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Abstract: Recent theoretical and experimental studies of evaporation have suggested that on average,
molecules in the higher-energy tail of the Boltzmann distribution are more readily transferred into the vapor
during evaporation. To test these conclusions, the evaporative cooling rates of a droplet train of liquid
water injected into vacuum have been studied via Raman thermometry. The resulting cooling rates are fit
to an evaporative cooling model based on Knudsen’s maximum rate of evaporation, in which we explicitly
account for surface cooling. We have determined that the value of the evaporation coefficient (y.) of liquid
water is 0.62 + 0.09, confirming that a rate-limiting barrier impedes the evaporation rate. Such insight will
facilitate the formulation of a microscopic mechanism for the evaporation of liquid water.

Introduction The standard kinetic theory of evaporation was first derived
by Hertz from analysis of the evaporation of mer@amd was

later verified by Knudsef.Under equilibrium conditions, the
rate of evaporation is equal to the rate of condensation, as there
s no net mass transfer between phases. The maximum rate of
condensationJ; may Or evaporationJe may is then the number

of molecular collisions per unit time per unit area with the liquid
surface, as given by the Knudsen equation

Interphase mass transfer at the ligtidipor interface of water

is a fundamental process that impacts many areas of physical
science, engineering, and biology. However, despite intensive
research, the underlying mechanisms and rates of evaporatio
and condensation remain poorly understood. Recent measure-
ments of the temperature profile across the surface of a rapidly
evaporating liquie-vapor interface exhibited a discontinuous

temperature increase, wherein the vapor directly above the

surface was as much as7° warmer than the liquid surface Jemax=Je max:i (1)
itself. These measurements were interpreted as indicating that ' ' N 2emik T

molecules in the high-energy tail of the Boltzmann distribution

are those most often evaporatihiylolecular dynamics (MD)  where Py is the equilibrium vapor pressurd, is the liquid
simulations have also shown that the evaporating water mol- temperaturekg is Boltzmann’s constant, an is the molecular
ecules exhibit a non-Maxwellian distribution characterized by mass. The parameter most often reported in evaporation studies
increased translational energfeSuch a conclusion is in contrast s the evaporation coefficien). The evaporation coefficient

to the classical kinetic picture of evaporation, wherein it is s the ratio of the observed rate to that given by the theoretical
assumed that the temperature of the vapor is less than or equaaximum (eq 1$° such that

to that of the surfacé? In fact, an elevated vapor temperature

suggests there exists an energetic barrier to evaporation in excess vPo
of the enthalpy of vaporization. More recent results by Cappa Jeobs= Yedemax= T/——= 2)
et al. have shown that the relative evaporation rates of light v 2k

and heavy isotopes of water are strongly composition dependent,

which also evidences a barrier to the evaporation protess. ~ Where Jeops is the observed evaporation rate. Hence, an
evaporation coefficient of unity implies the maximum possible
* University of California. evaporation rate. An evaporation coefficient less than unity
* Lawrence Berkeley National Laboratory. indi i i ; i
__indicates that there exists a barrier (energetic or entropic) that
§ Present address: NOAA Earth System Research Laboratory, Chemical . . . ( 9 pic)
Sciences Division and the Cooperative Institute for Research in Environ- liMits the rate of evaporation.
mental Sciences, University of Colorado, Boulder, CO.
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J. Phys. Chem. B005 109, 24391. 2963.

12892 m J. AM. CHEM. SOC. 2006, 128, 12892—12898 10.1021/ja063579v CCC: $33.50 © 2006 American Chemical Society



