
ht. 1. Hear Moss Transfer. Vol. 9, pp. 1167-I 187. Pergamon Press 1966. Printed in Great Britain 

THE LEIDENFROST PHENOMENON : FILM BOILING 

OF LIQUID DROPLETS ON A FLAT PLATE 

B. S. GOTTFRIED*, C. J. LEEt and K. J. BELLS 

(Received 30 August 1965 and in revisedform 11 January 1966) 

Abstract-The film boiling of small droplets of liquid on a hot flat surface in the atmosphere is commonly 
termed the Leidenfrost Phenomenon after J. G. Leidenfrost who first studied the process in 1756. 

In the present study, the total evaporation times were determined for small droplets (co.1 ml) of water, 
carbon tetrachloride, ethanol, benzene, and n-octane on a stainless steel plate at surface temperatures 
ranging from 150°C to 500°C. Most of the data were taken in the film boiling regime though data were 
also taken in the nucleate and transition boiling regimes. The Leidenfrost point, defined as the plate 
temperature at which the droplet evaporation time is greatest, was determined. The Leidenfrost point 
was found to be loo-105 degC above the saturation temperature for all liquids except water; for water, 
the exact value of the Leidenfrost point appears to depend upon the surface and the method of depositing 
the droplet and varies from 150 degC to 210 degC above saturation. The Leidenfrost point is independent 
of droplet size over the range studied. 

An analytical model of the Leidenfrost phenomenon is postulated: Heat is transferred to the droplet 
by conduction through the vapor film on the bottom half and by radiation to the entire droplet. Mass is 
removed from the droplet by evaporation on the lower surface to supply the vapor film and by diffusion 
from the upper surface. The droplet is supported by the excess pressure in the vapor film. The droplet 
is presumed spherical and isothermal at the saturation temperature. The instantaneous evaporation rate 
is found by satisfying the heat, mass, and momentum balances for this model; total evaporation times are 
calculated by integrating the evaporation rate. Calculated and experimental evaporation times agree 
within 20 per cent except for n-octane at high temperatures, where some thermal cracking may have 

occurred. 

NOMENCLATURE 

Al, 

A25 

4, 

4, 

Cl, c,, 

surface area of lower half drop- 
let [cm”]; 
surface area of upper half drop- 
let [cm2]; 
projected area of liquid ‘drop- 
let [cm2]; 
area of stainless steel plate 

[cm’] ; 
correlational constants from 
experimental data [dimension- 
less] ; 
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CP 

D, 

F, 

F,, F,, 

mean specific heat of vapor 

[Cal/g degc] ; 
molecular diffusion coefficient 
for vapor in air [cm2js] ; 
total upward force exerted on 
droplet [dynes] ; 
configuration factor for radia- 
tion between hot pIate and 
droplet [dimensionless] ; 
overall configuration factors 
for radiation between hot plate 
and droplet [dimensionless] ; 
gravitational acceleration 

integral defined in ~~~~~I?~ 
(19); 
double integral defined in 
equation (18); 
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13(~,ir), 

K 

k, 

rate of evaporation over upper 
half of droplet [g/s] ; 
radial space variable beneath 
droplet [cm] ; 
axial space variable beneath 
droplet [cm]. 

k EY 

k e, 

triple integral defined in equa- 
tion (17); 
correction factor defined as 
k(1 + K) = k, [dimensionless] ; 
thermal conductivity of vapor 
at TV [cal,is cm degC] ; 
mass-transfer coefficient based 
on concentration [cm/s] ; 
effective thermal conductivity 
as defined in equation (14) 
[calls cm degC] ; 
molecular weight of vapor 
[g/g-mole] ; 
excess pressure beneath drop- 
let [dyne/cm’] ; 
excess pressure at angular 
position 0” [dyne/cm’] ; 
partial pressure of the diffus- 
ing vapor [dyne/cm’ or atm]; 
total heat conducted through 
the vapor film generated on 
bottom of droplet [caljs] ; 
net radiation from plate to 
lower half of droplet [Cal/s] ; 
net radiation from plate to 
upper half of droplet [Cal/s] ; 
conductive-convective heat 
flux through the vapor film 
[calls cm’] ; 
radius of droplet at any time 

[cm] ; 
initial radius of droplet [cm] ; 
plate temperature [“K] ; 
saturation temperature of 
liquid droplet [“K] ; 
mean vapor temperature 
beneath droplet [“Cl ; 

Tp - G [degC]; 
time [s] ; 
radial vapor velocity beneath 
droplet [cm/s] ; 
mean radial vapor velocity 
beneath droplet [cm/s] ; 
droplet volume [cm31 ; 
rate of evaporation over lower 
half of droplet [g/s]‘; 

w,, 

X, 

Y, 

Greek symbols 
6, vertical distance from some 

point on lower droplet surface 
to plate [cm]; 
vertical distance from bottom 
center of droplet to plate [cm] ; 

mean vapor film thickness be- 
neath droplet [cm] ; 
thermal emissivity of liquid 
[dimensionless] ; 
thermal emissivity of stainless 
steel [dimensionless] ; 
heat of vaporization of satu- 
rated liquid [Cal/g] ; 
= 1 + (ATj2) C, [Cal/g] ; 
viscosity of vapor at TV 

M, 

p, 

PW’), 

PS, 

QC, 

Q It13 

Q R2, 

10, 

T 

iZ 
T Vt 

AT 
t, 
U, 

6 15 

F, 

EL, 

Ep, 

PL, 

PVl 
0, 

[g/cm ~1; 
density of saturated liquid 

[g/cm”] ; 
density of vapor [g/cm”] ; 
Stefan-Boltzmann constant, 
1.355 x lo-l2 

[cal/(degK)4 cm2 s] ; 
surface tension liquid 

[dyne/cm] ; 
total droplet evaporation time 

[sl ; 
angular variable in droplet 
[rad] ; 
dummy angular variables in 
droplet [rad]. 

1. INTRODUCTION 

THE 'LEIDENFROST PHENOMENON is the term 
traditionally given to the body of phenomena 
observed when small amounts of liquid are 
placed or spilled on a very hot surface. The 
Phenomenon is frequently if inadvertently pro- 
voked in the kitchen by spilling water on a hot 
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frying pan ; one may note the presence of large 
and small masses moving rapidly about the 
surface without wetting it, the dancing of 
small droplets, the disruption of larger masses 
by bubbles breaking through, hissing and 
spitting when liquid contacts a cooler surface, 
and withal, the relative slowness of evaporation. 
From the presence of many tiny spheroids, the 
Phenomenon is often termed the Spheroidal 
State. This name invites and has caused con- 
fusion with a number of unrelated processes 
and we will not use it further. 

The- chief features of the Phenomenon were 
first carefully studied and reported in 1756 by 
Johann Gottlob Leidenfrost [l], after whom the 
Phenomenon was subsequently named. Leiden- 
frost’s treatise has been translated out of the 
original Latin into English for the first time (to 
the best knowledge of the present authors) by 
Mrs. Carolyn Wares of the University of Okla- 
homa [2]. This treatise is often cited (presum- 
ably by those who have read it in the original) 
as the first substantial study of boiling heat 
transfer. 

