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Temperature discontinuity at the surface of an evaporating droplet
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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 theD? 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 accountDr the

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. @002 American Institute of Physics.

[DOI: 10.1063/1.1471363

I. INTRODUCTION gas phase model that predicts that the surface area of the

5 14 droplet will decrease at a constant rate giveh?by
The D? law of droplet evaporation® assumes that the

rate limiting process is diffusion in the gas phase. This gas dD?

. ——=-K, (1)
phase model also assumes that the temperature profile across dt
the liquid-vapor interface is continuous. In recent . . L .
experiments; ® a temperature discontinuity has been mea-VNereD is the droplet diametet, is time, andK is a con-

sured at a steady, evaporating liquid-vapor interface. The ens_tant. It models a stationary, single one-component droplet in

suing analysis demonstrated that statistical rate theor? gaseous phase which may or may not ¢ ont_aln Its own vapor
n the initial state. In addition to the details given previously,

(SR> predictions were consistent with the measure- ome of the important assumptions are that spherical sym-
ments. Based on these results, the possibility of a temper§- P P P Y

ture discontinuity at the surface of an evaporating drofaet Mmetry exists, convection effects can be neglected, the pres-

unsteady systejrand the relative importance of the interface sure in the gas phase is constant, the partial pressure of the

kinetics on the rate of evaporation in that system have beeﬁvaporgtlng species at the Ilqu@—gas mterfacg is equal to the
investigated. saturation pressure corresponding to the liquid temperature,

An apparatus has been built in which an evaporatin he transport properties are constant and the liquid tempera-

. ure is uniform and constant.
roplet han n a therm I . This allows the mea- ) . . .
droplet hangs on a thermocouple bead s allows the mea From the conservation equations,is predicted to b¥

surement of the temperature in the liquid phase during the
evaporation process. Along with other system measurements, 8p©s° chT
this permits the construction of a temperature profile in the K= ot n( h )
vapor and the determination of the conditions at the liquid- e
vapor interface. A temperature discontinuity is found to existwhere the superscripts and L refer to the gas and liquid
The results are compared to previous steady evaporation eRhases, respectively, is density, 5% is the mass diffusion
periments and analyzed using the SRT. The measured rate &pefficient of the vaporizing species in the gas pha§eis
evaporation is compared to the predictions of iifelaw and  the specific heat at constant pressure of the gas phdases

SRT, and a discussion of the rate limiting process in droplethe difference in temperature between the droplet surface and
evaporation is presented. the ambient gas anlgk, is the specific enthalpy of vaporiza-

tion of the vaporizing species. Latvindicates 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 gas
Il. BACKGROUND phase, the measured value Kfis often used as a fitting
A. Droplet evaporation parameter to segp®s® in experimental analyses. While the
predicted value oK may not be useful in all cases, the trend
a{)redicted by Eq(1) has consistently been seen in experi-
mental data. Reviews by Ldfvand Sirignan& give a de-
tailed account of the basis of this model, its limitations, and
dpresent address: Laboratory for Research in Transport, Reaction and Phastempts made to improve it.

Change in Porous Media, Department of Mechanical Engineering, Univer- ; :
sity of Michigan, 2350 Hayward Street, Ann Arbor, Ml 48109-2125. Totyto develop better models, Investigators have used

bAuthor to whom correspondence should be addressed; electronic maifiifferent methods to solve th_e co_nservatio_n equatiolrlsz\éVhiCh
ward@mie.utoronto.ca do not make all the assumptions inherent in Bfelaw.'*~

@)

The D? law was the first widely accepted theory devel-
oped to model droplet evaporation and combustion. It is
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Consideration has been given to factors such as radiatiomach phase, the pressure in the vapor at the interface and the

effects}* variable thermal properties, nonideal phaseradius of curvature of the interfaédt can be shown that the

behavior'® convection effectd®'” and separate modeling of calculated value of the mass flux is most sensitive to the

the continuum and Knudsen regiofis. pressure in the vapdmith this in mind, the expression for
Very few investigations have considered the possibilitythe mass flux can be used to predict the pressure in the vapor

of a discontinuous temperature profile across the liquidusing the four other known parameters, and this value com-

vapor interface during droplet evaporation. Yotthdyas pared with the experimental measurement. In the experi-

modeled droplet evaporation and condensation with a temments of Refs. 5-8, all five of these parameters were inde-

perature discontinuity predicted by the classical kineticoendently measured, and good agreement was found

theory (CKT). For evaporation, the temperature in the vaporbetween the predicted and measured pressures.

