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Abstract. The evaporation rate of {D has been determined cles on which cloud droplets condense (CCN) (IPCC, 2007;
by Raman thermometry of a droplet train (12 diam- Laaksonen et al., 2005; McComiskey and Feingold, 2008;
eter) injected into vacuum~(10~°torr). The cooling rate  Lohmann et al., 2007). This variation is in part due to dif-
measured as a function of time in vacuum was fit to a modeffering values for water evaporation and condensation kinet-
that accounts for temperature gradients between the surfades and their relation to particle growth rates in these models
and the core of the droplets, yielding an evaporation coef{Laaksonen et al., 2005). Direct measurements of the micro-
ficient (y.) of 0.57+0.06. This is nearly identical to that scopic rates of evaporation and condensation of pure water
found for HLO (0.62:0.09) using the same experimental vary over three orders of magnitude, although recent mea-
method and model, and indicates the existence of a kinetisurements have narrowed the range to between 0.05-1 times
barrier to evaporation. The application of a recently devel-the gas kinetic limit (Eames et al., 1997; Marek and Straub,
oped transition-state theory (TST) model suggests that th001; Davidovits et al., 2006). Some of the variation in older
kinetic barrier is due to librational and hindered translationalliterature is likely due to impurities in or on the surface of
motions at the liquid surface, and that the lack of an isotopethe water samples used in the experiments; we note this fact
effect is due to competing energetic and entropic factors. Théiints that impurities will be important determinants of evapo-
implications of these results for cloud and aerosol particles inration and condensation rates in mixed systems, a notion sup-
the atmosphere are discussed. ported by field measurements of droplet growth rates (Fein-
gold and Chuang, 2002; Ruehl et al., 2008). It is generally
accepted that condensation and evaporation occurring faster
than 10% of the gas kinetic limit results in thermodynamic
control over droplet growth while slower rates result in ki-
The evaporation and condensation rates of liquid water ar&€tic control over these growth rates (Chuang et al., 1997;
of fundamental importance to many chemical, biological, L@@ksonen etal., 2005).

and atmospheric processes. In particular, the formation and 1€ maximum condensation rate of a gas is generally ex-
growth rates of cloud and aerosol particles are, in principle,Pressed via the Hertz-Knudsen equation, derived from gas

sensitive to both kinetic and thermodynamic variables (Win-Kinetic theory (Eames et al., 1997),

1 Introduction

kler et al., 2004). Clouds and aerosols have a cooling eﬂ‘ectJ . )4 B
on the earth’s atmosphere due to scattering of solar radia-“™*" /5 7"

tion, although some aerosols (black carbon) have a warm- i . )
ing effect (IPCC, 2007). Current cloud models vary widely Wherep is the vapor pressure above the liquid surfaces
in their predictions for the radiative effects of anthropogenic (N molecular mass' is Boltzmann's constant, aridis the
emissions that affect the number and composition of parti-‘emPerature. At equilibrium, the evaporation and condensa-
tion rates are equal; therefore the maximum evaporation rate
can be expressed as
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XYZ Manipulator ing term. In addition, knowledge of the liquid surface tem-
perature is required, and evaporation results in cooling of the
A surface by as much as 3-4K relative to the bulk (Ward and
Art laser Piezo tip Stanga, 2001).
PellnBroca (ﬂ_}/ . Our own experiments have made use of liquid jets and
Prism Filters é/ k,fogss'“g droplet streams with high vacuum (1btorr) maintained
/ around the fluid, such that evaporation occurs with negligi-
(_\K 7 ble accompanying condensation. This greatly simplifies the
: M/ interpretation as compared with many other recent experi-
Monochromator F°|‘;“ns;”9 i ments. The liquid jets and droplets also provide a renewing
/_/Oscilloscope surface, minimizing contamination issues. Measurements of
Fiber coupler photodiods isotopic ratios in evaporation between 264 and 295 K showed

