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Abstract 
This work aims at estimating the energy balance of a single droplet chain or multiple droplet chains imping-

ing onto a hot wall whose initial temperature is above the Leidenfrost point. The experimental data (temperature 
of incoming and outcoming droplets, heat flux at the wall,…) are required for validating submodels for heat 
transfer between a hot wall and sprays. Indeed, these physical submodels are subsequently used in CFD model-
ing. In the Leidenfrost regime, impinging droplets can experience only three different regimes : perfect bouncing, 
bouncing with a satellite formation and splashing. Modeling heat transfer in these regimes requires the knowl-
edge of several parameters such as the spreading diameter, heat transfer at the wall, the thickness of the vapour 
layer, its temperature as well as the liquid heating during the impingement and the evaporation rate. In the 
splashing regime, data about secondary droplets are also required. Up to now, no experimental data base giving 
all these parameters are available because of the difficulty to measure simultaneously all these parameters. In this 
experimental work, some of these parameters have been measured simultaneously during the interaction of the 
droplet with the heated wall while other ones have been estimated by means of an energy balance. 

 

 
Introduction 

In this study, the focus is placed on non wetting conditions; the wall temperature is above the Leidenfrost 
temperature, which corresponds to the film boiling regime. A thin vapor layer forms quasi-instantaneously 
between the droplet and the wall and prevents the droplet to stick the wall. The splashing and the rebound of the 
droplets are thus the only behavior that can occur. The rebound regime is observed for low Weber number while 
an increase of the Weber number promotes the splashing, Rein [1]. When metallurgical heat treatments are 
considered, e.g. in steel industry, film boiling is the dominant regime. An ideal quench is one that proceeds at an 
infinitely fast rate; however the vapor cushion between the droplet and the solid insulates the droplet from the 
hot sample and thus limits drastically the heat transfer, Bernardin and Mudawar [2]. For the cases of the rebound 
and splashing regimes, velocity of the outcoming droplets has been widely investigated, Wachters et al. [3]; 
Schmell et al. [4], Mundo et al., [5]. In the same way, post-impact droplets size distribution has been widely 
investigated in the literature, for temperatures greater than the Leidenfrost limit [6] or above [4].  To the best of 
our knowledge, there is no data in the literature related to the post-impact droplet temperature except the recent 
works of Castanet et al. [7] and Dunand et al. [8]. 

 
In the present work, different measurement techniques are combined for an indirect estimate of the mass of 

liquid evaporated during the droplet/wall interaction. The temperature variation of the droplet is measured using 
the two-color planar laser-induced fluorescence thermometry. In addition, an infrared camera provides the 
temperature field at the rear face of the nickel target. A semi-analytical inverse heat conduction model allows 
estimating the heat flux on the front face of the plate where the droplets impinge. Finally, the heat flux removed 
from the wall by the droplets is compared to the sensible heat stored in the outgoing droplets. Energy 
conservation is finally invoked to estimate the heat flux associated to evaporation. The respective contributions 
of the liquid sensible heat, the heat of evaporation, and the heat removed from the wall are analyzed in terms of 
incident droplet size and normal Weber number. 

 
Droplet generation and experimental set-up  

In order to study droplet/wall interactions, an experimental set-up was specifically designed. A sketch of the 
experimental set-up is shown in figure 1. In this study, the droplets range from 80 µm to 250 µm while their ve-
locity is of the order of a few m/s. The droplet generator can be rotated to any prescribed angle α of incidence. 
The temperature of the injector body is regulated and the liquid temperature is controlled by a thermocouple 
placed just before the outlet of the injector. Water droplets impact periodically a thin disc of nickel (thickness is 
500 µm and radius R=12.5mm) which is heated by electromagnetic induction. In this contactless heating tech-
nique, the distribution of the heat sources in the skin depth of the metallic sample is perfectly controlled. The low 
thickness of the nickel disc allows limiting the damping of the thermal response at the rear face (side of the sam-
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ple opposite to the droplet impact). This nickel sample is put on three ceramic spheres (at the radius Rc) in order 
to ensure a better insulation from the solid support. The upper surface of the nickel on which the droplet are im-
pacting, is polished as a mirror. An oxide layer covers the surface when the temperature exceeds 500°C. This 
green and gray layer is very stable, and did not provide a significant change in the overall roughness. In addition, 
the oxidation increases the radiative emissivity of the wall, which is positive in turn for the infrared thermogra-
phy. 

