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Vapor Distribution above an Evaporating Sessile Drop

P.L. Kelly-Zion**, C.J. Pursell?, N. Hasbamrer?, B. Cardozo?, K. Gaughan? and K. Nickels?

& Department of Engineering Science
Trinity University, San Antonio 78212, United States
® Department of Chemistry
Trinity University, San Antonio 78212, United States

Abstract

An experimental technique was developed that uses infrared tomography to measure the three-dimensional vapor distribution
above an evaporating sessile drop. The technique was applied to measure the vapor distributions above evaporating drops of
hexane and 3-methylpentane (3MP) at room temperature and pressure. The molecular masses of these two species are heavier
than air and the vapor from the evaporating drop forms a flat, disk-shaped cloud. A Fourier transform infrared spectrometer
(FTIR) was used to measure the spectral absorbance along a set of paths passing through the vapor cloud. From a set of path-
averaged absorbance measurements, a two-dimensional spatial concentration distribution was determined using a computed
tomography routine. A three-dimensional concentration distribution was obtained from multiple two-dimensional distributions
obtained at different elevations above the drop.

The vapor distributions for both hexane and 3MP differ significantly from the values predicted by the solutions for diffusion-
limited evaporation and indicate the effect of buoyancy-induced convection of the vapor. These measurements are the first
quantitative measurements of the vapor distribution above a sessile drop and are important for advancing the understanding of the
vapor phase transport mechanisms, and thus sessile drop evaporation.
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Nomenclature

A absorbance

| path length through vapor
C molar concentration

r radial coordinate

X horizontal coordinate

z vertical coordinate

Greek Symbols

a molecular absorptivity
v spatial frequency
Subscripts

v spectral quantity

sat saturation value

1. Introduction

The understanding of sessile drop evaporation is important for many technical applications, including spray cooling [1,2], coating
[3], ink-jet printing [4-6], DNA stretching and depositing [7,8], and self-assembly and surface patterning[9-11]. Analytical
expressions for drop evaporation of various complexities have been developed for quasi-steady evaporation when the rate is
limited by the rate of vapor diffusion from the drop surface[12-17]. Erbil has written a comprehensive review of the analytical
models that have been developed over the past 120 years [18]. In addition, computational models have been developed to include
complex phenomena not accounted for by the analytical models. For example, Dunn et al. developed a computational model to
account for evaporative cooling and the pressure dependence of the vapor diffusivity [19], Semenov et al. computed the
instantaneous flux distributions [20], and Widjaja and Harris studied the effects of motion inside the liquid drop [21].

The great majority of the published research on sessile drop evaporation pertains to conditions of quasi-steady, vapor diffusion-
limited evaporation. Less work has been published for conditions in which buoyancy-induced convection of the vapor is
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significant. Recently, researchers have included vapor-phase natural convection in their models for the evaporation of sessile
water drops [22,23]. Saada et al. computed a convective velocity distribution that is radially inward above the perimeter of the
drop and turns vertically upward above the center of the drop due to the water vapor being less dense than the surrounding air.
That result is qualitatively similar to the conclusions of O’Brien and Saville, who used interferometry to obtain images of the
vapor above a diethyl ether drop and stated that the images are consistent with the presence of Bénard cell circulation with the
vapor flow directed up along an axis above the center of the drop [24]. For the case of vapor that is heavier than air, schlieren
videos show the convective flow of the vapor-air mixture to be horizontal and directed away from the drop surface in all radial
directions [25]. Carle et al. investigated the effect of natural convection of vapor on the evaporation rates of ethanol drops by
comparing the rates under conditions of normal and microgravity [26], and Vynnycky and Maeno considered the case of the
water drop being colder than the surrounding air, and thus the water vapor being heavier than the air, but the results for the
velocity and concentration distributions of the vapor were not presented [23].

Very little information is published on the distribution of the vapor concentration surrounding a sessile drop. For the case of
diffusion-limited evaporation, the vapor is generally assumed to be distributed in the approximately hemispherical space above
the drop according to the solution of the steady Laplace equation [15,16,19,21,27]. A computational model that includes
buoyancy-induced convection in the vapor phase for water vapor (lighter than air) indicates that convection draws the vapor
toward a vertical axis above the center of the drop so that lines of constant concentration appear cone-shaped as opposed to
hemispherical [22]. When the vapor is heavier than air, the vapor is contained in a flat, disk-shaped cloud surrounding the drop
[25].

