A Leidenfrost Point Model for
Impinging Droplets and Sprays

John D. Bernardin This study presents, for impinging droplets and sprays, a model of the Leidenfrost point
; (LFP); the minimum liquid/solid interface temperature required to support film boiling on
a smooth surface. The present model is an extension of a previously developed sessile
PO. Box 1663, MS D466 drop mo_del, based on bu_bble nucleation,_growth, and merging crite_ria, as weII_ as surfa_tce
'Lbs AIamosYNM 87545 cavity size characterization [3]. The basic concept of the model is that for liquid/solid
’ interface temperatures at and above the LFP, a sufficient number of cavities are activated
Issam Mudawar and the bubble growth rates are sufficiently fast that a continuous vapor layer is estab-
lished nearly instantaneously between the liquid and the solid. For impinging droplets,
the influence of the rise in interfacial pressure created by the impact of the droplet with
the surface, must be accounted for in determining fluid properties at the liquid-solid
interface. The effect of droplet impact velocity on the LFP predicted by the model is
verified for single impinging droplets, streams of droplets, as well as sprays. While the
model was developed for smooth surfaces on which the roughness asperities are of the
same magnitude as the cavity radii (81L0 um), it is capable of predicting the boundary
or limiting Leidenfrost temperature for rougher surfaces with good accuracy.
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Introduction curs and the cooling rates increase. Further cooling brings about

Material processing leaders are under constant pressure toclgﬁ nucleate boiling regime, where complete wetting of the sur-

prove the material and performance characteristics of produ ce occurs and the heat transfer rates are the highest as vigorous

while at the same time, increase the efficiency of the processigPOr generation occurs as the droplets spread out on the solid
manufacturing time. For example, the needs for stronger, lightéeases and the single-phase heat transfer regime is encountered,
and cheaper materials in the automobile, railroad, and aerosp#dere heat transfer is dominated by single-phase convection.
industries, have driven improvements in the processing of alumi-As discussed iil], during the quench phase of a heat treatment
num alloys. In particular, advances in heat treatment and formingeration involving aluminum alloys, most of the material trans-
operations have led to alloys with improved strength-to-weiglidbrmations occur at temperatures above the LFP, while warping
ratios and enhanced corrosion resistance properties. Howewgrd distortion, caused by thermal stresses generated by large cool-
lack of understanding scientific principles in several areas stifig rates, take place at temperatures below the LFP. Consequently,
leads to inefficient manufacturing cycles with large numbers @fcurate knowledge of the Leidenfrost temperature and the param-
scrap parts and long production periods. One of the least undgfars that govern its behavior is paramount to controlling the
stood areas of materials processing involves quenching, or nching process and subsequent material properties.

rapid cooling of a part, such as that which occurs following an |, a previous investigation by the authdi2], an extensive

extrusion, casting_, forging, or he_at tr_eating operation. When doﬂﬁperimental sessile droplet LFP database was developed and
correctly, quenching can result in high performance parts. How-

ever, when performed incorrectly, quenching can result in paHgde.d :O datshs?sti severgl e>|<|sé|ng :‘FP dmLoFdISI& ;hrese asslezsirnents
with poor or nonuniform material properties, high residugf’@!cated that the previously develope models were lacking

stresses, and severe distortion. in their ability to accurately and co.n.sistently predict the LFP fora
One common method of quenching involves immersing théiety of fluid and surface conditions. From that experimental
heated part in a deluge of water sprays. The spray quench#fydy [2], Bernardin and Mudawaf3] developed a new LFP
method is often preferred over bath immersion quer](:hingl as ﬂh@d9| for sessile droplets, based on surface cavity characteriza-
former can produce much higher heat transfer rates and md@n as well as bubble nucleation, growth, and interaction criteria.
uniform or controlled temperature fields within the part. Figure The premise for that model was that as the Leidenfrost tempera-
shows a typical temperature-time history of a part during a sprayre is approached from the boiling incipience temperature,
quench. The quench curve is divided into four distinct regimesmaller and more numerous surface cavities become activated,
each possessing particular heat transfer characteristics. In the higll the growth rate of these bubbles increases appreciably. For
temperature, or film boiling regime, the quench proceeds rathgjuid-solid interface temperatures at and above the LFP, a suffi-
slowly as liquid-solid contact is minimized by the rapid formationient number of cavities are activated and the bubble growth rates
of an insulating vapor blanket at the droplet-solid interface. In thig.q large enough that liquid in immediate vicinity of the surface is

