ICLASS 2012, 12" Triennial International Conference on Liquid Atomization and Spray Systems, Heidelberg, Germany, September 2-6, 2012

Energy balancefor single or multiple droplet chainsimpinging onto a hot slab in the
Leidenfrost regime

P. Dunand, G. Castanet, F. Lemoine, D. MailletGvladeck
LEMTA CNRS, University of Lorraine, France
michel.gradeck@univ-lorraine.&ndguillaume.castanet@ensem.inpl-nancy.fr

Abstract

This work aims at estimating the energy balanca sihgle droplet chain or multiple droplet chaimgping-
ing onto a hot wall whose initial temperature i®@abthe Leidenfrost point. The experimental dadanfierature
of incoming and outcoming droplets, heat flux a thall,...) are required for validating submodels ferat
transfer between a hot wall and sprays. Indeedetpéysical submodels are subsequently used inrééde|-
ing. In the Leidenfrost regime, impinging dropletm experience only three different regimes : métieuncing,
bouncing with a satellite formation and splashikipdeling heat transfer in these regimes requiresktiowl-
edge of several parameters such as the spreadimgtdir, heat transfer at the wall, the thicknesh®fvapour
layer, its temperature as well as the liquid heptituring the impingement and the evaporation ratethe
splashing regime, data about secondary dropletalscerequired. Up to now, no experimental data liaging
all these parameters are available because offffmilly to measure simultaneously all these pagtars. In this
experimental work, some of these parameters hage bwasured simultaneously during the interactiotihe
droplet with the heated wall while other ones hagen estimated by means of an energy balance.

Introduction

In this study, the focus is placed on non wettingditions; the wall temperature is above the Léficest
temperature, which corresponds to the film boilmegime. A thin vapor layer forms quasi-instantarsdpu
between the droplet and the wall and prevents toplek to stick the wall. The splashing and theoreid of the
droplets are thus the only behavior that can octie. rebound regime is observed for low Weber numibgle
an increase of the Weber number promotes the sptasRein [1]. When metallurgical heat treatments a
considered, e.g. in steel industry, film boilinghe dominant regime. An ideal quench is one thatgeds at an
infinitely fast rate; however the vapor cushionviedn the droplet and the solid insulates the dtdpden the
hot sample and thus limits drastically the heatgfer, Bernardin and Mudawar [2]. For the casehefrebound
and splashing regimes, velocity of the outcomingptits has been widely investigated, Wachters .ef33l
Schmell et al. [4], Mundo et al., [5]. In the samay, post-impact droplets size distribution hasrbesdely
investigated in the literature, for temperaturezatgr than the Leidenfrost limit [6] or above [4] o the best of
our knowledge, there is no data in the literatedated to the post-impact droplet temperature extteprecent
works of Castanet et al. [7] and Dunand et al. [8].

In the present work, different measurement techescare combined for an indirect estimate of thesnods
liquid evaporated during the droplet/wall interaati The temperature variation of the droplet is sneed using
the two-color planar laser-induced fluorescencentioenetry. In addition, an infrared camera providies
temperature field at the rear face of the nickejgh A semi-analytical inverse heat conduction etalows
estimating the heat flux on the front face of thetgpwhere the droplets impinge. Finally, the Heat¢ removed
from the wall by the droplets is compared to thesste heat stored in the outgoing droplets. Energy
conservation is finally invoked to estimate thethibax associated to evaporation. The respectivérdmutions
of the liquid sensible heat, the heat of evapomatamd the heat removed from the wall are analyzedrms of
incident droplet size and normal Weber number.

Droplet generation and experimental set-up
In order to study droplet/wall interactions, an esimental set-up was specifically designed. A dkeifcthe

experimental set-up is shown in figure 1. In thigdy, the droplets range from 80 pum to 250 um wihikgr ve-

locity is of the order of a few m/s. The droplengeator can be rotated to any prescribed aagiéincidence.
The temperature of the injector body is regulated toe liquid temperature is controlled by a thecouple

placed just before the outlet of the injector. Wakeplets impact periodically a thin disc of nitkhickness is
500 um and radius R=12.5mm) which is heated bytreleagnetic induction. In this contactless heatmth-

nique, the distribution of the heat sources inskia depth of the metallic sample is perfectly coled. The low
thickness of the nickel disc allows limiting thenalging of the thermal response at the rear face @Gidhe sam-
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ple opposite to the droplet impact). This nickehgée is put on three ceramic spheres (at the rdiysn order
to ensure a better insulation from the solid suppidre upper surface of the nickel on which theptibare im-
pacting, is polished as a mirror. An oxide layevars the surface when the temperature exceeds 50Ufi€
green and gray layer is very stable, and did notige a significant change in the overall roughnésaddition,
the oxidation increases the radiative emissivityhef wall, which is positive in turn for the infest thermogra-