The definitive experiments reported by Leiden- 
frost are on the evaporation of quiescent, rela- 
tively small masses of liquid resting on a spoon 
at temperatures up to red heat ; the present study 
covers essentially the same area. Leidenfrost’s 
evaporation rate data were limited in number and 
led him to believe that evaporation time for a 
given drop size increased monotonically with 
surface temperature (cf. Fig. 7 of the present 
paper). The difficulty arose from his inability to 
measure high temperatures. Leidenfrost turned 
this to an advantage and proposed using droplet 
evaporation time to measure surface tempera- 
tures-a good idea, but falsely predicated. It is 
evident that Leidenfrost did not realize that he 
was conducting a boiling experiment-boiling 
for him meant nucleate boiling ; indeed, he refers 
to. the droplet becoming more “fixed”-i.e. 
rigid or stable-in the fire. 

Leidenfrost makes particular note that a small 
solid deposit was occasionally left behind on the 
spoon-usually after an evaporation requiring 

4F 

a long period of time. We presume this is due to 
dust in the laboratory; we encountered this 
difficulty too. But Leidenfrost, in an intellectual 
environment that still had room for Aristotle’s 
Four Elements, at least entertained the possibility 
that he had observed here the reaction: Fire + 
Water -+ Earth. 

In evaluating Leidenfrost’s work, it is well to 
remember that, at that date, the latent heat of 
phase transformation was an unknown con- 
cept ; heat and cold were considered different 
fluids (unless they were calorific and frigorific 
rays) ; and air, gases and vapors were poorly 
distinguished if at all. 

Many researchers after Leidenfrost studied the 
Phenomenon. Over 40 original references are 
known to the authors and they form an interest- 
ing sequence in the growth (not always forward) 
of comprehension. Only a few key references will 
be discussed here in the expectation that the 
entire literature will be examined in a separate 
publication later. 

Rumford [3] believed that a stratum of air 
adhered strongly to the metal surface, even 
beneath the drop; the poor conductance of heat 
through the air layer accounted for the slow 
evaporation. He was aware that heat conducted 
to the droplet supplied the latent heat of 
vaporization. 

Poggendorff [4] first showed that a quiescent 
droplet was separated from the plate by an 
electrical insulator; Stark [S] among others 
later showed that a bouncing droplet would 
occasionally complete an electrical circuit with 
the plate and hence presumably touched the 
plate. 

Boutigny [6] performed several experiments 
on the Leidenfrost Phenomenon (to which he 
gave the name “Spheroidal State” for the first 
time), one of which clearly established that the 
total evaporation time decreased as surface 
temperature increased above the minimum for 
existence of the Leidenfrost Phenomenon. He 
also reported some liquid temperatures for 
large masses (12-15 ml) of water in a hemispheri- 
cal silver container over a lamp. His thermo- 
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meter showed temperatures ranging from 96.5”C 
to 102°C; repeating the experiment with other 
liquids, he found that the bulk of the mass was 
always a few degrees below saturation. This was 
mistakenly interpreted by several authors (up to 
and including Partington [7]) as implying that 
the liquid is nowhere at its boiling temperature, 
and therefore some other mechanism than boil- 
ing must be considered to be responsible for the 
Leidenfrost Phenomenon. In fact, Boutigny’s 
results are just what the authors would expect 
from the model proposed in this paper. At that 
time Boutigny’s work does not seem to have 
caused any confusion and the qualitative de- 
scription and explanation of the Phenomenon 
given by Gmelin [8] in 1848 cannot be improved 
upon by the present authors. 

However, by 1863, at least two theories not 
involving boiling were current [9]. In one, the 
radiant heat is presumed to push the droplet 
away from the surface; in the other, the adhesive 
force between the liquid and surface was pre- 
sumed to be so weakened by heat that the liquid 
would be drawn to itself by cohesion and the 
small balls thus formed would evaporate slowly 
into the surrounding hot gas. Certain parts of the 
second theory have been incorporated into the 
present model. The first theory eventually de- 
veloped into a thermal diffusion model which 
persisted until (hopefully) Kistemaker [lo] laid 
it to rest in 1963 by showing that the thermal 
diffusion effect is several orders of magnitude too 
small to support the droplet. Berger [9] showed 
by a large number of experiments that the alter- 
native theories to film boiling were not essen- 
tial, but he did not disprove them. His experi- 
ments suggested that the Leidenfrost Pheno- 
menon could be evoked with any liquid on any 
surface if the liquid could be made to boil 
without decomposing and the surface could be 
heated strongly enough. 

The first attempt at a semianalytical solution 
of the Leidenfrost Phenomenon appears to be 
due to Pleteneva and Rebinder [l l] in 1946. 
Their treatment relies upon experimental data 
to evaluate a constant and is not in any sense an 

analysis of the mechanisms of heat, mass, and 
momentum transport. They establish the Leiden- 
frost temperature for a number of liquids and 
calculate that the mean vapor film thickness 
beneath the droplet is about 0.009 cm for water, 
methanol, and benzene. 

Borishansky [12] proposed a dimensional 
analysis for the correlation of vaporization time 
for small droplets. To generate the pertinent 
dimensionless correlating groups, he wrote a 
heat continuity differential equation at the 
vapor-liquid interface and a differential heat 
balance equation on the droplet. The final 
correlation of experimental data is shown as a 
graph in the paper. It is important to note that 
the fluid dynamics of the vapor and diffusion 
mass transfer were not considered, no force 
balance was made and in the final analysis 
radiation was omitted as negligible. 

Also in 1953, Gorton [13] postulated an 
analytical model based on potential flow of the 
vapor ; this is apparently the first treatment from 
first principles of the Phenomenon. However, 
present studies suggest that the vapor flow is 
laminar rather than potential. Gorton’s experi- 
ments were made using a steady-state droplet 
suspended from a syringe, and the supporting 
force due to the surface tension between droplet 
and syringe belies the force balance. The at- 
tempt to photographically measure the vapor 
thickness failed. 

Kistemaker [lo] in 1963 reported some work 
done much earlier and used essentially the same 
experimental technique as Gorton. However, 
Kistemaker used X-rays with a barium-loaded 
water droplet to measure the vapor thickness and 
obtained a mean value of 0.006 cm for a 0.05-ml 
water droplet at 500°C plate temperature. 
Kistemaker also attempted an analytical treat- 
ment starting with the Navier-Stokes equation 
for vapor flow underneath the droplet. Unfor- 
tunately, there is an error in his analysis which 
causes the viscosity-dependent terms to cancel 
out, leaving a potential flow like that assumed by 
Gorton. 

In 1962, Gottfried [14] studied the Leiden- 
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frost problem with the intent of achieving a 
complete mechanistic analysis of the problem 
with as few assumptions as reasonable. Gottfried 
was able to predict droplet vaporization times to 
within a maximum error of 25 per cent ; however, 
the final result incorporated one experimentally- 
determined “universal” constant, and the pre- 
sent work is an attempt to remove that empiri- 
cism and to provide additional data to test the 
model. 