Raman Thermometry Measurements of Free Evaporation ARTICLES

The evaporation rate of liquid water has been studied for surface. The average number of collisiof.f) experienced
decades; however, measurements have yielded conflicting valueby a molecule that has traveled far from the droplet surface is
for the evaporation coefficient that range over 3 orders of determined by integrating over the radial collision frequency
magnitude’1° Furthermore, the degree of deviation from the
maximum evaporation rate has been found to depend on the _ e dr 2 2pedr _ To
measurement methodology. In general, experiments utilizing a Neai(fo:T) = ﬁo AT V205 n(ro)roj;o 2 Ar,T
fast flowing, renewable surface measweto be greater than ' )
~0.2, whereas measurements on stagnant surfaces yield much
smaller value$:1° Small values ofy. measured using stagnant \yhere(r,T) = [vV270,,n(r)] " is the mean free path of the
surfaces might be attributed to the presence of surface CoN-gvaporated water molecules, ang is the collision diameter
taminants. Liquid water is extremely sensitive to surface ¢qr water (2.6x 10719 m) 11 Therefore, when the droplet radius
contamination, and accumulated impurities can significantly g jess than the mean free path of the vapor directly above the
impede evaporatiotf. Uncertainties in the evaporating surface g rface f(r,,T)), evaporating molecules experience less than a
temperafure may also introduce systematic errors into the gingle collision on average. The equilibrium vapor pressure of
measurement ofe. For macroscopic systems, evaporation can \yater at 283 K, the temperature of the droplets near the VOAG
lead to a temperature gradient from the surface to the bulk orifice, is approximately 9 Torr, which corresponds to a mean
caused by the slow rate of heat transfer from the bulk to the free path of 1um. Therefore, if we generate droplets with radii
interface! Any such gradient can subsequently lead to a large |ags than 10um, most molecules from these droplets will
systematic error in the measured evaporation COEffiCient. eyaporate in a ballistic manner. Faubel e¥’iave previously
Another common problem inherent in many evaporation mea- measured the velocity distribution of vapor molecules evapora-
surements of volatile liquids is the uncertainty in the pressure i from cylindrical microject operating in vacuum. They
and temperature of the vapor directly above the surface, which confirmed that for a 1@m diameter jet the velocity distribution
influences the role of condensation. Volatile liquids like water, i jngicative of nearly collision free evaporation. The spherical
under most conditions, evaporate into a backpressure of vaporgeometry of the droplets used in the measurements presented
which can significantly decrease the observed evaporation rate.nere ensure that even fewer gas-phase collisions will occur.
When th'S. is the case, eq 1 must be moQ|f|ed to account for £rthermore, it should be pointed out that the ballistic evapora-
condensation to correctly describe the maximum rate. However, tion condition is significantly relaxed for our measurements
the use of this modified equation hinges on having an accuratepecayse the majority of collisions that do occur will not reverse
knowledge of the vapor temperature and pressure directly aboveihe trajectory of the molecule causing it to recondense back on
the surface, which is often difficult to ascertain. the droplet surface.

Tq transcend the experimental obstacles.that have impeded |, these experiments, the temperature of the rapidly cooling
previous measurements of water evaporation rates, we haveyroplets is directly measured using the Raman spectrum as a
employed a vibrating orifice aerosol generator (VOAG) to inject gninvasive temperature probet4Using an extended version
a train of small (radius= 6—20 um) liquid H,O droplets into  of the cooling model developed by Faubel et'alwherein we
a high vacuum chamber. The problem of surface contamination eypjicitly account for surface cooling, we are able to extract
is largely eliminated by the use of a droplet train due 10 the he eyvaporation coefficients for liquidJ8 from the measured
fast flowing, constantly renewed surface. In fact, the longest e mperature changes. We have found that evaporation proceeds
exposure times in these experiments are less than a fewyy jess than the maximum ratge(= 0.62 + 0.09), thereby
milliseconds. We have also developed a model that explicitly ¢onfirming the existence of a barrier impeding the evaporation
characterizes the extent to which any surface-to-bulk temperaturey ocess. Furthermore, and in contrast to recent measurements
gradient is established. The results from this model indicate that ot the condensation coefficiett, we have found that the
the small size of the droplets prevents the establishment of devaporation coefficient has only a weak dependence on tem-
significant temperature gradient. Furthermore, to the extent thatperature.

a temperature gradient does exist, it can be quantitatively
accounted for. Another major advantage of using small droplets Experimental Methods
in high vacuum is that the water molecules evaporate ballistically  To examine evaporation from liquid water, we have measured the
(without collisions). Because the evaporating molecules experi- change in temperature due to evaporative cooling of a droplet train
ence only a negligible number of gas-phase collisions, which injected into vacuum using a VOAG. The liquid water used in all
could redirect them back toward the droplet, we are able to study measurements is deionized and filtered (18.2 Msistivity Milli-Q,
free evaporation without the complication of condensation. The Millipore) with a measured total organic content of-@ ppb. The
increase in evaporation rate from the surface curvature of the YOAG is comprised of a liquid jet formed by forcing water through a
droplets (i.e. Kelvin effect) is extremely smat.02%) for fus?d silica c_ap|||ary Pu"ed toa radius 0*39“”"' and mounted on

. . . a piezoelectric ceramic that is modulated with a square wave voltage
the droplet sizes employed in these experiments.