phy.
M easur ement techniques

- Measurements of the droplets size and velocity by shadowgraphy

A high-speed (HS) camera is used to visualize étspmpinging onto the heated wall. The HS cameia i
Phantom v710 equipped with a 12-bits CMOS sensat ¢an provide up to 7500 fps at full resolution
(1280x%800 pixels). It is used with a reduced resmiuto perform the image acquisition at a muchthbigframe
rate, typically in the order of 100,000 fps. Thixjaisition rate is sufficient to resolve in timesttroplet/wall
interactions in the experimental conditions encerad in this study. The droplets are backlightddgua very
bright light source (a 400 W HMI lamp with a parlibaeflector). A zoom lens allows having a fielél\aew
ranging from 400 um to 3 mm. The images are thengssed with a homemade detection and tracking/aiet
in order to determine the main features of theimiog and outcoming droplets. The tracking algoritisrhased
on a multi-hypothesis tracking method, Reid [9]nddlistributions of the droplets size and veloaibn be de-
rived from the processing of the images. Other irtgyd parameters such as the incident angle, thmaiand
tangential velocities, the residence time, or fireading diameter of the droplets can be also extlaconcomi-
tantly.

- Two-colour Planar Laser-Induced fluor escence thermometry

The two-color planar laser-induced fluorescencd[2€E) was used to measure the variation in the ldtop
temperature during their interaction with the walhis technique already demonstrated its abilitgttaracterize
the temperature of droplets in various situatiorduding droplet evaporation in either inert oratdae flows,
Castanet et al. [10]; Depredurand et al. [11].dswlso used to determine the droplet change ipgsature dur-
ing their impingement onto a heated solid surf&a&stanet et al. [7]. In this study, the 2cLIF themetry was
restricted to pointwise measurements, which implguanbersome point-by-point scanning to reconsttiet
temperature distribution in the liquid phase of flesv. More recently, the technique was extendeglamar
laser induced fluorescence (PLIF) in order to abtae temperature field, Dunand et al., [8]. Th&lBcther-
mometry is based on the measurement of the fluenescintensity of a single dye tracer. In liquithg fluores-
cence quantum yield is strongly influenced by thergghing, which depends on the temperature. WHeneat
beam induced the fluorescence of a dye dissolvedaitiquid, the fluorescence signal detected givan spec-
tral bandi can be expressed as (Lavieille et al. [12]; Cadtanal. [9]):

I i = KOPt,i KSPeQiI OCV eX%éJ’ i:1’2 (1)

whereKqy, is a parameter depending on the optical propeofitise detection system (e.g. the solid angle of
the detection, the spectral sensitivity of the dieties, the spectral band of detectio)yeciis a parameter de-
pending on the spectroscopic properties of theetracits solvent on the designated spectral bansl the con-
centration in dye molecules and the produdt corresponds to the number of molecules that Ammiihated by
the laser beam in the field of view of the detedtgis the intensity of the laser beam before crostiegabsorb-
ing medium g3 are parameters related to the temperature setsiivthe fluorescence signal. In this study, rho-
damine 640 was selected as a fluorescent tracerrdtto of the fluorescence intensity measurednmbands,
for which the temperature sensitivity is highlyfdient ([12] and[8]), allows eliminating the effeatf parame-
ters that are unknown or difficult to control. Whine technique is applied in imagery, only the ioeits do
not depend on the pixel position in the image. dtlier variables can change from one pixel to amp#spe-
cially the parameteK,. Even under isothermal conditions, the fluoreseemtio is not necessarily uniform,
due mainly to the non-uniformity of the CCD detentimatrix. To eliminate the influence of the demttsys-
tem, a reference image at a known temperaly(ith the same optical configuration as for the surament)
is recorded. According to equation (1), denofif3ghe fluorescence ratio obtained in the refereneasurement,
the temperature can be derived from the ratiounfriscence field.

Rf = — l—i i=
YR

where R, = Ifl/lf2 and R, = Iflo/lf20 .
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Oncef;1 and ;1 are known, equation (2) can be used to deternhiadiquid temperature. The bands of de-
tection correspond to the ranges [555 nm-565 nrd][6B5 nm-685 nm]. The variation of the fluorescenatio
R: is about 1.4%/K which is enough in practice to suga the droplet temperature with an accuracy otiab
2°C.