thaty, <1 and that it varied with the H/D ratio in the liquid
Fig. 1. Experimental apparatus. The droplet train is positioned onto(Cappa et al., 2005). Using Raman thermometry we derived
the focal point of the 514.5 nm line of the Adaser with an XYZ  a precise value of, from the temperature change associ-
manipulator. Raman scatter is collected at 90 degrees into a fibeated evaporation of pureJ@, yielding a value of 0.620.09
coupler and routed to a monochromator (f/6.5) with a liquid nitro- over a temperature range of 245-295K (Smith et al., 2006).
gen cooled CCD detector. A photodiode monitors the laser light\\e interpreted the results of our prior experiments using a
attenuation after passing through the droplet train and is used iRransition-state theory (TST) model of liquid water evapora-
conjunction with an oscilloscope to ensure that uniform dropletstiOn (Cappa et al., 2007). The calculations indicated that the
are being produced. Spectra of the droplets as a function of time alr‘évaporation rate is primarily influenced by the intermolecular
taken by sampling at multiple points along the droplet stream, “Mhindered translational and librational motions of molecules at
responding to liquid temperatures between 295K and 255-260 K. o

the liquid surface.

Here we describe the extension of our previous studies to

droplet train measurements of of pure D,O. These mea-
where psatis the saturation vapor pressure. Since the activ-syrements serve as a further test of the microscopic theory
ity of the pure liquid is unity, this expression for the evap- of evaporation and of the reproducibility and precision of the
oration rate holds at all vapor pressures. However, not alinethodology, providing a firm basis for future studies of the

substances evaporate at the maximum rate (McFeely and S@yaporation from mixtures of water with salts, oils or surfac-
morjai, 1972; Eames et al., 1997). Deviations from the max-tgnts.

imum rate are treated by introducing the evaporation coeffi-
cient () and the condensation coefficient, alternatively re-

ferred to as the mass accommodation coefficien 2 Method
To obs=7e Jo maxe —rePs8L_ 3)  Evaporation rates from liquid D in vacuum were deter-
~ 2wmkT mined by measuring the temperature change of evaporating

o droplets using Raman thermometry. The evaporation rate is
Je.obs=0m Jc_maszp 4) deduced from the cooling rate and the well known heat of va-
v 2rmkT porization. The droplets were formed with a vibrating orifice

The evaporation and mass accommodation coefficientsaemso' generator (VOAG). TheD used in this study was

which have values between zero and one, must be equéi]btamed from Cambridge Isotope Laboratories, with a stated

I 0
due to detailed balance at equilibrium. The equality holdspu_?:éoégi'zfé ectroscony apparatus has been described in
for non-equilibrium systems as long as the velocity distri- P Py app

bution in the gas phase does not deviate significantly fromdeta" previously (Smith et al., 2006) and a schematic is given

a Boltzmann distribution, because a Boltzmann distribution™"! F|g._1. Briefly, a Syringe pump (Teledyne ISC.:Q Mo_d.el
is assumed in the derivation of Eqg. (1). Indeed, theoretical260D) IS used.to force the liquid thr_ough afu§ed S”'Ca orifice
treatments of condensation have shown little sensitivity to(2'5_4““ m radius) mounted on a piezoelectric ceramic. The

..~ . silica orifice is generated by pulling 1 ID silica tubin
gas phase speeds selected from the Boltzmgnn d|str|bu.t!0{10 the desired ss,gize with acgrr?mergal(ggser micropipet?e
at room temperature, although the condensation probability ller. The piezo is driven with a 0-20 V square wave at 200—

. u
lowers for very high speeds-(L000 m/s) (Chakraborty and P . S :
Zachariah, 2008). 1000 kHz to generate a uniform droplet train with a spread in

In addition to insuring the absence of impurities, measur—raldlus of less than 0/lm (Sayer et al,, 2003). The radii of

ing . for H>O is challenging because the high vapor pres_the droplets produced is calculated from the liquid flowrate

sure makes it difficult to observe evaporation or condensatior?nd the oscillation frequency (Smith et al., 2006).