 
Measurement techniques  
 

���� Measurements of the droplets size and velocity by shadowgraphy 
A high-speed (HS) camera is used to visualize droplets impinging onto the heated wall. The HS camera is a 

Phantom v710 equipped with a 12-bits CMOS sensor that can provide up to 7500 fps at full resolution 
(1280×800 pixels). It is used with a reduced resolution to perform the image acquisition at a much higher frame 
rate, typically in the order of 100,000 fps. This acquisition rate is sufficient to resolve in time the droplet/wall 
interactions in the experimental conditions encountered in this study. The droplets are backlighted using a very 
bright light source (a 400 W HMI lamp with a parabolic reflector). A zoom lens allows having a field of view 
ranging from 400 µm to 3 mm. The images are then processed with a homemade detection and tracking software 
in order to determine the main features of the incoming and outcoming droplets. The tracking algorithm is based 
on a multi-hypothesis tracking method, Reid [9]. Joint distributions of the droplets size and velocity can be de-
rived from the processing of the images. Other important parameters such as the incident angle, the normal and 
tangential velocities, the residence time, or the spreading diameter of the droplets can be also extracted concomi-
tantly. 

 
� Two-colour Planar Laser-Induced fluorescence thermometry 
The two-color planar laser-induced fluorescence (2cPLIF) was used to measure the variation in the droplet 

temperature during their interaction with the wall. This technique already demonstrated its ability to characterize 
the temperature of droplets in various situations including droplet evaporation in either inert or reactive flows, 
Castanet et al. [10]; Depredurand et al. [11]. It was also used to determine the droplet change in temperature dur-
ing their impingement onto a heated solid surface, Castanet et al. [7]. In this study, the 2cLIF thermometry was 
restricted to pointwise measurements, which imply a cumbersome point-by-point scanning to reconstruct the 
temperature distribution in the liquid phase of the flow. More recently, the technique was extended to planar 
laser induced fluorescence (PLIF) in order to obtain the temperature field, Dunand et al., [8]. The 2cLIF ther-
mometry is based on the measurement of the fluorescence intensity of a single dye tracer. In liquids, the fluores-
cence quantum yield is strongly influenced by the quenching, which depends on the temperature. When a laser 
beam induced the fluorescence of a dye dissolved into a liquid, the fluorescence signal detected on a given spec-
tral band i can be expressed as (Lavieille et al. [12]; Castanet et al. [9]): 

, , , 0 exp i
f i opt i spec iI K K I cV

T

β ≈  
 

, i=1,2 (1) 

where Kopt,i is a parameter depending on the optical properties of the detection system (e.g. the solid angle of 
the detection, the spectral sensitivity of the detectors, the spectral band of detection), Kspec,i is a parameter de-
pending on the spectroscopic properties of the tracer in its solvent on the designated spectral band. c is the con-
centration in dye molecules and the product c. V corresponds to the number of molecules that are illuminated by 
the laser beam in the field of view of the detector. I0 is the intensity of the laser beam before crossing the absorb-
ing medium. βi are parameters related to the temperature sensitivity of the fluorescence signal. In this study, rho-
damine 640 was selected as a fluorescent tracer. The ratio of the fluorescence intensity measured on two bands, 
for which the temperature sensitivity is highly different ([12] and[8]), allows eliminating the effects of parame-
ters that are unknown or difficult to control. When the technique is applied in imagery, only the coefficients do 
not depend on the pixel position in the image. All other variables can change from one pixel to another, espe-
cially the parameter Kopt,i. Even under isothermal conditions, the fluorescence ratio is not necessarily uniform, 
due mainly to the non-uniformity of the CCD detection matrix. To eliminate the influence of the detection sys-
tem, a reference image at a known temperature T0 (with the same optical configuration as for the measurement) 
is recorded. According to equation (1), denoting R0 the fluorescence ratio obtained in the reference measurement, 
the temperature can be derived from the ratio of fluorescence field. 
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where  1 2f f fR I I=  and 0 10 20f fR I I=  . 
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Once β1 and β1 are known, equation (2) can be used to determine the liquid temperature. The bands of de-
tection correspond to the ranges [555 nm-565 nm] and [635 nm-685 nm]. The variation of the fluorescence ratio 
Rf is about 1.4%/K which is enough in practice to measure the droplet temperature with an accuracy of about 
2°C. 