The measurement system is illustrated in figur&tie excitation of Rh640 is achieved by means ofra C
Nd:YAG laser (Laser Quantum Finesse, 6W @532 nm)akangement of spherical and cylindrical lenges p
vides a laser sheet with a thickness of 220 pumaahdight of 16 mm in the measurement zone. Thierla
observed by a Questar QM-1 long distance microscopeh is positioned perpendicularly at a workitig-
tance of about 84 cm. The field of view is thenw#®5x3.5 mmz2. A holographic filter (Notch Plusayser Op-
tical) is used to block the Mie scattering of thedr light at 532 nm. A neutral beamsplitter (R6I55%) allows
splitting the fluorescence signal for its acquisis by the cameras. Interference filters are malimédront of
the cameras and allows selecting the aforementispecdtral bands. For the detection of the fluoneseémages,
two electron-multiplying CCD cameras (Hamamatsu EMP camera C9100-02- 14 bits) with a spatial resolu
tion of 1000x1000 pixels are used. The measurenenetperformed with a concentration in Rh640 eqoal
5.10° mol/L. This concentration is relatively high arttetre-absorption of the fluorescence within theptio
cannot be ignored. However, this high concentraisorequired to limit the effect of the dropletesiand shape
on the fluorescence spectrum which has been desichp Labergue et al. [13]. The re-absorption effthores-
cence is likely to modify differently the fluorese ratios of incoming and outcoming droplets anlthe case
of a splashing. In the case of a rebound, the dtajdes not change significantly in diameter. Resghtion of
the fluorescence can be accounted for in the daaesplashing. The extinction coefficients of eaplkctral band
being known, the fluorescence ratio can be cordeloye

L I, (X)exp(-£x) dd
L I, (X)exp(-&,%) dg

Rfcor = Rf H= (3)

In this expression, | is a correction factor takea account the effect of absorptioix, is a given position

in the droplet and? is the droplet volume. In the case of a splashimly the ratio corresponding to droplet
before impact is corrected. The sizes of the semgndroplets are generally too small to be sigaifity influ-
enced by the re-absorption of the fluorescence.aF2@0 pum, the applied correction is on the orde2. ©8°C
and it decreases to 1.47°C when the diameter ig1h@0

Figure 3 shows an example of measurement in thee @fas splashing and figure 4 in the case of redoAn
significant heating of the droplets resulting franeir impingement is observed. The fluorescencl fie not
uniform in an image; this is mainly related to timae averaged liquid concentration, which varigsrggly in
space. The liquid concentration is the more impurteear the impact region where the droplet arengty
squeezed. From these images of the temperatudg fied average temperature of primary and secordtagy-
lets can be calculated. The average is weightetthdyluorescence intensity since this latter isgkdy propor-
tional to the liquid mass flow rate crossing thgioe of interest (ROI) during the integration timkthe cameras:

Tm:”T(xy)If(xy)dxdy/” I( xy dxd (@)

ROI ROI

ROI are defined for the incident droplets and theosdary droplets. The difference in temperafiifgbe-
tween these regions is finally computed and allewaduating the gain of sensible heat of the liquid.

- Infrared thermography and inver se conduction model for the wall heat flux estimation

In all the experiments, the nickel sample (R=12.5amd thickness e = 500um) is first heated up to- 700
750°C. Then heating is stopped and cooling by tatemdroplets stream occurs. As the slab is impaoyethe
droplets on one of its face (referred as “fronefacthe temperature field is measured on the diwes (referred
as “rear face”) using an IR camera in the spectiage [3.97-4.0dm]. Acquisitions are performed at sampling
frequency of 60 Hz and at maximum resolution ofx@2D pixels. A specific inverse heat conductioroaltym
was developed to recover the heat flux removed ftbenfront face corresponding to droplets impaCtar
method is based on an analytical solution of thet bquation using integral transforms.

e Solution of the direct heat transfer problem

The internal transient conduction within the Nidis considered. As the resident time of each eétoisl
very low compared to the time associated with gmaing frequency of the IR camera, an averagedevaf
the heat flux over the resolution time of the caan@r a multiple of it) will be inferred from theeasurements.
In order to decrease the number of unknowns agdsdcwith the heat flux distribution, the 3D modedjiis re-
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duced to a 2D modelling through angular averagmng cylindrical coordinate system. Then, assumgstant
thermophysical properties, the following set of &ipns is obtained:

