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Abstract

In a wide variety of applications, interactionsvoe¢n sprays and hot walls remain difficult to imsgg
due to poor understanding of the flow and heatsfieancharacteristics. In the present study, theha®ig is
placed on the impact of droplets onto a wall heateolve the Leidenfrost temperature. Shadow imagsiigg a
high-speed (HS) camera allows visualizing the drophpacts. An innovative drop sizing method coreldin
with Particle Tracking Velocimetry, is implementetihe method offers benefits of measuring droplet of
irregular shape while providing directly their sphtistribution. Tracking of the particle resultsa lagrangian
description of the flow, particularly valuable ftrte modeling of the impacts. The main results ef ithage
processing concern droplet velocities and sizesrbednd after the impact, as well as the maximuraasping
diameter and the residence time in the case adpletrrebound. Experiments are undertaken in dalenprove
and validate droplet-wall interaction models.

Introduction

The interactions between sprays and hot walls oot wide variety of industrial applications, for
example, the development of compact high pressioeetdnjection engines. In this situation, impactiof fuel
droplets onto cylinder walls affects noticeably tbembustion efficiency and the emissions of politga
Another application is related to the cooling ot Barfaces in the metal processing industry. Spoling is
widely used due to its high efficiency, low coolanhsumption and the possibility to achieve a isdagpatially
homogeneous heat transfer [1, 2]. When the walperature is sufficiently high, a vapour layer isnediately
formed between the wall and the droplet, which prgs the direct contact between the liquid andsttiel. This
regime, generally called Leidenfrost regime or fiwiling regime, is characterized by poor heatsfanrates
between the liquid and solid. Hydrodynamic alsoyplan important role. It is mainly controlled byetkveber
number WWe). ForWe<30, droplets spread and rebound. WhenV88<80, the droplets spread similarly as in the
previous case, but separate into a few numbertellisadroplets after leaving the wall during the2bound. For
We>80, disintegration occurs in the initial spreadatgge. This last regime is generally called sptagh

Wachters and Westerling (1966)[3] pioneered thdysuf heat transfer and hydrodynamic of droplets
in the film boiling regime. They determined expegimally a relationship between the Weber numbethef
droplets before and after the impact in the casa ofbound. These authors assumed a preservatithre of
tangential component of the velocity. Watkins andngy [4], Parks and Watkins [5] introduced a coédfit
taking into account the normal and tangential te tall loss of momentum. Karl and Frohn [6] did a
comprehensive study of the rebound of water andnethdroplets. They developed correlations forldss of
momentum and the maximum spreading diameter, havtbeag measurements were restrictetis<30.

The splashing was also of interests in many studiesong others, Naber and Farrel [7], Parks and
Watkins [5] or Bai and Gosman [8] provided the f@mof droplets resulting from the break-up ofragke drop
impacting on a hot surface as a linear functiorthef Weber number. Akhtar and Yule [9] investigatied
impact of quasi-monodisperse droplets onto a petigteated steel target, for a very large Weber pumange
(100-750). Combining high-speed shadowgraphy and Bllbw these authors extracting a wide range @& da
such as the sauter mean diameter of the secondawlets and established empirical correlation asation of
the Weber number. Richter et al. [10], consideheditnpingement of a droplet chain made of isoocthoelets
(around 90 um in diameter). They used shadowgrapldyPIV to investigate the effect of the wall tenapere
and incident Weber number on the Sauter Mean DienméEMD) and velocities of the secondary dropléEte
emphasis was put also on the influence of the iggsiment frequency on the secondary droplet formafitwe
study of the impact of multiple droplet chains byilir et al. [11]also reveals an important influeraf spatial
interactions on the SMD. Moita and Moreira [12] posed a more refined investigation of the splashiigse
authors provided a very detailed description ofdintegration mechanism. The Sauter mean dianoétdre
secondary droplets (SMD) was found to depend oh Betynolds and Weber number.
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The aim of the present study is to develop anddatdi models for the droplets/wall interactionsha t
film boiling regime. To that end, an innovative rmeeement method based on high-speed shadowgraphy, i
developed in order to characterize the main pammmetf interest, i.e. the size and velocity disttitns of the
primary and secondary droplets as well as the dprgaliameter and residence time in the case ebaund.

