IR camera settings

Detector format [pixel] half cropped: 160 × 120
Spatial resolution [pixel/mm] 3.05
Integration time (IT) @𝑇𝑤 = 373 K [μs] 150
Integration time (IT) @𝑇𝑤 = 473 K [μs] 30

Iso-octane thermophysical properties

Density @25 ◦C [kg/m3] 690
Specific heat at constant pressure @15.6 ◦C [J/g ◦C] 2.047
Dynamic viscosity @20 ◦C [mPa s ] 0.503
Saturation temperature (𝑇𝑠𝑎𝑡) [K] 372
Enthalpy of vaporization (𝛥𝐻𝑣𝑎𝑝) [kJ/mol] 38.2
Specific heat [J/mol K] 239.1
Leidenfrost Temperature (𝑇𝐿) [°C] 175 ± 5
Nukiyama Temperature (𝑇𝑁 ) [°C] 119 ± 1

3.1. Temperature measurements

A typical delay step temperature drop of the dry side 𝛥𝑇 map
btained by averaging the 125 acquired temperature images after
ubtracting the one at 𝑡 = 0 s is reported in Fig. 4.

As it can be noted, the plume shapes present a slight non-uniformity
hich can be ascribed to a difference in the holes diameters and dis-

harge coefficients [30]. As a result, a post-process has been applied to
he temperature drop maps consisting in a rotation around the injector’s
xis and a 45-degree sector symmetrization to reduce the plume to
lume temperature variation. The rotation center has been identified
s the center of a least square circumference which fits the barycentre
f each plume after applying a threshold close to the maximum. An
xample of a post-processed temperature map is shown in Fig. 5. The
njector nozzle diameter 𝑑0 has been used for the axes normalization.

The time history of the temperature drop of the stagnation spray
impact point, which coincides with the maximum temperature drop
point, is reported in Fig. 6 for each investigated condition. Since the
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Fig. 4. Average temperature drop map for 𝑝𝑖𝑛𝑗 = 20MPa, 𝑇𝑤 = 473K and 𝑡 = 0.9ms.

Fig. 5. Post-processed temperature drop map for 𝑝𝑖𝑛𝑗 = 20MPa, 𝑇𝑤 = 473K and
𝑡 = 0.9ms.

IR camera measures the back temperature of the target plate, the first
significant temperature drop is obtained only after 0.4 ms from the
injection start. This delay is due to the time needed from the spray to
reach the plate and to the thermal inertia of the foil which does not
allow the thermal wave to instantaneously propagate from the front to
the back surface [33].

As it can be seen, the higher the wall temperature of the foil,
the higher the temperature drop obtained after the impingement. This
behavior is related to the strong influence of the wall temperature on
the vaporization of the fuel. On the other hand, by fixing the wall
temperature, the injection pressure contribution has fewer effects on
the temperature drop. It is worth noting that the condition at 𝑝𝑖𝑛𝑗 =
20MPa and 𝑇𝑤 = 473K exhibits a change in the temperature drop trend
for the time interval from 1ms to 1.3ms. Such a behavior could be as-
cribed to small changes in the ambient temperature and the IR camera
temperature during the data acquisition. However, these measurement
points are not taken into account for the heat flux calculation described
later in Section 3.2.

3.2. Heat flux

To increase the heat transfer evaluation accuracy and robustness
an Inverse Heat Transfer Problem (IHTP) was implemented [34]. For
5

each pixel (𝑥, 𝑦 coordinate) of the recorded thermal image the spray
wall heat flux 𝑞𝑠𝑝𝑟𝑎𝑦 is computed assuming one dimensional temperature
distribution across target plate (slab). Due to the short measuring time
(Fourier number <1), also if the Biot number is ≪1, the slab cannot
be assumed thermally thin [33]. A sketch of the slab model with all
acting heat fluxes, is presented in Fig. 7. The slab is composed of two
materials (Invar and black paint with thickness 𝛿𝑖𝑛𝑣𝑎𝑟 and 𝛿𝑝𝑎𝑖𝑛𝑡 respec-
tively). The thermal conductivity of Invar was assumed temperature
dependent according to [35] while the thickness and the remaining
thermal physical properties were defined using the supplier data sheet.
The paint thermal physical properties were determined from the data
of Raghu and Philip [36], while the paint thickness was measured using
Fisher Dualscope MPOR-FP. The foil and paint properties are outlined
in Table 2.

