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Abstract

Evaporation of motionless, levitating droplets of pure, low-volatility
liquids was studied with interferometric methods. Experiments were
conducted on charged droplets in the electrodynamic trap in nitro-
gen at atmospheric pressure at 298 K. Mono-, di-, tri- and tetraethy-
lene glycols and 1,3-dimethyl-2-imidazolidinone were studied. The
influence of minute impurities (< 0.1%) upon the process of droplet
evaporation was observed and discussed. The gas phase diffusion and
evaporation coefficients were found from droplets radii evolutions un-
der the assumption of known vapor pressure. Diffusion coefficients
were compared with independent measurements and calculations (in
air). Good agreement was found for mono- and diethylene glycols,
and for and 1,3-dimethyl-2-imidazolidinone, which confirmed the used
vapor pressure values. The value of equilibrium vapor pressure for
triethylene glycol was proposed to be 0.044 + 0.008 Pa. The evapo-
ration coefficient was found to increase from 0.035 to 0.16 versus the
molecular mass of the compound.

*jakub@ifpan.edu.pl


Krystyna
Typewritten Text
           Printed in: J. Phys. Chem. A, 2010, 114 (10), pp 3483–3488


1 Introduction

Emission of chemicals into the air raises various health and ecological con-
cerns and requires proper management. There exist established procedures
for calculation of environmental fates of individual compounds. WATER9
computer program! makes a good example. Such procedures require various
input parameters, among others, saturated (equilibrium) vapor pressure and
gas phase diffusion coefficient of the compound which are chiefly responsible
for the evaporation rate of a compound.

There are several methods of measuring the equilibrium vapor pressure
(see? and references therein). Some of them, like gas saturation techniques,
gas chromatography or methods based on relative volatilization rate mea-
surement (e.g. thermogravimetry), are suitable for the low-pressure region
(reportedly even down to 10~® Pa). However, for many organic compounds,
data in this region is still scarce and sometimes encumbered with significant
uncertainty.

There are also several experimental methods of finding gas phase diffu-
sion coefficient (see®** and references therein). For example there are gas
chromatographic broadening and flow perturbation techniques,® twin-bulb
method, Stefan tube method, thermal wave interference® and many oth-
ers. All these methods are essentially indirect. There are also several the-
oretical equations for finding gas phase diffusion coefficient (see® and ref-
erences therein): Chapman-Enskog, Arnold-Gilliland, Chen-Othmer, Fuller-
Schettler-Giddings and others. Since for many compounds the experimental
data are not available, these equations are readily used.

Since chemicals often get into the air in the form of mist, a detailed con-
sideration of the kinetics of evaporation of a small droplet is desirable. This
in turn require introducing of still another parameter. The experimentally
observed evaporation rate in the kinetic (ballistic) regime is usually smaller
than theoretically allowed by the kinetic theory of gases. In order to recon-
cile the experimental findings with the predictions of the theory, Knudsen’
introduced the evaporation coefficient, defined as the probability of crossing
the interface by a molecule impinging on it. Though conceptually seemingly
simple, this coefficient turned out to be quite difficult to measure. Though it
is agreed that there is a barrier at the gas-liquid interface, its nature has not
been thoroughly understood yet (see eg.® ). The results obtained for water
over nearly a century, spanning from ~ 0.001 to 1, make a striking example
(see’ 1'% for reviews). The measurements for other vapor-liquid systems are



fewer and similarly non-conclusive. Adsorption of heterogeneous vapors on
liquid water seems to attract more attention (see’®?!) than single-component
evaporation/condensation (see?? and references therein, and!!#32%),

In our previous works (see?® and references therein) we developed a method
of finding the evaporation coefficient under the assumption of known equi-
librium vapor pressure and gas phase diffusion coefficient. This method can
be classified as a relative volatilization rate measurement. The results we
obtained for water versus temperature are in excellent agreement with those
obtained with a fundamentally different method of Boston College/Aerodyne
Research Inc. group, described e.g. in reference.?” In our method, droplets
radii evolutions were obtained with a technique of Mie Scattering Imag-
ing type and were studied within the framework of the Maxwellian quasi-
stationary evaporation model and kinetic theory of gases.!?2%2% For slowly
evaporating compounds the evaporation model is relatively simple and both
gas phase diffusion and evaporation coefficients can be found under the as-
sumption of known equilibrium vapor pressure. If the diffusion coefficient is
known it is also possible to work backwards and find the equilibrium vapor
pressure.