in isolation without significant contributions from the oppos-
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The VOAG is mounted on a bellows attached to the top 2.0
of a 7.cm cubical vacuum chamber pumped by a 1101/s tur-
bomolecular pump. The VOAG as attached to an XYZ ma- 15
nipulator to allow positioning of the droplet stream. Pres- 5
sures in the chamber during experiments were lower than<
5x 10 “torr. At these pressures, heat transfer from the walls 2
of the chamber to the droplets is negligible. Viewports on £
the chamber allow the introduction of the 514.5 nm line from
an argon ion laser operating a250 mW or less, which is
focused onto the droplet train. The laser power is sufficiently %0~ , , | |
low to avoid heating the droplets or otherwise affecting their 2200 2&‘;% an Shift (6 ri@?)o 2800
evaporation (Sayer et al., 2003; Smith and Baker, 1981). Ra-
man scatter from the droplets is filtered and collected at 90
degrees through a fiber-optic cable and routed to a spectrom "
eter with a liquid nitrogen cooled CCD camera. After the
droplets leave the interaction volume, they enter a liquid ni-
trogen trap located-50 cm from the nozzle. To ensure that
the droplets are uniform in size, a photodiode is placed inthe =, |
path of the laser, after it has crossed the droplet train. The=.
photodiode signal and the modulation frequency are moni- =~ |
tored with an oscilloscope. As a droplet passes through the I I I I I I
laser beam, there is a dip in signal on the photodiode; the S5 e 31-3/T 10° K?a—;‘ e e
oscillation frequency is tuned until the signal is sinusoidal in

nature, indicating the formation of uniform droplets as de- Fig. 2. (a) Representative spectra used to generate one of the tem-

scribed above. . . perature calibration curves. The dashed line shows the frequency
The OD-stretching region of the Raman spectrum (2150—,x=2468 cnt1 where the spectra were split. The full curve is con-

2800cnT?) is used to determine the temperature of the structed from spectra of liquid D at 22 different temperatures
droplets in a manner similar to that reported by Smith etbetween 3.8C and 50.7C. (b) Representative temperature calibra-
al. (2006). Calibration curves were collected using both thetion curve.R2=0.9992.

thermostated nozzle technique described by Smith et al., and

by measuring the total Raman scatter from liquiglDin a
cuvette over a similar temperature range (0«50 The cu-
vette method was found to be more consistet®% devia-
tion) compared to the jet method-$% deviation) and has
the additional advantage of requiring significantly smallerthe range between 58 and 8.1um were performed. Data

L ; : . were collected as a function of residence time in the vac-
amounts of liquid. Calibrations taken using the cuvette um chamber for maximum times ranging from 485to
method were used for the bulk of the data. Examples of- ging

the spectra used to generate the temperature calibrations a%éllms’ with most around 60@s. This corresponds to a
emperature range from 295K to as low as 255 K. That our

shown in Fig. 2a, and Fig. 2b shows one of the calibration : . .
measurements are taken in the free evaporation regime was

curves. o . L
: . verified by calculating the average number of collisions ex-
Measurements were taken as a function of distance from

the VOAG nozzle, which we converted to the residence timeperlencecj by an evapora_tln_g.molgcule a_s itleaves the droplet

. . : . ._surface and reaches an infinite distance:

in the vacuum using the velocity of the droplet train. This

velocity is calculated from the liquid flowrate and the ori- % dr °°dr

fice size. As described previously, the orifice size is deter-Neoj(ro, T) = =V2rd% nro)ré | = (5)

. X (o ) i A T) coll 0f 2

mined by measuring the liquid jet diameter immediately af- o ’ o

ter the nozzle using Mie scattering with the VOAG turned off o

(Cappa et al., 2005). The initial temperature of the dropletsz—)h(r0 Ty’

was determined by collecting the Raman spectrum of the '

droplet train in ambient air, where evaporative cooling is whererg is the droplet radiusi.(ro, T)=[v/27dcoun (r)] =1

minimal (Smith et al., 2006). is the mean free path of the vapor, aig) is the colli-
sion diameter (2.610-19m). For DO, the vapor pressure
predicted at a distance of 1 mm from the nozzle, where the
first data point is taken, is-7.5torr. This corresponds to
a mean free path of12.m; thus molecules evaporating

