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Temperature discontinuity at the surface of an evaporating droplet
A. J. H. McGaugheya) and C. A. Wardb)

Thermodynamics and Kinetics Laboratory, Department of Mechanical and Industrial Engineering,
University of Toronto, 5 King’s College Road, Toronto M5S 3G8, Canada

~Received 20 August 2001; accepted for publication 27 February 2002!

In a series of experiments, a temperature discontinuity has been found to exist at the surface of an
evaporating water droplet. Statistical rate theory has been used to predict the pressure in the vapor
to within the experimental uncertainty during each of the experiments. While the qualitative trend
of theD2 law is observed to be consistent with the measurements, it underpredicts the measured rate
of evaporation by 21%–37%. When the temperature discontinuity is taken into account in theD2

law, the difference between the predicted and measured values is at most 7%. The results suggest
that the rate limiting process in the experiments is not diffusion in the gas phase, as is assumed in
the D2 law, but is the interface kinetics. ©2002 American Institute of Physics.
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I. INTRODUCTION

The D2 law of droplet evaporation1–4 assumes that the
rate limiting process is diffusion in the gas phase. This
phase model also assumes that the temperature profile a
the liquid-vapor interface is continuous. In rece
experiments,5–8 a temperature discontinuity has been me
sured at a steady, evaporating liquid-vapor interface. The
suing analysis demonstrated that statistical rate the
~SRT!9–11 predictions were consistent with the measu
ments. Based on these results, the possibility of a temp
ture discontinuity at the surface of an evaporating droplet~an
unsteady system! and the relative importance of the interfa
kinetics on the rate of evaporation in that system have b
investigated.

An apparatus has been built in which an evaporat
droplet hangs on a thermocouple bead. This allows the m
surement of the temperature in the liquid phase during
evaporation process. Along with other system measureme
this permits the construction of a temperature profile in
vapor and the determination of the conditions at the liqu
vapor interface. A temperature discontinuity is found to ex
The results are compared to previous steady evaporation
periments and analyzed using the SRT. The measured ra
evaporation is compared to the predictions of theD2 law and
SRT, and a discussion of the rate limiting process in drop
evaporation is presented.

II. BACKGROUND

A. Droplet evaporation

The D2 law was the first widely accepted theory deve
oped to model droplet evaporation and combustion. It i
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gas phase model that predicts that the surface area o
droplet will decrease at a constant rate given by12

dD2

dt
52K, ~1!

whereD is the droplet diameter,t is time, andK is a con-
stant. It models a stationary, single one-component drople
a gaseous phase which may or may not contain its own va
in the initial state. In addition to the details given previous
some of the important assumptions are that spherical s
metry exists, convection effects can be neglected, the p
sure in the gas phase is constant, the partial pressure o
evaporating species at the liquid-gas interface is equal to
saturation pressure corresponding to the liquid temperat
the transport properties are constant and the liquid temp
ture is uniform and constant.

From the conservation equations,K is predicted to be12

K5
8rGdG

rL lnS 11
cp

GDT

hf g
D , ~2!

where the superscriptsG and L refer to the gas and liquid
phases, respectively,r is density,dG is the mass diffusion
coefficient of the vaporizing species in the gas phase,cp

G is
the specific heat at constant pressure of the gas phase,DT is
the difference in temperature between the droplet surface
the ambient gas andhf g is the specific enthalpy of vaporiza
tion of the vaporizing species. Law12 indicates that the esti
mate ofK from Eq. ~2! is ‘‘crude’’ and that due to the diffi-
culty in specifying some of the transport properties of the g
phase, the measured value ofK is often used as a fitting
parameter to setrGdG in experimental analyses. While th
predicted value ofK may not be useful in all cases, the tren
predicted by Eq.~1! has consistently been seen in expe
mental data. Reviews by Law12 and Sirignano13 give a de-
tailed account of the basis of this model, its limitations, a
attempts made to improve it.

To try to develop better models, investigators have u
different methods to solve the conservation equations wh
do not make all the assumptions inherent in theD2 law.14–20
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Consideration has been given to factors such as radia
effects,14 variable thermal properties, nonideal pha
behavior,15 convection effects,16,17 and separate modeling o
the continuum and Knudsen regions.18

Very few investigations have considered the possibi
of a discontinuous temperature profile across the liqu
vapor interface during droplet evaporation. Young20 has
modeled droplet evaporation and condensation with a t
perature discontinuity predicted by the classical kine
theory~CKT!. For evaporation, the temperature in the vap
at the interface is predicted to be lower than that in the
uid. No comparison is made to experimental results. Elpe
and Krasovitov14 develop a droplet evaporation model takin
into account the temperature discontinuity proposed by Y
mov et al.21 The temperature discontinuity is shown to affe
the late stages of the evaporation process, increasing the
dicted total evaporation time of small droplets~diameter
;mm! by 10%. The time scale for the evaporation is on t
order of milliseconds. There is no known experimental wo
that has tried to measure a temperature discontinuity at
surface of an evaporating droplet.

B. Temperature profiles near a liquid-vapor interface
during evaporation

The conditions existing at a liquid-vapor interface und
going evaporation are controversial. Specifically, there
different claims as to the nature of the temperature pro
near and across the interface. In the past, such a system
been theoretically analyzed using either the continuum
proach or CKT. Fang22 presents a detailed review of th
work. There is no known experimental work to support t
claims of either of these approaches.