In the present work, we measured the evaporation and gas phase diffusion
coefficients versus the properties (type) of liquid at constant temperature and
pressure. We applied our method to a sequence of glycols: ethylene glycol
(EG), diethylene glycol (DEG), triethylene glycol (TEG) and tetraethylene
glycol (TTEG), and to 1,3-dimethyl-2-imidazolidinone (DMI). Glycols have
a wide range of applications. They are used in chemical industry?®*’ as
intermediates for a variety of products, capitalizing on their hygroscopicity,
lubricity and low volatility, such as resins, deicing fluids, heat transfer fluids,
automotive antifreeze and coolants, adhesives, paints, electrolytic capacitors,
textile fibers, paper and leather. TEG and TTEG are also used as desiccants
for gas purification®' and in the production of theatrical smokes.?? This last
application requires dispensing them in aerosol form in quite large quantities.
DMI is used, for instance, as a carrier for the black ink in jet printers, so
globally also in significant quantities.

First we found the gas phase diffusion and evaporation coefficients. The
diffusion coefficients were compared with experimental values, when known,
and with the estimations made with the semi-empirical equation from ref-
erence.®® Since the discrepancies for the two most slowly evaporating com-
pounds (TEG and TTEG) were outside the estimated median error of the
correlation, we tried to find the values of their equilibrium vapor pressures



assuming diffusion coefficients predicted by the equation mentioned above.

2 Experimental

The experimental setup is presented in figure 1. It consisted of a double-ring
type electrodynamic quadrupole trap (inset in the figure 1; see e.g.34%) kept
in a small (~ 10 cm?®) thermostatic chamber at 298 + 0.1 K. Droplets were
introduced into the trap through the top port with a piezo injector (described
in details in®*%) kept inside the chamber. Thus, the initial temperature of the
droplet was equal to that of the chamber. The initial droplet radius, at which
we started the observation, was 9 + 4 pum. Usually we were able to follow
the evolution for a few micrometers, sometimes (depending on a substance
used) as low as down to ~ 650 nm. The upper and lower limit is primarily
determined by the stability of the trap and the numerical aperture of the ob-
servation optics. Before the injection of each droplet, the chamber was flushed
with filtered (H14 grade filter), dry nitrogen obtained by vaporizing liquid
nitrogen. This procedure ensured that the gaseous environment into which
the droplet was evaporating was void of aerosol, water and eventual remnants
from previous injections (liquid aerosol and solvent vapor). Apart from that,
nitrogen atmosphere at standard temperature and pressure is relatively inert
while its physical properties are close to those of air. The temperature of
flowing nitrogen was matched (+0.2 K) to that of the trap by means of a
gas-water thermostatic heat exchanger in order not to distract the thermo-
static balance. Evaporation of a whole single droplet of several micrometer
radius, in a chamber of the volume we used, gives rise to (average) vapor
pressure several orders of magnitude (~ 10® for TEG) below the correspond-
ing equilibrium vapor pressure. The diffusion constants in nitrogen (air) of
the organic solvents we used are comparatively high, which ensures uniform
vapor density distribution. Thus, the presence of even several droplets does
not influence the thermodynamic conditions in the chamber. However, lost
droplets can get into the tight spaces of the trap, which after some accumu-
lation can distort the trapping field. In order to avoid that, the trap and
the chamber were dismantled and thoroughly cleaned every several hundred
injections. Since the experiment was carried near the room temperature we
could not fully avoid the ubiquitous water vapor diffusing from the elements
of chamber and trap. However, at the timescale of several minutes the effect
of water vapor could be neglected (relative humidity < 5%). The gas flow



was stopped for the duration of measurement in order to ensure that the
droplet was stationary in respect to the gaseous medium. The movement
of gas versus the droplet can dramatically speed up the evaporation. This
phenomenon is actually utilized in thermogravimetric measurements. An ex-
ample of variation of rate of mass loss versus volumetric flow rate can be

found e.g. in.%7
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Figure 1: Experimental setup schematic view (top view, droplet injector
omitted). Inset: electrodynamic trap drawing (wire-frame partially ren-
dered).