In the following 𝑇𝑤, is the temperature of the upper wall and 𝑇1
is the temperature of the lower wall. The test run time [0, 𝑡𝑓 ] can be
divided in two phases: the spray start-up (the time required from the
spray to reach the wall plus the time required to the spray jet to be
completely developed) and the quasi-steady phase where the spray wall
heat flux is steady. These two phases are indicated hereinafter as [0,
𝑡𝑖] and [𝑡𝑖, 𝑡𝑓 ]. Different heat fluxes are present on the upper wall: the
spray wall heat flux 𝑞𝑠𝑝𝑟𝑎𝑦 (assumed equal zero in [0, 𝑡𝑖] and constant
in [𝑡𝑖, 𝑡𝑓 ]), natural convection heat flux 𝑞𝑛𝑐 and radiative heat flux 𝑞𝑟.
On the lower wall only the natural convection and radiative heat flux
are present. The Invar slab part is also heated by Joule effect 𝑞𝑗𝑜𝑢𝑙𝑒
as described in the experimental apparatus. The radiative flux for the
upper wall is computed as 𝑞𝑟 = 𝜎 ⋅𝜖𝑖𝑛𝑣𝑎𝑟 ⋅ (𝑇 4

𝑤−𝑇 4
𝑎𝑚𝑏), while at lower wall

𝑞𝑟 = 𝜎 ⋅𝜖𝑝𝑎𝑖𝑛𝑡 ⋅ (𝑇 4
1 −𝑇 4

𝑎𝑚𝑏) where 𝜎 is the Stefan–Boltzmann constant. The
natural convection heat flux at the upper wall is 𝑞𝑛𝑐 = ℎ𝑢𝑝 ⋅ (𝑇𝑤 − 𝑇𝑎𝑚𝑏)
while at lower wall 𝑞𝑛𝑐 = ℎ𝑑𝑜𝑤𝑛 ⋅ (𝑇1−𝑇𝑎𝑚𝑏). For an horizontal plate, the
Nusselt number for the natural convection with exchange on the upper
side is 𝑁𝑢 = 0.54 ⋅ (𝐺𝑟 ⋅𝑃𝑟)1∕4 while with exchange on the lower side is
𝑁𝑢 = 0.27 ⋅ (𝐺𝑟 ⋅ 𝑃𝑟)1∕4 [37]. As such, it can be assumed ℎ𝑢𝑝 = 2 ⋅ ℎ𝑑𝑜𝑤𝑛.
Up to time 𝑡𝑖, the temperature across the slab was assumed constant
in time and equal to the temperature 𝑇1𝑒𝑥𝑝 measured by the infrared
camera. Then, by making an energy balance in the phase [0, 𝑡𝑖] between
the measured 𝑞𝑗𝑜𝑢𝑙𝑒, 𝑞𝑛𝑐 and 𝑞𝑟 on upper and lower wall, it is possible
to compute the natural convection heat transfer coefficient ℎ𝑢𝑝 and
ℎ𝑑𝑜𝑤𝑛. Due to the small temperature variation, the ℎ𝑢𝑝 and ℎ𝑑𝑜𝑤𝑛 will
be assumed constant during the next phase.