The ballistic evaporation condition is easily confirmed by (10) marek, R.; Straub, Jnt. J. Heat Mass Transfe200Q 44, 39.

considering the decrease in vapor densitygs a function of (11) yirslfh{tglggr, J. OMolecular Theory of Gasese and Liquids Wiley: New
ork, .

distance () from a droplet of radiusrg) given by (12) Faubel, M.; Kisters, TNature 1989 339, 527.
) (13) Dauvis, K. L.; Liu, K. K.; Lanan, M.; Morris, M. DAnal. Chem1993 65,
293.
n(r) — n(r )r_O (3) (14) Vehring, R.; Schweiger, GA\ppl. Spectrosc1992 46, 25.
o. l‘2 (15) Faubel, M.; Schlemmer, S.; Toennies, JAR, Mol., Clusters1988 10,
269.
. . i (16) Li, Y. Q.; Davidovits, P.; Shi, Q.; Jayne, J. T.; Kolb, C. E.; Worsnop, D.
where n(r,) is the vapor density directly above the droplet R.J. Phys. Chem. 2001 105, 10627.
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Figure 1. Schematic view of experimental apparatus.

from a frequency generator{@0 V, 100-800 kHz). The modulation
produces a collimated train of droplets with a very well-defined size
distribution and a dispersion in the radius of less than/@t’. The
VOAG is mounted on an X, Y, Z manipulator to the top face of a 7
cm cubical vacuum chamber evacuated by a 110 L/s turbomolecular
pump. The VOAG is pressurized by a high-pressure syringe pump,
wherein the flow rate can be controlled to witht0.5%. The droplet
radius (o) is determined from the liquid flow rateFf and the
modulation frequencyf) according to
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Figure 2. Raman spectra of the OH stretching band at selected temperatures
used to generate the temperature calibration curve.
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Figure 3. Calibration curve used in the determination of the liquid droplet
temperature by Raman spectroscopy. The linear fit to the data is shown
(R = 0.999).

thermocouple, we have found that at atmospheric pressure evaporative
cooling is minimal. The resulting spectra were baseline corrected and

Once the droplets leave the interaction region, they are dumped into ajntensity normalized. Examples of Raman spectra taken on the

liquid nitrogen trap located 50 cm from the nozzle. The background
pressure in the main chamber is less thanx 5107* Torr, which

calibration droplet train are shown in Figure 2. The spectra were then
integrated from the low-frequency baseline to an arbitrary point near

corresponds to a mean free path greater than 50 cm. The vacuume center of the spectrunat), and then fromw* to the high-frequency

chamber is equipped with viewports, which allow for the introduction
of the 514.5 nm line of an Arlaser operating at+250 mW. The light

is focused onto the jetyba 3 mmfocal length lens resulting in &40

um diameter spot size. The 9®aman scattered light is recollimated,
filtered, and focused into a fiber optic, which is coupled to a 0.5 m
monochromator equipped with a liquid nitrogen cooled CCD camera.
A schematic of the experimental apparatus is shown in Figure 1.

baseline. The calibration curve was constructed by plotting the natural
logarithm of the ratios of integrated band areas vs inverse temperature,
as shown in Figure 3. Such a plot will always produce a straight line
independent of the choice af*, and it is therefore only necessary to
be consistent in the choice of*.?! Using this calibration curve, we
can determine the temperature#@°, at specific points along the axis

of propagation of the droplet train. Data is collected over the range of

It has been previously demonstrated that the position and line shape245-295 K which requires an extrapolation of our calibration curve

of the —OH Raman spectrum of liquid water are very sensitive to
temperaturé®'® Therefore, it is possible to exploit this sensitivity to

to lower temperatures. However, It has been shown that this type of
van't Hoff plot is very linear over a relatively large temperature range

measure the temperature of water USing the calibrated Raman SPEC'(N]_OO’)?LZZ and thereforey our extrapo|ati0n will most ||ke|y not

trum 314 0Our method of temperature determination has been previously
described by Wilson et &.for temperature measurements on liquid
microjets and is very similar to experiments described by Vehring and
Schweige}* for a micron sized droplet chain operating in air. Tem-
perature calibration curves are obtained by collecting the total Raman
scattering intensity (both vertical and horizontal polarizations) as a
function of temperature over the range of®0 °C. The calibration

introduce significant error. The distance away from the nozzle was
measured with a micrometer to withit0.01 mm. Distance is converted
into vacuum interaction time from the jet velocitye{ = F/zr?e;), where

riet IS the radius of the capillary (as opposed to the radius of the droplets).
The radius of the capillary is determined by forcing water through the
capillary with the frequency generator turned off which allows for the
formation of a cylindrical liquid jet. We are then able to measure the

temperature was measured using a thermostated nozzle assembly witkjze of the jet (which is the same as capillary orifice)4t6.05 um

a 100 um diameter orifice operating at atmospheric pressure. By
measuring the droplet train temperature, using a small calibrated