The present paper is confined to (1) an experi- 
mental investigation of the behavior and espe- 
cially the evaporation rate of small (nearly spher- 
oidal) droplets on a hot flat surface with no 
evident bouncing, spitting or hissing, and (2) 
development of an analytical model to predict 
evaporation rate of droplets under these con- 
ditions. The authors presume in the following dis- 
cussion that the essential mechanism of the 
Leidenfrost Phenomenon is the film boiling of a 
liquid phase whose quantity is insufficient to 
completely cover the heating surface. The liquid 
exists in small masses separated from the sur- 
face by a film of vapor generated by vaporization 
of the liquid. The masses are supported by the 
pressure gradient in the vapor flowing under- 
neath the mass. Other mechanisms have been 
proposed in the past and will be described later 
in this section. In a later paper, the authors will 
deal with the problem of larger masses in which 
some of the vapor escapes by breaking through 
the mass as bubbles rather than escaping to the 
outer edge. 

2. THEORETICAL DEVELOPMENT 

It is postulated that several physical processes 
occur simultaneously over the upper and lower 
surfaces of the droplet. Heat is transferred to the 
droplet by conduction through the (moving) 
vapor film between the lower half of the droplet 
and the hot surface and by radiation from the 
hot surface to the entire outer surface of the 
droplet. Mass is removed from the droplet by 
evaporation into the vapor film on the lower 
surface and by diffusion-controlled evaporation 
on the upper half surface. A radial pressure 

gradient in the vapor film causes it to flow and 
the integrated product of the pressure (above 
atmospheric) and the horizontal projection of the 
lower drop surface supports the droplet. 

The corresponding mass, heat, momentum, 
and force balances must be satisfied. To write 
the necessary equations, the droplet is assumed 
spherical and isothermal at its saturation tem- 
perature. The vapor in the film between droplet 
and plate is assumed to be superheated to a 
temperature halfway between saturation and the 
plate surface temperature. Figure 1 diagrams 
the processes. Q, is the heat conducted to the 

FIG. 1. Heat-transfer and mass-transfer paths for the spherical 
droplet model 

droplet, QR1 is the net heat radiated to the lower 
surface, and QRZ is the net heat radiated to the 
upper surface. IV, is the overall rate of evapora- 
tion on the lower surface, and W, the rate on the 
upper surface. By a mass balance 

(1) 

and by a heat balance 

Qc + QRI + QRZ = 
w,[A + C,G - T,)l + w,l. (2) 

The mass loss rate from the upper surface W, 

may be explicitly calculated. Assume that the 
removal process is pure molecular diffusion ; 
then 

kMP 
W, = *A, = 

DMP,A, 

RT,r 
(3) 

s 

where P, = 1 atm for the present work. 
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Momentum balance considerations enter into 
the analysis on the lower half of the droplet. If 
we assume that : 

(1) The variation of velocity with time is small 
compared to the variation with respect to 
spatial coordinates, 

(2) The internal terms are small compared to 
viscous terms (i.e. low vapor Reynolds 
number), 

(3) The flow channel is very narrow compared 
to its length, 

then the Navier-Stokes equations in cylindrical 
coordinates simplify to 

(4) 

These assumptions are plausible in the light of 
actual values developed later. Assuming no slip 
at the vapor boundaries, equation (4) may be 
integrated to 

u = & E(y - 6)y. (5) 

Now consider a cylinder of height 6 and radius 
x, 0 < x d I, of an incompressible fluid (see 
Fig. 2). A material balance may be written as 

IV, (0’) = py27cxbU (6) 

where U is the average radial velocity of the 
vapor at 8’ defined by 

ii=;/ udy=& (-E). (7) 

0 

Introducing equation (7) into (6), and making 0’ 
the variable of integration, the pressure distribu- 
tion in the vapor stream is given by 
P(B") 

(-dP) = 

WI(@) cos 8’ de’ 

sin e'p, + r - r cos ey3 
(8) 

0 

! 

i de 

p,, 

I ’ 
e r +<---- 

00 *,, 
6, ,y 6 1$,> , , , : ,, 

,,L 03 

FIG. 2. Geometric configuration for the spherical droplet 
model. 

Some geometric relationships: 

6 = 6, + r(l - COSO) 
x = r sin 0 

dx = rcosOd0 
dA, = 2m dx = 27-w’ sin 9 cos 0 dt). 

existing beneath the droplet and P(0) is the excess 
pressure exerted at the bottom center of the 
droplet. P(0”) vanishes at 0” = rc/2 ; therefore. 

n/2 

P(0) = $ s w,(e') cos 8’ de’ 
sin e'pl + r - ~COS eq3 

(9) 
0 

The pressure at any given point on the ‘lower 
surface from equation (8) and (9) is 

7712 

p(ey = 2 s w,(ey cos 8’ de’ 
sin e'[s, + Y - ~cos~']~' 

(10) 
0" 

The total upward force which is exerted on the 
droplet is 

F = j P(0”) dA, = 
A, 

n/Z 
27tr2 f P(t?“) sin 0” cos 0” de”. (11) 

0 

Since the liquid droplet is assumed quiescent 
on the hot plate, this excess force acting on the 
droplet from underneath must be counter- 
balanced by the weight of the droplet, i.e. 

%r3(PL - Pv)s = 
n/Z 

2zr2 
d 

p(ey sin @’ cos 0” de”. (12) 

where P(f9”) is defined as the excess pressure Introducing equation (10) into equation (12) 
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and rearranging and where 

w,(e’) cos et de’ 
sin ep, + I - I cos er]3’ (13) 

The local rate of vapor generation over the lower 
surface of the droplet, IV,(@), appears implicitly 
in equation (13). The solution of this equation 
therefore requires hypothesizing the mechanisms 
of heat and mass transfer taking place on the 
lower portion of the droplet. 

Assume that the vapor generation from the 
bottom of the droplet up to a position 6’, 
W,(e’), is due to an effective heat conduction in 
the y-direction from the heating plate to the 
droplet, i.e. 

d[&(e’)] = $, y d/4, 
[ 1 (14) 

or 

0’ 

2rrrk, AT 
w,(e) = 1, 

s 

sin e cos e de 

[6,/r + 1 - case] (l’) 
0 

where X is the heat of vaporization with the 
superheating being taken into consideration. 

The symbol k, in equation (15) denotes the 
effective thermal conductivity for the hypo- 
thetical heat conduction mechanism including 
a correction for radiation effects described later. 

Introducing equation (15) into (13) gives 

uw, 0 = s sin e cos e de 
6,/r + 1 - cos 8’ (19) 

0 

In use, these integrals were first evaluated nu- 
merically and the results curve-fitted for faster 
computation in the main program. 