at the interface is predicted to be lower than that in the lig-

uid. No comparison is made to experimentgl results. Elperiq”' EXPERIMENTAL APPARATUS AND PROCEDURES

and Krasovito¥* develop a droplet evaporation model taking

into account the temperature discontinuity proposed by Yala® €oncept

mov et al** The temperature discontinuity is shown to affect  The objective of the current experimental investigation
the late stages of the evaporation process, increasing the prig-to hang a liquid droplet on a thermocouple bead and mea-
dicted total evaporation time of small dropletdiameter  sure its size and temperature, and the pressure and tempera-
~um) by 10%. The time scale for the evaporation is on theture of the surrounding vapor as the droplet evaporates. Wa-
order of milliseconds. There is no known experimental workter is chosen as the working fluid. The central component of
that has tried to measure a temperature discontinuity at thge apparatus is the test section, a schematic of which is

surface of an evaporating droplet. shown in Fig. 1a). It is a 2.75 in. Conflat flanged double
B. Temperature profiles near a liquid-vapor interface cross as shown in the figure and has a volume of approxi-
during evaporation mately 0.41 L. There are viewing windows on the front,

N o o ) back, and bottom flanges. Through connections to a me-

The conditions existing at a liquid-vapor interface under-cpanical vacuum pumpWelch DuoSeal 1400B-80and a
gping evapqration are controversial. Specifically, there argyrbomolecular pump(Leybold-Heraeus Turbovac 150
different claims as to the nature of the temperature profilgn ough the left flange, the pressure in the test section can be
near and across the interface. In the past, such a system hagjuced to 10* Pa. Water vapor at a desired pressure less
been theoretically analyzed using either the continuum aptan ambient saturation conditions can be introduced to the
proach or CKT. Farfg presents a detailed review of this test section through the left flange without contamination by
work. There is no known experimental work to support thegjr. Once an experiment is setup, the test section can be im-
claims of either of these approaches. mersed in a water bath with an internal circulatbauda

The results of recent experimetit8have questioned the \S[H31050FN) that can maintain the water temperature
validity of both the continuum approach and CKT. For waterithin =0.03 °C.
evaporating under steady conditions, the temperature in the | thermocouples used in the investigation are of type
vapor at the interface was always found to be higher thaik (chromel-alumel junction The thermocouple on which
that in the liquid. Differences as large as 7.8°C werethe droplet hangs has an approximately spherical bead with
measured. This difference is also referred to as a temperagijameter 0.35 mm. A second thermocouple is located 4.30
ture discontinuity. For the same experimental conditionsmm away. These thermocouples will be referred to as the
Young's CKT approact? predicts a discontinuity of 0.007 °C  droplet thermocouple and the vapor thermocouple. The di-
in the opposite direction. In the experimental work of Refs.ameter of the thermocouple wire is 0.08 mm. The thermo-
5-8, temperatures were measured to within a few mean fregouples are mounted on a linear-rotary motion feedthrough
paths of the interface, denying the possibility that the tem{MDC BRLM-275) that is mounted on the top flange of the
perature discontinuity predicted by the CKT would only betest section. A picture of the configuration of the two ther-
apparent within the Knudsen layer. Evaporation experimentgocouples when there is a droplet present in the system is
have also been performed with octane and methylcyclohexshown in Fig. 1b).
ane, and similar results were fouh@he higher temperature The droplet is introduced to the system by a needle con-
in the vapor is interpreted as an indication that it is the highehected to a syringe that is mounted on a syringe p(@ge-
energy molecules in the liquid that evaporéte. Parmer 7490-10that provides fine control of the flow rate

Statistical rate theory can be used to analyze the phas@iowrates used were on the order of &0/min). The pump
change problem. This theoretical approach is based on thie mounted on a three degree of freedom position manipula-
transition probability concept as defined in quantum mechantor. The syringe can be filled with high purity liquid water
ics and uses the Boltzmann definition of entropy to introducérom the same source that the vapor is obtained. The needle
a thermodynamic description of the system. In the past, thenters and exits the system through a septum mounted in a
SRT has been applied to rate processes such as gas-soli@h in. ball valve that is mounted on the right flange of the
adsorptior?>~2" permeation in ionic channels in biological test section. This setup ensures that there is no significant air
membrane$® and crystal growth from solutiof?. It can be leakage at any time. When the needle is inside the test sec-
used to predict that the mass flux across a liquid-vapor intertion, it can be isolated from the syringe by a 1/16 in. ball
face will be a function of the temperature at the interface invalve and pumped down to vacuum conditions along with
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Linear-Rotary in the surrounding water bath are made using a data acqui-
Motion Feedthrough sition system(HP 39702A connected to an Apple llci com-
Thgrmocouple puter running Labview The thermocouples were calibrated
Wires using a mercury thermometer with 0.1 °C divisions that was
Pressure calibrated against a National Institute of Standards and Tech-