regrme, the droplets apr?]ealr to shatter and bounce off of ;hﬁ_s%igarly instantaneously converted to vapor upon contact. These
surface upon contact. The ower temperature boundary of this fio features enable a continuous insulating vapor layer to form
gime is referred to as the Leidenfrost poiiFP). As surface between the liquid and the solid

temperatures drop below the LFP, a transition boiling regime ISThe focus of the study reported here was to take the existing

encountered, where partial and prolonged liquid-solid contact 0Cssile drop LFP modéB] and extend its application to imping-

ing dr n rays. The main f r f the previ il
Contributed by the Heat Transfer Division for publication in th®URNAL OF d gd If)lgli a ddSIp ays ”e ah eg:ju .es Cl) the previous je(js N
HEAT TRANSFER Manuscript received by the Heat Transfer Division April 9, 2003.00P model, as We ) asl the a |t|or1a concepts needed to
revision received December 4, 2003. Associate Editor: R. M. Manglik. extend the model to impinging drops, will be presented below.
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whereTg andT; are, respectively, the surface and liquid tempera-
/Qf:ﬁ;’;t sl e —— tures prior to the contact. More details concerning this sub-model
n— development can be found [B].

Film Transition |Nucleate|  Single- . ) o . .
Boiling Boiling | Boiling | Phase Cavity Size Distribution. The second sub-model involves
Regime Regime | Regime| Regime . . s . "

A X A& the surface cavity size distribution. Surface cavities and other de-

fects, typically on the order of 1 to 10m, have long been known
to be highly influential in controlling nucleate boiling by serving
as nucleation sites.

In a previous study by the authof8], scanning electron mi-
croscopy(SEM) was utilized to characterize the surface cavity
distributions of macroscopically polished surfaces from which
empirical Leidenfrost temperature measurements were made.
From inspection of various SEM images at different magnifica-

L . . o :
3 tions, it was apparent that the number of cavities per unit area,
g Minimum Heat having an equivalent mouth radius betweemdr + Ar, could be
Flux or Leidenfrost . . .
g- Point fit by the exponential function
A
Criical Heat n=a, exp(—ayr) (3)
ux
Using the scanning electron microscopy images of the various
Onset of Sin surfaces from that study, the following curve fits were obtained
Phase Coolng. over a cavity size range of 0.07 to 10n
n=3.379exp—10.12) (aluminum (4a)
Time
n=4.597 exjp— 12.20 nicke 4b
Fig. 1 Typical temperature-time history of a surface during P ) ( ) (4b)
spray quenching n=13.16 exp—16.0%) (silven), (40)

where the units fon andr are sitesum™?-um™* and um, respec-
The successful application of the extended LFP model will bgvely. The curve fits had acceptable least square residuals greater
demonstrated by a comparison between predicted and measurggh 0.9.
Leidenfrost temperatures for drops and sprays. The cumulative number of surface cavities in the radius interval
I min=r<rmax, IS then obtained through integration,
Leidenfrost Point Model Development

r

The methodology used to construct the LFP model is based on nc:f maxn(r)dr: ﬂ[exp(_azrmm)_exp(_azrmax)] (5)
two aspects concerning bubble nucleation and its relationship to r a
surface temperature and cavity shape and distribution. First, rais- . .
ing surface superheat beyond the boiling incipience temperaturdubble Growth.  The third sub-model is related to the bubble
results in the activation of both larger and smaller surface caviti@&Wth that occurs from activated cavities. Due to the relatively
and an increase in the bubble growth rates. Secondly, for a typi€4gh superheat and short duration over which vapor is created in
polished surface, there is an exponential increase in the numbeft¥t film boiling regime, it is believed the rapid bubble growth is
surface cavities with decreasing cavity mouth radis). |n|t|al_l)_/ dominated by inertia rathe_r than heat dlffuspn. For th_ls