Finally the total evaporation rate from the 
lower half of the droplet is 

w, = w,(el = 71/2) 

= 2zrk,AT 

1’ 
~lWr, 742). (20) 

We now proceed to evaluate k,, taking ac- 
count of both conduction and radiation. We 
emphasize that the overall heat and mass balan- 
ces must be maintained, so one cannot arbi- 
trarily say that 

Q, + QRI = WILL f C,(Tv - TJI. 
It is observed in fact that the droplet is internally 
mixed and nearly isothermal ; therefore, heat is 
transferred between top and bottom halves of 
the droplet in an amount corresponding to the 
subcooling and the mixing rate. 

Let qC be the heat-transfer rate per unit area 
due to thermal conduction through the vapor 
film existing between the plate and bottom of the 
droplet. If we assume that conduction is in the 
y direction only, the Fourier equation gives 

kAT 
qc = - d 

or 
r3 = 18PkeAT 1,(6,/r) 

SP”(PL - Pv)l’ 
(16) 

Qc = 
kAT 

(21) 
where s 

6dA, = YA” 
A, 

42 
13(8Jr) = j sin et! cos et’ 1,(6,/r, ey de” (17) where 8 is the mean film thickness through which 

0 heat is conducted from the heating surface to 

where 
the liquid droplet. By substituting the geometri- 
cal relationships of Fig. 2 into equation (21) 

n/2 

Z2(61/r, e/t) = s cos 8’ Zl(dljr, ef) de’ 

sin @[6,/r + 1 - cos ,7” (18) (22) B” 
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The heat-transfer rate due to thermal conduc- 
tion from the heating surface to the droplet, 
therefore, can be expressed by equations (21) 
and (22). 

Radiative heat transport becomes more im- 
portant as the plate temperature increases. 
Assuming that the plate and the lower half of the 
droplet are separated by a non-absorbing, non- 
emitting medium, the rate of radiative heat 
transfer between these two bodies is given by 
reference [ 151. 

QK1 = &%~V; - E) (23) 

where FI is the overall interchange factor for 
radiation between the hot plate and the lower 
half of the liquid droplet. F1 is given for a sys- 
tem of two-zone, source-sink surfaces in refer- 
ence [15] : 

A=(;- I) ++r($- I)+&. (24) 

Since A, < A,, equation (24) can be further 
simplified to 

1 1 
_= 
8, 

( -.- (25) 
EL 

1 > +&. 
1 

Similarly, the overall interchange factor for 
radiation between the plate and the upper half 
of the liquid droplet is 

(26) 

F, and F, are the average configuration factors 
for radiation between the lower and upper halves 
of the spherical droplet and the plate respective- 
ly. The pointwise configuration factor is F(H,) = 
(271 - 28,)/2n; the average configuration factor 
is (see Fig. 3) 

j F(o,) dA, 
F, = IL_--__ = 

1 

1. LEE and K. J. Bt:Ll_ 

E 

058,6 n/2 
dd(9,) = (2nr SmB,)rdB, 

Oo- 
///////I////// 

-co 

FIG. 3. Configuration factor for thermal radiation from 
infinite surface to a lower hemisphere. 

Similarly, by the geometrical contiguration 
presented in Fig. 4 the value for F, is found to be 

= 0.318. (28) 

Substituting equation (27) into equation (25) 
and then into equation (23) the radiation heat 
transfer between the plate and the lower half 
of the droplet is 

QRI = 
A,dT; - T:) 

[(l/sJ - l] + l/0.682‘ 
(29) 

Similarly, the radiative heat transfer between 
the plate and the upper half of the droplet is 

QRZ = 
A,a(T; - T,4) 

[(l/&J - l] + liO.318’ 
(30) 

4 

FIG. 4. Configuration factor for thermal radiation from ._. _ . = 0.682. (27) mtimte surface to an upper hemisphere 
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With equations (2), (21), (22), (29), and (30), the 
effective heat transfer from the plate to the bot- 
tom half of the droplet, Q I is : 

Ql= B kAT,4 p 

= Q, + QRI + QRZ - w,n (31) 

where k, = (1 + K)k. 
K is defined as the correction factor between 

the actual thermal conductivity of vapor, k and 
the effective thermal conductivity for the heat 
transfer taking place between the heating plate 
and the lower half of droplet, k,. In computation, 
K is first set equal to 0 and then consecutively 
approximated by K = QR,/Qc The convergence 
of K is checked by equation (31). 

It is seen from the above analysis that the final 
form of equation (1) is very nonlinear. This non- 
linearity precludes an analytical solution for the 
total evaporation time and evaporation rate of 
droplets in the Leidenfrost regime, and a numeri- 
cal analysis was developed. 

A functional analysis gives the following 
equation : 

dV -= 
dt -+G + w,) =f(r!t). (32) 

This type of first order, ordinary differential 
equation may be appropriately solved by using 
the modified Euler’s method [16]. The computa- 
tional details are given in reference [ 173 and will 
not be developed here. 

3. EXPERIMENTAL PROCEDURE 

The experimental apparatus is shown sche- 
matically in Fig. 5. The test surface was a Type 
304 stainless steel plate centered and resting on 
a flat wire-wound electric resistance element; 
complete plate dimensions are given in Fig. 6. 
Five 24 gauge Chromel-Alumel thermocouples 
were instal!ed & in below the test surface and 
cemented to the plate with sauereisen high- 
temperature cement. The surface of the plate 
was polished to a mirror finish; after heating to 
operating temperature for about an hour, the 
surface developed a golden brown color without 
losing its smoothness. The electric resistance 
element was a 14-in x 8 in $Hevi-Duty #56-TS 
unit. The resistance element heat output was 
controlled by a 10-A 120-V Variac connected 
to the 120-V 60-cycle laboratory power. The 
thermocouple output was read on a Leeds and 
Northrup #8690 millivolt potentiometer. 

A Konica FS 35-mm still camera with an 

9 

I20 VOLT 
AC LINE 

a STAINLESS STEEL PLATE b HYPODERMIC SYRINGE 
a ASBESTOS PLATE 1 INSULATOR 1 HORIZONTAL LEVEL ADJUSTER 5 

HEATING UNIT 
VARIAC 

0 POTENTIOMETER i SELECTOR SWITCH i ICE JUNCTION 

i STILL CAMERA 

FIG. 5. Schematic of apparatus. 
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FIG. 6. Diagram of stainless steel plate (dimensions in 
inches). 

Ednalite +3 close-up lens was mounted on a 
photographic copying stand and used to photo- 
graph droplets during evaporation. 

The liquid droplets were produced with a 
hypodermic syringe with 13-, 16-, 17-, and 21- 
gauge stainless-steel needles. The needles were 
filed to a smooth flat tip. The syringe and needle 
were fixed in a stand at a 45” angle to the hori- 
zontal with the needle tip about 3 in above the 
plate near the edge. This placed the body of the 
syringe and most of the needle in the ambient 
atmosphere. The syringe plunger was slowly 
screwed down and a droplet formed on the 
needle tip until the droplet weight became sufti- 
cient to detach from the tip. All needles were 
calibrated for droplet size at room temperature 
with each liquid by forming and individually 
weighing ten droplets in a narrow-necked bottle. 
Mean deviation was k2.9 per cent from the 

arithmetic mean for the worst case (carbon tetra- 
chloride) and & 1.1 per cent for water. A similar 
calibration was made at about the boiling tem- 
perature for each liquid and gave drop sizes 
about 10 per cent smaller. 