The results of recent experiments5–8 have questioned the
validity of both the continuum approach and CKT. For wa
evaporating under steady conditions, the temperature in
vapor at the interface was always found to be higher t
that in the liquid. Differences as large as 7.8 °C we
measured.5 This difference is also referred to as a tempe
ture discontinuity. For the same experimental conditio
Young’s CKT approach20 predicts a discontinuity of 0.007 °C
in the opposite direction. In the experimental work of Re
5–8, temperatures were measured to within a few mean
paths of the interface, denying the possibility that the te
perature discontinuity predicted by the CKT would only
apparent within the Knudsen layer. Evaporation experime
have also been performed with octane and methylcycloh
ane, and similar results were found.7 The higher temperature
in the vapor is interpreted as an indication that it is the hig
energy molecules in the liquid that evaporate.8

Statistical rate theory can be used to analyze the ph
change problem. This theoretical approach is based on
transition probability concept as defined in quantum mech
ics and uses the Boltzmann definition of entropy to introdu
a thermodynamic description of the system. In the past,
SRT has been applied to rate processes such as gas
adsorption,23–27 permeation in ionic channels in biologica
membranes,28 and crystal growth from solution.29 It can be
used to predict that the mass flux across a liquid-vapor in
face will be a function of the temperature at the interface
Downloaded 28 Feb 2003 to 128.100.48.224. Redistribution subject to A
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each phase, the pressure in the vapor at the interface an
radius of curvature of the interface.6 It can be shown that the
calculated value of the mass flux is most sensitive to
pressure in the vapor.7 With this in mind, the expression fo
the mass flux can be used to predict the pressure in the v
using the four other known parameters, and this value co
pared with the experimental measurement. In the exp
ments of Refs. 5–8, all five of these parameters were in
pendently measured, and good agreement was fo
between the predicted and measured pressures.

III. EXPERIMENTAL APPARATUS AND PROCEDURES

A. Concept

The objective of the current experimental investigati
is to hang a liquid droplet on a thermocouple bead and m
sure its size and temperature, and the pressure and tem
ture of the surrounding vapor as the droplet evaporates.
ter is chosen as the working fluid. The central componen
the apparatus is the test section, a schematic of whic
shown in Fig. 1~a!. It is a 2.75 in. Conflat flanged doubl
cross as shown in the figure and has a volume of appr
mately 0.41 L. There are viewing windows on the fron
back, and bottom flanges. Through connections to a
chanical vacuum pump~Welch DuoSeal 1400B-80! and a
turbomolecular pump ~Leybold-Heraeus Turbovac 150!
through the left flange, the pressure in the test section ca
reduced to 1024 Pa. Water vapor at a desired pressure l
than ambient saturation conditions can be introduced to
test section through the left flange without contamination
air. Once an experiment is setup, the test section can be
mersed in a water bath with an internal circulator~Lauda
MS@H31050#FN! that can maintain the water temperatu
within 60.03 °C.

All thermocouples used in the investigation are of ty
K ~chromel–alumel junction!. The thermocouple on which
the droplet hangs has an approximately spherical bead
diameter 0.35 mm. A second thermocouple is located 4
mm away. These thermocouples will be referred to as
droplet thermocouple and the vapor thermocouple. The
ameter of the thermocouple wire is 0.08 mm. The therm
couples are mounted on a linear-rotary motion feedthro
~MDC BRLM-275! that is mounted on the top flange of th
test section. A picture of the configuration of the two the
mocouples when there is a droplet present in the system
shown in Fig. 1~b!.

The droplet is introduced to the system by a needle c
nected to a syringe that is mounted on a syringe pump~Cole-
Parmer 7490-10! that provides fine control of the flow rat
~flowrates used were on the order of 10mL/min!. The pump
is mounted on a three degree of freedom position manip
tor. The syringe can be filled with high purity liquid wate
from the same source that the vapor is obtained. The ne
enters and exits the system through a septum mounted
1/4 in. ball valve that is mounted on the right flange of t
test section. This setup ensures that there is no significan
leakage at any time. When the needle is inside the test
tion, it can be isolated from the syringe by a 1/16 in. b
valve and pumped down to vacuum conditions along w
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the test section while the syringe remains full of water. Wh
a droplet is to be formed on the needle, the valve between
needle and the syringe is opened and the pump is adva
until a suitably sized droplet forms on the needle tip. T
droplet is transferred from the needle to the droplet therm
couple by adjusting their positions using the feedthrough
the position manipulator. The initial diameter of the drop
is typically between 1.5 and 1.7 mm.