In the phase [𝑡𝑖, 𝑡𝑓 ] the transient one-dimensional Fourier heat
equation in the slab is solved with a finite difference method based on
the Crank-Nicholson scheme that guarantees a second order accuracy
in both space and time without high computational burden. An initial
guess of the heat conduction solution is formulated by an arbitrary
spray heat flux. Then, the calculated back surface temperature solution
(𝑇1𝑛𝑢𝑚 ) is compared to the measured one (𝑇1𝑒𝑥𝑝 ) in a least-square sense.
The function

𝑅(𝑞𝑠𝑝𝑟𝑎𝑦, 𝑡𝑖) = ∫

𝑡𝑓

𝑡𝑖
⋅
[

𝑇1𝑛𝑢𝑚 (𝑡 − 𝑡𝑖) − 𝑇1𝑒𝑥𝑝 (𝑡)
]2

𝑑𝑡 (1)

is used as an objective functional to be minimized through a proper
optimization scheme by updating the heat flux guess until convergence
is reached. The optimization procedure is based on the trust-region-
reflective algorithm [38]. In the present data reduction tf was limited
to 1.05ms, that is less of spray duration (1ms) plus time required from
spray to reach the wall (0.113–0.126ms), when the spray was still
active. It should be noted also that the terms 𝑞𝑗𝑜𝑢𝑙𝑒, 𝑞𝑛𝑐 and 𝑞𝑟 are very
small respect 𝑞𝑠𝑝𝑟𝑎𝑦 at the stagnation point (typically 0.1%). These latter
terms influence the data reduction essentially in the region of low 𝑞𝑠𝑝𝑟𝑎𝑦.

In Fig. 8, the typical experimental and optimized numerical tem-
perature drop obtained by the Fourier equation hereinafter have been
compared in four different point of coordinates. As it can be noted
the experimental and numerical data are in good agreement, as illus-
trated by the determination coefficient values. Most importantly, in
the presence of strong spatial temperature gradients, 1D techniques
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m
c

Fig. 6. Temperature drop curves of the stagnation points over time.
Table 2
Foil and paint properties.

Invar Paint

Thickness 𝛿𝑖𝑛𝑣𝑎𝑟 50 ± 5 μm 𝛿𝑝𝑎𝑖𝑛𝑡 10.2 ± 1.6 μm
Density 𝜌𝑖𝑛𝑣𝑎𝑟 8000 ± 80 kg m−3 𝜌𝑝𝑎𝑖𝑛𝑡 1303 ± 39 kg m−3

Thermal conductivity 𝑘𝑖𝑛𝑣𝑎𝑟 21.7 ± 0.22 @373K W m−1 K−1 𝑘𝑝𝑎𝑖𝑛𝑡 0.74 ± 0.02 W m−1 K−1

42.1 ± 0.42 @473K

Specific heat 𝐶𝑝𝑖𝑛𝑣𝑎𝑟 515 ± 10 J kg−1 K−1 𝐶𝑝𝑝𝑎𝑖𝑛𝑡 2557 ± 230 J kg−1 K−1

Emissivity 𝜖𝑖𝑛𝑣𝑎𝑟 0.15 ± 0.01 – 𝜖𝑝𝑎𝑖𝑛𝑡 0.95 ± 0.01 –
⋅
0
o

3

f
t
t
a
t
m
c
h
i

Fig. 7. A sketch of the slab model with all acting heat fluxes.

ay underestimate the heat flux by neglecting the effects of lateral
onduction 𝑞𝑡 [28,39,40]. To prove that 𝑞𝑡 is negligible in the present

tests, thanks to the computed temperature distribution along the slab,
first order tangential conduction heat flux is estimated by the following
relationship

𝑞𝑡 = −𝑘𝑖𝑛𝑣𝑎𝑟 ⋅ 𝛿𝑖𝑛𝑣𝑎𝑟 ⋅

(

𝜕2𝑇𝑖𝑛𝑣𝑎𝑟
2

+
𝜕2𝑇𝑖𝑛𝑣𝑎𝑟

2

)

6

𝜕 𝑥 𝜕 𝑦 b
− 𝑘𝑝𝑎𝑖𝑛𝑡 ⋅ 𝛿𝑝𝑎𝑖𝑛𝑡 ⋅

(

𝜕2𝑇𝑝𝑎𝑖𝑛𝑡
𝜕2𝑥

+
𝜕2𝑇𝑝𝑎𝑖𝑛𝑡
𝜕2𝑦

)

(2)

where 𝑇𝑖𝑛𝑣𝑎𝑟 and 𝑇𝑝𝑎𝑖𝑛𝑡 are the average temperature along the slab in the
Invar and paint parts respectively at final time 𝑡𝑓 when 𝑞𝑡 is maximum.