The distribution of the vapor is an important characteristic of the evaporation process. The local rate of diffusion is determined by
the concentration gradient, and buoyancy-induced convection is determined by the density gradient. Since both convection and
diffusion influence the vapor distribution, the two mechanisms are coupled so that the occurrence of convection affects the rate of
diffusion, and vice versa. Thus, quantitative knowledge of the vapor distribution can lead to a more thorough understanding of
the vapor transport. Furthermore, the conditions at the surface of the drop can influence the liquid phase behavior. For example, a
shear stress induced by a convective flow of the vapor-air mixture at the surface of the drop will cause motion within the liquid
drop. As mentioned above, the effects of various physical processes on the evaporation of sessile drops have been modelled, but
there have not been any quantitative measurements of the vapor distribution, which are important for determining whether the
models are accurately computing the vapor transport when both diffusion and convection are significant.

This paper presents a technique for obtaining quantitative measurements of the vapor distribution above a sessile drop using
infrared spectroscopy and computed tomography. Computed tomography is a procedure to obtain a two-dimensional distribution
(slice) from a series of one-dimensional measurements. By combining slices, a three-dimensional distribution can be obtained.
The use of computed tomography is well known in medical applications, i.e. CT or CAT scans, but also it has been used in a
variety of research applications, for example measuring combustion products in an internal combustion engine [28] or from a flat
flame burner [29], measuring the structure of a hollow cone fuel spray [30], measuring nitrogen emissions from a swine waste
lagoon [31], and various non-destructive testing applications [32].

We used computed tomography to determine the three-dimensional distributions of vapor concentration above sessile drops of
hexane and 3-methylpentane (3MP) from a series of infrared absorbance measurements obtained using a Fourier transform
infrared spectrometer (FTIR). A significant advantage of using an FTIR over a monochromatic source is the potential to
simultaneously measure the vapor concentrations of different species, as occurs during the evaporation of multicomponent drops.
That potential will be investigated in a future paper; for this paper the technique is applied to measure the vapor concentration
surrounding single-component drops.

The measured vapor distributions for both hexane and 3MP are much different than the distributions that would be expected for
diffusion-limited evaporation, and thus the measurements indicate the effect of buoyancy-induced convection.

2.  Method

Figure 1 is a schlieren image of the vapor cloud surrounding a pinned, sessile hexane drop of radius 6.5 mm and having an initial
volume of 80 ul. The bright region indicates the presence of vapor. The drop is located at the center of the disk-shaped substrate,
which has a radius of 22 mm. Since the vapor is heavier than air, the cloud flows away from the drop along the surface of the
substrate and spills over the edge. As a result, the shape of the cloud is relatively flat with a thickness of approximately 5 mm.

To measure the vapor concentration, the infrared (IR) beam of an FTIR is passed horizontally through the vapor cloud at various
locations above the evaporating drop. The arrow in Fig. 1 represents one pass of the IR beam. For each pass, the FTIR measures
the absorption of the vapor-air mixture in the path of the beam, which is proportional to the average concentration along the beam
path. To determine the two-dimensional vapor distribution in a planar slice through the cloud, multiple path-averaged absorption
measurements are needed. For that purpose, a series of measurements are taken with the infrared beam passing through different
secants of the vapor cloud in a given elevation plane, as shown in Fig. 2a. Constrained by the width of the sample compartment
of the FTIR, not all regions of the cloud were probed but measurements were taken over more than half of the planar slice and
extended beyond the edge of the cloud.



Figure 1. Schlieren image of the vapor cloud surrounding a pinned, sessile hexane drop. The bright region indicates the presence
of vapor and the arrow demonstrates a path of the infrared beam from the FTIR through the vapor cloud.
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Figure 2. Schematic of a top view of the vapor cloud (grey region) and a series of IR absorption measurements made in a single
elevation plane above the drop (Fig. 2a). The resulting distribution of the IR absorption measurements, which is equivalent to a
one-dimensional projection of the two-dimensional absorbance distribution, is shown in Fig. 2b.