B. Measurements

Measurements of the temperatures read by the dro
thermocouple, the vapor thermocouple and a thermoco

FIG. 1. ~a! Schematic of the test section.~b! The configuration of the drople
and the droplet and vapor thermocouples. The main image was taken w
fluorescent light as backlighting. The dashed white circle inside the dro
indicates the location of the thermocouple bead. The inset image was t
with the lighting setup. This is the image used to measure the droplet
Downloaded 28 Feb 2003 to 128.100.48.224. Redistribution subject to A
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in the surrounding water bath are made using a data ac
sition system~HP 39702A connected to an Apple IIci com
puter running Labview!. The thermocouples were calibrate
using a mercury thermometer with 0.1 °C divisions that w
calibrated against a National Institute of Standards and Te
nology traceable Okazaki Pt 100 AS7885 RTD temperat
probe. The thermocouples are referenced against an ice p
~Omega TRC-111!. Based on the calibration, the absolu
error associated with the measurements is60.1 °C and the
relative error between measurements is60.05 °C. The tem-
peratures encountered in the experiments are between 19
27 °C. The pressure is measured with a pressure transd
~Omega PX811-005AV! that is also connected to the da
acquisition system. The transducer was calibrated again
mercury manometer~inside diameter of 8.0 mm, maximum
impurity 5 ppm! using a cathetometer~PTI2212!. The zero
level of the manometer was verified by pumping down on
with the turbomolecular pump to 1024 Pa. In this configura-
tion, there was no measurable difference between the
column heights. Based on the calibration, the error ass
ated with the pressure readings is620 Pa. The pressure
encountered in the experiments are between 2000 and 3
Pa. A series of tests run with the test section fully evacua
showed that any leakage effects are on the order of the
certainty in the pressure measurement.30 It will therefore be
assumed that the test section contains only water. The dro
is observed through the front and back viewing windows a
its size is measured using a solid state video camera~Cohu
4815-5000/000, with a Canon FD 10014.0 Macro Lens a
Kenko No. 4 close up lens! that is connected to image pro
cessing software~NIH Image31 running on an Apple Quadra
computer!. Light is provided by a small bulb and pass
through a collimator~Melles Griot 25 mm! before illuminat-
ing the droplet. The image is calibrated using the diamete
the cylindrical rod on which the thermocouples are mount
The error associated with the droplet size measuremen
60.04 mm. A typical image of a droplet used to make
measurement is shown in Fig. 1~b!. In the ensuing analysis
the droplet is assumed to be spherical with a diameter ta
as the largest horizontal dimension that can be measured
quantify the effect of gravity on the droplet shape, the s
face area was calculated using data extracted from the im
For horizontal diameters between 1.00 and 1.50 mm~the
range used in the analysis!, the calculated value was at mo
5% larger than the area of a spherical droplet with a diam
equal to that measured.

C. Procedure

The water used in the experiments was prepared by p
ing it through a Barnstead high purity demineralizer c
tridge, distilling and de-ionizing with a Barnstead NAN
Opure water purification system. It was placed in a cle
glass vessel and degassed using the mechanical vac
pump for at least 12 h and then isolated. This vessel was
source of both liquid and vapor. Depending on their comp
sition, all solid components were initially cleaned with a s
ries of acetone, detergent, and chromic acid solutions.
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To prepare for an experiment, the valve between the
ringe and the needle was closed, the needle was placed in
the test section, and the system was pumped down with
turbomolecular pump to 1024 Pa for at least 12 h. This wa
done to remove any contamination that may have entered
system, and to desorb water from the solid surfaces.
syringe was filled with liquid water from the degassing flas
Water vapor was then introduced to the test section, an
droplet was formed on the needle and placed on the dro
thermocouple. It is crucial that the droplet be the only liqu
phase in the entire system, and this was verified by obse
tion through the viewing windows. The test section was i
mersed in the water bath, and the pressure reduced to a
determined level by pumping with the vacuum pump. Wh
this pressure was reached, the test section was isolated
the evaporation process was observed. Temperature and
sure measurements were begun at ten seconds intervals
droplet size was measured at a time interval suitable to
rate of evaporation of a given experiment.

IV. RESULTS

A. Droplet size

For the three tests to be considered, the initial drop
diameters were in a range of 1.55–1.70 mm. In order
compare the three tests, the size history will be conside
starting at a diameter of 1.50 mm. The pressures at the
of the observation period, which are the key distinction b
tween the three tests, are given in Table I. The time histo
of the square of the droplet diameter for the three tests s
ing at a diameter of 1.50 mm are shown together in Fig
For tests 1 and 2, the droplet size was measured every 3
For test 3, the droplet size was measured every 2 min.
data are only plotted up to a diameter of 0.90 mm, wher
was found that the droplet shape was no longer spherical
to the effect of the thermocouple bead. Also shown on
graph are best fit lines for each test. As would be expec
the rate of evaporation increases as the initial pressure in
vapor is decreased. Some of the important parameters fo
three tests are presented in Table I. The parameterK is the
magnitude of the slope of the best fit line through the da
and corresponds to the parameter used in the Eq.~1!. The
regression parameter provided by Microsoft Excel w
greater than 0.997 for all three tests. As the droplet eva
rates its weight decreases, causing it to move up the ther
couple wires as the solid-vapor surface tension force

TABLE I. Comparison of the three evaporation tests. Note that the w
saturation pressure for a temperature of 26.87 °C is 3540 Pa.

Test

Pressure at
D51.50
mm ~Pa!

Total
evaporation

time ~s!

Time for
evaporation from

1.50 to 1.00
mm ~s!

K (1024

mm2/s!
TB

~°C!