Transducer nology traceable Okazaki Pt 100 AS7885 RTD temperature
Water Bath probe. The thermocouples are referenced against an ice point
(Omega TRC-1111 Based on the calibration, the absolute
error associated with the measurementst&1 °C and the
relative error between measurementsti@.05 °C. The tem-
To Vacuum peratures encountered in the experiments are between 19 and
Pumps and Valve With 27°C. The pressure is measured with a pressure transducer
Vapor Septum (Omega PX811-005AVthat is also connected to the data
Supply acquisition system. The transducer was calibrated against a

mercury manometefinside diameter of 8.0 mm, maximum
eedle impurity 5 ppm using a cathetometdPTI2212. The zero
level of the manometer was verified by pumping down on it
with the turbomolecular pump to 16 Pa. In this configura-
C ii tion, there was no measurable difference between the two
onflat 2.75 . o :
Double Cross column heights. Based on the calibration, the error associ-
ated with the pressure readings 120 Pa. The pressures
(@ encountered in the experiments are between 2000 and 3300
Pa. A series of tests run with the test section fully evacuated
showed that any leakage effects are on the order of the un-
certainty in the pressure measureniént. will therefore be
assumed that the test section contains only water. The droplet
is observed through the front and back viewing windows and
its size is measured using a solid state video car(iecdu
4815-5000/000, with a Canon FD 10014.0 Macro Lens and
Kenko No. 4 close up lenghat is connected to image pro-
cessing softwaréNIH Image® running on an Apple Quadra
computey. Light is provided by a small bulb and passes
through a collimatofMelles Griot 25 mm before illuminat-
ing the droplet. The image is calibrated using the diameter of
the cylindrical rod on which the thermocouples are mounted.
The error associated with the droplet size measurements is
+0.04 mm. A typical image of a droplet used to make a
measurement is shown in Fig(hl. In the ensuing analysis,
the droplet is assumed to be spherical with a diameter taken
as the largest horizontal dimension that can be measured. To
FIG. 1. (a) Schematic of the test sectidfi) The configuration of the droplet quantify the effect of gra"'tY on the droplet shape, the_ sur-
and the droplet and vapor thermocouples. The main image was taken with 2C€ area was calculated using data extracted from the image.
fluorescent light as backlighting. The dashed white circle inside the dropleFor horizontal diameters between 1.00 and 1.50 [tine
in_dicates_the_location of th_e Fherchouple bead. The inset image was tqke(range used in the analysishe calculated value was at most
with the lighting setup. This is the image used to measure the droplet Sizezo, larger than the area of a spherical droplet with a diameter
equal to that measured.

I{

X

the test section while the syringe remains full of water. When

a droplet is to be formed on the needle, the valve between the

needle and the syringe is opened and the pump is advanc

until a suitably sized droplet forms on the needle tip. The%q Procedure

droplet is transferred from the needle to the droplet thermo-  The water used in the experiments was prepared by pass-

couple by adjusting their positions using the feedthrough anéng it through a Barnstead high purity demineralizer car-

the position manipulator. The initial diameter of the droplettridge, distilling and de-ionizing with a Barnstead NAN-

is typically between 1.5 and 1.7 mm. Opure water purification system. It was placed in a clean

glass vessel and degassed using the mechanical vacuum

pump for at least 12 h and then isolated. This vessel was the

source of both liquid and vapor. Depending on their compo-
Measurements of the temperatures read by the dropledition, all solid components were initially cleaned with a se-

thermocouple, the vapor thermocouple and a thermocouplges of acetone, detergent, and chromic acid solutions.

B. Measurements
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TABLE |. Comparison of the three evaporation tests. Note that the water 25
saturation pressure for a temperature of 26.87 °C is 3540 Pa. o Tesil
Time for = Test2
Pressure at Total evaporation from & 4 Test3
D=1.50 evaporation 1.50t01.00 K (104 T8 52_0 i
Test mm (Pa time (s) mm (s) mn?/s)  (°C) Nt
1 3200 13080 8670 1.49 26.78 NQ»
2 2880 6870 4200 2.96 26.87 §
3 2250 3720 2160 5.64 26.80 g 1.5
=
3
g
To prepare for an experiment, the valve between the sy- 1.0

ringe and the needle was closed, the needle was placed inside
the test section, and the system was pumped down with the
turbomolecular pump to 10 Pa for at least 12 h. This was
done to remove any contamination that may have entered the 0.5 . . i .
system, and to desorb water from the solid surfaces. The 0 2000 4000 6000 8000 10000
syringe was filled with liquid water from the degassing flask. Time, £ (s)