In the previous study by Bernardin and Mudawat, the au- condltlon, bubble growth is qescrlbed by thg Rayleigh equation
thors postulated that at some large liquid-solid interface tempef@€glecting viscous effegtsvhich can be derived from the mo-
ture corresponding to the LFP, a sufficient number of cavitidd€ntum equation for incompressible and irrotational fl@\ or
would activate to produce enough vapor to completely separdf@m energy conservation principl¢g], incorporating the pres-
the liquid from the solid, and hence, induce film boiling. DisSure drop across a spherical interface/R.
cussed below are the various sub-models used to support the over-
all LFP model for impinging droplets. In the next section, a solu- RR+ §|’:Q2:i
tion procedure based upon these sub-models is outlined. 2 ps

min

20
(Pg=P.)— 3} ®)

Bubble Nucleation. The first part of the LFP model involves whereR andR are, respectively, the first and second derivatives
the criteria for bubble nucleation from surface cavities as a liquigk bubble radius with respect to time, aRd is the liquid pressure
comes into contact with a solid surface. The minimum conditiogy from the bubble interface.
necessary for bubble nucleation is met when the available Superm So|ving the Ray|e|gh equation, the fo”owing intermediate
heat, T,sh, in the liquid at a distancg from the solid surface, is sypstitutions were performed:
equal to the required nucleation superh@&at, , for a hemispheri-

cal bubble whose radius, is equal toy. This condition, as it 3. d(R¥?R)
applies to the transient condition when a liquid contacts a surface, RR+ = RZ} RYV=— = )
is represented by 2 dt
T pn(zavfg) T+ (Te—Toerf ) 0 e
% =Ti+(T;—Tyerf| ——
T rheg [ T\ 2Vagt R2[ 20| 1 d[APR® oR?

wheret is the time following liquid-solid contact and; is the . AP= R RI2R dt| 3p;  pr ®)
liquid-solid interface temperature defined by

ko) 05T+ (Kpe.)O5T whereAP=_(ngPx). _ _

i:( PCo)s 0; (kp p)gs ! () Substituting Eqgs(7) and (8) into Eq. (6) and performing the
(kpcp)s™+(kpcp)s integration leads to the following integral:

Journal of Heat Transfer APRIL 2004, Vol. 126 / 273



R dR 200
! J o[28P 2% ®)
3pf pr g 150
which can be solved by numerical techniqyias]. g
This model development assumed that the bubbles have a hemi- g 100
spherical shape and that the effect of viscosity could be neglected.  §
Previous empirical studie§9-11] revealed that nucleating g-
bubbles were generally hemispherical or near-spherical in shape. @ 50

Furthermore, Johnson et dll1] and Carey{12] both indicated
that for rapid bubble growth, like that experienced near the
Leidenfrost point, the inertial forces dominate and the bubbles 0
have a hemispherical shape. Finally, previous analytical bubble
growth models[7,10,13,14 that employed spherical bubble

shapes and neglected the effect of viscosity, proved to be =
very accurate when compared to empirical bubble growth rate
measurements. o

Interaction of the Thermal Boundary Layer and the Grow-
ing Bubbles. The growth rate of a bubble, as predicted by the
numerical solution to the Rayleigh equation, is several orders of Do :
magnitude faster than that of the thermal boundary ldyight- | I |

hand side of Eq(1)). Therefore, it is assumed the early stage of 0.00 0.25 0.50 075 1.00
bubble growth is described by the solution to E®) until the Distance from Surface or Cavity Radius (pm)
bubble dome reaches the maximum bubble stability point in the ()

growing thermal boundary layer predicted by Et), after which
the bubble growth is controlled by this slower diffusion rate of the
thermal boundary layer.

As individual bubbles grow, they begin to merge and form a
vapor layer. The formation of this vapor layer is influenced by a
number of factors including entrainment of vapor within cavities,
merging of bubbles, and cancellation of nucleation sites by grow-
ing bubbles. All of these factors serve to decrease the number of
bubble nucleation sites participating in the growth of the vapor
layer at the liquid-solid interface. More details and experimental
observations of these factors, including the influence of these pa-
rameters in the prediction of the LFP, can be foundidh