1 3200 13 080 8670 1.49 26.78
2 2880 6870 4200 2.96 26.87
3 2250 3720 2160 5.64 26.80
Downloaded 28 Feb 2003 to 128.100.48.224. Redistribution subject to A
y-
ide
he

he
e

.
a

let

a-
-
re-
n
nd

res-
The
e

t
o
d

art
-
s

rt-
.
in.
e

it
ue
e
d,
he
he

,

s
o-
o-

e-

comes more important relative to gravity. At all time
between diameters of 1.50 and 0.90 mm, the thermocou
bead was fully submerged in the droplet.

B. Temperatures and pressure

The measured temperature histories for test 2 are sh
in Fig. 3~a!. The data are plotted for the entire evaporati
process and approximately 1000 s afterwards. Relative e
bars are included near the beginning and end of the d
When there is still liquid present on the droplet therm
couple, its temperature is always measurably less than
temperature in the vapor, which is always measurably l
than the bath temperature. The differences between the t
temperatures increase with the evaporation rate~i.e., from
test 1 to test 2 to test 3!. As the evaporation takes place, bo
the liquid and vapor temperatures increase. The rate of
increase also rises with the evaporation rate. The tempera
profile in the vapor is such that heat is being transfer
towards the droplet, in the opposite direction of the mass fl
due to the evaporation. The temperature in the vapor
creases because the droplet temperature is rising, but
because the liquid surface is receding. The distance betw
the vapor thermocouple and the droplet surface increa
with time, and it will therefore be at a different place in th
temperature profile at every instant. It is not until the drop
has completely evaporated that the temperature in the
section rises to the bath temperature. This point is clea
seen in Fig. 3~a! as where the droplet thermocouple tempe
ture rises rapidly. After this time, there is no measura
difference between the three temperatures.

The pressure history for test 2 is plotted in Fig. 4. T
trends observed in tests 1 and 3 are similar. As the dro
evaporates, the pressure in the system increases. The
amount of this increase decreases as the evaporative
decreases~i.e., as the initial pressure increases!. The effect of

r

FIG. 2. The time history of the square of the droplet diameter for the th
tests. Beyond the last plotted point the droplet was no longer spherica
linear fit for each data series is included in the plot.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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6410 J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 A. J. H. McGaughey and C. A. Ward
the evaporation is constant, as the droplet starts and en
the same state for each test, although the time scales
different. It is through adsorption on the solid surface that
three tests are differentiated. In a series of separate ads
tion tests run on the system, it was found that the amoun
mass that can adsorb on the surface increases significan
the pressure in the system increases.30 When the evaporation
is complete, the measured pressure starts to decrease, a
sorption is the only significant factor left that affects t
system pressure. This is the effect of considering a fin
system.

The measured temperatures in the liquid can now
considered. One of the assumptions in theD2 law is that the
pressure in the vapor at the droplet surface is equal to
saturation pressure corresponding to the droplet surface
perature. Furthermore, the temperature in the droplet is
sumed to have no spatial variation. To this end, the satura
pressure corresponding to the measured temperature in
liquid for test 2 is included in Fig. 4. The added line cove
the time from a droplet diameter of 1.50 mm to just befo
all the liquid evaporated. For this and all subsequent ca
lations, thermophysical properties are taken from Ref. 32

FIG. 3. ~a! The temperature histories for test 2. Included are the meas
values of the temperatures read from the droplet, vapor, and bath the
couples and the predicted values in the vapor at the interface~points with
error bars!. ~b! The model used to construct the temperature profile in
vapor phase.
Downloaded 28 Feb 2003 to 128.100.48.224. Redistribution subject to A
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The pressure in the vapor phase follows the satura
pressure corresponding to the liquid temperature v
closely. Any differences are covered by the experimental
rors. It is therefore possible to predict the pressure in
system while the droplet is evaporating with only the me
surement of the liquid temperature. Similar agreemen
found for tests 1 and 3. The agreement between the
curves also gives strong support for there being no sign
cant air content in the system. It is important to note that i
not being said that the pressure in the vapor is equal to
saturation pressure corresponding to the liquid temperat
only that experimentally, it would be impossible to disti
guish between the two. This point will be important when t
data is analyzed using the SRT.

It has been established that the adsorbed phase to a
extent regulates the pressure in the vapor. It now appears
the pressure in the vapor controls the droplet temperat
For test 1, where the measured vapor pressure changes
little during the evaporation due to the large amount of a
sorption that can take place, the temperature in the liq
phase also changes very little. For test 3, where there
large change in the measured vapor pressure as less ad
tion takes place, there is a large change in the liquid temp
ture.