The test liquids were: 
Water : Distilled ; no detectable impurities ; 

b.p. lOO.O”C. 
Benzene : Reagent ; purity from gas chromato- 

graphy 99.6 per cent; b.p. 8O.l”C, boiling 
range 0.3”C (1 ml-95 ml), 0.4”C (95 ml- 
dryness). 

Carbon tetrachloride : Reagent ; purity from 
chromatograph 99.3 per cent; b.p. 76,7”C, 
boiling range 0.2”C (1 ml-95 ml), O.l”C 
(95 ml-dryness). 

Ethanol : Reagent; purity from chromatograph 
99.7 per cent; b.p. 78.5”C. 

n-Octane : Research Grade : purity from chroma- 
tograph 99.2 per cent, b.p. 125.8”C. 
For each series of runs, the Variac was set at a 

fixed value and the test plate heated up. The plate 
would reach steady state in two to four hours; 
maximum variation between thermocouple read- 
ings was 2 degC. The syringe was tilled with 
liquid and mounted. Droplets were formed as 
noted before. The time required for a given drop- 
let to evaporate completely after hitting the 
plate was measured with a stop watch readable 
to 0.01 s. If the droplet shattered upon hitting 
the plate, picked up dirt, bounced vertically at 
any time during the evaporation, or wandered 
off the test surface, the run was rejected. Care 
was taken to keep the plate clean during the test 
and to minimize all external air currents. At 
least three separate vaporization time determina- 
tions were made for each set of experimental 
conditions-more if there were a difference in 
evaporation time of kO.5 s or + 1 per cent from 
the mean. 

To study the instantaneous droplet size during 
evaporation, several runs were made in which 
still photographs were taken of the droplet at 
carefully measured 5-10-s intervals. Camera 
settings were f2 at A,, s using Kodak Tri-X 
film (ASA rating 400) and a Woolensak WF-36 
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Xenon Lamp for lighting. Each frame of the 
film was developed and mounted in a slide. The 
droplet diameter was measured using a x 320 
precision metallurgical microscope with a micro- 
meter drive on the object deck. The micrometer 
drive was calibrated to fOGO1 cm using an 
optical micro-scale and true droplet size was 
established by two steel scales placed on the 
plate. 

4. RESULTS AND DISCUSSION 

The experimental total vaporization time results 
are shown in Figs. 7-11. The mean points are 
plotted and the range of experimental results 
indicated by the vertical bar. The temperature 
difference which gives maximum evaporation 
time is presumed to be the minimum temperature 
at which stable film boiling can exist and is 
termed the Leidenfrost point. To the left of the 
Leidenfrost point, the boiling is in the transition 
regime between nucleate and film. The Leiden- 
frost point is not a strong function of size, as 
has been noted over a much wider size range in 
reference [18]. These results are in good agree- 
ment with the more limited data reported in 
reference [12] and the extensive results in 
reference [ 143. 

There is considerable difference of opinion 
as to the exact temperature of the Leidenfrost 
point for water. The transition regime is much 
wider for water than for the other liquids; this 
has been noted many times in pool boiling 
experiments as well as in Leidenfrost work. 
The problem is discussed at some length in 
reference [18]; in general we may say that the 
value of the Leidenfrost point for water depends 
(1) strongly upon the surface material, generally 

but not necessarily increasing as the thermal 
diffusivity of the surface decreases, 

and 
(2) weakly upon the initial water temperature, 

decreasing as the initial water temperature 
increases. 

The problem seems to be primarily one of hot 
surface temperature transients rather than any 
intrinsic change in the Phenomenon itself. The 
fact that this variation in the Leidenfrost tem- 
perature is so much more evident for water 
than for organics is probably due to the greater 
latent heat of water. A study of this problem is 
being made. 

The theoretical predictions for total evapora- 
tion time obtained from the analysis in this 
paper are shown for the largest and smallest 

.-_ 

IOO- 

I 

l V, = 0.0320 ml 

0 V, * 0.0221 ml 

I 

l Vo= O-0192 ml 

a V, =0.0154 ml 

200 300 400 

( r, - 7, 1. deg C 

FIG. 7. Total evaporation time vs. AT for water droplets. 
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t 

I l L’, = 0.0162 ml 
5 

~_LEIDENFROST POINT= 105 dog c 0 vo’0.0134ml 

I n v”=o~OIl6ml 
I 

z g,l 
100 

1 
D v. = 0~00746ml 

I I 
200 300 400 500 

(G-Ts 1. deg C 

FIG. 8. Total evaporation time vs. AT for benzene droplets. 

drop sizes of each liquid tests. Similar curves for 
the intermediate sizes are given in reference 
[17], but are omitted here to reduce confusion. 
The theoretical results are seen to be in fair 
agreement with experiment except for n-octane. 
The analysis in reference [14] predicts evapora- 
tion times l@-35 per cent lower than the present 
analysis. 

For n-octane reference [12] establishes that 
thermal cracking occurs for plate temperatures 
above about 250°C with about 20 per cent 
decomposition occurring at 460°C. Over this 
temperature range, approximately half (by 
weight) of the cracked products polymerize to 
form heavier-than-n-octane gases. Marschner 
[19] has also reported n-octane cracking on 

25- 

ln 

E 20. 
F 

% 
F 
a Is- 

$ 

w IO- 

: 

F 

5- 

* v, = 0.00603 ml 

D v,=O.O0627 ml 

. L’~=O.O0564 ml 

~LEIDENFROST POINT = 95 dog c 

I 
OO 

I 
I 

100 
I I 

200 300 400 500 
CT, - T, 1. deg C 

FE. 9. Total evaporation time vs. AT for carbon tetrachloride droplets. 
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. V, * 0~0139ml 

0 V, * 0.01 IO ml 

I n Vo =0~00979ml 1 
I 0 Vg 8 0.0062lml 

= 0.00621 ml 1 - I 
I -I 

c LEIDENFROST POINT = 100 dsg C 

B Cl I 1 I 
loo 200 400 500 

FIG. 10. Total evaporation time vs. AT for ethanol droplets. 

stainless steel in the 200-600°C range. The effect Another test for evaluating the theoretical 
of cracking on evaporation rate is complex: model is found in the comparison of the photo- 
The cracked products have higher thermal con- graphic data on the instantaneous droplet size 
ductivity and lower viscosity than the octane, and the theoretically predicted values. The 
but the cracking reaction is endothermic and instantaneous radii from photographic measure- 
there is an increase in gas volume to flow out. ments are presented for two cases in Figs. 12 and 
The opposite, effects obtain for the polymeriza- 13. The solid points represent the average experi- 
tion reaction. 