The distribution of path-averaged absorbance values, shown schematically in Fig. 2b, is the one-dimensional projection of the
two-dimensional absorbance distribution in the given plane of the vapor cloud. To compute the vapor concentration distribution
in an elevation plane, axial symmetry is assumed and computed tomography (CT) is used to compute the two-dimensional
absorbance distribution from the measured one-dimensional projection. The vapor distribution, then, is obtained by multiplying
the absorbance distribution by the molar absorptivity, which is measured by a separate series of experiments. Combining the
distributions in multiple elevation planes results in the three-dimensional vapor distribution.

There are multiple algorithms for computing tomographic reconstructions from parallel beam measurements. The algorithm used
for this work is Filtered Back Projection (FBP), which is the most used algorithm for straight ray tomography [33]. FBP makes
use of the Fourier Slice Theorem to compute the two-dimensional absorption distribution based on the one-dimensional
projection.

By assuming the vapor distribution is axially symmetric, the measured projection, which is acquired at one angle, can be used to
generate an equivalent projection for any angle. The resolution of the resulting distribution increases with the number of angles at
which projections are taken. Following the guidance of Kak and Slaney [34] the number of angles used for each elevation plane
was equal to the number of discrete values in the projection. Typically, this number was 120.

Computations were accomplished using Matlab® [35]. Matlab’s internal function ‘iradon’ was used to perform the inverse Radon
transform in order to generate the two-dimensional absorbance distribution.

Since the vapor distribution is unknown, the accuracy of the CT routine was tested by mathematically generating a distribution to
simulate the vapor cloud. The absorbance values of lines passing through different locations of the simulated cloud were then
computed to act as the IR absorption measurements. These “measurements” were inputted in the CT routine and the output was
compared to the known distribution. This test was repeated for a variety of distributions and in all cases the output of the CT
routine closely matched the known distribution.

The details of the experimental methodology are discussed in the following three subsections. First, the experimental technique
for obtaining the absorption measurements using the FTIR is discussed, followed by descriptions of the procedures for analyzing
the absorption data and generating the input data for the CT analysis. A third subsection discusses how the results of the CT
analysis were processed to yield the three-dimensional vapor concentration distribution.



2.1 FTIR Absorption Measurements

A sessile drop was generated by injecting approximately 80 uL of hexane or 3MP onto a 6.5 mm radius disk which is embedded
at the center of a copper substrate of radius 22 mm as shown in Fig. 3. The central disk is raised slightly (0.2 mm) above the
surface of the copper substrate to provide a circular edge along the perimeter of the disk to which the injected liquid attaches by
the effect of surface tension. In this way, the drop, which covers the surface of the disk, is pinned so that the radius of the contact
line remains constant for the majority of the drop’s lifetime. Eventually, as the drop evaporates, insufficient liquid remains to
cover the surface of the disk and the drop pulls from the edge. Only measurements taken during the time a drop remains fully
attached are used in the analyses.

The initial contact angle for the hexane drop was measured, in a different experiment under analogous conditions, to be 28° and
the angle reduced at a constant rate of 0.2 deg/s. Although the contact angle of the 3MP drop was not measured, it appeared to be
equal to that of the hexane drop.

) <—— R, drop radius
Disk \
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Figure 3. Schematic of a profile view of a sessile drop (black) which covers the surface of a disk at the center of the copper
substrate. The drop is attached around the circular periphery of the disk and in this way the drop size is maintained during the
majority of the evaporation process.

The substrate was affixed to an x-z translation stage which was contained in the sample compartment of a Nicolet 550 FTIR. The
translation stage enabled the precise positioning (+0.1 mm) of the substrate in two directions, horizontally normal to the IR beam
and vertically below the IR beam. The volume of the FTIR’s sample compartment is 10,400 cm®, which is sufficiently large to
ensure that the vapor mole fraction was never more than 0.14%. During an experiment, the sample compartment was closed to
prevent drafts from affecting the vapor distribution. The experiments were conducted at a temperature of 22.6 + 0.5°C and an
ambient pressure of 96 + 2 kPa.

To measure the average absorption along a specified path passing through the vapor cloud, the position of the substrate relative to
the IR beam was set using the translation stage. The position of the beam path relative to the drop was specified using a
coordinate system with the origin located at the center of the surface of the central disk. The coordinates (X, z) give the horizontal
and vertical position of the beam, with the beam always oriented normal to the x-z plane. The x coordinate is the horizontal
distance to the location where the beam intersects the x-z plane, as depicted in Fig. 4.