The measurement system is illustrated in figure 2. The excitation of Rh640 is achieved by means of a Cw 
Nd:YAG laser (Laser Quantum Finesse, 6W @532 nm). An arrangement of spherical and cylindrical lenses pro-
vides a laser sheet with a thickness of 220 µm and a height of 16 mm in the measurement zone. This latter is 
observed by a Questar QM-1 long distance microscope, which is positioned perpendicularly at a working dis-
tance of about 84 cm. The field of view is then about 3.5x3.5 mm². A holographic filter (Notch Plus, Kayser Op-
tical) is used to block the Mie scattering of the laser light at 532 nm. A neutral beamsplitter (R/T 45/55%) allows 
splitting the fluorescence signal for its acquisitions by the cameras. Interference filters are mounted in front of 
the cameras and allows selecting the aforementioned spectral bands. For the detection of the fluorescence images, 
two electron-multiplying CCD cameras (Hamamatsu EM-CCD camera C9100-02- 14 bits) with a spatial resolu-
tion of 1000x1000 pixels are used. The measurements are performed with a concentration in Rh640 equal to 
5.10-5 mol/L. This concentration is relatively high and the re-absorption of the fluorescence within the droplet 
cannot be ignored. However, this high concentration is required to limit the effect of the droplet size and shape 
on the fluorescence spectrum which has been described by Labergue et al. [13]. The re-absorption of the fluores-
cence is likely to modify differently the fluorescence ratios of incoming and outcoming droplets only in the case 
of a splashing. In the case of a rebound, the droplet does not change significantly in diameter. Re-absorption of 
the fluorescence can be accounted for in the case of a splashing. The extinction coefficients of each spectral band 
being known, the fluorescence ratio can be corrected by: 

( ) ( )
( ) ( )
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2

1

2
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In this expression, µ is a correction factor taken into account the effect of absorption, x
r

 is a given position 

in the droplet and ϑ  is the droplet volume. In the case of a splashing, only the ratio corresponding to droplet 
before impact is corrected. The sizes of the secondary droplets are generally too small to be significantly influ-
enced by the re-absorption of the fluorescence. For a 200 µm, the applied correction is on the order of 2.78°C 
and it decreases to 1.47°C when the diameter is 100 µm. 

Figure 3 shows an example of measurement in the case of a splashing and figure 4 in the case of rebound. A 
significant heating of the droplets resulting from their impingement is observed. The fluorescence field is not 
uniform in an image; this is mainly related to the time averaged liquid concentration, which varies strongly in 
space. The liquid concentration is the more important near the impact region where the droplet are strongly 
squeezed. From these images of the temperature field, the average temperature of primary and secondary drop-
lets can be calculated. The average is weighted by the fluorescence intensity since this latter is roughly propor-
tional to the liquid mass flow rate crossing the region of interest (ROI) during the integration time of the cameras: 

 

( , ) ( , ) ( , )m f f

ROI ROI

T T x y I x y dx dy I x y dx dy= ∫∫ ∫∫  (4) 

ROI are defined for the incident droplets and the secondary droplets. The difference in temperature ∆Tl be-
tween these regions is finally computed and allows evaluating the gain of sensible heat of the liquid. 

 
���� Infrared thermography and inverse conduction model for the wall heat flux estimation 
In all the experiments, the nickel sample (R=12.5mm and thickness e = 500µm) is first heated up to 700-

750°C. Then heating is stopped and cooling by the water droplets stream occurs. As the slab is impacted by the 
droplets on one of its face (referred as “front face”), the temperature field is measured on the other face (referred 
as “rear face”) using an IR camera in the spectral range [3.97-4.01µm]. Acquisitions are performed at sampling 
frequency of 60 Hz and at maximum resolution of 320x240 pixels. A specific inverse heat conduction algorithm 
was developed to recover the heat flux removed from the front face corresponding to droplets impacts. Our 
method is based on an analytical solution of the heat equation using integral transforms. 

 
• Solution of the direct heat transfer problem 
The internal transient conduction within the Ni disc is considered. As the resident time of each droplet is 

very low compared to the time associated with the sampling frequency of the IR camera, an averaged value of 
the heat flux over the resolution time of the camera (or a multiple of it) will be inferred from the measurements. 
In order to decrease the number of unknowns associated with the heat flux distribution, the 3D modelling is re-
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duced to a 2D modelling through angular averaging in a cylindrical coordinate system. Then, assuming constant 
thermophysical properties, the following set of equations is obtained: 

 
2 2

2 2
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with: ( ) ( )t,rqTThq dF

F
EQF +−= ∞   and  ( ) ( )stumRccondR

R
EQR TTRrKTThq −−+−= ∞ )(δ . (9) 