02T+10T 0°T _ 10T

2 to T ©®)
o~ ror 134 a ot
T(r,z,t=0)=T,, (r) (6)
—Aa—T =0 and —)Ia—T =0 (7)
M=o or r=R
oT oT
A—| = and -A—| = 8)
aZ z=0 qF a z=e %

with: qF = hI'E:Q(TF _Too) + qd (r7 t) and qR =hEQ (TR _Too) cond Rc) ( stum) (9)

th corresponds to the heat loss coefficient whicthes sum of both convective and radiative losses tver

rear 3= R) and front § = F) faces of the discq, is the heat flux removed from the front face by dneplet

stream. It is averaged angularly over a circleadiusr . T, is the air temperature afig and Tg are the front
and rear face temperaturds,; is the initial temperature field arnd,,, the temperature of the support (three in-
sulating beads placed at 120° and a raRjuis between the Nickel disc and a hollow cylindtisapport built in

stumatite K.onq is @ conductance between sample and support. Civeveontributions tolflé"Q have been cal-

culated using natural convection correlations dw@izontal surfaces. Linearized radiative contriitig to th

the radiative transfer coefficients, differ sinbe front face radiative environment is the ambighile the rear
face is coupled with both the ambient and the stitenaupport. All these coefficients have beennesated
thanks to a relaxation experiment in the absen@mpfdroplet stream.
The LapIace{) and Hankel (~) transforms are used so that equés) becomes :
66’2
oz
where § =T - T ., pis the Laplace parametegy, =u /Rd u, solutions of J,(u,) =0 and:

—(a? +—) 8.=0, (10)

én(z,t)=je(r,t,z)rJo(anr)dr : 8.(p2)={ 8 (zt)e™ dt (11)
0

oOtY—38

Finally, the quadrupole method (Maillet et al.[1¢iglds a linear relationship between the rear fecaperature
(z= e) and the coohng heat flux € 0) :

B8R (p)=-Z,(p +aa?) T (p)+ W= (p+aa?) G, ~W"(p + 2.a2) [p B(R.. P) - B

12)

with
Z,(p)= [(hF + hf,) cosh(k e)+[hgj:§?+)lk]sinh(k e)} _1’ (13)
W= (p) = {cosr'(k 9+ th sinh(k e)] h€° Z. (p) (14)
Wr(p) = KRR 2R 7 (p) (15)

Numerical Laplace inversion of the previous expmssallows calculating the Hankel transform of tear
face temperature field at any time:

IR (1) = [ exp(-a?(t-t)) Z,(t=t) 4 €)' +exp(-aZt) Wy (1) &,
6¢9R

(16)
- exp(-aZ ) W "8 (1) + [ exp(-a? (=) W " (t-t)

(R )
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The real temperature in the time-space domain eafinlally obtained through the Hankel inversiontiod
previous equations:
h
2 < Jo (an r) AR

or(r, 1) == ar(t,) . 17
(r k) R2 o Jg(an R) n (k) ( )

* Inverseheat transfer problem

Temperature at the rear of the wal (x, y, ) is measured by the infrared camera in a Cartesitarence
frame while the input data® (r,t) of the model must be known in a cylindrical refereframe. Thus, it requires
the conversion and the averaging of the initialt€aan temperature field in order to obtain theutrgata. As a
consequence, only an averaged heatdju, t) can be obtained, but not the local heat fiuXx, y, t). The first

step of the inversion procedure consists in ohbtgitie input temperature by angular averagingrthiali field.
nh

2 J.(a.r ~
BR(rm’tk):EZE) Joz((an Fr;))enR(tk)jaR(tk):xa(tk)' (18)
n= 0 n

where 7 (t,) is the column vector of the rear face temperatiifferences for all observable pixels, of size

n, and é(tk) the column vector composed of its Hankel harmoofasrders O tah.

Equation (16), expressed in Hankel domain (~),his $econd step of the inverse heat conduction @mobl
(IHCP); the integral form can be expressed usiggadrature :

6 (1) = GR (t, ) -exp(—a2 t )W, 6, () = ﬁ exp(-a2t, ) Z, () Goq (1, )AL
, (19)

=2 S Gna (1A

where At is the time step of the infrared camera (1/60rs)aét is the time regularization hyperparameket t
has been chosen not too high, in order to get seliastimates of temperature and flux and notdaotd pre-
vent an explosion of the inversion because of tkegnce of noise in the temperature measurements.