(17) Sayer, R. M.; Gatherer, R. D. B.; Gilham, R. J. J.; Reid, PHys. Chem.
Chem. Phys2003 5, 3732.

(18) Walrafen, G. E.; Hokmabadi, M. S.; Yang, W.-Bl. Chem. Phys1986
85, 6964.

(19) D’Arrigo, G.; Maisano, G.; Mallamace, F.; Migliardo, P.; Wanderlingh, F.
J. Chem. Physl1981, 75, 4264.

(20) Wilson, K. R.; Rude, B. S.; Smith, J.; Cappa, C.; Co, D. T.; Schaller, R.
D.; Larsson, M.; Catalano, T.; Saykally, R.Rev. Sci. Instrum2004 75,
725.
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using the angular dependent Mie scattering intensity as previously
described by Cappa et &lThe initial jet temperature (at = 0) is
determined by measuring the temperature of the droplet train at
atmospheric pressure wherein evaporative cooling is negligible.

A potential complication with our measurement is that the droplets
have only a limited amount of space between them. Therefore, some

(21) Smith, J. D.; Cappa, C. D.; Wilson, K. R.; Cohen, R. C.; Geissler, P. L,;
Saykally, R. JProc. Natl. Acad. Sci. U.S.£2005 102 14171.
(22) Geissler, P. LJ. Am. Chem. So@005 127, 14930.
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fraction of the evaporating molecules will recondense on neighboring
droplets. In the measurements reported here the average spacin¢ gq
between adjacent droplet centersiis Because the droplets are injected

into vacuum they should only experience minimal drag from the vapor. & 280
Therefore, we expect that the droplet velocities will remain relatively
constant, and thus the spacing between droplets should remain constarg 270
over the time scale of our measurements. To calculate the fraction of &
evaporating molecules which will condense on adjacent droplets we <&

start by calculating the fluxd@) of molecule at a distance from a 260 —
droplet of radiug;

Temperature (K)
- oW e
() pesb

ure

0 10 20 30 40 50 3
Interaction time {us)

JAmrs 32 g, 0 100 200 300 400 500 600 700

O(r) = = =— 6 -
( ) 4.7”2 (6I’0) 36 ( ) Interaction time (us)

Figure 4. Measured temperatures for a G droplet in vacuum i)

o . compared to the results from the evaporative cooling model wherein the
Here we have made the substitutiors 6ro, the average distance to  groplet is divided into 100, 65-nm thick, spherical shells. The outer-most
the adjacent droplet. Therefore, the number of evaporated moleculesshell is allowed to evaporatively cool, and the inner shells cool only by
colliding with the adjacent dropletdNg) is given by thermal conduction. The solid black line is the volume averaged temperature
of all shells fit to the temperature data. The best fit to this data set results
in an evaporation coefficient of 0.62 which is compared with the cooling
curve for an evaporation coefficient of one (dashed black line). The blue
line is a plot of the thermal gradienTgad = Tsut — Tavg). The inset
whereaarp is the cross section of the adjacent dropletsof = 7r2], magnifies the first 5us of the model showing the temperature of 10 of
and the factor of 2 in eq 7 accounts for the fact that there are two the individual spherical shells (red lines), the higher temperature curves
droplets adjacent to any given droplet. Finally we can calculate the &€ from rings closer to the droplet center.
fraction of evaporating molecules that collide with an adjacent droplet

NcoII = 2q)(r)adrop (7)

and surface area into eq 9 gives

(Nrrag) USING
Neon 1 ar _ 7ePo AHvap 3I'02
Nrac = =75 (8) a - C 3 3 (10)
Jdmrs 12 VoksTam Cpo (r° = r)py