Figure 4. Schematic of the coordinate system centered on the top surface of the central disk. The IR beam was oriented normal to
the x-z plane.

The beam cross-section was oval shaped with a height of 3.1 mm and a width of 2.1 mm, as defined by the locations where the
beam intensity drops to 1% of the total intensity. The position of the beam path was specified at the geometric center of the
beam’s cross section. However, as discussed in §2.3, the position of the resulting computed vapor distribution was adjusted in
order to correspond to the location of maximum intensity within the beam, which occurred slightly above the geometric center.

A macro routine was used to automate the acquisition of the background interferogram and the subsequent absorbance spectra.
The macro was initiated prior to the injection of the liquid drop in order to obtain a clean background interferogram and a set of



absorbance spectra that spans the full lifetime of the drop. Due to the FTIR settings that were used, the time interval between
absorbance spectra was approximately 6.15 s. For each position, the measurement was repeated at least two times resulting in a
minimum of three sets of transient absorbance data per position. The procedure was repeated for the other positions along the
different secants through the vapor cloud, as shown schematically by the arrows in Fig. 2a, which are needed to compute the two-
dimensional vapor concentration distribution in the plane of the measurements.

Two typical absorbance spectra obtained during measurements of the hexane vapor concentration are presented in Fig. 5. Both
spectra were obtained for beams passing through the horizontal center of the cloud (x = 0) but one spectrum was obtained at z=1
mm, where the average vapor concentration is high, and the other at z = 3 mm, where the average concentration is low. Each
spectrum represents a measurement of the average vapor concentration along the path of the beam at one instant in time.
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Figure 5. Two absorbance spectra representative of measurements taken at elevations of 1 mm (Fig. 5a) and 3 mm (Fig. 5b) for
IR beams passing over the center of the hexane drop. Due to the high vapor concentration directly above the drop at z =1 mm,
the absorbance peak between 3100 — 2800 cm™* was saturated and so the peak between 1520 — 1420 cm™® was used. For
elevations greater than 1 mm, the absorbance peak between 3100 — 2800 cm™ was used. The shaded regions represent the
integrated absorbance values that were used.

Absorbance is related to concentration according to the Beer-Lambert Law, which equates spectral absorbance, A, to the product
of the molar concentration, C, the molar absorptivity, «,, and the path length, I. To decrease sensitivity to experimental noise, the
integrated absorbance of a specified spectral peak was used to determine the average concentration. The shaded regions in Fig. 5
indicate the integrated absorbances that were used. In general, the strongest peak, between 3100 and 2800 cm™, was used.
However, for measurements acquired close to the drop surface this peak was saturated and no longer followed the Beer-Lambert
Law. At those measurement locations, the integrated absorbance between 1520 and 1420 cm™ was used instead. To reduce errors
associated with small fluctuations amongst the spectra, the common spectroscopic practice of defining a baseline was utilized.
Integration was performed on the difference between the measured absorbance and the baseline, which was defined by fitting a
line between the absorbance values at two frequencies where the vapor is transparent to IR light.

The molar absorptivities of the two spectral regions were measured by separate calibration experiments. A known amount of
vapor was introduced into an evacuated gas cell and an FTIR was used to measure the absorbance spectra of the vapor. The vapor
concentration was varied from zero to nearly the saturation value at room temperature, and the integrated absorbance was plotted
versus concentration. The slope of the linear relationship between integrated absorbance and concentration is the product of
integrated absorptivity and path length (al). Thus, the integrated absorptivity was computed by dividing the slope by the path
length through the gas cell. The absorptivity values for the two peaks for hexane and 3MP are given in Table 1 along with the
integration limits and the two frequencies that define the baseline for each of the two peaks.

Table 1. Molar absorptivities, integration limits, and baseline definitions for hexane and 3MP.