Water vapor was then introduced to the test section, and aIG 5 The time hist th  the droplet diameter for the th
. 2. The time history of the square of the droplet diameter for the three
droplet was formed on the needle and placed on the drOpl{I}sts. Beyond the last plotted point the droplet was no longer spherical. A

thermocouple. It is crucial that the droplet be the only liquid|inear fit for each data series is included in the plot.
phase in the entire system, and this was verified by observa-
tion through the viewing windows. The test section was im-
mersed in the water bath, and the pressure reduced to a pf@@Mes more important relative to gravity. At all times
determined level by pumping with the vacuum pump. Whenbetween diameters of 1.50 and 0.90 mm, the thermocouple
this pressure was reached, the test section was isolated afgad was fully submerged in the droplet.
the evaporation process was observed. Temperature and pres-
sure measurements were begun at ten seconds intervals. TReTemperatures and pressure
droplet size was measurgd at a timg interval suitable to the  The measured temperature histories for test 2 are shown
rate of evaporation of a given experiment. in Fig. 3(@). The data are plotted for the entire evaporation
process and approximately 1000 s afterwards. Relative error
bars are included near the beginning and end of the data.
IV. RESULTS When there is still liquid present on the droplet thermo-
couple, its temperature is always measurably less than the
temperature in the vapor, which is always measurably less
For the three tests to be considered, the initial droplethan the bath temperature. The differences between the three
diameters were in a range of 1.55-1.70 mm. In order tdemperatures increase with the evaporation fate, from
compare the three tests, the size history will be consideretkst 1 to test 2 to test)3As the evaporation takes place, both
starting at a diameter of 1.50 mm. The pressures at the staitie liquid and vapor temperatures increase. The rate of this
of the observation period, which are the key distinction be4increase also rises with the evaporation rate. The temperature
tween the three tests, are given in Table I. The time historieprofile in the vapor is such that heat is being transferred
of the square of the droplet diameter for the three tests startowards the droplet, in the opposite direction of the mass flux
ing at a diameter of 1.50 mm are shown together in Fig. 2due to the evaporation. The temperature in the vapor in-
For tests 1 and 2, the droplet size was measured every 3 mioteases because the droplet temperature is rising, but also
For test 3, the droplet size was measured every 2 min. Theecause the liquid surface is receding. The distance between
data are only plotted up to a diameter of 0.90 mm, where ithe vapor thermocouple and the droplet surface increases
was found that the droplet shape was no longer spherical dugith time, and it will therefore be at a different place in the
to the effect of the thermocouple bead. Also shown on théemperature profile at every instant. It is not until the droplet
graph are best fit lines for each test. As would be expectedias completely evaporated that the temperature in the test
the rate of evaporation increases as the initial pressure in theection rises to the bath temperature. This point is clearly
vapor is decreased. Some of the important parameters for ttseen in Fig. 8) as where the droplet thermocouple tempera-
three tests are presented in Table I. The parani¢tisrthe  ture rises rapidly. After this time, there is no measurable
magnitude of the slope of the best fit line through the datadifference between the three temperatures.
and corresponds to the parameter used in the(Bq.The The pressure history for test 2 is plotted in Fig. 4. The
regression parameter provided by Microsoft Excel wadrends observed in tests 1 and 3 are similar. As the droplet
greater than 0.997 for all three tests. As the droplet evapoevaporates, the pressure in the system increases. The total
rates its weight decreases, causing it to move up the thermamount of this increase decreases as the evaporative flux
couple wires as the solid-vapor surface tension force bedecrease€.e., as the initial pressure increasekhe effect of

A. Droplet size
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T8 FIG. 4. The measured pressure in the vapor for test 2 and the saturation

Tt‘C’ pressure corresponding to the droplet temperature. The saturation pressure
TV curve ends at the point where some of the thermocouple bead became ex-
// posed to the vapor, and thus was no longer an indication of the liquid
temperature.
QTiL e Main
Vapor

Droplet Chamber

Thermocouple Wall The pressure in the vapor phase follows the saturation

— D , pressure corresponding to the liquid temperature very
v >y closely. Any differences are covered by the experimental er-