1.0

0.0

1(®) ysn

~ -0.1-

O<O*

3 Results and analysis

Measurements for eight different droplet sizes with radii in
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L B L B outermost shell evaporates, mass loss due to evaporation is
taken into account and the droplet and all the shells are re-
sized accordingly at each time step (10s). The droplet
radius typically decreases by5% over the duration of a
measurement. The temperature gradient and the volume-
averaged temperature of the entire droplet are calculated at
T each time step. As the entire droplet resides within the laser
focal volume, we interpret the observed temperature as the
0 volume-averaged temperature. We determynigy fitting the
observations to the model represented by Eg. (7). We have
considered three variations on the formypf one wherey,
is a constant with temperature and two wheras allowed
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Fig. 3. Representative model output for a 6/6% radius droplet

with v, of 0.57. The black line is the volume-averaged tempera—to vary with ttl-:‘mpelratlurg is sh . . he fi
ture, the blue line is the magnitude of the thermal gradient within AN €xample calculation is shown in Fig. 3. The figure

the droplet (the difference between the outer shell temperature ang@hOWs the calculated temperatures for each of 20 spherical
the volume-averaged temperature), and the red lines are the tempeghells as a function of time, as well as the volume-averaged
atures of each shell. Absolute temperature is on the left axis and thteemperature for the entire 6.6%n droplet. The magnitude
magnitude of the temperature difference is on the right axis. Theof the surface-bulk temperature difference in the droplet, de-
inset is an enlarged image of the first@@to depict the shell tem-  fined as the difference between the outer shell temperature
peratures more clearly. The volume-averaged temperature (blacknd the volume-averaged temperature of the droplet, is also
line) is the ogtput th_at is fit to the experimental data. Note that theghgwn. The maximum difference is 3 K, which occurs during
thermal gradient quickly drops below 1K. the first 10Qus and thereafter drops below 1 K. Tests of the
numerical accuracy of the calculations show that 20 shells

from droplets with radii less than 12m experience less than are sufficient to converge the calculations.

one collision in the vapor phase on average and condensatiog Thel;etatrhe a fer\]/v assl}:trlnptlgnstmaciﬁ n thz rTodelllrgg plg(.)cf'
may be neglected (Smith et al., 2006). ure, but these have little effect on the model results. First,

We model the observed cooling numerically in the same'Ve assume that there is no re-condensation, only evapora-
manner as in our study of 4 (Smith et al., 2006). We di- tion. There is, however, a small amount of condensation re-

vide the droplet into concentric spherical shells, and consid-zum?g frpmhevgporlatlng _mo!lt::‘ﬁ.ule?f |mpr|1ng|rt1)g on adjaq]?n(tj
ering evaporation from the outermost shell. Using Eqg. (3), roplets In the droplet train. This effect has been quantifie

the cooling rate of the outermost shell is expressed as previously and leads to an underestimate/obf less than .
g P 0.01 (Smith et al., 2006). Second, we assume that the lig-
dT Psat AHvap

“a_, uid surface in our vacuum system can be directly compared
dt V2mmkT CppVs'

with the liquid surface in an equilibrium system. On suffi-

. ciently short timescales, it is possible that the rapid evapo-
whereA is the surface area of the outermost shell{=8),  ration in the absence of condensation could affect the liquid
psat is the satsuration vapor pressure, is the molecu- g rface structure and thus the evaporation dynamics. How-
lar mass,K is Boltzmann’s constantl” is the temperature ever, if one assumes that=1 (i.e. the maximum evaporation
of the outermost shellA Hyqap is the enthalpy of vaporiza-  ate) and considers evaporation from a 1 nm square patch of
tion (45.7 kJ/mol for RO), C), is the specific heat capacity |iquid surface, which is larger than the water-water correla-
(4.704 KJ/kg*K for RO), p is the density, and; is the vol-  {jon jength (Head-Gordon and Hura, 2002), Eq. (3) yields
ume of the outermost shell. This simplifies to an evaporation rate of one evaporating molecule every 10
dr psat AHyap 3rg . ns. (Note: Wg presented a similar argument in (Smith et
E—_Vem Cr 3—rdpr (7 al., 2006) but incorrectly reportgd a 1.0 nm square instead

p Ug=rp)p1 of a 1 nm square.) Molecular simulations suggest that the
where p and i are the outer and inner radii of the outer- timescale for reorganization of the liquid water surface is on
most shell of the droplet. The only tunable parametey, is the order of a few picoseconds (Garrett et al., 2006). There-

Thermal diffusion between adjacent shells is modeled as ~ fore, evaporation events are too rare to perturb the liquid sur-
40 dT face structure, and the surface should be the same under vac-