Activated Equivalent
Cavity Radius (nm)

min

Influence of Droplet Impact Velocity. The approach for de- Time (us)
termining the Leidenfrost temperature for impinging droplets is (b)
identical to that for sessile droplets with the exception that the
impact pressure must be correctly modeled when determinifig- 2 Transient cavity nucleation model including  (a) cavity
fluid properties at the liquid-solid interface. When a droplet jimatcléation superheat criteria and corresponding cavity size
pinges perpendicularly upon a rigid surface, the pressure risedigiribution with transient activation window, and ~ (b) transient
the liquid-solid interface at the moment of impact is significantl)zln-ax'mum and minimum active cavity radii for water in contact
. . - ) ith a hot surface with an interface temperature of 165°C [3]
higher than the increase in stagnation pressureppu%, because
of compressibility effects. The most frequently used approxima-
tions to the pressure increase which develops during droplet im-. .
pact are based upon one-dimensional elastic impact tHdaiy Teldenfrost Model Solution Procedure
This theory states that the interfacial pressure increase that result§o perform the LFP model solution procedure for impinging
when two elastic media collide, assuming Hooke’s law is valid, idroplets, the pressure increase must first be determined with Eq.
given by the solution to the one-dimensional longitudinal wavell) so that fluid properties in the vicinity of the liquid-solid in-
equation[16]: terface can be accurately determined.
Next, the surface cavity activation and bubble growth process
AP=ptUoUsng (10)  must be modeled. To achieve this step, one must understand the
whereu, is the droplet impact velocity ands,q is the speed of thermal processes taking place during the initial impact of the
sound in the liquid. droplet. Upon contact between an impinging droplet and a heated
Labeish[17] claimed that Eq(10) could be applied to imping- surface, a thermal boundary layer begins to develop in the liquid,
ing droplets to predict the impact pressure. Efdé], however, as displayed in Fig.(@) for a water droplet in contact with a hot
performed an analysis which accounted for droplet curvature afidrface at 165°C. At some tintg, the thermal boundary layer has
the transient impact behavior, concluding Eg0) overpredicts grown sufficiently large such that the available supertia,, is
the impact pressure and must be multiplied by a correction factéfual to the required superhedly,, needed to satisfy the bubble
given as 0.20 for water on various solids including aluminum aritHcleation criterion for conical-shaped cavities with a mouth ra-
copper[19]. diusr,, (Eg. (1)), as shown in Fig. @). For a polished surface,
Based upon Engel’s findind48,19, the following 20 percent this radius is typically well within the range of cavity radii avail-
elastic impact pressure relation was used in the present studyatde on the surface. As time progresses and thermal boundary
predict the pressure at the liquid-solid interface during the impad@yer thickens, all cavities within a specific cavity radius interval
are activated. This interval is given by the two roots of EL,
AP=0.2001UoUspg (11)  namely,r ,in(t) andr (1), as displayed in Fig.(®), wherer ., is
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the radius of the largest activated cavity at a given instant, not the 100 ~———T17 T T T
largest cavity on the surface. Similarly,, is the smallest acti- ' 4 Water-Aluminum
vated cauvity.

Assuming only a fractiony, of the cavities actively participate
in the growth of the vapor layer due to the cancellation effects
described in the previous section, and that bubbles grow from
cavities as hemispheres, the time dependence of the cumulative
number of activated cavities per unit area,, can be found by
integrating the cavity size distribution, E¢3), over the active
cavity radius limitsr ,i,(t) andr ,.,(1):

rma)&t) a
ncy(t)=¢ a; exp(—apr)dr= z//a—l{eXp( — a0 min(t)) 0 1000 2000 3000 4000 5000
i) 2 Time (s)
(a)
—exp(—asl mat)}. (12) 0.25 . . .

Since the inertia-controlled bubble growth rate predicted by Eqg.
(9) is orders of magnitude greater than the thermal boundary layer - 0.20
growth rate, it is assumed all bubbles initiated With<r ,,.(t) ”
will rapidly grow to r,(t), the maximum stable hemispherical 2 015