EQhβ corresponds to the heat loss coefficient which is the sum of both convective and radiative losses over the 

rear (β = R) and front (β = F) faces of the disc. dq is the heat flux removed from the front face by the droplet 

stream. It is averaged angularly over a circle at radius r . T∞ is the air temperature and TF and  TR are the front 
and rear face temperatures, Tinit is the initial temperature field and Tstum the temperature of the support (three in-
sulating beads placed at 120° and a radius Rc in between the Nickel disc and a hollow cylindrical support built in 
stumatite. Kcond is a conductance between sample and support. Convective contributions to EQhβ

 
have been cal-

culated using natural convection correlations over horizontal surfaces. Linearized radiative contributions to EQhβ , 

the radiative transfer coefficients, differ since the front face radiative environment is the ambient while the rear 
face is coupled with both the ambient and the stumatite support. All these coefficients have been estimated 
thanks to a relaxation experiment in the absence of any droplet stream. 
The Laplace (_) and Hankel (~) transforms are used so that equation (5) becomes : 

2
2( ) 0n
n n

p

z a

θ α θ∂ − + =
∂

%
% , (10) 

where 
initT Tθ = − , p is the Laplace parameter, 
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Finally, the quadrupole method (Maillet et al.[14]) yields a linear relationship between the rear face temperature 
(z = e) and the cooling heat flux (z = 0) :  
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Numerical Laplace inversion of the previous expressions allows calculating the Hankel transform of the rear 
face temperature field at any time: 
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Induction heating: 
Electrical supply
+ coolingsystem

Nickel slab
(ø 25 mm, 500 µm thick)

Ceramic insulating support

Monodisperse droplet stream
( orifice ø 30-150 µm)

Induction ring
(ø 7 cm)

Infrared camera 
(rear face)Infrared Mirror

LIF 
detection
system 

(front face)

 
 

Neutral beam splitter
(45% R/55% T)

Long distance 
microscope

Neutral filter
5% T 

EM-CCD 
Camera 2

EM-CCD 
Camera 1

Notch filter (cut-off 532 nm)

Interference filter
[555 nm – 565 nm]

Interference filter
[635 nm – 685 nm]

CW Nd:Yag
(532 nm)

Lens

 
Figure 1 Experimental set-up Figure 2 2cPLIF optical set-up 
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Figure 3 example of 2cPLIF measurement in the case 
of a splashing (D=180 µm, Vd=10 m/s, α=70.3°, f=12 
kHz, Tw=540°C) (a: shadow image, b: fluorescence 
intensity field on camera 1 (555-565nm), c: resulting 
temperature distribution) 

Figure 4 example of 2cPLIF measurement in the case 
of a rebound with satelite droplets (D=133µm, Vd=10.5 
m/s, α=24.2°, f=12.5kHz, Tw=670°C) (d: shadow im-
age, e: fluorescence intensity field on camera 1 (555-
565nm), f: resulting temperature distribution) 
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The real temperature in the time-space domain can be finally obtained through the Hankel inversion of the 
previous equations: 

)(
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• Inverse heat transfer problem 

Temperature at the rear of the wall TR (x, y, t) is measured by the infrared camera in a Cartesian reference 
frame while the input data TR (r,t) of the model must be known in a cylindrical reference frame. Thus, it requires 
the conversion and the averaging of the initial Cartesian temperature field in order to obtain the input data. As a 
consequence, only an averaged heat flux qR (r, t) can be obtained, but not the local heat flux qR (x, y, t). The first 
step of the inversion procedure consists in obtaining the input temperature by angular averaging the initial field.  
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where )( k
R tθ  is the column vector of the rear face temperature differences for all observable pixels, of size nx 

ny and  )( kt
~
θ  the column vector composed of its Hankel harmonics of orders 0 to nh. 

 
Equation (16), expressed in Hankel domain (~), is the second step of the inverse heat conduction problem 
(IHCP); the integral form can be expressed using a quadrature : 
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where t∆  is the time step of the infrared camera (1/60 s here). It is the time regularization hyperparameter that 
has been chosen not too high, in order to get unbiased estimates of temperature and flux and not too low to pre-
vent an explosion of the inversion because of the presence of noise in the temperature measurements. 