Experimental setup
The experimental setup is presented in figure hastalready been described by Dunand et al. [h8] w

investigated the heat transfer associated withyspwaling in the film boiling regime A piezoelectric injector is

used to produce a chain of mono-sized and equpdgesi droplets. The droplets range fromu80to 250um,

while their velocity is set to a few m/s. Dropletsllide

with a thin slice of nickel heated by induction beg the Monodisperse droplet

Leidenfrost temperature. The droplet generator lsan (Sgﬁ?i‘?egso-lso m)

rotated to modify the direction of the droplet atreand "

hence the normal velocity of the droplets and thpaict

regime. The upper surface of the nickel on whicé t

droplet are impacting, is polished so as to obtaiwery

Nickel Slab
(2 25 mm, 500 pm thick)

smooth surface. A high-speed (HS) camera (Phantom \(._J Induction Heating:
v710, Vision Research) is used to visualize thepdro /. F Elcegér;i%agjs;ggx
impacts. It can provide up to 7,500 fps at fullaletion Inductionring

(1,280 x 800 pixels, 20 pum pixel size). A zoom lens @7 ¢m

(OPTEM zoom 125C minimized configuration) allows CeramicInsulating support
observing with a magnification ranging from 2.126.

Given the small aperture of the zoom, it is reqlite Figure 1 Experimentalsetup

illuminate the droplets from behind using a verjgbt

light source (a 400W HMI lamp with a parabolic eefior) in order to obtain contrasted shadow imagés a
short exposure time (set here at 1 us). Time-resolisualizations of the droplet impacts requirevimg
acquisition rates close to 80,000 fps at a reduesdlution in terms of pixels (in comparison thgation
frequency of the droplet is on the order of 100Q).HFigures 2 and 3 shows typical examples of rebcand
splashing obtained with this optical configuration.

°¥2 - !9 . .

. e .m N— : -
Figure 2 Rebound of water droplets {8138 um, Figure 3 Splashing of water droplets {§£118 pm
We,=15.25, \(=2.82 m/s, V=8.34 m/s;,=11 000 Hz) We,= 107.4, V=8.645 m/di,= 16 400 Hz))

Size and velocity measurements

For the purpose of the study, a digital image asialtechnique has been developed to characterigsedr
sizes and velocities in the context of spray capliRecently, Richter et al. [10] and Murray et[&#] reported
the use of shadow imagery to study droplet splasHim this study, shadow imagery was combined 1 el
obtain the eulerian velocity field of the droplets well as their size distributions. However, sinel velocity
measurements were disconnected. In this studygtad@mera allows visualizing the droplet impactsnsans
of a shadow imaging system. Image processing igetivin two distinct steps: identification of drefd and the
tracking of their trajectories.

a) ldentification of droplets and size measurements

Image pre-processing The processing begins with a normalization of thades. This stage aims at obtaining
a uniform background in the image given that thyhtlisource can be non homogenous. The normalization
corresponds to a division of the images by a bamkyt image (obtained without any object). The insagee
also corrected from the barrel distortion usingid gf dots periodically spaced.

Detection of the droplet outlines -Detecting the smallest droplets is of prime imance given their large
occurrence. Segmentation methods based on predefimieies of gray level or gradient thresholds aoé n
adapted to this situation since it is extremel¥iclift to find a suitable threshold value regardles$ the droplet
size. Difficulties are also related to the preseatdlurred droplets that can modify locally theckground
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around the in-focused droplets. In this study, ¢hemnsiderations led to take the steepest slopa aslicator of
the droplet outlines. Particle detection consistsearching the zeros in the image’s laplatiaand the zones
where it is positive (since the laplacian becomesitjve in the interior of the particles). To linthie noise, a
Gaussian filter is applied before calculating thpldcian. This filtering is moderate in order notenlarge the
droplets and make the smallest droplets disappesasome ripples remains inand can lead to the detection of
false particles, a threshold is applied. Valid particles are defined as beiogifive regions of. where at least
one pixel verifiesL>L,>0. L, is set to slightly exceed the height of the rigpl€losed lines corresponding to
L=0, are interpreted as the edge of the dropletsr Triiterpolation allows having subpixel contour rexdtion.