In 9(a), the tangential conduction heat flux distribution limited
to the spray impact area (see Section 3.3) is presented for the test
condition p=20MPa and Tw=473K, in which the maximum values of
𝑞𝑡 are detected. As it can be noted, the absolute maximum values are
measured on the borders of the impact area and on the two sides of the
stagnation points where the temperature gradient is maximum. In 9(b)
is also presented the percentage tangential conduction error 𝜏 = |𝑞𝑡|

𝑞𝑠𝑝𝑟𝑎𝑦
100 map which is at worst equal to 2.7%, with an average value of
.66% and 0.45% in the stagnation point confirming the negligibility
f the tangential conduction.

.3. Area of impact

Different solutions to correctly identify the spray area of impact
rom the heat flux maps were analyzed. The approach that has shown
he better agreement with flow visualizations (not shown herein) was
he Otsu’s method [41,42], which is based on an automatic threshold
nalysis by maximizing the inter-class variance of the image’s Black
o obtain the best separation of its interest regions. In Fig. 10, the
ethodology is applied and the results shown are related to the test

onfiguration at 𝑝𝑖𝑛𝑗 = 10MPa and 𝑇𝑤 = 473K. Fig. 10(a) reports the
eat flux map before the segmentation; Fig. 10(b) shows the area of
mpact region calculated using the Otsu’s method and its accuracy can

e checked by overlapping the two previous images (Fig. 10(c)).
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Fig. 8. Comparison between the measured and the numerically computed temperature (from the inverse heat transfer model) for 𝑝𝑖𝑛𝑗 = 10MPa 𝑎𝑛𝑑 𝑇𝑤 = 473K.
Fig. 9. Tangential conduction heat flux distribution limited to the spray impact area for 𝑝𝑖𝑛𝑗 = 20MPa, 𝑇𝑤 = 473K.
3.4. Spray cooling efficiency

The measured heat flux data is reduced in the dimensionless form
in terms of the spray cooling efficiency 𝜉 (𝑥, 𝑦) defined as [10]

𝜉 (𝑥, 𝑦) =
𝑞𝑠𝑝𝑟𝑎𝑦

�̇�
𝐴𝑖

[

𝑐𝑝𝑙
(

𝑇𝑠𝑎𝑡 − 𝑇𝑓
)

+ 𝛥𝐻𝑓𝑔

] (3)

which represents the ratio between the spray cooling heat flux and
the heat transfer capability of the fluid. In fact, it takes into account
the sensible heating of the liquid from the spray temperature (𝑇𝑓 ) to
the saturation temperature (𝑇𝑠𝑎𝑡) and the heat required to vaporize the
liquid (𝛥𝐻𝑓𝑔). Furthermore, when the temperature (𝑇𝑤) is above the
saturation one, the vapor generated at the surface can be superheated
to the foil temperature (𝛥𝑇𝑠𝑎𝑡) and thus the spray cooling efficiency is
more precisely defined as follows

𝜉 (𝑥, 𝑦) =
𝑞𝑠𝑝𝑟𝑎𝑦

�̇�
𝐴𝑖

[

𝑐𝑝𝑙
(

𝑇𝑠𝑎𝑡 − 𝑇𝑓
)

+ 𝛥𝐻𝑓𝑔 + 𝑐𝑝𝑣
(

𝑇𝑤 − 𝑇𝑠𝑎𝑡
)

] (4)

Where �̇� represents the mass flow rate, 𝐴𝑖 the impact area, the term
𝑐

(

𝑇 − 𝑇
)

corresponds to the sensible heating of liquid from the
7

𝑝𝑙 𝑠𝑎𝑡 𝑓
spray temperature to the saturation one, 𝛥𝐻𝑓𝑔 is the heat of vapor-
ization of the fluid and the term 𝑐𝑝𝑣

(

𝑇𝑤 − 𝑇𝑠𝑎𝑡
)

is related to the vapor
super-heating, and it is formed by the constant pressure heat capacity
of gas (𝑐𝑝𝑣 ), the wall temperature (𝑇𝑤) and the saturation temperature.
The 𝑐𝑝𝑣 value was obtained through an interpolation process of the data
reported in [43].