bubble radius supported by the growing thermal boundary layer. A § - Average vapor layer
hemispherical bubble will not be stable for sizes beyopg(t) as <(< 0.10 - ?fOW‘h rate corresponding .
. . . < 0 experimental LFP
condensation on the leading front of the growing bubble would
significantly reduce its growth rafe0]. This is consistent with 005 4-----mmmmmmeaa-- { Experimental -
bubble incipience model of Hg21] and the experimental results /'—FB
of Clark et al.[22]. Consequently, the limiting condition consid- 0.00 L L L
ered here is that once the bubbles reach the thermal boundary 100 120 140 160 180 200
layer limit of r ,,,(t) they will continue to grow at the same rate as T; °C)
the thermal boundary layer, i.€.,,(t). This two-stage growth is (b)

consistent with the bubble growth findings of Lee and Mgt@. Eig. 3 Temperature dependence of the  (a) transient vapor
Given this bubble growth model, the time-dependent percelgger coverage and (b) average vapor layer growth rate for a

area coverage of the liquid-solid interface by vap®B%(t), iS  sessile water droplet on a polished aluminum surface  [3]
then given by

ABY%(t)=ncy(t) mr2,,(t) X 100% (%) (13)

which, upon substitution of Eq12), gives growth rate increases exponentially. Intuition suggests that at
a some minimum interface temperature, the LFP, the average vapor
AB%(U:l//a—lX{eXp(—azrmin(t))—eXlX—azrmax(t))}wrzmax(t) It?y_?_r growth rate will become sufficiently high to support film
2 oiling.
on (0 To determine the minimum average vapor layer growth rate
x100% (%) (14) required to support film boiling, experimental LFP data for sessile
wherea; anda, are experimentally determined constants, such agter droplets on aluminum were employg]. Shown in Fig.
those given in Eqsi4a) through(4c). 3(b) is the experimentally determined Leidenfrost temperature of
Bernardin and Mudawdr3] used experimental evidence to ar-162°C (T;=170°C) for sessile water droplets on aluminum,
rive at a value of 0.05 for the cavity cancellation parameteAs which corresponds to an average vapor layer growth rate of 0.05
Bernardin and Mudawar discuss, the present models for surfaeg . Note that the experimentally measured Leidenfrost tempera-
characterization and bubble nucleation are limited in their degreee had an uncertainty af5°C [2]. Bernardin and Mudawdi3]
of accuracy and a more accurate means of determining the percamployed this value of the average vapor layer growth rate to
of actively participating surface cavitie, is currently unavail- accurately identify the LFP for a sessile drop in a variety of liquid-
able and warrants further investigation. Nevertheless, it should gelid systems. This same technique, as described by Cagdy
emphasized that while the choice gfwill influence the vapor has been used to determine the critical vapor bubble formation
layer growth rate, the strong temperature-dependence of the lattate needed to sustain homogeneous nucleation within a super-
AAB%/At, which is used to identify the LFP in the presentieated liquid. In the homogeneous nucleation superheat limit
model, is still very well preserved. model, the vapor bubble formation rate increases exponentially
Shown in Fig. 8a) is the temperature dependence of the trarwith increasing liquid temperature, much like the vapor blanket
sient vapor layer growth for a sessile water droplet on a polishgdowth rate in the present study. Carey explains how empirical
aluminum surface with a cavity distribution given by Hda), as data were used to determine a critical vapor bubble formation rate,
determined in the previous study by Bernardin and Mudd®ar and how this single bubble formation rate was used to determine
The time for complete vapor layer developmeAB%=100) is the homogeneous nucleation superheat limit of several different
shown to rapidly decrease as the interface temperature is liquids including water.
creased from 145 to 185°C. While the model predicts an eventualConsequently, this average vapor growth rate of .85
100% vapor layer growth for the interface temperature of 145°@, used in the present study to identify the LFP for impinging
other effects such as bubble departure and liquid motion which at®plets.
not accounted for in the model, would interrupt this development While this modeling process was presented for a single imping-
within a few milliseconds of liquid-solid contact, and hence preng droplet, it can also be used to predict the LFP for a spray. To
vent film boiling from occurring. Figure (8) displays the vapor predict the local LFP for a spray, the mean droplet velocity of the
layer growth rate AAB%/At or average slope of the curves inspray in the area of interest should be used in @d) to deter-
Fig. 3(@), as a function of the liquid-solid interface temperaturemine the average droplet impact pressure. The remaining model-
Figure 3b) shows that as the interface temperature increases lrgg procedure is identical to that outlined above for a single
yond the liquid saturation temperature, the average vapor layloplet.
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010—T— o | material types, the surface preparation for each was similar. Thus,
U= 1S 5 S Ty s | the cavity size distributions and Leidenfrost temperatures for the
0.081 C ™l . . . e
- R T various surface materials are expected to be fairly similar, as was
= oo0e} . " . found previously by Bernardin and Mudaw&] for polished alu-
3\: - i minum, nickel, and silver surfaces. The comparison in Fip) 4
E ! B R ] indicates that the LFP models generated with either the full elastic
o0zl 1 / | impact or the stagnation impact pressure sub-models, yield sig-
S0 nificant deviations between the predictions and the empirical data.
0.00 T JEAR /I ANIR ANu— In contrast, the LFP model that used the 20 percent elastic impact
100 150 200 2T50(03;)0 350 400 450 pressure sub-model, agrees quite well with the experimental data.
: In most cases, the model lies within the experimental data’s error
® bands of=10°C in temperature an#t0.5 m/s in droplet velocity.
400 [Efastic Impact Pressirs Model 7 . Droplet Stream In addition, the impinging water drop LFP model given by Eq.
350 —\ 20% Elastic Impact g [T e (15), predicts a Leidenfrost temperature of 162.0°C for a sessile
5 00l ?"ess“’”‘“e' {[o Polished Au l24 water drop (1,b=0.0ms1), which is in agreement with the
< sk ] j’;';?’s::;ms " sessile drop LFP model predictidi3] and the experimentally
= 200 fa | |2Polished Au 23] measured valug?] for water on polished aluminum.
e W O iy Differences between the LFP model predictions and experimen-
| p{ii';ﬂﬁ';"ﬂ,.;};?“ | | tal Leidenfrost temperature data may be attributed to a number of
O % 5 % = factors. First, the surface cavity size distributiow, and cavity
u, (m/s) cancellation parametey, used to arrive at Eq15), were taken
® from a study of water droplets on a polished aluminum surface
[3], whereas the experimental LFP data of Fig. 4 came from stud-
Fig. 4 (a) Velocity and temperature dependence of the average ies using a variety of polished metal surfaces. A more accurate
vapor layer growth rate for water droplets impinging upon a determination of Eq(15) using a cavity size distribution for each
polished aluminum surface, and  (b) comparison of the velocity particular surface may yield better agreement between the Leiden-
dependent LFP model for water droplets impinging upon a pol- frost temperature predictions and measurements. Further investi-