Therefore, only about 1.4% of the evaporating molecules will condense The vapor pressur@, is calculated using the empirical equation

on the adjacent droplets. Thus, recondensation onto neighboring dropletseported by Murphy and Koofs,and p; is calculated using an

will result in an underestimate in the evaporation coefficient of less equation given by Hare and Sorengdit was confirmed that

than 0.01. However, this calculation assumes that all molecules which taking into account the temperature dependence of the enthalpy
collide with the droplet will condense (i.e., that the condensation of vaporization and the heat capacity has only a negligible effect
coefficient is unity) and, therefore, represents a maximum. because their ratio is nearly constant over the entire temperature
Results and Discussion range studied. It should also be noted that ignoring the
temperature dependence of the density (i.e., assupnirgl.0

A droplet_lnjecte_d Into vacuum will quickly evapgrate, which g/mL), and calculating the vapor pressure from the Classius
leads to rapid cooling of the liquid as the evaporating molecules Clapeyron equationFp = A exp(AHya/RT)] has only a very
carry heat away from the droplet. If the droplet is sufficiently minor effect on our rr?odel as well v

small we can model this process using the HeKnudsen To model the change in temperature of the droplet as a

evaporation rateyele,max (Molec/nt s), and the ratio of the function of time, we have numerically integrated eq 10. After

enthalpy of vaporlzgtlonAH\,ap (J/molec) to the cons_tant the initial time step (100 ns) a temperature gradient is established
pressure heat capacitg, (J/molec K). The model used is an between the outer shell and its neighboring shell. The flow of
extensm_)n_ of the one formulated by Fa_lubel e_ﬂ%ﬂvhereas here heat Q) from any shell to its neighboring shell as a result of
we explicitly account for surface cooling which can lead to the thermal conduction is then calculated using

formation of a thermal gradient from the bulk to the surface of
the droplet. This is accomplished by dividing a model droplet dQ dr

into thin spherical shells of widtidr. The outermost shell is ot _"AE (11)
allowed to evaporatively cool, and all of the spherical shells

below the surface are cooled through heat transfer between thewherex is the thermal conductivity of water anl= 4nrf is
neighboring shells at a rate determined by the calculated thermalthe surface area of the shell. The temperatures of the shells are
gradient and water’s thermal conductivity (0.61 W/m K). The then calculated at each time step based on the flow of heat in

change in temperaturd@) of the droplet surface (i.e., the outer and out of each shell and the specific heat capacity of each

shell) as a result of evaporative cooling is given by shell. Therefore, using both eqs 10 and 11, we can then calculate
the volume averaged temperature as a function time. The

daT AH,qp temperature calculated from our model is then fit to the
ot = “Velemalft CoMy ©) measured temperature data by varying the evaporation coef-

ficient in eq 10. Figure 4 shows the results of this model fit to

whereA = 4712 is the surface area of the droplet, allg = the data from 6..xm radius droplets. In this model, the droplet

3.3 - . A _
4/37(ro — r)pris the mass of the spherical shell of width= (23) Murphy, D. M.; Koop, T.Q. J. R. Meteorol. So@005 131, 1539.
ro — r1 (o = density). Substitution of eq 2 and the droplet mass (24) Hare, D. E.; Sorensen, C. M. Chem. Phys1987, 87, 4840.
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Interaction time (us) Figure 6. Temperature of droplets as a function of vacuum interaction
) ) ) ) time for droplets with a radius of 20;8m. The black curve shows a fit to
Figure 5. Temperature of droplets as a function of vacuum interaction 5| of the data, which results in an evaporation coefficient of 0.52, and the
time from two separate experiments were the droplet radius wasnd.5 ( gray curve shows a fit to only the low-temperature dat273 K), which
and a 7.75m (0). Data is fit to simple evaporative cooling model, wherein  yegyits in an evaporation coefficient of 0.6. It is expected that the low-
we do not account for surface cooling, with evaporation coefficients of {emperature data is more reliable because the lower vapor pressure ensures

0.71 and 0.66, respectively. ballistic evaporation.

that the apparent decrease in the evaporation coefficient for these
larger droplets simply points out a limitation in our model, and
'does not imply that the droplets are evaporating at a slower

was divided into 100, 65-nm thick, spherical shells. The
temperature of every tenth shell is plotted versus time (see inset)

as well as the volume averaged temperatiigf, and the rate. In particular, the evaporating molecules suffer more

;evn;F:thdu':grgra:edrgtlltgij;rzzmo_nggvtg'tr’\nlgtti:]:]a;g?u\:gllan;Zsure(ﬁ)”iSions due to the larger droplet size, and thus there is in an
crag P P . P increase in the recondensation of evaporating molecules, which
using the Raman spectrum. At short timte<( 20 s), a small

. ) . A is not taken into account by eq 10. Inclusion of these effects in
temperature gradient is establish@@(q ~ 4°). However, as ) .