In order to better compare the different tested conditions, the
impact area-averaged spray cooling efficiency 𝜉 is evaluated as follows:

𝜉 = 1
𝐴𝑖 ∫𝐴𝑖

𝜉 (𝑥, 𝑦) 𝑑𝐴 (5)

and the relative mean absolute deviation 𝜎𝜉 , chosen as non-uniformity
index of the spray cooling efficiency [44] computed as:

𝜎𝜉 =
1
𝐴𝑖

∫𝐴𝑖
|𝜉 (𝑥, 𝑦) − 𝜉|𝑑𝐴

𝜉
(6)

3.5. Plume jet axis and spray cone angle evaluation

The plume direction angle 𝛽 and the spray cone angle 𝜃 are ob-
tained with a geometrical reconstruction approach, by making use 3D
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Fig. 10. Area of impact determination methodology for 𝑝𝑖𝑛𝑗 = 20MPa, 𝑇𝑤 = 473K.
geometry of the ‘‘Spray G’’ injector (available in ECN website [24]) and
the wall heat flux distribution. The position of the maximum heat flux
in the impinging area and the origin of jet are used to estimate the
angle 𝛽 assuming that plume jet axis is the line joining these two points.
To increase the accuracy identification of the maximum position (with
subpixel resolution) the heat transfer data near maximum was fitted
with a gaussian function. The spray cone angle 𝜃 was estimated by using
a similar geometrical approach assuming that it is equal to the angle
between the two lines starting from the origin of jet and that end at
the extremity of the minor axis of the elliptical like shape spray area
of impact.

3.6. Uncertainties analysis

The typical values and uncertainties of the parameters involved in
the measurement process are reported in Tables 2 and 3. Considering
such uncertainties and the error analysis of Moffat [45] and Crowder
et al. [46], the estimated error in the worst case for the spray heat flux
𝑞𝑠𝑝𝑟𝑎𝑦 is less than ±9.6%, for the angle 𝜃 is less ± 0.5◦, for the angle
𝛽 is less ± 1◦. The error analysis for 𝐴𝑖, 𝜉 was not performed but the
error should be very close to ± 9.6%. It is worth noting that all these
uncertainties are based on a 95% confidence level.
8

4. Results

In the first part of this section, the results of the ‘‘Spray G’’ injector
in terms of heat flux, spray cooling efficiency and impact area as zero-
dimensional data (average, maximum and mean absolute deviation)
together with an injector angles characterization are first reported and
discussed. These data are reported in Table 3 with other variables such
as the wall temperature against the Leidenfrost temperature (𝑇𝐿), and
the 𝛥𝑇𝑠𝑎𝑡 as they play an important role in the physical interpretation of
the results, each row of the table corresponds to each pair of pressure
and temperature tested in the experimental campaign. Secondly an
analysis of the two-dimensional distributions of the same results is also
presented.

From Table 3 it is possible to notice that the increase in the injection
pressure for the lower wall temperature (373K) produces a change over
the area of impact of 33% and a change over the maximum spray
cooling efficiency and the maximum heat flux of 5%. On the other
hand, for the higher wall temperature (473 K) the increment in the
injection pressure produces an 14% increment in the area of impact
and a 3% increment for the maximum spray cooling efficiency and the
maximum heat flux. The increase in the wall temperature for the lower
injection pressure (10MPa) produces a reduction in the area of impact
of 31%, and an increase over the maximum spray cooling efficiency
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Table 3
Summary of zero-dimensional results.