Separation of overlapped particles -The previously described detection method allogggasating most of the
droplets when they are partially overlapping frdme wery beginning of their identification. If a segtion is
applied, it is mainly for the particle tracking senmissing particles can be difficult to handle.olstrategies are
used in parallel. The grey-level image is seen @pagraphic relief and the watershed transforovad| finding
valleys, which are of interest for separation. As® method examines the curvature of their owliard
identifies pairs of points that correspond to amaing of the contour.

Computation of droplet parameters —The diameteD of a droplet is based on the aveinside the sub-pixel
contour. Assuming a circular shag®,is given bw/A/7r. The centroid of the particle is calculated froth a

points of the area A inside the contour. It is lipteted as the center of mass of the particle tbotracking.
Depth of field (DOF) can potentially introduce k#asin the size measurements. The gray-level gradiethe
particle boundaries and the maximum gray-levelnisity inside the particle are computed as they Hzaen
suggested as a relevant indicator for the DOF [A]54L7, 18].

b) Tracking of the particles trajectories

PTV was chosen from scratch over PIV since droptets have very different displacements within an
interrogation window, particularly near the breakagne at the wall collision. Moreover, PIV allowtaiming
the eulerian velocity field of the droplets, whieracking of the particle trajectory would resulta lagrangian
description of the flow, particularly valuable ftwe modeling of the impact process. In turn, thppraach
enables to correct the bias of the size distrilutmward the slowest droplets. Without trackingg glowest
droplets that appear in more images than the tastess are counted more times. The algorithm isdbas a
Multiple Hypothesis Tracking (MHT) method. This Himf approach can be easily adapted to the cageopfet
splashing. It is a preferred technique for solvimg data association problem in modern multiplgdes tracking
systems in cluttered environment [19, 20]. The apph consists in generating a set of data-associati
hypothesis to account for all possible origins wéry measurement (here the positions of the cetgrof the
detected particles). In practical, the method setia building all the possible associations betweacks and
measurements for a number of successive framesangaring them. All the hypothetical associatioar be
represented as a tree, whose branches correspangdtential track. Algorithm is divided in sevesthges:
initiation of tracks, track formation and extensidrack termination, clustering and selection & ffotential
tracks. The basic idea is that an object must ety to several tracks at the same time. A seleds thus
applied so as to retain only the tracks that agentlore probable (tracks having the most regulgdtary and a
sufficient number of elements.

c) Droplet classification

The sign of the velocity is used to sort the drtgplieto classes. Tracks with an initial velocityedited
upward are classified as secondary droplets. Aistatbased approach allows distinguishing the prim
droplets from the ternary droplets (secondary drsptoming back to the wall with a downward velgcitAn
illustration of the classification is given in figu 9. In the case of a bouncing (with or withoutnfation of
satellite droplets), it is possible to connect gyatimary droplets to all the secondary dropletsas created. In
the case of a splashing, droplets in contact withwall are excluded from the tracking and no reteship is
sought between primary and secondary droplets.

Measurement accuracy and tracking performances

A plate dotted with discs of different size is usedassess the accuracy of the size measuremehto an
characterize the effect of the DOF. Discs rangenfelbum to 500um, which covers the whole droplet sizes
encountered in the experiments (figure 4). The saanameters are utilized for the detection of tattguns as in
the study of the droplet/wall interactions.
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a) Size measurement accurac

Figure 5presents the measurement errors as a functioredisic sizes when the plate is at the focal pldr
the camera. A systematic error of abouytrd can be observed for droplets larger thanudD This corresponc
to less than 1/2 pixel. For the smalldroplets, the overestimation of the sizes is manportant. Subpixe
interpolation of contours seeness accurate for very small objects. The fittedl gerve is used to correct the
errors. Furthermore, by changing the brightnestheflamp, it was ssible to evaluate the sensibility of 1
objects size measurements to the background levels been verified that this sensibility is vargak
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Figure 5 Errors in size measurement as a functio
the disc diameter
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Figure 4 Calibration plate dotted with discs rangi
from 4 umto 0.5 mr

b) Out-of-focus droplets and measurement volun

The plate is movetack and forttalong the optical axis. As expected, the D@ (maximum distance ov
which the droplet can be detected identified) increases with the size of the objdicfure 6). Figure 7 shows
the measurements error asuaction of the distance to the focal planeErrors are moderate in an intenof
z=+/- 0.5 mm, whiclcorresponds 1 the region where most of the droplets are locatd¢ke experiments.
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Figure 7 Size measurement erras a function of the distan
to the focal plar z.