25- 

mental data obtained from direct microscopic 

T 
P 

7 7 

l V,, = 0.0168 ml 

I 0 V, = 0.0133 ml 

l V, = 0.0127 ,,,I 

0 Vg = 000624ml 

~LEIOENFRO~T POINT = 100 dog c 

GP i 1 I 

loo 200 300 400 I 0 

FIG. 11. Total evaporation time vs. AT for n-octane droplets 
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measurements on the film slides. The uncer- theory. The examples shown are indicative of 
tainties of these measurements are indicated by the results of a number of such tests, Fig. 12 
two bars which give the range of variation. The showing close agreement with the analytical 
“normalized” points were obtained by shifting model and Fig. 13 showing about the poorest 
the time scale so that the droplet would appear agreement found. In general the water and 
to totally evaporate in the time predicted by the carbon tetrachloride results showed the best 

TIME, S 

FIG. 12. Droplet radius vs. time; water droplet 

3 EXPERIMENTAL MEASUREMENT 

vo = 0.01391 ml 

0.2 - 
Tp = 218.94OC 

ii 
TOBSERVEO * 36.8 s 

u T CALCULATED= 36’7, ’ 

THEORETICAL CURVE 

IO 20 30 
TIME, S 

FIG. 13. Droplet radius vs. time: ethanol droplet. 
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agreement with theory and benzene and ethanol 
the poorest. No tests of this kind were made for 
octane. 

One assumption of the analytical develop- 
ment that should be examined here is that of 
sphericity of the droplets. Bashforth and Adams 
[20] described droplet shapes (in a uniform 
pressure field except at the surface of support) as 
a function of volume, density, and surface ten- 
sion and constructed a table to indicate the 
degree of deviation from sphericity by using the 
dimensionless group (pdr’/c) as parameter. 
The deviation from sphericity is defined as the 
ratio of the major to the minor radius. For a 
perfect sphere, this ratio is unity. If we accept a 
ratio of 1.10 as a criterion of essential sphericity, 
the dimensionless group (pLgrZ/Z) must be 
equal to or less than 057. The values for the 
droplets used in this work are shown in Table 1 
and it is seen that the assumption holds best for 
water and poorest for octane and carbon tetra- 
chloride. For the largest octane droplet, the 
diametral ratio is 1.17. The criterion is not exact 
because the droplets are supported somewhat 
differently in the Bashforth and Adams analysis. 

Calculated values of the droplet volume I/, 

Table 1. Dimensionless criterion for droplet 
sphericity 

Liquid Droplet volume 
ml 

gprr2/c 

CCI, 0@0803 1.1603 
o+xxl2 7 0.9183 
0.00394 0.7213 

&H,OH 0.01391 0.9663 
0~01100 0.7610 
OGO621 0.5606 

GH6 0.01618 0.9673 
0.01343 0.7840 
0.00748 0.5792 

Hz0 0.03196 0.6337 
0.02212 04498 
0~01540 0.3129 

n-CsH,s 0.01682 1.1956 
0.01266 0.9903 
OQO824 0.7428 

radius, Y, and the vertical-distance from bottom 
of droplet to plate, 6,, are shown in Fig. 14 as 
functions of droplet lifetime for a water droplet 
on a 500°C plate. It may be seen that in this case 
b1 is less than about 0.002 cm, which is typical 
of all of the droplets considered in this study. 
There was no experimental measurement for the 
magnitude of 6i in this work. Kistemaker [lo] 

I I I ,, + 

0.6 
6 x I02(KIST~M~K~R’S MEASUREMENT) I 

i 

TIME, 6 

FIG. 14. Calculated history of droplet dimensions; water droplet at Tp = 500°C. 
(V, = @05 ml). 
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measured the vapor film thickness of 0.006 cm 
for a water droplet at Tp = 500°C from his X-ray 
photographs. Instead of allowing the droplet 
to have complete freedom of motion on the hot 
surface, Kistemaker as well as Gorton [13] 
confined the liquid droplet at the tip of a 
delivering pipet. This technique has the advant- 
age of keeping the droplet at constant volume 
and in one place. However, the droplet is then 
partially supported by surface tension and a 
different force balance is required. Kistemaker’s 
measurement technique also tends to give a 
vapor layer thickness rather larger than the 
minimum. We may say that Kistemaker’s re- 
sult differs from ours in a qualitatively expect- 
able fashion but cannot be considered to verify 
the present theory. 

The Reynolds number for the radial flow of 
vapor beneath the droplet is shown in Fig. 15 for 
water at Tp = 280°C and 500°C. Calculations 
carried out for the other liquids show that the 
Reynolds number never exceeds 16 for the range 
of this study. The assumption of laminar flow 
of the vapor is supported by these results. 

Figure 16 shows the heat flux history of water 

droplets at Tp = 280’C and Tp = 500’ C as 
obtained from the theoretical computation. At 
the higher plate temperature, the radiative heat 
flux is about 60 per cent of the conductive- 
convective heat flux; at the lower plate tempera- 
ture, the radiative flux is only about 30 per cent 
of the conductive-convective flux. 

The rates of evaporation per unit area from 
the lower and upper halves of the droplet, 
WI/A, and W2jA2, are plotted as a function of 
time in Fig. 17 for water droplets at 280°C 
and 500°C plate temperature respectively. It 
appears that at higher temperatures, theevapora- 
tion rate from the lower half of the droplet pre- 
dominates over the molecular diffusion from 
the upper half of droplet; at lower plate tem- 
peratures, the evaporation due to molecular 
diffusion WJA, becomes relatively more im- 
portant than WI/A,, especially towards the end 
of droplet evaporation. 

In Figs. 1417, the calculated history is given 
for a droplet of 0.05-ml initial volume. However, 
the curves should also apply to any smaller 
initial volume at the same plate temperature if 
one starts at a point on the curve such that the 

03- 

- v, = 0~0sml 

0.2 - r, = 280-C 

-_- v, 8 0~05lnl 

r, = 5oov 

0.1 
0 20 40 60 SO 100 120 

TIME, S 

FIG. 15. Calculated Reynolds number vs. time for water droplets. 
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WATER, V, * 0.05ml 

0,6- 

o.os,r ’ ’ * 0 1 I, I I I I I 1 
20 40 60 60 100 120 140 

T1ME.S 

FIG. 16. Calculated heat-flux history of water droplets. 

remaining time to total evaporation is equal to evaporation time is seen to be about 83 - 38 = 
the total evaporation time of the droplet size in 45 s from Fig. 14 (or a similar value from the 
question. experimental results in Fig. 7) and correspond- 

Thus, for V, = 0.0154 at TP = WO”C, total ing values are r0 = 0.15 cm and 6, = OGOO!J cm. 

WATER, V, = 0.05 ml. 

- Tp =260=X 

6- 

6- 

TIME. S 

FIG. 17. Calculated evaporation rates vs. time for water. 
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5. ENGINEERlNG CORRELATION 

The development in Section 2 is purely ana- 
lytical. It does not require any experimental 
data (except physical properties) in the predic- 
tion for droplet evaporation time; however, it 
involves complicated iterative computations 
before it converges to the correct values for 
droplet evaporation time. Thus, a digital com- 
puter is a necessary tool. For engineering calcu- 
lation, it is desirable to obtain a relatively simple 
equation which would imply the correct func- 
tional dependence upon variables and allow a 
prediction for droplet evaporation time without 
recourse to a computer. In order to obtain such 
an empirical correlation of the experimental 
data, a functional equation between the de- 
pendent variable and the independent variables 
must be obtained. 