Peak 1: Peak 1: Peak 2: Peak 2:
Species Integration Limits a, Integration Limits a,
P (Baseline Points) cm? (Baseline Points) cm?
[cm™] (mol/cm®)-mm [cm™] (mol/cm®)-mm
3100 - 2800 ; 1520 — 1420 s
Hexane (3500 — 2500) 1.954 x 10 (1800 — 1100) 1.108 x 10
3100 - 2800 6 1520 - 1420 5
3MP (3500 - 2500) 1.829 x 10 (1800 - 1100) 1.356 x 10




2.2 Analysis of Absorption Data and Generation of CT Input Data

Each measurement trial yields values of the integrated absorbance, A, as a function of time for the IR beam passing through the
vapor cloud along a single path (depicted as an arrow in Fig. 2a). Representative plots of the integrated absorbance versus time
for three trials, one each for elevations of 2, 3, and 4 mm, are presented in Fig. 6. All three trials were taken at x =0 mm.
(Measurements at z =1 mm are not included because a different absorbance peak was used, as discussed above.) Five distinct
stages can be seen in this plot: 1) the measured absorbance is zero before the liquid drop is injected, 2) the absorbance increases
rapidly while the liquid drop is injected (~6 s <t < ~15s), 3) the absorbance remains approximately steady, with only a slight
change with time (~15 s <t < ~100 s), 4) the absorbance decreases after the drop has completely evaporated and as the vapor
cloud dissipates (~100 s < t < ~150 s), and 5) the absorbance is constant at a very low value representative of the residual vapor
in the sample compartment (t > ~150 s).

Previous gravimetric and schlieren imaging experiments, which were conducted under the same conditions as those presented in
this paper, have shown that the hexane and 3MP drops evaporate at constant rates and in each case the vapor cloud forms nearly
instantaneously around the drop and the shape of the cloud appears unchanged during the drop lifetime [25]. Under these
conditions, it would be expected that the integrated absorbance would remain constant while the drop is evaporating. However,
there are two factors which affect the absorbance measurements while the drop is evaporating (stage 3) and these factors can
cause a slight change in the absorbance with time, as seen in Fig. 6 by the slight decrease in the absorbance with time as occurred
for the measurement at z = 2 mm, and the slight increase for the measurement at z = 4 mm. As the drop evaporates, the liquid
surface slowly drops while the position of the IR beam remains constant. Thus, the IR beam moves slightly away from the
surface of the drop and into a less concentrated region of the vapor cloud, which explains the decreasing trend for z =2 mm in
Fig. 6. At the same time, a small amount of background vapor gradually accumulates, which increases the measured absorbance
with time. The absorbance due to the total accumulation of background vapor is shown in Fig. 6 as the flat region at time greater
than 150 s, which is the same for all three elevations. At high elevations, where the concentration gradient is low, the increasing
background vapor is more influential than the lowering drop surface and the result is an increasing absorbance measurement with
time, as shown by the trend for z = 4 mm in Fig. 6. To exclude both of these extraneous effects, the integrated absorbance at a
time just after the formation of the cloud, and therefore before any significant lowering of the drop surface or accumulation of
background vapor, is computed by fitting a line to the data and using this line to compute the absorbance at the end of the liquid
injection. Since during the injection period the sample compartment of the FTIR is open to enable access, the first couple of
absorbance measurements after the liquid has been injected are susceptible to fluctuations caused by drafts. The sample
compartment is closed immediately after the liquid is injected and any external drafts quickly die out. By extrapolating back
using the linear fit of the steady data, the effects of any early fluctuations in the data are mitigated. In Fig. 6, the portion of the
line that is solid indicates the range of data that was used to define the fit and the portion of the line that is dotted indicates the
extrapolation to the value considered to be the representative absorbance, without the extraneous influences, for the given path
through the cloud. For the data given in Fig. 6, the representative absorbance values are shown by the filled data symbols and are
105.1 au-em™atz =2 mm, 57.3 a.u-cm® at z = 3 mm, and 26.8 a.u.-cm™ at z = 4 mm. For each measurement position, this
procedure is repeated to yield at least three absorbance measurements.
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Figure 6. Representative plots of the integrated absorbance as a function of time during a measurement trial. The data was
acquired for a hexane dropatx =0and z =2, 3, and 4 mm.