V. ANALYSIS AND DISCUSSION

A. Temperature discontinuity at the interface

The temperature in the liquid is assumed to be spati
uniform. Hegsethet al.33 have observed Marangoni conve
tion in evaporating methanol droplets. The resulting inter
circulation would result in fluid mixing and a more uniform
temperature distribution than would exist under pure cond

d
o-

e

FIG. 4. The measured pressure in the vapor for test 2 and the satur
pressure corresponding to the droplet temperature. The saturation pre
curve ends at the point where some of the thermocouple bead becam
posed to the vapor, and thus was no longer an indication of the liq
temperature.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tion heat transfer. While Marangoni convection has be
well documented for fluids other than water,34,35 only re-
cently have experiments been reported indicating that i
present in water.8 These findings support the assumption o
uniform liquid temperature. Thus, the temperature in the
uid at the interface will taken as that measured by the dro
thermocouple, which will be denoted asTi

L .
To calculate the temperature in the vapor at the interfa

Ti
V , an approximate temperature profile will be determin

in the vapor phase using the measured temperatures.
system of interest in shown in Fig. 3~b!. The droplet radius is
r D ~i.e., D/2!, Ttc

V is the temperature measured by the vap
thermocouple andr V is the distance between the center
the droplet and the center of the vapor thermocouple.
temperature in the vapor at the wall is assumed to be equ
the bath temperature,TB, and the distance from the center
the droplet to this point isr B .

To construct a temperature profile in the vapor, the va
ous modes of heat transfer present must be considered
discussed in Sec. IV B, there is convection associated w
the radial flow of mass away from the droplet. This conve
tion can be modeled with a radial velocityur . At the same
time, heat is transferred by conduction against the flow
mass. While theD2 law ignores gravitational effects, in th
real flow a thermobuoyant flow is likely to develop whe
the cool vapor flows down the surface of the droplet and
its bottom. This component of the flow will be modeled u
ing an polar velocityuf . The steady energy equation tak
the form

rVcp
V

kV S ur

dT

dr
1

uf

r

dT

df D5
1

r 2

d

dr S r 2
dT

dr D , ~3!

wherek is the thermal conductivity. Defining a dimensio
less lengthR̄ and temperatureT̄ as

R̄5
r

r V
and T̄5

T2Ti
L

Ttc
V 2Ti

L ,

the energy equation can be recast as

Per

dT̄

dR̄
1

Pef

R̄

dT̄

df
5

1

R̄2

d

dR̄
S R̄2

dT̄

dR̄
D , ~4!

where Per and Pef are the radial and polar Peclet numbe
given by

Per5
rVcp

Vurr V

kV and Pef5
rVcp

Vufr V

kV ,

respectively. From continuity considerations, the radial
locity will be greatest at the surface of the droplet. To ass
the importance of the left side of Eq.~4!, the region between
the droplet and the vapor thermocouple will therefore
considered. Using an order of magnitude analysis, the
and right sides of Eq.~4! become

Per

T̄~R̄V!2T̄~R̄D!

R̄V2R̄D

, Pef
T̄~R̄V!2T̄~R̄D!

pR̄

and
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@ T̄~R̄V!2T̄~R̄D!#

R̄V1R̄D

R̄V2R̄D

.

The same temperature scale has been used in both direc
Physically, due to the Marangoni convection in the liqu
the droplet surface temperature will be approximately u
form, and the temperature variation in the polar directi
will be smaller than that in the radial direction. Thus b
choosing this temperature scale, we are considering a la
thermobuoyant convection contribution than that actua
present. To assess the importance of the convection te
we must consider the ratios

Cr5
Per R̄

2

~R̄V1R̄D!
~5!

and

Cf5
PefR̄~R̄V2R̄D!

p~R̄V1R̄D!
, ~6!

which represent the ratios of the radial and polar convec
terms to the conduction term in the energy equation. If eit
of these ratios is small compared to unity, the associa
convection term can be neglected. Both of these ratio te
are solely functions of the positionR̄ both explicitly and
implicitly ~through the Peclet numbers!. As mentioned, the
convection effects are expected to be most significant at
droplet surface and for this reason,R̄ is evaluated asR̄D . To
evaluate the Peclet numbers, the properties of water va
are evaluated at their saturation values corresponding
26.85 °C, a typical value ofTB.

First, consider the radial term. At the droplet surface,
radial velocity can be expressed in terms of the evapora
mass fluxj as

ur~r D!5
j

rV . ~7!

To calculate the mass flux, the time history of the droplet s
is used. The evaporative mass flux can be expressed as

j 52rL
drD

dt
. ~8!

At a given point, it is a function of the slope of the dropl
size-time history. The droplet diameter as a function of tim
is approximately linear over small time intervals betwe
diameters of 1.50 and 1.00 mm. The flux at a measurem
point is calculated by finding the slope of the best-fit li
through that point and the two points on either side of it,
a total of five points. A sample of the calculated mass flux
for test 2 are given in Table II. For this calculation, the ma
flux is chosen as the highest encountered in the evapora
tests, which is 1.3831024 kg/m2 s ~measured in test 3!. The
radius of the droplet in this case was 5.6031024 m. This
corresponds to a radial Peclet number of 0.057, andCr value
of 0.000 84. It is therefore justifiable to neglect the rad
convection term in the determination of the temperature p
file.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Downloaded 28 Fe
TABLE II. A sample of the measured and calculated parameters for test 2.

r D ~mm! r V ~mm! Ttc
V ~°C! Ti

L ~°C! j (1025 kg/m2 s) Ti
V ~°C! Ti

V2Ti
L ~°C!