In our experiments we used pure substances (purity for each lot stated in
GC area % by the manufacturer): ethylene glycol 99.9% (SPECTRANAL,
GC, Riedel-de Haén), diethylene glycol 99.99% (BioUltra, GC, Fluka), tri-
ethylene glycol 99.96% (BioUltra, anhydrous, GC, Fluka), tetraethylene gly-
col 99.7% (puriss., GC, Fluka) and 1,3-dimethyl-2-imidazolidinone 99.7%
(purum, GC, Fluka).
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Figure 2: An example of TEG droplet radius temporal evolution; each black
dot represents a non-averaged data point. Data points misinterpreted by the
numerical method can be seen off the trend. Top inset: an example of a raw
scattering image (frame). Bottom inset: magnification of a selected region
of the main graph.

Individual droplet radius temporal evolution a(t) was obtained by ana-
lyzing the angular distribution of scattered light irradiance within the frame-
work of the Mie theory (angle-resolved static light scattering). This is a well
established interferometric technique. Its variants (laser imaging for droplet
sizing (ILIDS), interferometric particle imaging (IPI), Mie scattering imaging
(MSI), interferometric Mie imaging (IMI), etc.) are used for particle sizing
eg. in sprays (see eg.3® and references therein). The variant of this technique
that we developed is outlined in* and the details specific to this work are
given below. Green (532.07 nm) p-polarized and red (654.25 nm) s-polarized
laser beams of ~ 10 mW power each (inside the trap) and ~ 0.5 mm waist
were used simultaneously for droplet illumination. Droplet heating and di-
rect momentum transfer from the beam could be neglected. We recorded (up

6



to ~ 30 fps, 640 x 480 pixels, 12-bit, PixelFly color camera, pco.imaging) the
scattering of both beams (see top inset in figure 2). The field of view (circu-
lar) was centered at the azimuthal angle of 90 £+ 0.1° and the elevation angle
of 0 £ 0.3° and corresponded to £16.24 £ 0.02°) in either direction. It was
horizontally divided into halves with perpendicular (s and p) polarizers. Hav-
ing attributed different polarizations to different colors enabled easy check
of polarizers leaks (proper setup) and monitoring of depolarization. In case
of homogeneous droplets, light depolarization would indicate contamination
with solid particles and require exclusion of such measurement. The sequence
of out-of-focus images (droplet was in the focal point of the objective lens)
was analyzed off-line with our software (written in MATLAB). Each image
was integrated with a proper distribution function over the elevation angle
to ensure better signal-to-noise ratio. The analysis was based on comparing
the azimuthal distribution of irradiance observed in each image to the library
of patterns obtained with the aid of Mie theory. Performing analysis for two
polarizations simultaneously and for the whole a(t) evolution rather than
for separate points only, enabled lifting some of the ambiguities associated
with experimental uncertainties. The first procedure follows from the obser-
vation that the interference fringes corresponding to different polarizations
shift in different direction versus a, while misalignment or/and distortion of
the trapping field along the laser beams introduce systematic error to the
azimuthal angle of observation and shift fringes in the same direction. The
second procedure results from the observation that geometrical imperfections
of the setup perpendicular to the laser beams introduce systematic error to
the angular range of the field of view. This may cause large errors in readings
of a but, fortunately, in a longer run it results in discontinuities in a(t) and
can be corrected by optimization. The later procedure also allows to over-
come the difficulties in the interpretation of narrow resonances (< 0.5 nm
HWHM). Such resonances are very sensitive to many factors, like image in-
tegration over CCD exposition time or even slight droplet non-sphericity,
which results in readings of a visibly off the trend. The average uncertainty
of a(t) was estimated from numerical experiments to be ~ £8 nm (compare
bottom inset in figure 2). It is due to several factors, of which we would
like to address the main ones. The uncertainty of the refractive index is the
most important among uncertainties of the parameters of the theory. For
the compound lots we used, the manufacturer declared 4 significant digits
of the refractive index, so the accuracy of £0.001 can be inferred. This,
in average, corresponds to +3 nm uncertainty of a(t). The maximal possi-
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ble water content change of 0.03% corresponds (assuming rapid component
mixing, see next section) to £0.1 nm uncertainty of a(¢). The total influ-
ence of the evaporation of volatile impurities (maximal content change of
< 0.3% (DMI,TTEG)) corresponds to less than £1 nm uncertainty of a(t).
Larger systematic errors of the refractive index (e.g. in case of unreliable
compound lot data) can be detected and corrected with the procedures de-
scribed above. The angular resolution of a recorded image was (depending
on the setup implementation) ~ £0.02°. This, in average, corresponds to
+2 nm uncertainty of a(t). Similar a(t) uncertainty is associated with the
uncertainty of the angular range of the field of view. The uncertainty was
increasing in the vicinity of Coulomb explosions, which caused transient but
large droplet non-sphericity (compare??). Such an event, triggered by abrupt
change of surface properties, can possibly be seen in figure 2.