Conditions Results Spray parameters

10 MPa 1.15 9.11 1089.9 583.97 73.11 0.34 0.18 0.023 17.3 31.9
�̇� = 10.48

1.05 101473 K

10 MPa 1.67 6.28 513.71 270.22 35.26 0.16 0.08 0.011 17.8 31.6 0.83 0373 K [g/s]

𝑨𝒊
�̇�
𝑨𝒊

𝒒𝒎𝒂𝒙 �̄� 𝜹𝒒 𝝃𝒎𝒂𝒙 �̄� 𝜎𝜉 𝜽 𝜷 𝑻𝒘
𝑻 𝑳

𝜟𝑻 𝒔𝒂𝒕

[cm2] [g/cm2 s] [W/cm2] [W/cm2] [K]

20 MPa 2.5 6.18 542.54 223.41 41.39 0.17 0.07 0.013 19.5 32.5
�̇� = 15.44

0.83 0373 K

20 MPa 1.33 11.61 1122.9 620.26 64.91 0.35 0.19 0.02 17.3 32.9 1.05 101473 K [g/s]
Fig. 11. Spray impact area. (1) 𝑇𝑤 = 373K, 𝑝𝑖𝑛𝑗 = 10MPa, (2) 𝑇𝑤 = 373K, 𝑝𝑖𝑛𝑗 =
20MPa, (3) 𝑇𝑤 = 473K, 𝑝𝑖𝑛𝑗 = 20MPa, (4) 𝑇𝑤 = 473K, 𝑝𝑖𝑛𝑗 = 10MPa.

and the maximum heat flux of 52%. For the higher injection pressure
(20MPa), the increase of the wall temperature produces a reduction
in the area of impact of 47% and the same increment of 52% over
the maximum spray cooling efficiency and the maximum heat flux.
At lower wall temperature the percentage increase of the impact area
is higher of the percentage increase of the injected fuel mass (+90%
vs +47%), indicating a worsening of the heat exchange mechanism
showed also by the decrease of average spray efficiency 𝜉. On the con-
trary, at higher wall temperature the percentage increase of the impact
area is significantly lower of the percentage increase of the injected fuel
mass (+18% vs +47%) indicating an improvement of the heat exchange
mechanism showed by the increase of average 𝜉. The non-uniformity
distribution of the heat flux and the spray cooling efficiency follows
the same trends stated in the previous paragraphs. By keeping the
same injection pressure but increasing the wall temperature an higher
non-uniformity distribution value is obtained. More, by increasing the
injection pressure keeping the wall temperature constant produces an
increase in the non-uniformity distribution value. The heat flux and the
spray cooling efficiency mean values are almost the half of the maxi-
mum values. As the heat flux peak value is located in the spray impact
point, the heat flux in the area of impact has an important variability as
the distance with the impact point increases. More heat transfer occurs
where the major amount of liquid is in contact with the heated wall. For
9

the measured conditions, the heat flux, the mass flow rate and the area
of impact are varying. This mean that a combined contribution is taking
part over the final spray cooling efficiency value obtained by using the
(4). The spray cooling efficiency is proportional to the heat flux and
the spray impact area and it is inversely proportional to the mass flow
rate and the wall temperature. Two different mass flow rates are being
used since two injection pressure are performed in the campaign. An
increase in the injection pressure produces a rise in the mass flow rate.
All the variables previously described are taking part during the spray-
wall interaction influencing the results obtained in the present work.
The plume direction angle shows a slightly dependence form stagnation
pressure. The average value of tests at 20MPa is equal to 32.7◦ and is
in good agreement (about 4% error) with the one reported by Payri
et al. [47] numerically computed at same testing condition. About the
spray cone angle, was found that it varies from 17.3◦ to 19.5◦ as it can
be seen in Table 3 at the different conditions tested. Numerical results
obtained by Payri et al. [48,49] predicts a spray cone angle about 20◦ at
20MPa that is in good agreement with 𝑇𝑤 = 373K and 20MPa present
measurement. In the other conditions, the differences can be attributed
to the presence of the wall at a small distance from the injector tip
and/or the use of spray impact area to estimate this information. The
shape of the area of impact for each operating condition are shown
in Fig. 11. It is possible to notice that the impact area of the spray
rises by increasing the injection pressure and decreases by increasing
the temperature of the plate. This overall behavior and the order of
magnitude are in agreement with the results shown in [50] for toluene
as injected fuel. The condition of higher injection pressure (20MPa)
and lower wall temperature (𝑇𝑤 = 373K) produces a higher value of
major axis of the elliptical like shape spray area of impact, this can be
related to the splashing effect of the spray interacting with the wall
plus the accumulated amount of non-evaporated liquid which cause a
larger footprint.