0.74 4.03 26.46 23.43 5.31 24.30 0.87
0.71 4.06 26.49 23.54 6.12 24.39 0.85
0.69 4.08 26.54 23.63 6.12 24.63 1.00
0.67 4.10 26.57 23.72 6.12 24.76 1.04
0.65 4.12 26.58 23.81 4.90 24.74 0.93
0.63 4.15 26.57 23.84 6.12 24.60 0.76
0.60 4.18 26.60 23.90 6.94 24.71 0.81
0.58 4.20 26.61 23.95 5.31 24.69 0.74
0.57 4.24 26.61 23.98 6.12 24.61 0.63
0.54 4.33 26.67 24.02 6.94 24.99 0.97
0.51 4.43 26.66 24.07 6.12 24.75 0.68
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For the polar term, corresponding to the thermobuoy
convection, an approach developed by Abramzon
Sirignano16 is used. In their model, based on ‘‘film theory
convection effects are limited to a thin vapor region s
rounding the droplet. Using a Nusselt number correlation
thermobuoyant convection around an evaporating dro
given by Daif et al.17 this thickness can be calculated. T
examine the most extreme case, the mass flow used in
radial calculation is assumed to be flowing only in the po
direction inside this film, and we calculate the associa
average velocity at the midpoint of the droplet. Using th
value, the polar Peclet number is found to be 0.23, andCf

evaluates to 0.0074, which we note is the most extreme c
It is therefore also justifiable to neglect the polar convect
term in the determination of the vapor phase tempera
profile.

To find the temperature profile in the vapor, one m
then solve

1

r 2

d

dr S r 2
dT

dr D50 ~9!

with the boundary conditions

T~r V!5Ttc
V and T~r B!5TB.

The solution is

T~r !5Ttc
V 1~TB2Ttc

V !
1/r V21/r

1/r V21/r B
. ~10!

As the droplet evaporates, the distance from its surface to
vapor thermocouple increases. The droplet tends to slo
move up the thermocouple wires during this time. To acco
for these effects,r V has been determined separately for ev
calculation using the images from the experiments, base
the known distance between the two thermocouple beads
the relative location of the center of the droplet and the dr
let thermocouple bead. The value ofr V varies between 3.89
and 4.46 mm. The dimensionr B is taken as the shortes
distance between the droplet thermocouple and the sid
the main chamber. This has been measured as 0.027 m.
to the spherical nature of the system under consideration,
the large size of the test section compared to the droplet
results are not sensitive to the small changes inr B that would
be brought about by the movement of the droplet. To de
mine Ti

V , Eq. ~10! must be evaluated at the radius of t
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droplet. A sample of the results of these calculations for t
2 are given in Table II. Note thatr D , Ttc

V , TB, andTi
L are

measured, whilej, r V , andTi
V are calculated. To show th

temperature discontinuity graphically, the predicted tempe
ture in the vapor at the interface is included in Fig. 3~a! for
droplet radii between 1.50 and 1.00 mm. The error bars
an indication of the uncertainty brought about by the te
perature and length measurements.

The temperature in the vapor at the interface is found
always be higher than that in the liquid. This is consiste
with the results of the previous steady evaporation exp
ments. There is some scatter in the data, which can be p
attributed to noise in the temperature measurement sig
Similar results are found for tests 1 and 3. In test 1, wh
the mass flux was lower, the temperature difference
smaller. In test 3, where the mass flux was higher, the te
perature difference is larger. Using the experimental data,
largest discontinuity predicted by one approach using
CKT20 is 2631026 °C, which is much less than the smal
est predicted value, and in the opposite direction.

To try to correlate the current data with existing expe
mental results, the temperature discontinuity was plotted
function of the pressure. The results are shown in Fig.
References 5 and 8 correspond to studies of the ste
evaporation of water. For these experiments, the tempera
discontinuity was measured. This was possible due to
steady nature of the evaporating interface, and the low p
sures considered, which resulted in a large mean free p
Very small thermocouples were used to make the temp
ture measurements to within a few mean free paths of
interface. The range of the system parameters for each
set is presented in Table III. The range of the parameter
significantly different between the steady experiments a
the current investigation. While the current work does n
overlap with the existing results, the data follow a consist
trend. As the pressure increases, the temperature discon
ity decreases. At atmospheric pressure, it is likely that
discontinuity could not be measured.

B. Statistical rate theory analysis

The experimental results can be analyzed using the S
which was introduced in Sec. II. It can be used to predict t
the mass flux,j, across a liquid-vapor interface at an insta
in time in an isolated system will be given by6
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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j 5
hPsat~Ti

L!

A2pmkBTi
L FexpS DS

kB
D2expS 2DS

kB
D G , ~11!

where

h5expH v`
L ~Ti

L!

kBTi
L @Pe

L2P`~Ti
L!#J , ~12!

DS

kB
54S 12

Ti
V

Ti
L D 1S 1

Ti
V2

1

Ti
LD(

l 51

3 H u l

2

1
u l

exp@~u l /Ti
L!21#J 1

v`
L ~Ti

L!

kBTi
L FPi

V1
2gLV

R

2P`~Ti
L!G1 lnF S Ti

V

Ti
L D 4 Psat~Ti

L!