3 Evaporation model

The quasi-stationary evaporation of a free (spherical), motionless droplet of
a pure, low-volatility liquid, in an inert environment, can be adequately de-
scribed with a relatively simple (mass transport) equation (compare e.g.:'4).
It is convenient to write down this equation in a form describing the evolution

of the droplet radius:

o= do _ _ M psu(T) Do (1)
dt  Rp T go+ D\/2rM/(RT)

where a stands for the droplet radius, 7' is the ambient (and the droplet)
temperature, pg, is the equilibrium vapor pressure at a given temperature,
D and « are gas phase diffusion and evaporation coefficient respectively, p
and M are the density and the molecular mass of the liquid respectively and
R is the universal gas constant. This equation accounts both for diffusive
transport (driven by the vapor density gradient) as well as for the kinetic
(ballistic) transport in the very vicinity of the interface (below the distance
of the mean free path of a molecule in the surrounding gaseous medium).
Since the droplet was from 10 to 100 times larger than the mean free path
in the surrounding gaseous medium, the influence of kinetic effects upon
the evaporation was clearly recognizable but not dominating. The influence
of the droplet curvature (surface tension) and of the droplet charge as well




as of the transport of heat could be safely neglected for the droplets under
consideration.

Since the experimental a(t) dependence could also be represented in a(a)
form, equation 1 did not require integration. Fitting equation 1 to the ex-
perimental a(a) yields simultaneously D and « (two-parameter fit, see blue
line in figure 3). In case of extremely slowly evaporating TTEG (evolution
up to 3 h), only the value of D could be inferred because of the relatively
large fluctuations of a(t).

However, even small amounts of impurities present in the liquids can
change the evaporation scenario dramatically. Indeed, many of the droplet
evolutions that we observed had to be attributed to 2- or 3-component
droplets (compare*?). The presence of non-volatile impurities could be easily
detected, since, due to the increase of their concentration during the evapo-
ration process, the evolution slowed down at the end (Raoult’s and Henry’s
laws). In this study we excluded this stage of evolution from the analysis.
On the other hand, surprisingly small amounts of impurities of volatility sig-
nificantly higher than that of the host medium/solvent (like water in glycol)
manifested in visibly higher rate of evaporation at initial stage of evolu-
tion. In such case of 2-component evaporation, under assumption of rapid
component mixing (shown in*? to be in surprisingly good agreement with
experimental data), equation 1 takes the form:

-1 Xui (t)psatHi (T) MuyiDyioine PsatLo (T) MipoDrocr,

a~ + )
RTPLo QT iLo T+ -DHl 27TMHZ/(RT) aar,, + -DLo 27TMHZ/(RT)
(2)

where p; and 1, indices pertain to high-volatility and low-volatility compo-
nent respectively (e.g. water and glycol). When the mole fraction of high-
volatility component Xpy; < 1 the evaporation coefficient ag;r, describes
the interaction of a high-volatility vapor molecule with the low-volatility
liquid surface. Since volatile liquids in general evaporate from the mix-
ture sequentially (compare?), it was possible (in all cases except TTEG,
see below) to identify homogeneous domains of droplet radius evolution cor-
responding to 2-component and single-component evaporation. Having the
experimental data represented in derivative form a(a) greatly facilitated the
analysis. A vivid example is presented in figure 3 and the details of the
analysis presented below pertain to this figure. We analyzed the single-
component evaporation first by fitting equation 1 to the large homogeneous