From the theoretical development, we find 
that heat is transferred from the plate to the 
droplet by conduction and radiation, neither 
one of which may be neglected in general. The 
evaporation rate per unit area for a spherical 
droplet is on the order ofPLrO/r and this quantity 
is equal to the sum of the heat transferred by 
conduction and radiation divided by i’. Func- 
tional arguments are developed in detail in 
reference [17], but the resulting equation is 

PLro c AT romOL - pv) ?- - = 
1 

5 4’ 1 

where Cr and Cz are constants to be evaluated 
from the experimental data. 

Seventy-two data points representing the full 
range of experimental conditions were selected 
and used to calculate C, and C, by least squares 
fitting. The result is 

PLro __ = 1.17 x 10-2 ATrombL - P”) * 
z 1 

p4- ‘“J-J. (34) 

” 

,O_ 0 ETHItNOL 

v CARBON-TETRACHLORIOE 

z a- 0 n-OCTANE 

: 
i 
o i 6- 

” 

c 
. 
9 
* 4 

9 

(PL ‘dT) 
WIIERVED 

FIG. 18. Empirical correlation of total evaporation time. 

points. The average error is about +20 per 
cent. 

Borishansky [12] has correlated his data for 
spherical droplets by plotting 

against 

CAT, - T,) k, 
-2 k, 

for the four fluids considered. The quantities in 
the dimensionless groups are those quantities 
which are parameters in Borishansky’s mechan- 
istic model. (Note the appearance of the thermal 
conductivity of the liquid, k,, the heat capacity 
of liquid, CL, and the liquid interfacial tension, 
8. These parameters do not enter the analytical 
model developed herein.) The data presented by 
Borishansky all fall along a curve with an average 
error of about +20 per cent. By plotting the 
inverse of the ordinate against the abscissa, 
however, it is seen that, for 

CL(T, - T,) 5 < o.lo 

The correlation is shown in Fig. 18 for the test i k 
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the data fall on a straight line through the origin 
(cf. Fig. 19). This causes kL and CL to drop out, 4 

resulting in 

y \iLPL p J = 16.7(Y). (35) 

For pL 9 pV, equation (35) simplifies to 

~O&PL) = 16.7 

z (36) 

/- 

/ ti- 
/ 

4- 

b-3 I! d 
- 3- than equations (34)-(36), the average error in its 

use is less than f 10 per cent. The correlation 
only applies, however, for 

I- 

300< fi <4000 
'PC- ' 0 

c‘tr,-r,)c, and for (C&k) and (p/pvD) approximately 

Ah‘ equal to one. 
FIG. 19. Borishansky correlation. 

Gottfried [ 141 developed a similar correlation 6. CONCLUSIONS 

by applying dimensional analysis to averaged (1) The proposed theoretical model is supported 
sets of the data presented in reference [14]. reasonably well by the experimental data 
The resulting correlation is taken with small droplets of ordinary liquids. 

z J(9 = 37.g(;)-“‘735 

(2) The major contribution to the heat transfer 
is the conductive-convective mechanism. 

(3) The radiative heat flux cannot be neglected 

x (P$“O’(Qi) -@*=(P$“r4 at plate temperatures beyond the Leidenfrost 
point of liquids. 

r D l- 
-+ (37) 

(4) The radial flow of vapor beneath the droplet 
is laminar. 

(5) The Leidenfrost point is well defined for 
This correlation is shown graphically in Fig. organic liquids, while for water it is between 
20. Although equation (37) is more complicated 250°C and 310°C plate temperature. 

4G 

A BENZENE 

v CARBON TETRACHLORIOE 
0.1 L 

01 0.2 04 06Oa I.0 2 4 6 8 

(t Ar/&oXl 

FIG. 20. Gottfried correlation. 
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(6) The Leidenfrost point is found to be essen- 
tially independent of droplet size for the 
range of droplet volumes studied. 

(7) Data are well-correlated, allowing prediction 
of total vaporization time to within _+ 20 per 
cent. 

7. FURTHER WORK 

Additional studies have recently been com- 
pleted or are currently under way on the follow- 
ing topics : 
(1) The Leidenfrost phenomenon for extended 

liquid masses, such that the liquid mass flat- 
tens out and at still larger sizes permits vapor 
bubbles to break through the mass. 

(2) The Leidenfrost phenomenon for two-com- 
ponent solutions. 

(3) The Leidenfrost phenomenon for cryogenic 
fluids. 

(4) The role played by heating surface conditions 
at the Leidenfrost point. 

(5) The Leidenfrost phenomenon for n-octane, 
to ascertain the cause of its apparently 
anomalous behavior, and other ordinary 
liquids. 
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Rti&--L’Cbullition par film de petites gouttelettes de liquides sur une surface plane chauffe dans 
l’atmosph&e est appelte habituellement le phCnom&ne de Leidenfrost d’aprb J. G. Leidenfrost qui 
etudie le premier ce processus en 1756. 

Dans 1’Ctude actuelle, on a dttermint: les temps d’Cvaporation totale pour de petites gouttelettes (0, 1 ml) 
d’eau, de tCtrachlorure de carbone, d’tthanol, de benzbne et de n-octane sur une plaque d’acier inoxydable 
avec des tempkratures par&ales allant de 150°C ?I 500°C. La plupart des don&s expCrimentales corres- 
pondent au regime d%bullition par film bien que d’autres r&ultats correspondent aux regimes d’bbullition 
nucl8& et de transition. Le point de Leidenfrost, d%ni comme la temperature de la plaque pour laquelle 
le temps d’tvaporation de la gouttelette est le plus grand, a CtC dtterminC. On a trouve que le point de 
Leidenfrost est entre 100 g 105degC au-dessus de la temptrature de saturation pour tous les liquides 
except6 l’eau; pour I’eau, la valeur exacte du point de Leidenfrost semble dbpendre de la surface et de la 
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facon de deposer la gouttelette et varie entre 15OdegC a 210degC audessus de la saturation. Le point de 
Leidenfrost est independant de la taille de la gouttelette dans la gamme Ctudiee. 

On a imagine un modtle theorique du phenombne de Leidenfrost : la chaleur est transport&e a la goutte- 
lette par conduction a travers le film de vapeur sur la moitie infirieure et par rayonnement a la gouttelette 
tome entitre. 

De la masse est enlevee de la gouttelette par evaporation sur la surface inferieure pour nourrir le film de 
vapeur et par diffusion a partir de la surface superieure. La gouttelette est soutenue par la pression supple- 
mentaire dans le film de vapeur. On a suppose que la gouttelette est spherique et isotherme a la temperature 
de saturation. La vitesse instantanee d’haporation est obtenue en satisfaisant aux bilans de chaleur. de 
masse et de quantitt de mouvement pour ce modtle; les temps d’evaporation totale sont calcules en in- 
t&grant la vitesse d’evaporation. Les temps d’evaporation calculb et experimentaux sont en accord a 
20 pourcent pressauf pour le n-octane aux temperatures &levees. ob il se peut qu’il se produise un certain 

craquage thermique. 