. our model would require knowledge of both the vapor density
the temperature of the droplet continues to decrease the -
evaporation rate an@israg correspondingly decrease as the rate and temperature above the surface. As an example, Figure 6
of tr?ermal diffusion béadins to cpatch ug )t/o the rate of heat loss shows the measured temperature data for a 2mradius

9 P . droplet train fit to our evaporative cooling model, which results
from the surface layer, and by 1Q6s Ty is less than 2

Emploving this method on a variety of droplet trains we have in an evaporation coefficient of 0.52. However, it is clear that
ploying . Y bl .~ our model does not fit the data very well most likely as a result
found that the best fit to our data results in an evaporation

- of the complications just described. We would expect that at
coe fficient for HO of 0'.62.i 0.09. The stated error represents lower temperatures the larger droplets will evaporate ballistically
twice the standard deviation calculated from measurements on

7 different droplet sizes in the range of8 xm. (due to the lower vapor pressure), and in fact, on the basis of

We h | deled the ch i droplet ‘ eq 4, the number of vapor-phase collisions for a 20.3 micron
€ have also modele € change in drople empera_urejet will be less than one at temperatures below 273 K. Therefore,
assuming that it is homogeneous throughout the droplet, i.e.

. . . . 7 we have also fit the data in Figure 6 to our cooling model usin
that there is no thermal gradient. This is done by not dividing g g g

- . - only the low-temperature data<f73 K) which yields an
the droplet into s!ohencal she!ls, and changsiu gin eq 9 to th_e evaporation coefficient of 0.6 which is in very good agreement
mass of the entire droplet (i.eMq = 4/3rr,p;). As seen in

with our measurements on smaller droplets. We have found that

.Flgur.e 5the qu_allty of the fit to our experlmental.data is nearly this is the case for all of the measurements performed on larger
identical for this simple model in which there is no thermal droplets

gr‘?‘d‘e;‘]‘. pressnlt i H(? v?v;e:vg rc,);he EV z;p_oration C?}emﬁ_ieﬁt dirived The method we have described so far to determine the
using this model is 0. 09, which Is somewhat higher than evaporation coefficient assumes that it is independent of

the value derived using the surface cooling model, but still temperature. The fact that we do not see any significant decrease

\t/)VI'[I‘tl)InhOUI’ Ztalte,d .uréc.;;rtallnty. dleen.that r(})urhdata are fit well in the quality of the fit to our model as a function of temperature
y both models It is diificult to determine whether a temperature indicates that this is indeed a reasonable assumption, and

grgdlent z;ctuall)c/) EX'StS 'E_tte, dr(r)]plet. Il?lecent m,eaSl:jr_emelmsstrongly indicates that the temperature dependence of the
Indicate that a 0.5-mm thick isothermal layer exists directly evaporation coefficient must be rather weak. This lack of

bel?w the I|q_U|d (\]/Ivgter surface a;ﬁllgramdly evhaporated, due to temperature dependence may indicate that the barrier impeding
surface-tension driven convect owever, these measure- evaporation is entropic in nature possibly due to geometric

ments were performed on a macroscopic system in steady Staterequirements for evaporation. As a simple method of exploring

and therefore may not ,b? applicable to the measuremgntsthe possible temperature dependence of the evaporation coef-
present_ed her_e. In fact, it is reasonable to assume tha_t, 9V€Ticient we assume that the barrier is purely energetic, and that
th_e rapid coqllng rat_e of our droplets-{C° K/s), convection the coefficient is exponentially related to the barrier height (i.e.,
might be an ineffective method of thermal transport. v ~ expEdksT). If we incorporate such a temperature depen-
We have also performed temperature measurements on largefjonce into our cooling model we find that the best fit to our

radius dropletsr = 9—20um), fits to which result in smaller data results in an activation barrier of H#10.1 kJ/mol and a
derived evaporation coefficients. However, it should be clarified evaporation coefficient of 0.65 0.08 at 298 K and 0.5%