:;irt]re]d ei‘;gﬁ‘rfént’;'ngagﬁeﬁ'g mngttaimfssug Zigéﬂ%‘ﬁfﬁ;l gation of the cavity cancellation parameter is also warranted, as its

Leidenfrost temperatures and droplet impact velocities mea- \(a!ue is dependent on the droplet fluid properties and solid surface

sured in studies [8,23—26] were reported not to exceed +10°c  finish[3]. o

and =0.5 m/s, respectively. The 20 percent elastic impact model may be a source of some
uncertainty as well. This model, represented by @4), does not
account for break-up of the impacting droplet and its subsequent
influence on the impact pressure. The stability of the spreading

Leidenfrost Model Assessment droplet film has been observed in numerous empirical studies to

Figure 4a) displays the average vapor layer growth rate versire a func_:tion_of, in part, droplet velocity and surface rogghness, as
interface temperature for water droplets impinging at different véUmmarized in24]. Hence, by more accurately accounting for the
locities upon a polished aluminum surface. For the four differe@ffects of droplet velocity and surface roughness on the impact
droplet velocities, the fluid properties were evaluated with tHf€ssure, a better prediction of the Leidenfrost temperature of im-
20% elastic impact pressure relation given by Ed). Using an Pinging drops may be obtained.
average vapor layer growth rate of 0.05 L, the Leidenfrost While some uncertainties do exist in the development of the
temperatures corresponding to the various droplet velocities wétg€sent LFP model, Eq15) and Fig. 4b) reveal the dependence
determined. The following expression relating the Leidenfro§ the LFP on droplet velocity, something that previous LFP mod-

temperature to the water droplet velocity was determined from t§& have failed to accomplisf2]. As Fig. 4b) indicates, the
data in Fig. 4a): Leidenfrost temperature for an impinging droplet or spray can be

significantly higher than that predicted for a sessile droplet. Con-
Tieig=162.0+24.2u3%* (°C) (15) sequently, the present LFP model should prove beneficial in pre-
dicting and controlling the spray heat transfer process encountered

. _1 . . . . .
where the units oo, are m s ~. Equation(15) is displayed in Fig. ij materials processing and other applications.