=—xkA—, (8) uum as it is in equilibrium. Lastly, the model treats some
dt dr parameters as constant, such as density and thermal conduc-
wherex is the thermal conductivity (0.595W/m*K at 298 K tivity, which in fact vary with temperature. For complete-
for D20), A is the surface area of the shell and dT/dr is theness, a temperature-dependent equation for the density of
temperature difference between the two adjacent shells; w®,0 from Kell (Kell, 1967) and an empirical temperature-
do not assume instantaneous thermal equilibrium. As theand density-dependent equation for the thermal conductivity

(6)

Atmos. Chem. Phys., 8, 6698706 2008 www.atmos-chem-phys.net/8/6699/2008/



W. S. Drisdell et al.: The evaporation coefficient of@ 6703

of D20 from the International Association for the Properties
of Water and Steam (Kestin, 2007) were both incorporated  5qq |
into the model. The inclusion of these temperature depen-
dent values changegl by less than 0.1%.

We tuney, in this model to fit observations of a 6.G%n
droplet train, shown in Fig. 4a. For this particular exper-
iment, a best fit (assuming zero temperature dependence o
y.) is obtained fot,=0.51. Eight different droplet sizes were
measured. The average evaporation coefficient derived (95%
confidence interval) is 0.570.06 where we have assumed no 250 —

260

Temperature (K)

temperature dependence. | T | | | T |

The reported error is primarily experimental and is likely 0 100 200 = 300 400 500 600
Time (microseconds)

associated with determining the temperature from the Ramar
spectrum; we are only able to obtain the temperature with a
precision of+2 K. This limitation arises from the calibration 290
curves used. Other possible sources of experimental errmg
are small; shape oscillations in the droplets produced by the o
VOAG are expected to decay after a few microseconds, and% 280
are therefore negligible on the500us timescale of the mea- g
surements (Weierstall et al., 2008; Devarakonda et al., 1998). g' 270
Other effects of the droplet production, such as rotation of the @
droplets, should be minimal and are not expected to affectthe  56q |
evaporation.

The theoretical cooling curve fop,=1, also shown in T T T T T | 1
Fig. 4a, yields significantly more cooling for a given inter- 0 100 Tirzrg?a (mig?ooseco‘tr?dos) 500 600
action time than was observed. For comparison, we have

also included the model r_esu.lts using the temperature deperI‘fig. 4. (a) Experimental data for a droplet size of 668 radius,
denty, from Li et _al, which Increasgs from 0‘1_7 af[ _295K shown with the model fit (red line) tp,=0.51. The triangle repre-
t0 0.32 at 258K (Li et al.,, 2001). This predicts significantly sens the “time zero” data point taken in ambient air, and the squares
less cooling than was observed. We have also fit two dif-represent the data taken under vacuum. The black line shows the
ferent temperature dependent functions to this data set, asodel output for,=1. The green line represents the predicted cool-
shown in Fig. 4b. These functions represent the maximuming using the temperature dependgnfrom Li et al. (b) The same
positive and negative temperature dependences that are stilata, shown with the temperature independent fitf610.51 (red
consistent with the observations. First, we use the functionaline), a temperature dependent fit with the functional form from Li
form of the temperature dependence described by Li et al.€t al. (green line) wherg, increases from 0.4 at 295K to 0.6 at
but adjusted to give a larges at lower temperature than that 258K, a_nd an expongntigl temperature dependent fit_(blue line) cor-
measured by Li et al. This yields results consistent with our;eﬁgt(_’gg'_”Sgctgnasrt‘r:%tév;tt'gng?;eriy iffcl)f;”‘]/t Zra'be-l;g'ts rz);p(’?ﬁgt'al

. . . u | | | Ve, < u .
observations i, is equal to 0.4 at 2_95 Kandto 0.6 at 258 K. exponential it gives,,=0.48 at 295 K and,,=0.43 at 258 K. Both
Second, we assume an exponential temperature dependent%#perature-dependent fits were tuned to yield the strongest tem-
for Ve of the formy,=p exp(—Eq/RT), vyhere,o Was Con-  perature dependence that agrees with the observations within ex-
strained to be< 1. The maximum E for this case that is still perimental error.
consistent with observations is 1.8 kJ/mol, corresponding to
ay, of 0.48 at 295K and 0.43 at 258 K.

itly calculated (Cappa et al., 2007). To determine whether an
_ _ isotope effect is predicted, we calculated the ratig/ofor
4 Discussion pure HO to that for pure RO using the following equation