Figure 6 DOF vs. sizesf the diss

A droplet size is attributed to each track (lagiangapproact. It correponds to thesize of the element that
is the most focused. An ifocuscriterion is required to eliminate tracks that kxeatec outside of a considered
measurement volumé measurement volur limited to z=+/-1.5 mm was choses it is relevant in terms
mass flux conservation (i.éew droplets are eliminated in practice). The gradarnhe droplet edge was found
to be more relevant for the largest drople¢han the
maximum level intensity in the contour. Gradients\
usedthus, since large droplc are the only ones to be
detected outside the selected measurement vc
(figure 6).

B Al the detected objects
[ Ternary droplets in a track
B Secondarydroplets ina track
I Primary droplets in a track

c) Tracking performances

1 In order toestimate the performanc of the tracking
method, the rejection ratgpercentage oobjects not
included in a trackhas been calculateThis rate is
less than 1% ithe case of a rebou and it is about 20-
25% in the case of splashin. The size distribution of
the objects included in a track similar to that of all
the objectsthat have beerdetected (figure 8). This
suggests that the trackimgonly slightly biase by the
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Figure 8 Size distributions othe droplets included
in a track (case of the splashimgfigure 3)
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size of the droplets. Additionally, the volume floate of the secondary droplets crossing a closatiér was
found to be comparable to that of the primary detspl

Results and discussion
A comprehensive set of experiments was performenhtestigate the effects of dimensionless numbers
such as Weber and Reynolds numbers. Two liquide vested: water and ethanol.

a) Bouncing regime
Loss of momentum-An important parameter for the description of teeounds is the loss of momentum.

Normal and tangential components of the velocityhef primary dropletsvf,vi1) and the secondary droplets
(Vn2,\t2) have been extracted from the measurements. FRjamed 16 shows the evolutions of the restitution

coefficients r, =v, , /v, and r, =v,,/v,; as a function of the normal Webék, :/?\/n?ld/y. For We,>30,

rebounds with satellites droplets are usually olextrThe velocity taken for the calculation of thementum is
the (volume) velocity weighed by the liquid volumhefined by:

Va = Zvi d’ /Z‘,di3 ) (1)

wherei denotes thé" secondary droplets (validated track). As expedveth velocity ratios,, andr, decrease
with  We,. The experiments reveal that the loss of momentuangential to the wall,

(mvdl_t ‘dez,t)/den =1-r,, m being the initial droplet mass, is less importtirzin the loss of momentum

normal to the wall (7). Contrary to a general statement, the loss of emuom tangential to the wall is not
negligible in the bouncing regime since it can lead% in the case of water. In practice, it is Bigant when
We,>30. The measurements were compared to existing empiricaels. Park and Watkins [5] proposed a
correlation for the tangential and normal coeffitge of restitution based on the angléetween the inlet
velocity and the normal to the wall (would be the angle between the inlet velocity dredwall). They claimed
the tangential and normal coefficients of restitatito be equal, which is not observed in figureand 10.
However, their correlation fits relatively well thalues ofr, (figure 10). Correlation established by Karl and
Frohn [6] forWe,<30 is in good agreement with the measurementg(fiure 10). Results are also comparable
to that ofWachters and Westerling [3]. None of the tested models anttor the liquid viscosity, while the loss
of momentum is mainly caused by internal dissipatitue to viscous forces during the droplet defoionat
process. One would expect an influence of the Gdngesnumbe©Oh or the Reynolds numbé&te. Differences
between water and ethanol may be attributed topamtience on the Ohnesorge numb@h is about 3 times
higher for ethanol than for water), but more inigegtion seems necessary to conclude.