region directly preceding the evaporation slow-down (blue line in figure 3).
Then, we introduced the obtained Dy, and ap, into equation 2 in order
to calculate Xy;(a) in 2-component region. Since the main volatile impu-
rity was, according to the lot data, water, we assumed Dy; = D,, (HyO in
nitrogen, see®) and approximated ayir, = @, (see?®). The resulting mo-
lar fraction of water could be well fitted with a second order polynomial
X,(a) =3.1x10° (¢ — 4.4 x 107%)* + 1.5 x 10~ and, after introduction into
equation 2, yielded the red line in figure 3. This result seems to confirm, that
the rapid component mixing approximation is justified. However, it should be
kept in mind that the physics behind this phenomenon may be different. The
molar fraction of water at the very end of water evaporation should be much
below the stationary value published by the manufacturer (0.026% by coulo-
metric measurement). Indeed, we obtained X, (a = 4.4 x 107%) ~ 0.0016%,
a value limited by the remnant humidity in the chamber and TEG high hy-
groscopicity. Since Xy;(t = 0) is practically inaccessible in the experiments
utilizing droplet injection (uncontrolled evaporation during the latency time
before and after droplet injection, compare*?), the exact value of ag;z, (e.g.
water-TEG) could not be found.

4 Results and discussion

The values of coefficients of diffusion in nitrogen under atmospheric pressure
at 25 °C found in this study are presented in figure 4 versus the calculated
values (in air) as well as in table 1. The coefficients of diffusion of EG,
DEG and TEG in air from reference?® are also presented in figure 4 and
in table 1. Table 1 also comprises the equilibrium vapor pressures from
references.??3%4344 For the calculation of coefficients of diffusion in air we
used the semi-empirical equation from reference.?® It is similar to the Arnold-
Gilliland equation but with the molar volume estimated from the compound

density only:
T Moy /0.034 + 1/M
D = 0.00229 5 (3)
{[M/(2.50)]'"° + 1.8}

where

M. =1 —0.000015M?  for M., < 0.4
M.y = 0.4 for Moo > 0.4

The vertical error bars in figure 4 represent statistical uncertainty (stan-
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Table 1: Experimentally obtained values of evaporation and diffusion coeffi-
cients: « and D, and corresponding vapor pressure py,;. TEG (a) corresponds
to psat We proposed. Data for the TTEG were not included as too tentative.
Uncertainties represent standard deviations. Data for p,,; from*® and** were

extrapolated towards lower temperatures.

liquid « D [mm?/s] | D [mm?/s]® Psat [Pa]
EG 0.035£0.012 | 11.6£1.6 | 10.05 £ 0.381 11.78%
DEG 0.082+£0.035| 6.9+0.4 7.3+0.071 0.6263%

(a) TEG | 0.16+0.05 | 5.940.06 0.044 + 0.008
(b) TEG | 0.01740.005 | 3.1+£1.3 5.9 4+ 0.059 0.1743%
DMI 0.11 +0.04 6.84+0.8 14.038%

dard deviation) of experimentally found diffusion coefficients and the hor-
izontal error bars represent the estimated median error of the correlation
(7%3%). As long as the diffusion coefficients we found under the assumption
of known vapor pressure are in agreement with either the results of Lugg®
or calculated values®®), assuming that in nitrogen and in air they would be
similar, it can be inferred that the values of vapor pressures taken from the
literature were realistic.

However, for the two most slowly evaporating compounds (TEG and
TTEG) the discrepancies were significant. In both cases the equilibrium
vapor pressure value we used, had been extrapolated from literature data
corresponding to much higher temperatures.*>*%4" We considered it a prob-
able source of errors. For instance, vapor pressure of DEG at 298 K, as ex-
trapolated from reference’s*” data (13.5 Pa), is an order of magnitude higher
than as extrapolated from the data from reference*® (1.38 Pa). The value
claimed as non-extrapolated, given in reference,?” is even lower (0.626 Pa).
The accuracy of such extrapolation for TEG or TTEG can be even worse,
since measurements were performed for temperatures a few tens of K higher
than for DEG. Therefore, we assumed the diffusion coefficient of Lugg®® and
retrieved the value of the equilibrium vapor pressure working the evaporation
model backwards. Since our experimental data for TEG are of high accu-
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racy, we believe that its equilibrium vapor pressures we found at 298 K is
quite accurate: 0.044 +0.008 Pa. It is lower then the extrapolated literature
value!®16:47 by a factor of ~ 3. Similar procedure for TTEG was not possi-
ble, since we were not able to discern whether single-domain evolutions we
observed did correspond to pure (single-component) TTEG evaporation. We
were able to keep the humidity in the chamber low for several minutes but
not hours. This was enough in case of the TEG evaporation, but very slowly
evaporating hygroscopic liquid droplets, like those of TTEG, could absorb
some water vapor.