) rors. It is therefore possible to predict the pressure in the

system while the droplet is evaporating with only the mea-

FIG. 3. (a) The temperature histories for test 2. Included are the measuregurement of the quuid temperature. Similar agreement is
values of the temperatures read from the droplet, vapor, and bath therm

couples and the predicted values in the vapor at the inte(fawiats with ?Ound for teSt.S 1 and 3. The agreement bewveen thg t}"{o
error bars. (b) The model used to construct the temperature profile in theCUrves also gives strong support for there being no signifi-
vapor phase. cant air content in the system. It is important to note that it is
not being said that the pressure in the vapor is equal to the
saturation pressure corresponding to the liquid temperature,
the evaporation is constant, as the droplet starts and ends @nly that experimentally, it would be impossible to distin-
the same state for each test, although the time scales aggish between the two. This point will be important when the
different. It is through adsorption on the solid surface that thejata is analyzed using the SRT.
three tests are differentiated. In a series of separate adsorp- |t has been established that the adsorbed phase to a great
tion tests run on the system, it was found that the amount oéxtent regulates the pressure in the vapor. It now appears that
mass that can adsorb on the surface increases significantly g pressure in the vapor controls the droplet temperature.
the pressure in the system increa¥&#lhen the evaporation For test 1, where the measured vapor pressure changes very
is complete, the measured pressure starts to decrease, as le during the evaporation due to the large amount of ad-
sorption is the only significant factor left that affects the sorption that can take place, the temperature in the liquid
system pressure. This is the effect of considering a finitgyhase also changes very little. For test 3, where there is a
system. large change in the measured vapor pressure as less adsorp-

The measured temperatures in the liquid can now beion takes place, there is a large change in the liquid tempera-
considered. One of the assumptions in Eelaw is that the  tyre.

pressure in the vapor at the droplet surface is equal to the

saturation pressure corresponding to the droplet surface teny ANALYSIS AND DISCUSSION

perature. Furthermore, the temperature in the droplet is a%: T di - he interf

sumed to have no spatial variation. To this end, the saturation’ emperature discontinuity at the interface

pressure corresponding to the measured temperature in the The temperature in the liquid is assumed to be spatially
liquid for test 2 is included in Fig. 4. The added line coversuniform. Hegsettet al® have observed Marangoni convec-
the time from a droplet diameter of 1.50 mm to just beforetion in evaporating methanol droplets. The resulting internal
all the liquid evaporated. For this and all subsequent calcueirculation would result in fluid mixing and a more uniform
lations, thermophysical properties are taken from Ref. 32. temperature distribution than would exist under pure conduc-
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tion heat transfer. While Marangoni convection has been __ __ Ry+Rp
well documented for fluids other than watér® only re- =[T(R)~T(Rp)] ==

cently have experiments been reported indicating that it is R v~ D

present in watet.These findings support the assumption of aThe same temperature scale has been used in both directions.
uniform liquid temperature. Thus, the temperature in the “q-PhySica_”y, due to the Marangoni convection in the liquid,
uid at the interface will taken as that measured by the droplef,e droplet surface temperature will be approximately uni-
thermocouple, which will be denoted . _ form, and the temperature variation in the polar direction

y To calculate the temperature in the vapor at the interfaceyill be smaller than that in the radial direction. Thus by
T, an approximate temperature profile will be determinedchoosing this temperature scale, we are considering a larger
in the vapor phase using the measured temperatures. TR€ermobuoyant convection contribution than that actually

system of interest in shown in Fig(t8. The droplet radius is  present. To assess the importance of the convection terms,
rp (i.e., D/2), T\, is the temperature measured by the vapofye must consider the ratios

thermocouple and,, is the distance between the center of

the droplet and the center of the vapor thermocouple. The Pe,ﬁz
temperature in the vapor at the wall is assumed to be equalto C;=———— 6)
the bath temperatur@?, and the distance from the center of (Rv+Rp)
the droplet to this point isg . and
To construct a temperature profile in the vapor, the vari-
ous modes of heat transfer present must be considered. As P%ﬁ(ﬁv—ﬁo)
discussed in Sec. IV B, there is convection associated with Cy=——————, (6)
the radial flow of mass away from the droplet. This convec- m(Ry+Rp)

tion can be modeled with a radial velocity . At the same

' i 4 g which represent the ratios of the radial and polar convection
time, heat is transferred by conduction against the flow o

. 5 . o ) terms to the conduction term in the energy equation. If either
mass. While thed* law ignores gravitational effects, in the ¢ hese ratios is small compared to unity, the associated

real flow a thermobuoyant flow is likely to develop where ¢,y ection term can be neglected. Both of these ratio terms
the cool vapor flows down the surface of the droplet and off

its bottom. This component of the flow will be modeled us- are solely functions of the positioR both explicitly and

: . ) implicitly (through the Peclet numbersAs mentioned, the
ing an polar velocityu, . The steady energy equation takes 4 S
the form convection effects are expected to be most significant at the

droplet surface and for this reasddjs evaluated aRp. To
pVC\Ff dT u,dT) 1 .d[ ,dT evaluate the Peclet numbers, the properties of water vapor
kY UFW“LT@ “rar\Tar (3 are evaluated at their saturation values corresponding to