Zwammedassnog-Das Filmsieden kleiner Fliissigkeitstropfchen auf einer heissen, ebenen Flache in der 
Atmosphare wird gewohnlich Leidenfrostphanomen genannt nach J. G. Leidenfrost, der den Vorgang 
1756 als erster studierte. 

In der vorliegenden Untersuchung werden Gesamtverdampfungszeiten fur kleine Triipfchen (co,1 ml) 
aus Wasser, Kohlenstofftetrachlorid, Ethanol, Benzin und n-Oktan auf einer (stainless) Stahlplatte bei 
Oberfllchentemperaturen von 150°C bis 500°C bestimmt. Die Mehrzahl der Daten wurde im Bereich des 
Filmsiedens gewonnen, daneben aber such im Blassen- und Ubergangssiedebereich. Der Leidenfrostpunkt. 
definiert als die Plattentemperatur, bei der die Verdampfungszeit der Triipfchen am grossten ist. wurde 
bestimmt. Der Leidenfrostpunkt lag lot%105 deg tiber der Sattigungstemperatur fur alle Fltissigkeiten 
ausser Wasser ; fur Wasser scheint der genaue Wert des Leidenfrostpunktes von der Oberflache abzuhangen 
und der Art der Tropfenaufbringung und er variiert von 150 bis 210 deg oberhalb der Sattigung. Der 
Leidenfrostpunkt ist unabhlngig von der Tropfchengrosse im untersuchten Bereich. 

Ein analytisches Model1 des Leidenfrostphanomens wurde aufgestellt : Warme wird auf das Tropfchen 
iibertragen durch Leitung durch den Dampffilm an Bodenhalfte und durch Strahlung an den ganzen 
Tropfen. Der Stofftransport vom Tropfen erfolgt durch Verdampfen an der unteren Oberfllche, urn den 
Dampffilm aufrechtzuerhahen und durch Diffusion an der oberen Oberfllche. Dan Tropfchen wird getragen 
durch den Uberdruck im Dampffilm. Der Tropfen wird kugelig und isotherm mit Sattigungstemperatur 
angenommen. Die momentane Verdampfungsgeschwindigkeit wird auf Grund der Warme-. Stoff- und 
Impulsbilanz fur dieses Model1 gefunden; Gesamtverdampfungszeiten werden durch Integration der 
Verdampfungsgeschwindigkeit berechnet. Die Ubereinstimmung der berechneten und der experimentallen 
Verdampfungszeiten liegt innerhalb 20 Prozent, ausgenommen n-Oktane bei hohen Temperaturen. wobei 

bereits thermische Crackerscheinungen aufgetreten sein konnen. 

AHHoTaqwsI-nnelIoqHoe KwneIIne MeJIKnx rianenb )KM~~KocTHII~ ropwlefi n.IIOCKOfi noBepx- 

HOCTH B 'dTMOC$epe 06r,rsrro HaRbIDaeTCR @$eKTOM ,~e~,?&elI$IpOCTa B 'JecTb OTKpbIBUIerO 11 

wysssurero ero &K. I'.JIefQe~@pocTa (1’756 r). 

R RaHHoti pa6oTe o6qee BpeMR wnapeHI*fl onpeaennnocb 8.n~ IIe6onbuIilx Itanenb 

(< 0,l MJI) BOAT, qerbrpexxnopucroro yrnrpona, oranona, 6ertauna II n-ouraua na nnacTrlrre 
113 HepHcaBeloweB cTanR np~ TeMnepaTypax nonepx~~oc~cl 0T 150 ~0 500°C. ~OJIhUI&iHCTBO 

pe3yJIbTaTOB OTIIOCIZTCR K peHCMMy nJIeHO'IHOr0 KRneHHH, XOTH TaKFKe 6bInri IrOJIy~eIIbI 

HaHHbIe B pewwax ny3MpKoBoro of KerTa~riorIapaoro KHnewiR. Ebrna KatizeHa TOwa 

JIetineH@pocTa, onpeaennenafl KaK TeMnepaTypa nnafTnKb1, KOTOpOi$ COOTBeTCTByeT Hali- 

6onbmee BpeMR ncnapeHHH. OHa 6Mna IIa 100P1050c BbIIIIe TeMnepaTypbI IIaCbWeIIIiH !WI 

Bcex HcHgIiocTel aa McKnIoqeHueM BogbI. AJIH BORbI TocIIIoe 31Iaqenne Town JIeiUeH$pocTa 

OKa3aJIOCb 3aBAcfl~HM OT noBepxHocTn II cnoco6a HaHeCeHMR KaneJIb II 6bIno Ha 150-210°C 
Bbuue TeMnepaTypbI Hacblqeww. TosKa JIeilneH4pocTa He 3aBMcHT OT pa3Mepa Kanenb BO 

BceM AHanaaoHe n3MepeHd. npMHHMaeTCH cJregyrouIafl Monenb s@$eKTa JIeiUeH@pocTa: 

Tenno nepeaocrrTcfl K Kanne TenzonpoBowocTbIo qepea nneKKy napa B 1IwwHefi n0nOBMHe 

KanJIA A 5snnyseHMeM HO Beet Kapne. BeqeCTBo yaanfzeTcR 143 Kansnf acnapeHHeM B HnlKHef4 

qacT5i Kannu, coagasan npu ATOM napoayw, nneHKy, H ns$@yalzefi c sepxHe8. HanjIH non- 

AepHcHBaeTCfl BO B3Be"IeHHOM COCTOFIHIIR 3a CqeT H36bIT0'4HOrO AaBJleHWl B napOBOti nJIeHKe. 

@opMa KannA CwTaeTCR uIapoo6pa3Hofi, H npH TeMnepaType HacnuleHnfl aAeT H30Tep- 

MWIeCKH& npOI(eCC. MrHOBeHHaR CKOpOCTb MCnapeHHR AJIfI 3TOti MO;[eJfCI HafiAeHa nyTeM 

yAOBJleTBOpeHHJl ypaBHeHElt 6anaHca TenJIa, MaCCbI II KOJIA'leCTBa ,I&BWKeHWR. npOAOJI- 

WnTenbHocTb McnapeHEifI BbwacneHa RHTerpnpoBaHneM CK~POCTH McnapeHnH. Pacqernoe 
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II 3KCIEpHMeHT3JIbHOe 3HaqeHEle BpeMeHH HCIl3peKWI COlYI3CJ'IOTCfZ MWK&)' CO608 C TOq- 

HOCTb,O A0 20 IIpOI(eHTOB, 38 RCKJIIOYeHReM n-OKTaHEl IIpkl BbICOKllX TeMIIep3Typ3X, KOI'Ha 

MOWKeT IIpOIlCXOAElTb TepMWieCKtlfi KpeKElHI'. 