) ) adapted from Cappa et al. (2007):
The observed value gf, for D,O is smaller than unity. The

value is nearly identical to that obtained recently forCH _J/e_,H_Jel,)maxQ_ZQ_f _AE kT 9
(0.62£0.09) (Smith et al., 2006). The TST model study by "v= " =7# o+ of* : )
Cappa et al. predicts that® and O would have similar “ emax =D =

values ofy,, based on calculations of the absolute evapora-whereJ, max is the maximum evaporation rate from Eqg. (2),
tion rates of the different isotopes as a function of deuteriumQ* and Q, are the partition functions of the transition state
mole fraction in the liquid (Fig. 5 of that study), although the and the liquid surface species, respectively, ad, is the
relative evaporation rates of the pure liquids was not explic-difference in activation energies between the two isotopes

www.atmos-chem-phys.net/8/6699/2008/ Atmos. Chem. Phys., 8, 6808-2008
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(Cappa et al., 2007). The sub- and superscripts H and BCappa et al. (Cappa et al., 2005) wherein a stronger tempera-
refer to O and DO, respectively. By calculating the ratio ture dependence tg was suggested. As noted in that work,

r, we avoid several assumptions associated with calculatingind discussed in a later publication (Cappa et al., 2007),

the absolute evaporation rates of the isotopes, such as knowthe prediction involved several assumptions and high uncer-

edge of the transition state area and the absolute magnitudainty. However, theelative evaporation rates of the isotopic

of the activation energy (Cappa et al., 2007). species in the mixtures measured in that stagyexpected
The observed ratio from experimeng,dp, is 1.09:0.18.  to display a temperature dependence.
The calculated ratio,r from Eq. (9) was found to vary be- Our measurements of, for D,O and HO can be com-