. . - , _ 26.85°C, a typical value ofE.
wherek is the thermal conductivity. Defining a dimension- st consider the radial term. At the droplet surface, the

less lengthR and temperaturd@ as radial velocity can be expressed in terms of the evaporative
- ; - T—TiL mass fluxj as
=— an =—v——T .
r T.-T! J
Y © Ur(ro)="v- (7)

the energy equation can be recast as

_ _ . To calculate the mass flux, the time history of the droplet size
Ped—T+ PedT 1 d ( ﬁzd—T) @ is used. The evaporative mass flux can be expressed as
dR R d¢ REdR\| dR/ Ldrp .
where Pg and Pg are the radial and polar Peclet numbers, Pt
given by At a given point, it is a function of the slope of the droplet
PVCXUJV ch},’uqer _size—time .history. The droplet diametgr as a function of time
PG’ZT and P%:T’ is approximately linear over small time intervals between

diameters of 1.50 and 1.00 mm. The flux at a measurement
respectively. From continuity considerations, the radial ve{oint is calculated by finding the slope of the best-fit line
locity will be greatest at the surface of the droplet. To assesthrough that point and the two points on either side of it, for
the importance of the left side of E@}), the region between a total of five points. A sample of the calculated mass fluxes
the droplet and the vapor thermocouple will therefore befor test 2 are given in Table II. For this calculation, the mass
considered. Using an order of magnitude analysis, the leftilux is chosen as the highest encountered in the evaporation

and right sides of Eq4) become tests, which is 1.38 10”4 kg/m? s (measured in test)3The
- o radius of the droplet in this case was 5600 % m. This
b T(Ry)—T(Rp) b T(Ry)—T(Rp) corresponds to a radial Peclet number of 0.057,@ndalue

& ﬁv—ﬁo ' & R of 0.00084. It is therefore justifiable to neglect the radial

convection term in the determination of the temperature pro-
and file.
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TABLE II. A sample of the measured and calculated parameters for test 2.

rp (Mm) ry (mm) Tic (°C) T (°O) j (10°° kg/n?'s) TV (°C) V=T (°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

For the polar term, corresponding to the thermobuoyantroplet. A sample of the results of these calculations for test
convection, an approach developed by Abramzon an@ are given in Table Il. Note thaty, T:’C, TE, andT}' are
Sirignand® is used. In their model, based on “film theory,” measured, whilg, ry, and T are calculated. To show the
convection effects are limited to a thin vapor region sur-temperature discontinuity graphically, the predicted tempera-
rounding the droplet. Using a Nusselt number correlation foture in the vapor at the interface is included in Figa)Jor
thermobuoyant convection around an evaporating dropledroplet radii between 1.50 and 1.00 mm. The error bars are
given by Daif et all’ this thickness can be calculated. To an indication of the uncertainty brought about by the tem-
examine the most extreme case, the mass flow used in thgerature and length measurements.
radial calculation is assumed to be flowing only in the polar  The temperature in the vapor at the interface is found to
direction inside this film, and we calculate the associatedlways be higher than that in the liquid. This is consistent
average velocity at the midpoint of the droplet. Using thiswith the results of the previous steady evaporation experi-
value, the polar Peclet number is found to be 0.23,@pd ments. There is some scatter in the data, which can be partly
evaluates to 0.0074, which we note is the most extreme casettributed to noise in the temperature measurement signal.
It is therefore also justifiable to neglect the polar convectionSimilar results are found for tests 1 and 3. In test 1, where
term in the determination of the vapor phase temperaturéhe mass flux was lower, the temperature difference is

profile. smaller. In test 3, where the mass flux was higher, the tem-
To find the temperature profile in the vapor, one mustperature difference is larger. Using the experimental data, the
then solve largest discontinuity predicted by one approach using the
1d/ dT CKT?is —6x10 ¢°C, which is much less than the small-
— _( r2—1|=0 9) est predicted value, and in the opposite direction.
redris dr To try to correlate the current data with existing experi-
with the boundary conditions mental results, the temperature discontinuity was plotted as a

y function of the pressure. The results are shown in Fig. 5.
T(ry)=Ty and T(rg)=TE. -

v tc B References 5 and 8 correspond to studies of the steady

The solution is evaporation of water. For these experiments, the temperature

discontinuity was measured. This was possible due to the

v, 8_gv, v 1h teady nature of th ting interf d the |
T =T+ (TE=TY) ———. (100  steady nature of the evaporating interface, and the low pres-
ry—=1hg sures considered, which resulted in a large mean free path.