The evaporation coefficients values found from our experiments are also
presented in table 1. They are of the order of the value we would expect at
such temperature for water (c,, = 0.11%¢). This can signify that low evap-
oration coefficient corresponding to a high interfacial barrier is not unique
for water (compare o = 0.036 for EG on HyO%?!). There are very few ref-
erences, that we know of, that we can compare our results with. In the
reference!! we found apgg = 0.05 and arpe = 0.46 at 300 K. However, since
the equilibrium vapor pressures used in reference!! seems to be too high (see
discussion above), after substituting the values we used/found one would get
aprpc =~ 0.5 and appe ~ 1. This is closer to what can be found in?* for DEG
but much higher from what we obtained. It seems (see e.g.!® and references
in'%48) " that experiments with evaporation of polar liquids into vacuum (see
e.g. unsteady state evaporation or jet stream tensimeter experiments) yield
higher values of « than (quasi)equilibrium experiments.'*?%% On the other
hand, much lower values of apg at 300 K can be found in reference?® and
the works cited therein. In those studies, a so called, dropwise condensation
method was used (compare® for water). This method yields agg ~ 0.4 at
atmospheric pressure and agg — 0.2 for p — 0.

The issue of evaporation into vacuum, essential also for understanding the
kinetics at gas-liquid interface, has not been satisfactorily resolved yet (see
e.g.517%) however it seems that the application of Hertz-Knudsen-Langmuir
equation in its standard form may not be adequate in that case.

The values of evaporation coefficient we obtained, together with previ-
ously obtained value for water,?® were compared versus molecular mass,
density, surface tension,”® dipole moment and dielectric constant® of the
compound. The comparison yielded, except for water, a monotonic (ap-
proximately linear) dependence versus molecular mass, which is presented in
figure 5. There is also a hint of monotonic dependence versus density and
dielectric constant for the series of glycols. The results are still too scarce to
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allow drawing any general conclusion about the physics behind them. The
case of water may be special because of its unique bulk liquid and interfacial
properties (see e.g”® % and references therein). However it is also possible
that the value of the evaporation coefficient of water is off the trend because
of a slightly different evaporation model was used. We intend to run exper-
iments with other slowly evaporating liquids of diverse electrical properties
and to try to clarify this issue.

5 Conclusions

The method we had originally developed for measuring evaporation coeffi-
cient of water?>*! was applied, after slight modification, to five slowly evap-
orating organic solvents in nitrogen at atmospheric pressure at 298 K and in
case of four of them (EG, DEG, TEG and DMI) enabled measuring evapora-
tion and diffusion coefficients. Good correlation between our measurements
and independently measured (for EG and DEG) or estimated (for DMI) dif-
fusion coefficients enabled verification of equilibrium vapor pressure value
used for each studied liquid. We proposed to correct the value of the equilib-
rium vapor pressure for TEG at 298 K to 0.044 +0.008 Pa. The evaporation
coefficients were found to increase from 0.035 to 0.16 versus the molecular
mass of the compound. According to our knowledge, our measurement of
the evaporation coefficient of DMI is unique and the results for other lig-
uids are of value since the literature data concerned is scarce and discussible.
The influence of minute impurities (< 0.1%) upon the process of droplet
evaporation was observed and discussed.

The precision of droplet radius measurement was improved at least by a
factor of 2, in comparison to?® and reached 48 nm or better, which opens
opportunity for various precision measurements (e.g. small shape oscillations
or small refractive index variations).

Acknowledgment. This work was supported by Polish Ministry of Sci-
ence and Higher Education under grant No N N202 126837.
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Figure 3: Droplet radius change rate versus droplet radius, corresponding
to radius evolution from figure 2. Experimental results are represented by
black dots; fast oscillations are artifacts due to the averaging of digitized
(high resolution) data. The a > 4.4 pm region is dominated by the evap-
oration of water, while in ¢ < 1.5 pm region the absolute value of da/dt
diminishes rapidly due to the presence of low-volatility contaminants. For
1.5 pm< a < 4.4 pm the evaporation of (nearly) pure TEG can be observed.
The blue solid line represents the model fit for TEG evaporation, while the
red line represents the fit for simultaneous TEG and water (2-component)
evaporation.
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