4(b), and is labeled with “20 percent Elastic Impact Pressu
Model,” indicating that Eq.(11) was used in its development. Application to Rough Surfaces. While the present model
Also displayed in Fig. &) are the LFP predictions that would bewas developed for polished surfaces, it also provides a limiting
obtained if the full elastic or stagnation impact pressure subondition for surfaces possessing roughness features orders of
models were used in place of EGL1) to determine the fluid magnitude larger than the cavity radii responsible for bubble
properties. While Eq(15), and the LFP model for that matter, nucleation(0.1 to 1um). As discussed earlier, surface contamina-
does not explicitly give an upper temperature bound for the LFfon and roughness promotes and enhances the shattering of drop-
a maximum temperature limit does exist. The maximum temperngts upon impacf24]. Consequently, rough surfaces would expect
ture that a liquid can be heated to, above which it is nearly instagr have a lower interfacial impact pressure and a corresponding
taneously converted to vapor, is referred to as the kinetic or theswer Leidenfrost temperature when compared to a polished sur-
modynamic superheat limit. Techniques for predicting thigace. Figure 5 shows experimentally measured Leidenfrost tem-
superheat limit can be found [12]. Further details on the super-peratures for water droplets of different velocities, impinging
heat limit for water and its relationship to the present LFP modgpon polished and particle blasted surfaces. For each droplet ve-
can be found iri3]. locity studied, the Leidenfrost temperature for the polished sur-
To assess the accuracy of the LFP model for impinging dropace was consistently higher than that for the particle blasted sur-
lets, experimental LFP data for single water droplet streams afge. In addition, the measured Leidenfrost temperature for the
sprays are included in Fig(#). The shaded band representing th@article blasted surface, for the most part, was lower than the LFP
empirical LFP spray correlation of Klinzing et 423] covers the model prediction. Consequently, the LFP model outlined in this
range  of  volumetric  spray fluxes  (0.00658" study appears to predict an upper limit to the Leidenfrost tempera-
<0.00298 s *m~2) used in that study. Although the experi-ture for droplets impinging upon rough surfaces. The complex
mental data used in the comparison correspond to different surfae&ationship between surface roughness, droplet impact stability,
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400 T T T T T nc
3501 20% Elastic Impact Droplet Stream nc,
Pressure Model Data:
- 300 o Polished Ni [8] |-
& m Particle Blasted P
= Ni [8] "
3 250 o Polished Au [24]| Q
= o Particle Blasted R
200 Au [24] . R
Spray Data:
© Polished Al [25]
150 # Particle Blasted | )
Al [25]
100 1 1 1 1 1
0 5 10 15 20 25 30 r
u, (m/s) ra
] T
Fig. 5 Effect of surface roughness on the LFP for water drop- t
lets impinging upon metallic surfaces as determined experi- v
mentally and compared with the LFP model for a polished alu- fo
minum surface. The uncertainties of experimental Leidenfrost y

temperatures and droplet impact velocities measured in stud-
ies [8,24,25] were reported not to exceed *10°C and *0.5 m/s,
respectively.

a =
AAB%/At =
. - . . ATgy =
interfacial impact pressure, and the Leidenfrost temperature is the p =
focus of ongoing studies in an effort to broaden and enhance the o =
prediction capabilities of the current LFP model. =
Conclusions Subscripts
The present study employed an existing LFP model for sessile a =
drops[3], and extended its capability to include impinging drops f =
and sprays. The previous model, which was constructed around g =
vapor bubble kinetics and surface cavity size characterization, was i =
expanded to account for the sharp pressure rise that occurs at the  leid =
liquid-solid interface during droplet impact. Upon evaluation of max =
the current LFP model with an experimental database for droplets min =
and sprays, the following key conclusions were drawn: 0=
1. The Leidenfrost temperature for a droplet impinging upon a sast _
heated surface is highly dependent on the impact velocity. The o —
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