As the droplet evaporates, the distance from its surface to th¢ery small thermocouples were used to make the tempera-
vapor thermocouple increases. The droplet tends to slowl{Hreé measurements to within a few mean free paths of the
move up the thermocouple wires during this time. To accounttérface. The range of the system parameters for each data
for these effects;, has been determined separately for everySet is presented in Table Ill. The range of the pgrameters is
calculation using the images from the experiments, based otignificantly different between the steady experiments and
the known distance between the two thermocouple beads arf@e current investigation. While the current work does not
the relative location of the center of the droplet and the drop®Vverlap with the existing results, the data follow a consistent
let thermocouple bead. The value rqf varies between 3.89 trend. As the pressure increases, the temperature discontinu-
and 4.46 mm. The dimensior is taken as the shortest ity decreases. At atmospheric pressure, it is likely that the
distance between the droplet thermocouple and the side éfiscontinuity could not be measured.

the main chamber. This has been measured as 0.027 m. Due
to the spherical nature of the system under consideration, al
the large size of the test section compared to the droplet, the The experimental results can be analyzed using the SRT,
results are not sensitive to the small changesithat would ~ which was introduced in Sec. Il. It can be used to predict that
be brought about by the movement of the droplet. To deterthe mass fluxj, across a liquid-vapor interface at an instant
mine T, Eq. (10) must be evaluated at the radius of thein time in an isolated system will be given by

Statistical rate theory analysis
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water evaporation.

. 77Psa(TiL) [ F(A_S)_ F{_AS) (11)
J_—W ex kB ex kB y
where
ve(TH)
77=eXP{ koTE [P;—mmj, (12
AS ™V (1 1\ (6
- )2 |
7 ve(TH[ ., 29
+eX|u[<0|/TiL>—1]]+ T | TR
T\ *Psa(TH) Quin(TY)
_ L o i . i
P=(T; )}Hn (T.L) P’ n[qvib(Tb ’
(13
5 exgd—6,/(2T)]
Quib(T) :lﬂl T-exp—6,/T)" (14
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LV L 1L
L Y L Vel Ti ) L L
Pe_T_Psa(Ti)eXF{ kBTiL [Pe Psa(Ti)]]-
(15

correspond to perfect agreement. The size of the data points contains the
experimental error.

In these equationsi?iv is the pressure in the vapor at the
interface,R is the radius of curvature of the interface, which
in this case is the radius of the droplet, v is specific
volume, y is surface tensiorq, are the molecular vibrational
temperaturessg is the Boltzmann constant is the molecu-

lar weight of the fluid, and the subscript sat refers to satura-
tion conditions. Full details of the derivation and interpreta-
tion of this relation can be found in Refs. 6 and 7. The
expression for the mass flux contains no fitting parameters.

Having assumed that the liquid temperature at any in-
stant in time is uniformT- has been directly measured. The
pressure in the system at any instant in time is also assumed
to be uniform and as there is no significant air contéht,
has also been directly measured. The droplet dianizteas
been measured, and thys is also known. The remainder of
the terms in the expression for the mass flux can be found
with knowledge of the fluid and the temperatures.

It has been found that the SRT expression|f most
sensitive to the pressure in the vapdtor this reason, pre-
vious investigations have tested the theory by using the ex-
perimental values of, T, T, andrp, to predictP, and
then comparing this to the experimental measurement. The
same procedure is used for the current investigation. Plots of
the predicted pressure from the SRT against the measured
pressure for all three tests are shown in Fig. 6. The experi-

TABLE Ill. A comparison of the range of the temperatures, mass fluxes and radii encountered in the different
investigations considered in Fig. 5 Water is the working fluid in all cases.

Data set TV (°O) T (°C) j (1073 kg/m? s) PY (Pa R (mm)

Ref. 5 (—6.8, 3.2 (—14.6,0.6 (0.25, 0.52 (195, 596 (3.95, 4.60
Ref. 8 (24,25 (0.4, -0.1) (0.42, 1.06 (560, 653 (4.19, 7.26
Current (21.3, 25.7 (19.8, 25.3 (0.03, 0.12 (2313, 3220 (0.50, 0.75
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TABLE IV. A sample of the measured pressures and SRT predictions for tesTABLE V. Comparison of the predictions of tHi2? law to the experiments.
2. The measured rate is=2.96x 10~ % mn?/s. The collapse pressure is the
difference between the pressure used in the calculations and that required to Kpred (1074 mn?/s)  Kpreq (107* mn?/s)