Pi
V G2 lnFqvib~Ti

V!

qvib~Ti
L!G ,

~13!

qvib~T!5)
l 51

3
exp@2u l /~2T!#

12exp~2u l /T!
, ~14!

andPe
L must satisfy

Pe
L2

2gLV

R
5Psat~Ti

L!expH vsat
L ~Ti

L!

kBTi
L @Pe

L2Psat~Ti
L!#J .

~15!

FIG. 5. A comparison of the temperature discontinuity measured in
current investigation of unsteady evaporation and previous studies of st
water evaporation.
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In these equations,Pi
V is the pressure in the vapor at th

interface,R is the radius of curvature of the interface, whic
in this case is the radius of the dropletr D , v is specific
volume,g is surface tension,u l are the molecular vibrationa
temperatures,kB is the Boltzmann constant,m is the molecu-
lar weight of the fluid, and the subscript sat refers to satu
tion conditions. Full details of the derivation and interpre
tion of this relation can be found in Refs. 6 and 7. T
expression for the mass flux contains no fitting paramete

Having assumed that the liquid temperature at any
stant in time is uniform,Ti

L has been directly measured. Th
pressure in the system at any instant in time is also assu
to be uniform and as there is no significant air content,Pi

V

has also been directly measured. The droplet diameterD has
been measured, and thusr D is also known. The remainder o
the terms in the expression for the mass flux can be fo
with knowledge of the fluid and the temperatures.

It has been found that the SRT expression forj is most
sensitive to the pressure in the vapor.7 For this reason, pre-
vious investigations have tested the theory by using the
perimental values ofj, Ti

V , Ti
L , and r D to predictPi

V , and
then comparing this to the experimental measurement.
same procedure is used for the current investigation. Plot
the predicted pressure from the SRT against the meas
pressure for all three tests are shown in Fig. 6. The exp

e
dy

FIG. 6. The pressure in the vapor predicted by the SRT plotted agains
measured pressure in the vapor. The solid line has slope of unity and w
correspond to perfect agreement. The size of the data points contain
experimental error.
fferent
TABLE III. A comparison of the range of the temperatures, mass fluxes and radii encountered in the di
investigations considered in Fig. 5 Water is the working fluid in all cases.

Data set Ti
V ~°C! Ti

L ~°C! j (1023 kg/m2 s) Pi
V ~Pa! R ~mm!

Ref. 5 ~26.8, 3.2! ~214.6, 0.6! ~0.25, 0.54! ~195, 596! ~3.95, 4.60!
Ref. 8 ~2.4, 2.5! ~20.4, 20.1! ~0.42, 1.06! ~560, 653! ~4.19, 7.26!
Current ~21.3, 25.7! ~19.8, 25.3! ~0.03, 0.14! ~2313, 3220! ~0.50, 0.75!
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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mental error is covered by the size of the data points. T
solid line is at 45°, and would indicate perfect agreemen
sample of the data for test 2 is given in Table IV. The larg
difference between the predictions and the measurem
over the three tests~80 data points! is 9 Pa, which is within
the measurement error of the pressure. The predicted p
sure is always very close to the saturation pressure co
sponding to the liquid temperature, but is not equal to it. T
difference between the two is always less than 0.05 Pa.
difference could not be measured experimentally. The g
agreement indicates that the SRT is consistent with the e
tence of a temperature discontinuity.

C. Predictions of the rate of evaporation

In Sec. II, theD2 law was presented. It predicts that th
droplet surface area will decrease at a constant rateK, given
by Eq. ~2!. To compare this prediction to the experimen
results, the fluid properties must be specified. As the sys
has only one component, all instances of the superscripG
can be replaced withV, which corresponds to the pure vap
phase. The mass diffusion coefficientdV is then a self diffu-
sion coefficient. From the CKT, it is predicted to be36

dV5
3

8pd2rV ~pmkBTV!1/2, ~16!

whered is the molecular diameter in the hard sphere appro
mation. The molecular diameter can be estimated as37

d5S 1

3pmVA3mkBTV

2 D 1/2

, ~17!

wherem is the dynamic viscosity. Combining Eqs.~16! and
~17! gives

dV5
9mV

8rV A2p

3
. ~18!

Substituting Eq.~18! into Eq. ~2! gives

K5
9mV

rL A2p

3
lnS 11

cp
VDT

hf g
D . ~19!

TABLE IV. A sample of the measured pressures and SRT predictions for
2. The measured rate isK52.9631024 mm2/s. The collapse pressure is th
difference between the pressure used in the calculations and that requi
make the predicted value agree with the measured rate.

r D ~mm! Pi
V ~Pa! PSRT

V ~Pa!
KSRT

(1024 mm2/s)

Collapse pressure,
Psat(Ti

L)2PV(KSRT→Kmeas)
~mPa!

0.74 2887 2885 5.94 6.1
0.71 2905 2905 5.52 5.4
0.69 2920 2920 7.68 4.7
0.67 2934 2936 7.80 3.9
0.65 2946 2952 6.12 3.0
0.63 2956 2955 3.80 2.3
0.60 2966 2967 4.14 0.8
0.58 2975 2975 3.30 0.3
0.57 2982 2982 2.16 21.2
0.54 2989 2988 5.50 23.1
0.51 2995 2998 2.30 24.6
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For the subsequent calculations,mV andcp
V are evaluated

at the saturation conditions corresponding to a reference t
peratureTref recommended by Abramzon and Sirignano a16

Tref5Ti
V1 1

3~TB2Ti
V!. ~20!