(25) Ward, C. A.; Stanga, DPhys. Re. E: Stat. Sphys., Plasmas, Fluids, Relat. 0.08 at 245 K. However, using a temperature-lndependent _Value
Interdiscip. Top.2001, 64, 1. of 0.62 (the average. over our temperature range), as described
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above, results in a nearly identical fit to our data. Therefore, here. A computational fluid dynamics stdflpf the droplet train
although we can rule out a large temperature dependence, wdlow reactor experiment has indicated that, due to large
cannot distinguish between an evaporation coefficient with a uncertainties in the gas-phase resistance, the measurements by
weak temperature dependence and a evaporation coefficientLi et al. are actually consistent with a condensation coefficient
which is independent of temperature. Therefore, our measure-between 0.21.0 at 273 K. If this were the case, it could explain
ments cannot determine weather the barrier to evaporation isthe inconsistency with our measurements, although the validity
energetic or entropic in nature. However, Faubel et al. have of this reconsideration has been questioffelh the study by
found that the velocity distribution of evaporating water Winkler et al.?8 condensation of supersaturated water onto
molecules is fit well by an ordinary Maxwellian, indicating that nanometer sized silver particles was measured, the results of
there is no significant energetic barrier to evaporatfon. which indicated that the condensation coefficient for water is
Furthermore, the previously mentioned temperature jump acrossin the range of 0.4 1.0 for temperatures between 250 and 290
the liquid—vapor interface, measured by Fang and Wands K. However, it was concluded in this study that the condensation
only 7°. Such a small increase in temperature would also indicate coefficient is most likely one, which is larger than the value
that any energetic barrier is relatively small. We have also for the evaporation coefficient reported here. It was recently
attempted to fit the data using an inverse temperature-dependensuggested by Davidovits et #lthat the condensation coefficient
evaporation coefficient, and have found that, although a weak reported by Winkler et al. may be an overestimate due to the
increase in the evaporation coefficient (0.58 to 0.64) with rapid rate of droplet growth in these experiments. It was
decreasing temperature (295 to 245 K) is generally consistentproposed that the large flux of vapor molecules at the surface
with our data, the quality of the fit is consistently worse promoted the condensation of surface accommodated species.
compared with a normal temperature dependence. It was further postulated that a rapidly condensing surface may
To summarize, we have found, using a model which be highly disordered, which would lead to a large fraction of
incorporate surface cooling, that the evaporation coefficient is dangling hydrogen bonds available to interact with incoming
either independent Of temperature and has a Value Of 6©.62 m0|eCU|es3.2 HOWeVer, |t seems Vel‘y unllkely that Condensat|0n
0.09, or is weakly temperature dependent and varies betweenWould result in a structural perturbation at the molecular level.
0.654 0.08 at 298 K and 0.59 0.08 at 245 K. Furthermore,  For instance, based on eq 2 at 298 K and a supersaturation of
we have also employed a very simple model, which does not 1.4, @ 10 nrfi patch of water surface, which is very large
allow for a temperature gradient or a temperature dependencecompared to the correlation length, will experience only a single
to the evaporation coefficient, which results in a value of 0.71 collision every 10 ns. However, interfacial molecular fluctua-
+ 0.09. These results clearly indicate that a small energetic ortions take place on the picosecond time sé&i@herefore,
entropic barrier impedes the evaporation process. These result§ondensation events are extremely rare compared with the
are in excellent agreement with a recent measurement of atimescales of structural rearrangements and should, thus, have
ballistically evaporating BD ice filament near 273 K in which little effect on the average molecular orientation.
the evaporation coefficient was found to be & 0.3, and nearly A number of theoretical studies have used MD simulations
independent of temperatu#elt should be pointed out that ice 0 investigate the evaporation and condensation rates of liquid
near its melting point is thought to have a highly disordered Water. However, similar to the experimental measurements, there
surface?® or possibly even a thin quasi-liquid lay&Therefore, appears to be conflicting results from different studies. For

it is not necessarily surprising that the evaporation rate of ice instance, Yang et &f found that evaporation coefficient for
near its melting point is very similar to that of liquid water. ~ Water is less than one and increases with increasing temperature.
4 However, a separate study by Ishiyama etahdicated that

As eq 1 indicates, the rate of evaporation is directly relate h i Hicient .
to the rate of condensation, and therefore, the condensation e evaporation coefficient was near unity at room temperature,

coefficient, yo, (or mass accommodation coefficient) can be but decreased significantly with increasing temperature. Similar
defined in ’anc,equivalent manner as the evaporation coefficient studies of the condensation coefficient have also indicated that