make the predicted value agree with the measured rate. Test AT=TB-T/ AT=TB-TH K meas(107% mn?/s)
Collapse pressure, 1 0.94(+0.15,-0.23 1.42(+0.09,-0.06 1.49
Ksrr Pl T — PY(K srr— Kimead 2 2.02(+0.29,-0.32 2.75(+0.34,—0.23 2.96
ro (mm) PY (Pa PYzr(Pa (107* mné/s) (mPa 3 4.44(+0.42,-0.32 5.36(+0.78,—0.50 5.64
0.74 2887 2885 5.94 6.1
0.71 2905 2905 5.52 5.4
0.69 2920 2920 7.68 4.7 .
067 2934 2936 780 39 For the subsequent calculations’ andc\; are evaluated
065 2946 2952 6.12 30 at the saturation conditions corresponding to a reference tem-
0.63 2956 2955 3.80 23 peratureT s recommended by Abramzon and Sirignan&’as
0.60 2966 2967 4.14 0.8 V. 1B -V
0.58 2975 2975 3.30 03 Trer=T) +3(T°=T7). (20
057 2982 2982 2.16 -1.2 - . o
054 2939 2988 550 _31 The liquid density and the latent heat of vaporization are
051 2995 2998 230 46 evaluated at the saturation conditions corresponding to the

measured droplet temperature. The temperature difference in
Eq. (19 is specified in théD? law as the difference between
the ambient temperature and the temperature at the surface of
mental error is covered by the size of the data points. Theénhe droplet. The temperature of the water bath, is taken
solid line is at 45°, and would indicate perfect agreement. Aas the ambient temperature. It has been found that there is a
sample of the data for test 2 is given in Table IV. The largestemperature discontinuity at the droplet surface, and a ques-
difference between the predictions and the measurement®n arises as to which temperature to usg:or T .

over the three test80 data pointsis 9 Pa, which is within In following the logic of theD? law, which is a gas

the measurement error of the pressure. The predicted preghase model, one would take the temperature difference as
sure is always very close to the saturation pressure correfB—TY  For each of the three test§,has been predicted at
sponding to the liquid temperature, but is not equal to it. Théaach of the points where the droplet size was measured. Note
difference between the two is always less than 0.05 Pa. Thighat as the properties and the temperature difference in Eq.
difference could not be measured experimentally. The goo¢h9) change during the evaporation process, the predicted
agreement indicates that the SRT is consistent with the exissalue ofK will also change. When this is done, tB& law

tence of a temperature discontinuity. underpredicts the average rate of evaporation by 21%—37%.
However, if the temperature difference is calculated us-
C. Predictions of the rate of evaporation ing T; in the expression foAT, i.e., taking the temperature

discontinuity into account, the difference between the mea-
In Sec. II, theD? law was presented. It predicts that the syred and average predicted rates is at most 7%. The mea-
droplet surface area will decrease at a constantaiven  syred rate falls within the range of the predicted values for
by Eq. (2). To compare this prediction to the experimental )| three tests. The results, along with the experimental mea-
results, the fluid properties must be specified. As the syster§;rements oK, are presented in Table V. Inclusion of the
has only one component, all instances of the supers@ipt conditions at the surface have led to a much better prediction
can be replaced with', which corresponds to the pure vapor of the rate of evaporation. While tfi2? law assumes that the
phase. The mass diffusion coefficiett is then a self diffu-  rate limiting process is diffusion in the gas phase, these re-

: i o : 3
sion coefficient. From the CKT, it is predicted to*Be sults indicate that the interface kinetics play an important, if
3 not dominant role in the current experiments.
5V=szv(77m ke TV)Y2, (16) A prediction of the parametef from the D? law can

also be made using the SRT. The time rate of change of the
whered is the molecular diameter in the hard sphere approxisquare of the droplet diameter can be expressed as
mation. The molecular diameter can be estimatéd as dD? dr
d

O \/"smikBTVl/2 - Breg
3mu’ 2

; a7
With the definition of mass flux from Ed8), Eq. (21) be-
where u is the dynamic viscosity. Combining Eq46) and  comes

(21)

(17) gives dD2 ) 8r ] .
PN a8 L ()
8p" 3 The left side of Eq(22) has been measured, and is a constant
Substituting Eq(18) into Eq. (2) gives for each of the evaporation experiments. The right side can
ou¥ [om CXAT be_ evaluated by using E¢ll) to pred|ct the valug of, and
— 2+ (e ( ) (19 using the measured _droplet radius and properties at each of
P 3 htg the measurement points.
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As discussed, the SRT expression for the mass flux iss found to give a reasonable prediction of the rate of evapo-
very sensitive to the pressure in the vapor. If the right side ofation (see Table IV. The results suggest that the rate limit-
Eq. (22) is evaluated using the measured pressures, the réag process in the current experiments is the interface kinet-
sults show a large scatter. It has been observed that the meaas, and not diffusion in the gas phase, as is assumed in the
sured pressure in the vapor is very close to the saturatioB? law.
pressure corresponding to the liquid temperafuiéth this
approximation, the mass flux in ER2) was evaluated by ACKNOWLEDGMENTS
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