Calling gnCO'EXp the vector of the@™ harmonics of the corrected experimental rear faogperature, calculated
according to (19) and a least square inversioritsefom model (19):

2 47

qn,d - (ST S) ST 0ncorexp. (20)

Estimation of the wall fluxgq is then made using a truncation of its spectrura toaximum ofnh + 1 har-
monics:

N 2 & 3 (a,r) =

A (M 4) == 2. = o Gna (b (21)

R E B(a,R)

In practice, only two harmonics (= 0 and 1) are used, because of the weakly Idéatteof the droplet
stream on the rear face temperature field (theidiffin and highly diffusive). This number is thegperparame-

ter for space regularization. The total rate oft Hieav Qd (t) is estimated by:

- R. oo J(a,r) =

Q,t)=2m r,t)rdr=4my —20 7 t (22)

s (6) =27 8, (1, ) 2 R E (g tne®)

Finally, the energy removed from the wall at eaotptet impact is computed from (21) knowing freqeaefy,
of the injector of the droplet stream:

_Q®
Q,(t) ==+ (23)
finj

More details about the previous modelling can hmébin Gradeck et al. [15] and Malillet et al. [16].
Ener gy balance of the droplet/wall interaction

The energy balance of the droplet/wall interactian be written as the sum of three contributioms,sensi-
ble heat gained by the liquid, the phase changeamehthe heat drained by the vapour flow:

Q,=Q+Ami L+ CRA T) (24)
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In this expression, the terrtp, AT, corresponds to the sensible heat drained by thmryawhere
AT, =T, =T, is the vapour temperature increa@pcorresponds to the sensible heat gained by thélidg
can be expressed as follows :

Q =[ (m-Am CpA T +A mGr( ;T ) | (25)

In these expressionddMis the mass of the droplet evaporated during ifsingementAT, is the increase in

the liquid temperature measured by 2cLIF thermoynetr
The parameter$; andAT, are not measured but in a first approakhcan be replaced by the boiling tem-

perature of the liquid andT, can be estimated by assumilyd, =T, —T,. Introducing the Jakob number

Ja=CpAT/ L
Q,=Q +L,Am(1+Ja) (26)
Finally, the mass of the droplet evaporated duitenteraction with the wall can be expressed by:
-mCpA

"L v da)rcp(T-T,)

whereT,; is the temperature of the liquid after the impingain

Figure 5 shows the evolution aim/mas function of the Weber number, for different devsizes. We ob-
served that this parameter varies strongly withditoplet size. For the smallest dropldds=80 pum), the relative
variation in mass is very significant as it cancteabout 25%, while iis negligible for the largest droplets. As
expected, due to the increase in spreading diametémis increasing with the Weber number.

The cooling efficiency can be written:

e=(Q+am(+ 39)/ nf v+ cp 7- )] (29)

Introducingl , = L\,+va(Tf - Tb) = LV(1+ JE) ,

Am
—Q' +—. (29)
mL, m
This equation shows the respective contributionshefsensible heat and the evaporation to the rap@ffi-
ciency. These contributions are compared in figuréor the biggest droplets, the dominant contidouts re-
lated to the sensible heat. For the smallest dtoiplis the contrary. This result is particulamgeresting for the
modelling of spray cooling since it points out theerest of taking into account the sensible heatap by the
liquid. Sensible heating is often neglected whitedontribution to the cooling is a matter of dedpsize and
secondarily of Weber number.

=

Q/A(m.Lv,) D;=133um
Q /(mLv) D=80um H
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Figure 5. Evolution of the relative loss of mags/m  Figure 6. Comparison betweerAm/ MandQmLv
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different droplet sizes f(ranges from 9500 Hz to (franges from 9500 Hz to 12000 kHz).
12000 Hz).
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Conclusion

The implementation of innovative non-intrusive diagtics allows investigating the different conttibas
to the energy balance in the Leidenfrost effect.

Infrared thermography combined with an inverse hatduction model allowed estimating the heat flow
rate removed from the wall by the impact of monpdise droplet streams and consequently the heatvezin
per droplet.

Furthermore, 2cPLIF thermometry was used to meakearencrease in the temperature of the dropletingu
an impact and thus to determine the sensible reaed by the liquid. The contribution of evaporatio the
wall cooling was obtained from the closure of tinergy balance. The main interest of this approadhait it is
almost impossible to quantify directly the masdiauid after the impact, since the droplets carstvsengly de-
formed after impinging the wall. It was clearly ebged that the main contribution to the coolinghis gain of
sensible heat by the liquid in the case of thedahgplets. When the droplet size decreases, titerémoved by
evaporation becomes dominant. In all the cases,tteesfers increase with the normal Weber numbdretter
assessment of the evaporated mass would requirgtifyirsg the enthalpy of the vapor trapped betwdles
droplet and the wall.
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