(i.e.,7e = 7o). As is the case with the evaporation coefficient, the coefficient decreases with increasing temper&@ezen

considerable discrepancies exists in the reported values of thethe variation in the results, it appears that MD simulation maybe

condensation coefficieA.In fact, the two most recent measure- incapable of providing a quantitatively accurate value for the

ments of the condensation coefficient, by Li et&hnd Winkler ev'\aﬂporﬁtlcf)rtlhcog ftf |C|entt.ofﬂl1|qwd watert._ q d i ¢
et al?® are 0.3 and 1.0, respectively. Li et al. determined the uch ot Ine interest In the evaporation and condensation o

condensation coefficient from measurements of the uptake of\’vﬁte_r han bleenddfue tot_the O:V'OUS |m_p;||t(|:qat|ons (;n thet_m|cro-
isotopically labeled gas-phase water in a droplet train flow physics of cloud Tormation. Fowever, 1T Ine condensation or
reactort® The results of these measurements indicate that the _evaporatlon Coeﬁ_'c'ef“ |s_re_|at|v_e|y large, droplet growth rates
condensation coefficient has an inverse temperature dependenc'(!.-1 CIQUdS YV'” be diffusion limited in t.h(.a gas phase,land therefore
with a value of 0.17 at 280 K which increases to 0.32 at 258 K. relatively independent of the coefficiefitin fact, simulations
Both the absolute value and the relatively strong temperature (29) morita, A.; Sugiyama, M.; Kameda, H.; Koda, S.; Hanson, DJRPhys.
dependence of the condensation coefficient determined from , = Ghem. B2004 108 9111.

. . . ((130) Davidovits, P.; Worsnop, D. R.; Williams, L. R.; Kolb, C. E.; Gershenzon,
the uptake measurements are inconsistent with the data reporte M. J. Phys. Chem. R005 109, 14742.
(31) Davidovits, P.; Worsnop, D. R.; Jayne, J. T.; Kolb, C. E.; Winkler, P;

Vrtala, A.; Wagner, P. E.; Kulmala, M.; Lehtinen, K. E. J.; Vesala, T.;

(26) Sadtchenko, V.; Brindza, M.; Chonde, M.; Palmore, B.; Eom] Rhem. Mozurkewich, M.Geophys. Res. Let2004 31.

Phys 2004 121, 11980. (32) Davidovits, P.; Kolb, C. E.; Williams, L. R.; Jayne, J. T.; Worsnop, D. R.
(27) Bluhm, H.; Ogletree, D. F.; Fadley, C. S.; Hussain, Z.; Salmeron] N. Chem. Re. 2006 106, 1323.

Phys. Condens. Mate2002 14, L227. (33) Garrett, B. C.; Schenter, G. K.; Morita, &hem. Re. 2006 106, 1355.
(28) Winkler, P. M.; Vrtala, A.; Wagner, P. E.; Kulmala, M.; Lehtinen, K. E. ~ (34) Yang, T. H.; Pan, Cint. J. Heat Mass Transfe2005 48, 3516.

J.; Vesala, TPhys. Re. Lett. 2004 93. (35) Ishiyama, T.; Yano, T.; Fujikawa, ®hys. Fluids2004 16, 4713.
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of droplet growth rates show very little difference between a etry. The observed temperatures are fit well by an evaporative
condensation coefficient of 1.0 and G%In a recent com- cooling model that demonstrates that the evaporation coefficient
mentary by Laaksonen et &l.they argue that current cloud of water is 0.62+ 0.09. Furthermore, we find that the
models are only consistent with available data if the condensa-evaporation coefficient has a very weak (if any) dependence
tion coefficient is near unity. However, they only show results on temperature, inconsistent with one of the most recent
from calculations using a condensation coefficient of 0.1 or 1.0, measurements of the condensation coefficlerthis result

but it seems likely that a value of 0.620.09, as reported here, implies that there exists a rate-limiting energetic or entropic
would also be consistent with available data. Furthermore, basedbarrier to evaporation. We note that previous experiments have
on the relatively weak temperature dependence we haveshown that the velocity distribution of evaporating water
measured here, it is likely that cloud formation will not be molecules is Maxwelliad? which might indicate that the barrier
limited by the condensation coefficient at atmospherically to evaporation is entropic in nature. This may be due to possible
relevant temperatures. geometric requirements for the evaporation of a water molecule.
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