Calling expcor
n

~
θ  the vector of the nth harmonics of the corrected experimental rear face temperature, calculated 

according to (19) and a least square inversion results from model (19): 
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Estimation of the wall flux qd is then made using a truncation of its spectrum to a maximum of nh + 1 har-
monics: 
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In practice, only two harmonics (n = 0 and 1) are used, because of the weakly local effect of the droplet 
stream on the rear face temperature field (the disc is thin and highly diffusive). This number is the hyperparame-

ter for space regularization. The total rate of heat flow )(tQd
&  is estimated by: 
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Finally, the energy removed from the wall at each droplet impact is computed from (21) knowing frequency finj 
of the injector of the droplet stream: 

inj
w f

tQ
tQ

)(
)(

&
=  (23) 

More details about the previous modelling can be found in Gradeck et al. [15] and Maillet et al. [16]. 
 
Energy balance of the droplet/wall interaction 
 

The energy balance of the droplet/wall interaction can be written as the sum of three contributions, the sensi-
ble heat gained by the liquid, the phase change heat and the heat drained by the vapour flow:  

( )w l v v vQ Q m L Cp T= + ∆ ⋅ + ∆
 (24)
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In this expression, the term Cpv ∆Tv corresponds to the sensible heat drained by the vapor, where 

v f bT T T∆ = −  is the vapour temperature increase. Ql corresponds to the sensible heat gained by the liquid. It 

can be expressed as follows : 

( ) ( )l l l l s injQ m m Cp T mCp T T = − ∆ ∆ + ∆ −   (25) 

In these expressions, m∆ is the mass of the droplet evaporated during its impingement, ∆Tl is the increase in 
the liquid temperature measured by 2cLIF thermometry.  

The parameters Ts and ∆Tv are not measured but in a first approach, Ts can be replaced by the boiling tem-

perature of the liquid and ∆Tv can be estimated by assumingv f bT T T∆ = − . Introducing the Jakob number 

v v vJa Cp T L= ∆ : 

)(1∆ JamLQQ vlw ++=  (26) 

Finally, the mass of the droplet evaporated during its interaction with the wall can be expressed by:  

( ) ( ),1
w l l

v l b l f

Q mCp T
m

L Ja Cp T T

− ∆∆ =
+ + −

, (27) 

where Tl,f  is the temperature of the liquid after the impingement. 
 
Figure 5 shows the evolution of ∆m/m as function of the Weber number, for different droplet sizes. We ob-

served that this parameter varies strongly with the droplet size. For the smallest droplets (D=80 µm), the relative 
variation in mass is very significant as it can reach about 25%, while it is negligible for the largest droplets. As 
expected, due to the increase in spreading diameter, ∆m/m is increasing with the Weber number. 

The cooling efficiency ε can be written:  

( )( ) ( )( )1l v v f bQ m Ja m L Cp T Tε  = + ∆ + + −
   (28) 

Introducing ( ) ( )1ve v v f b vL L Cp T T L Ja= + − = + ,  

l
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mL m
ε ∆= + . (29) 

This equation shows the respective contributions of the sensible heat and the evaporation to the cooling effi-
ciency. These contributions are compared in figure 6. For the biggest droplets, the dominant contribution is re-
lated to the sensible heat. For the smallest droplet, it is the contrary. This result is particularly interesting for the 
modelling of spray cooling since it points out the interest of taking into account the sensible heat gained by the 
liquid. Sensible heating is often neglected while its contribution to the cooling is a matter of droplet size and 
secondarily of Weber number. 
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Figure 5. Evolution of the relative loss of mass ∆m/m 
as a function of the normal Weber number for 
different droplet sizes  (f ranges from 9500 Hz to 
12000 Hz). 

Figure 6. Comparison between m m∆ and QL/mLve  

(f ranges from 9500 Hz to 12000 kHz). 
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Conclusion 
The implementation of innovative non-intrusive diagnostics allows investigating the different contributions 

to the energy balance in the Leidenfrost effect. 
Infrared thermography combined with an inverse heat conduction model allowed estimating the heat flow 

rate removed from the wall by the impact of monodisperse droplet streams and consequently the heat removed 
per droplet.  

Furthermore, 2cPLIF thermometry was used to measure the increase in the temperature of the droplets during 
an impact and thus to determine the sensible heat gained by the liquid. The contribution of evaporation to the 
wall cooling was obtained from the closure of the energy balance. The main interest of this approach is that it is 
almost impossible to quantify directly the mass of liquid after the impact, since the droplets can be strongly de-
formed after impinging the wall. It was clearly observed that the main contribution to the cooling is the gain of 
sensible heat by the liquid in the case of the large droplets. When the droplet size decreases, the heat removed by 
evaporation becomes dominant. In all the cases, heat transfers increase with the normal Weber number. A better 
assessment of the evaporated mass would require quantifying the enthalpy of the vapor trapped between the 
droplet and the wall. 
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