1 1 ; ‘
® Water
0.95- 1 = Ethanol
0.8 . Karl and Frohn (2000)
0.9r 1
0.85- 1
_H LC
0.8f 1
0.75¢ 1
— Park and Watkins (1996)
0.7r| ™ Water
= Ethanol
0.65 : : : : ‘ ‘ ‘
0 10 20 30 40 50 % 20 40 60 80
a=90-6 Wen

Figure 9 Coefficient of restitution of the tangential Figure 10 Coefficient of restitution of the normal
velocity vs. the incident angle velocity vs. the normal Weber number

Maximum spreading diameter-During their interaction with the wall, dropletspand radially. This spreading
process is stopped by surface tension. Existingefsofibr the maximum spreading diameter are basethen
conservation of mechanical energy. Kinetic energyransformed into surface energy and it is geheral
admitted that all the kinetic energy is converteb isurface energy at the maximum deformation. Hawean
unknown part of energy has been dissipated. Katl Brohn [6] assumed that the droplets take a cyitind
shape during their deformation. They also consii¢hat half the loss of momentum (figure 11) habddaken
into account in the energy balance as dissipatibanwthe droplet reaches its maximum radial expansim
clear justification is given for this amount of sijgated energy. As for the loss of momentum, nressents of
the maximum spreading diameter are in agreemehtktl and Frohn [6]. The present results seenmdicate
that their approach is not limited to V¢80 but it can be extended to higher valuegvef.
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Residence time-The residence time correspond to the time fromirthial instant of contact with the surface to
the instant of departure. It is usually expressedhe first-order vibration periotls of a freely oscillating
droplet:

t. =74 pd®/y (2)
Dividing by d/v; ,, a dimensionless expression fqtis obtained:
* tresV n n
o =12 =2 e, (3)

In presence of dissipation, the droplet can beidensd as a damped harmonic oscillator as defoomag&mains
moderated (i.e. low values @fe,). In that case, the droplet oscillates with atgligdifferent frequency than the

undamped case:
t'_ =CWe, with c:%’/,/l—&, 4)

where ¢ <1 is the damping factor related to the dissipatdeasured values df . were fitted by a power law:
t. =aWe’ with a =1.095and B=0.415 (5)
Figure 12 shows thats =0.5is acceptable fokVe,<30 but it can lead to a significant overestimate of th

residence time at highé&te,. For We,>30, the assumption of a linear (deformation) bérais certainly less
valid. The timeto from the instant of contact to the instant of maxim spreading is also of interest. Its
variation withWe, is plotted in figure 13 and interpolation of thetal leads to:

t .. =aWe’ with a =0.378and S =0.337 (6)
ForWe,>20, it appears in figure 12 thgt, =1/4t _ ,while t__ tends to about 1/3 a&e, becomes very small.
3 ‘ ‘ ‘ ‘ ‘ ‘
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2.5r a s
) /‘/.){‘.’
_Oo /‘/',./‘ﬁi | 1 ) )
\é 2r L __;5_-4 B ] \: ‘(
= 1 ot R
L5 — Karl et Frohn (2000) | |- s et
. — Fitted curve
® \Water 0.4 | " CresEthanol Fitted curve| |
®  Ethanol © UnaWater — with B=0.5
1 o t',.Ethanol  imposed
0 10 20 30 40 50 60 70 5 10 0
We, We,
Figure 11 Normalized maximum spreading diameter Figure 12 Normalized residence time and maximum
as a function of the normal Weber numbés;, spreading time as a function ok,

b) Splashing regime
Measurements of the Sauter diametgrhave been compared to existing models. To thedfemir knowledge,
there is no correlation to predict the shape artdrekof the droplet size distribution. In some sadhke size
distribution can be bimodal (figure 8). Images sgighat some of the smallest droplets could bemgged by
the boiling in the liquid film in addition to thélrh breakup. Different mechanisms of droplet redtation can
thus play a role. In the film boiling regime, thieesof the secondary droplets is dependent on thbanumber,
as noticed by Akhtar and Yule [9]. Yarin and Wd@%] suggested a dependence on the Reynolds nuiiber.
et al. [22] considered a combination of both theiseensionless numbers. Moita and Moreira [12] itigased
impaction of quite large droplets (around 2 mm ianteter) on a heated target, for liquids havinded#nt
surface tensions and viscosities and Weber nunmaaging from 24 to 1117. They suggested that thaeBa
Mean Diameteds,can be written as:

d,,/d, = AWe? R with A=52.77, a=-0.6 ancb = -0.23. (7)
In this expression, the negative exponents meah dh@plets with larger viscosity and/or surface sien
generate larger secondary droplets. As presentidure 13, measurements obtained in this studyraeegood
agreement with equation(7). In this figure, trisaggtorrespond to the cases where a coalescerue ioicbming
droplets has been observed (figure 14). Coalescencers because of the high frequency of the droplet
impaction, on the order of 20 kHz. Consecutive thtspare merging during the spreading of theiriddfilms.
This phenomenon may lead to an increase in theeBdismeter as it can be seen in figure 14.
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Figure 13 Evolution of the normalized Sauter mean Figure 14 Example of liquid film coalescence during
diameter ; illustration of equation (7) the spreading of consecutive dropldg«( 24500 Hz,

do= 103.18 pmWe,= 108,V,= 8.69 m/s)