The liquid density and the latent heat of vaporization a
evaluated at the saturation conditions corresponding to
measured droplet temperature. The temperature differenc
Eq. ~19! is specified in theD2 law as the difference betwee
the ambient temperature and the temperature at the surfa
the droplet. The temperature of the water bath,TB, is taken
as the ambient temperature. It has been found that there
temperature discontinuity at the droplet surface, and a qu
tion arises as to which temperature to use:Ti

L or Ti
V .

In following the logic of theD2 law, which is a gas
phase model, one would take the temperature differenc
TB2Ti

V . For each of the three tests,K has been predicted a
each of the points where the droplet size was measured. N
that as the properties and the temperature difference in
~19! change during the evaporation process, the predic
value ofK will also change. When this is done, theD2 law
underpredicts the average rate of evaporation by 21%–3

However, if the temperature difference is calculated
ing Ti

L in the expression forDT, i.e., taking the temperatur
discontinuity into account, the difference between the m
sured and average predicted rates is at most 7%. The m
sured rate falls within the range of the predicted values
all three tests. The results, along with the experimental m
surements ofK, are presented in Table V. Inclusion of th
conditions at the surface have led to a much better predic
of the rate of evaporation. While theD2 law assumes that the
rate limiting process is diffusion in the gas phase, these
sults indicate that the interface kinetics play an important
not dominant role in the current experiments.

A prediction of the parameterK from the D2 law can
also be made using the SRT. The time rate of change of
square of the droplet diameter can be expressed as

2
dD2

dt
528r d

drd

dt
. ~21!

With the definition of mass flux from Eq.~8!, Eq. ~21! be-
comes

2
dD2

dt
52

8r dj

rL . ~22!

The left side of Eq.~22! has been measured, and is a const
for each of the evaporation experiments. The right side
be evaluated by using Eq.~11! to predict the value ofj, and
using the measured droplet radius and properties at eac
the measurement points.

st

to

TABLE V. Comparison of the predictions of theD2 law to the experiments.

Test
Kpred (1024 mm2/s)

DT5TB2Ti
V

Kpred (1024 mm2/s)
DT5TB2Ti

L Kmeas(1024 mm2/s)

1 0.94~10.15,20.23! 1.42 ~10.09,20.06! 1.49
2 2.02~10.29,20.32! 2.75 ~10.34,20.23! 2.96
3 4.44~10.42,20.32! 5.36 ~10.78,20.50! 5.64
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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As discussed, the SRT expression for the mass flu
very sensitive to the pressure in the vapor. If the right side
Eq. ~22! is evaluated using the measured pressures, the
sults show a large scatter. It has been observed that the
sured pressure in the vapor is very close to the satura
pressure corresponding to the liquid temperature.8 With this
approximation, the mass flux in Eq.~22! was evaluated by
assuming that

Pi
V5Psat~Ti

L!. ~23!

A sample of the results of these calculations for test 2
presented in Table IV.

Also included in this table is the ‘‘collapse pressure
This is defined as the difference between the pressure us
the calculation, Eq.~23!, and the pressure that would mak
the predicted rate agree with that measured. The colla
pressure is on the order of millipascals. This is extrem
small and could not be resolved experimentally. Similar
sults were found for tests 1 and 3. While the range of
predicted values of the rate of evaporation from the SRT
large, this is compensated for by the extreme sensitivity
the pressure. In that light, the predicted values can be c
sidered to be quite good. The fact that an interface kine
model that is consistent with a temperature discontinuity
able to give a reasonable prediction of the rate of evap
tion, combined with the observed effect of including the d
continuity in theD2 law, leads to the conclusion that the ra
limiting process in the current experiments is the interfa
kinetics.

VI. CONCLUSION

The results of a series of droplet evaporation exp
ments have been found to be consistent with previous exp
mental work and SRT predictions. As shown in Fig. 3~a! and
Table II, a temperature discontinuity has been found to e
at the liquid-vapor interface, with the temperature alwa
being higher on the vapor side. This phenomenon is in
preted as an indication that the higher energy molecules
evaporating.8 The discontinuity is in the opposite direction
and six orders of magnitude larger in size than the pre
tions of the CKT.20 The magnitude and direction of the di
continuity are in agreement with the results of previo
steady evaporation experiments.5–8 Using the SRT, the pres
sure in the vapor has been predicted to within the experim
tal uncertainty for all cases considered~see Fig. 6 and Table
IV !. This indicates that the SRT is consistent with the o
served temperature discontinuity. It is emphasized that
SRT calculations were performed without any fitting para
eters.

The qualitative trend of theD2 law is consistent with the
observations, but it is unable to give a good numerical p
diction of the rate of evaporation. However, when the te
perature discontinuity is taken into account in theD2 law, it
gives a more accurate prediction, as shown in Table V. W
taking into account its extreme pressure sensitivity, the S
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is found to give a reasonable prediction of the rate of eva
ration ~see Table IV!. The results suggest that the rate lim
ing process in the current experiments is the interface kin
ics, and not diffusion in the gas phase, as is assumed in
D2 law.
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