The spray cooling efficiency maps for all the investigated cases are
presented in Fig. 12 by changing the wall temperature and the injection
pressure, the heat flux increases as well with a peak in the stagnation
point. Also, the efficiency is increased since the impact area is higher
due to the splashing phenomenon which is augmented with higher
injection pressures. By changing the injection pressure and maintaining
the wall temperature constant, the magnitude of the efficiency is practi-
cally constant and it is confirmed by the footprint patterns of the plume
shown in Fig. 12. On the other hand, by increasing the wall temperature
and keeping the injection pressure constant, it is possible to notice an
increase in the magnitude of the spray cooling efficiency.

The heat flux shows similar maximum values for the two injection
pressures and considerable differences by changing the temperature of
the wall, as it can be seen in Figs. 13(a) and 13(b). In the case of the
spray cooling efficiency, the overall behavior is similar to the heat flux
curves. The higher the wall temperature, the higher is the efficiency,
reaching its maximum value at the stagnation point of the spray.

In Figs. 13(a) and 13(b) there is a noticeable difference in the shape
of the heat flux and the spray cooling efficiency profiles by changing
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Fig. 12. Spray cooling efficiency. (1) 𝑇𝑤 = 373K, 𝑝𝑖𝑛𝑗 = 10MPa, (2) 𝑇𝑤 = 373K, 𝑝𝑖𝑛𝑗 = 20MPa, (3) 𝑇𝑤 = 473K, 𝑝𝑖𝑛𝑗 = 20MPa, (4) 𝑇𝑤 = 473K, 𝑝𝑖𝑛𝑗 = 10MPa.
the wall temperature. For the lower wall temperature the shape is wider
and presents variability in the falling edge of the curve after the peak
value. This is evidence of the splashing phenomenon and the presence
of more liquid fuel on the surface of the wall.

5. Conclusions

For the present work, the IR thermography coupled with an inverse
heat transfer data reduction was applied to investigate the spray/wall
interaction using the ‘‘Spray G’’ injector and iso-octane as the injected
fuel. The effect of the injection pressure and the wall temperature over
the cooling efficiency, the area of impact and the heat flux of the
injector located at 11 mm over a heated thin foil was investigated.

Four cases were taken into account, including two injection pres-
sures (10 and 20 MPa) and two wall temperatures (373 and 473
K). High resolved 2D-heat flux-spray cooling efficiency and area of
impact maps were evaluated for each condition. The time-history of
the wall spray cooling was reconstructed by a single-image acquisition
delayed with respect to the start of the injection by making use of 125
repetitions of the injection event.

Results show that for the lower wall temperature (𝑇𝑤 = 373𝐾) the
injection pressure has a major effect over the spray impact area, and
this is in accordance to the literature. Furthermore, an increase in the
wall temperature leads to a reduction in the spray area of impact (due
to the fluid vaporization) and a raise in the maximum value of the spray
cooling efficiency and the heat flux.

Higher wall temperatures lead to higher fuel vaporization. An in-
crease in the injection pressure enhances the splashing phenomenon
which is more evident for the lower wall temperature.

The results show that proposed experimental methodology is an
interesting technique to investigate the spray/wall interaction and it
can measure wall heat flux distributions, the spray area of impact and
spray angles. Used in conjunction with more classical optical techniques
such as Schlieren and Diffused Background Illumination can contribute
to more robust and comparable results.

The data acquired along this work will be also useful to focus further
investigations in the fuel-rich zones after the spray impingement to
achieve a better understanding of soot emissions, fuel film adhesion,
and the spray spreading on a hot wall.
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Fig. 13. Spray cooling efficiency and heat flux spatial distribution along the symmetry
axis of a single plume.
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