Velocities of the secondary dropletsThe volume averaged velocity defined in equation (1) has been used to
study the global loss of momentum during the sphesbf water droplets.

Figure 15 shows the reduction in normal and 1

tangential components of the velocity as a functién 0.9

the normal Weber number. In this figure, data g4 . |
associated to the bouncing regime are also plotted. . -;' N o

This highlights that coefficients, and r, have an ' c L ° o
almost continuous behaviour during the transition. 06 * ]
between the bouncing and the splashing regimes. The %5 o fy(Waten

loss of tangential momentum increases Wiy, in the 0.4 ;ré;\r/:l:tnec?prohn (2000)
splashing regime, while the loss of normal momentum o3} Equation (9) ]
seems to reach an asymptotic value. Park and Wsatkin ,| Equation (10) ]
[5] suggested that the normal velocity component of | T2t S R e oo s |
the secondary droplets can be obtained by using the 3 N ‘ . .
Weber number corresponding to the tail of the % 50 100 150 200 250 300
Wachters and Westerling curve in [3], which feasure Ve,

the Weber number after impact versus the Welfggure 15 Reduction of the normal and tangential
number before impact. Results from Wachters af@mponent of the droplet velocities as a functibthe
Westerling [3] reveal that the normal Weber numb8Prmal Weber number.

after the impact is close to 1 for Y¥80.

This immediately gives the following expression flee normal component of the velocity:

V,, =+V/pd,, (8)

where subscript 2 stands for secondary droplendJsguation (7) coming from the study of Moita &ndreira
[12] for the diameter of the secondary droplets,rtbrmal restitution coefficient can be expressed b

r, = A We,* Re”?, with a, =-0.5(a+1)=-0.2, b, =-0.% = 0.4€and A, = A°° =26.385 9)
For the tangential component of the velocity, eipental results for water can be fitted by:
r, =1+0.5§ 1~ ex§~ 0.008/,)) for We, <300 (10)

Conclusions and perspectives

An innovative drop sizing method combined with R#et Tracking Velocimetry, based on high-speed
shadowgraphy, was implemented to investigate drapieact onto a heated wall in the film-boiling nexg. The
main results obtained from image processing conttermroplet velocities and sizes before and #ftieimpact,
the maximum spreading diameter as well as the dtopsidence time. An extensive comparison waopadd
with the models existing in the literature and savhthem were extended.

The restitution coefficient, i.e. the ratio betwedhe velocities after and before the impact appear
continuous, regardless the regime of impact (bauncir splashing). Contrary to the available literaf the
restitution coefficient of tangential velocity iecteasing with the Weber number. The restitutiosffament for
the normal velocity was found to decrease contislyoun the rebound regime, as it attains quickly an
asymptotic value, predicted by Park and Watkinsifbthe splashing regime, when the correlatioMofta and
Moreira [12] for the Sauter Mean Diameter was usdte maximum spreading diameter was found to be in
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good agreement with the model provided by Karl &nohn [6], and a new expression was proposed fr th
residence time as a power law of the Weber numliéchnaslightly differs from the usually used expiiess in

\Nqﬁ’z, due to the viscous dissipation. The Sauter MeiamBter of secondary droplets was found to depend o

a combination of both normal Weber number and Riejgoumber, in good agreement with the results oitévi
and Moreira [12], but on a much larger field ofig#l.

Further investigations will concern the detailedestigation of the distribution functions of theesiand velocity
components of the secondary droplets in the spigstgigime. In parallel, the heat flux removed fribva heated
wall was estimated by combining infrared thermogsapn the rear face of the wall and a semi-anaiptierse
conduction model. The resulting cooling efficieve§l be analyzed in the light of the relevant pasers.
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