tween 0.90 and 1.08 at 295 K, depending on the specifigpared with other recent measurements. Our value ¢élls
choices ofQ*, Q,, andAE, given in Cappa et al. (Cappa et within the range of, but has much higher precision than, re-
al., 2007). The smallest isotope effecf£f.02) was found cent measurements by Winkler et al. (Winkler et al., 2004,
using the values derived from the “scaled” surface frequen-Winkler et al., 2006) and Voigtlander et al. (Voigtlander et al.,
cies. These intermolecular translational and librational fre-2007), both of which were condensation studies. Winkler et
quencies of the liquid surface species were scaled by a factaal. foundy, to be between 0.8-1.0 for temperatures between
of /3/4 relative to the bulk frequencies to better approxi- 250 and 270 K and 0.4-1.0 for temperatures between 270 and
mate the looser binding at the surface (Smith et al., 2003)290 K, although values higher than 1 (up to 10 in the case
At 265K, r, varies between 0.84 and 0.99, with the scaledof 290 K) were within error for these measurements. Values
frequencies yielding,=0.94. This difference implies a very larger than unity are not physically meaningful. Voigtlander
weak temperature dependence to the relative valugsfof et al. foundy, to be between 0.3 and 1 for uptake on NaCl
the two isotopes. We note that a value pfless than unity — particles. Li et al. determined that has an inverse tem-
implies that BO has a higher evaporation coefficient than perature dependence, with increasing from 0.1#0.03 at
H>0, but doesiotimply that it has a higher evaporation rate; 285K to 0.32£0.04 at 258K (Li et al., 2001). Similarly,
the maximum theoretical rates for the two species are dif-a group from the Polish Academy of Sciences (Jakubczyk
ferent according to Eq. (2). The small isotope effect is dueet al., 2007; Zientara et al., 2008) obseryedto increase
to a competing effect between the partition function ratiosfrom 0.13 at 293.1K to 0.18 at 273.1K. It is important to
in the exponential pre-factor (entropy) and the activation en-note that in all of these studies, thgvalues determined are
ergy difference in the exponential. The results of our pre-higher than the 0.1 threshold below which cloud formation
vious study of the evaporation of isotopic mixtures and thebecomes kinetically controlled. While attempts have been
calculations by Cappa et al. suggests that these effects onlgnade to reconcile some of these experiments (Davidovits et
balance each other for the pure liquids, and thafor H,O al., 2004) there is not yet a satisfactory explanation for the
and DO in different isotopic mixtures can differ by as much observed differences. A recent study by Fukuta and Myers
as a factor of 3 (Cappaet al., 2005; Cappa et al., 2007). It ifFukuta and Myers, 2007) highlights the “moving boundary
important to note that the hindered translational frequencieffect” which can occur during modeling of evaporation or
for D,O are taken to be smaller than those efHvhen com-  condensation. They report that incorrectly accounting for the
paring the pure solutions, as this plays an important role inshifting liquid-vapor boundary as a droplet grows or shrinks
determining §. The activation energy for D evaporation can lead to errors in the calculated evaporation or conden-
is predicted to be-2 kJd/mol higher than that for 4D, which sation coefficients as large as several percent. In our case,
is approximately the difference expected from zero point enthe droplet radius shrinks by5% over the duration of a
ergy effects. Therefore, this assessment remains valid if botimeasurement, but the moving boundary effect is explicitly
H>0 and DO have noenergeticbarrier to evaporation and accounted for within the model by resizing the droplet at ev-
the kinetic limit results entirely from entropic effects; how- ery timestep. Zientara et al. argue that even larger correc-
ever, a small energetic barrier is certainly possible. Recentions may be necessary in many cases due to thermal effusion
measurements by Ward and Stanga showed a smatlQ) near the droplet surface (Zientara et al., 2008). Many mod-
temperature discontinuity between evaporating liqugDH els of condensation and evaporation treat the vapor using the
and the vapor (Ward and Stanga, 2001). Assuming that théramework of diffusion, but Zientara et al. argue that at dis-
higher temperature in the vapor is due to an energetic barrierances below the mean free path of the vapor, a droplet must
to evaporation, and using the specific heat capacity of thdbe modeled as evaporating and condensing through vacuum.
vapor (G,=37.47J mot1 K—1), the barrier size is predicted In certain cases, while the droplet would be considered to
to be very small £300J/mol) for BO. Our data provide be quasi-stationary in the diffusion framework, thermal effu-
a weak constraint on the size of the barrier. The analysision near the surface can significantly change the temperature
above suggested the energetic barrier is less than 1.8 kJ/mof the surface of the droplet from what would be predicted
for D,0. by diffusion, dependent on the different timescales of vari-
The apparent lack of a temperature dependenge tb- ous experiments (Zientara et al., 2008). In our experiments,
served in this study and that of Smith et al. (Smith et al.,the vapor is negligible and our model explicitly accounts for
2006) may appear to be in contrast to an earlier study bythe cooling of the surface of the droplets. Therefore such a
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temperature jump cannot explain the difference between ouy, for pure water is less than unity, but is not small enough
measured values and those of Li et al. (2001) and Zientara &b have a significant impact on models for cloud formation
al. (2008). and aerosol growth rates. A TST model for water evapo-
In a previous work (Cappa et al., 2005) we discussed aation (Cappa et al., 2007) is consistent with both th&®H
possible source of discrepancy between our experiments anaind DO observations and indicates that the lack of an iso-
those of Li et al. (2001), claiming that our formulationsypf ~ tope effect is due to competing energetic and entropic effects.
anda, are different, withy,~(1—«,,). We now recognize Further understanding of the source and magnitude of these
that this prior analysis was incorrect and resulted from equateffects and how they are affected by the presence of salts,
ing two different rates in formulations of the evaporation and oils and surfactants will likely be important to understanding
mass accommodation processes which are not equivalengvaporation and condensation in mixed phase systems.
Reanalysis of the different formulations of ando,, indi-
cates that the formulations are equivalent, and consistent withcknowledgementsThis work was supported by NSF ATM
the definitions in Egs. (3) and (4) of the present manuscript. 26398478 and the ?i[]ect’g [())fficet of ?Cifgcex Ofﬁcz OfCBatSiC t
— : ner clences, o e epartment of ener unaer contrac
Our reported value of=0.57 for ;0 provides support  (F=8 > FPEe 2 P SR ol thanke the Berkeley
for our previous results for $0O, confirming thaty, for pure Atmospheric Sci Center f quate student h
. L . pnheric sScience enter 1or a graduate stuaent researc
H20 is not small enough to have a significant impact on for- fellowship.
mation rates of cloud droplets in the atmosphere (Smith et
al., 2006). There are other effects, however, that could lowelgited by: W. E. Asher
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