To determine the vapor distribution in a given plane, the path-average absorbance values at multiple positions in the specified
plane (the one-dimensional projection) are inputted into the CT routine. The CT routine requires a uniform interval between
absorbance values of the projection, and the resolution of the resulting distribution is proportional to the resolution of the input
data. Therefore, in order to determine absorbance values at equal intervals as well as to increase the resolution of the data to be
inputted to the CT routine, a polynomial was fit to the measured absorbance data and the polynomial was used to compute



absorbance values at %2 mm intervals. Figure 7 shows the measured absorbance as a function of position for the z = 3 mm plane
for hexane. Each datum point is the average of multiple measurements and the error bars indicate the standard deviation of the
measurements. The polynomial fit to the data is also shown.
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Figure 7. Distribution of integrated absorbance measurements in the z = 3 mm plane for hexane. The data are fitted by a
polynomial in order to compute absorbance values with high resolution and at a regular interval. Error bars indicate the standard
deviation of the measurements at each radial position.
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Since the vapor cloud is assumed to be axially symmetric, only absorbance values for x > 0 are required. However, to check the
symmetry assumption, near the center of the cloud some measurements were acquired for x < 0. Measurements through the full
extent of the vapor cloud for x < 0 were prohibited by the dimensions of the sample compartment and the range of the translation
stage. The additional measurements were used to reduce the effects of any noise in the data near the center of the cloud by
averaging the measurements at -|x| with those at +|x| and plotting the resulting values at both *|x|. In effect, axial symmetry was
used to increase the number of measurements at a given position near the center of the cloud. Extending the range of fitted data
also improved the quality of the polynomial fit in the region around x = 0. Though the input to the CT routine contains only
values for x > 0, the routine uses symmetry to mirror the input to generate a full projection across the vapor cloud.

The elevation, z, of the IR beam was determined as the distance from the top surface of the substrate to the geometric center of
the beam. Since the half-height of the beam was 1.5 mm and the maximum drop thickness was about 1 mm, a portion of the beam
is unblocked at z = 0 making it possible to obtain measurements at that position. However, because much of the IR energy is
blocked by the substrate and the drop, the signal-to-noise ratio was low and consequently there was a lot of measurement scatter
at this position. Because of the large scatter at z = 0, measurements at that location were not used. Measurements were obtained
for z =1 mm and greater, with a 1 mm increment.

2.3 Processing the CT Results

The output of the CT routine is a two-dimensional distribution of absorbance within a given elevation plane. This distribution
was multiplied by the molar absorptivity value of the given species, which was measured as described in §2.1, to yield a two-
dimensional vapor concentration distribution for that plane.

The defined elevation of each of the measurement planes was raised 0.55 mm in order to correspond to the location of maximum

intensity within the IR beam instead of the beam’s geometric center. This adjustment was made because the absorbance measured
by the FTIR is an intensity-weighted value and so it is influenced most by the concentration of the vapor within the portion of the
beam where its intensity is highest.

After adjusting the elevations of the measured distributions, the vapor distribution between the first measured elevation plane (z
=1.55 mm) and the surface of the drop was obtained by interpolation. At the surface of the drop, the vapor concentration was
assumed to be saturated (at the ambient temperature) and a polynomial was fit to all of the data vertically above the given radial
location. The location of the drop surface was determined from a shadowgraph image of the drop taken at a time shortly after
injection. A similar procedure was used to determine the vapor concentration near the substrate surface for radii greater than the
drop radius, however in this region the vertical distributions were extrapolated down to the substrate surface.
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Figure 8. Computed vapor distribution for hexane (8a) and 3MP (8b) in a vertical plane passing through the center of the drop.

The vapor concentration is normalized by the saturated value at 22.6°C and an ambient pressure of 96 kPa. The color map
indicates the vapor concentration values.

3. Results and Discussion

Figure 8 presents the measured vapor distributions surrounding a sessile drop of hexane (8a) and 3MP (8b). Each distribution has
been normalized by the saturated vapor concentration, 7.40x10® mol/cm® for hexane and 8.68x10°® mol/cm® for 3MP. The
presented distributions are for a vertical plane passing through the center of the drop and, due to axial symmetry, they fully
specify the vapor concentrations in the vapor clouds. The distributions for hexane and 3MP are nearly identical. Both of the
distributions are relatively flat with a thickness of about 5 mm and they extend radially to about 24 mm, which is 2 mm greater
than the radius of the solid substrate. The geometry of these measured distributions agrees with schlieren images of the vapor
clouds. For example, the schlieren image of the vapor cloud for hexane, Fig. 1, shows a flat cloud that extends radially and spills
over the edge of the substrate.

A comparison of the measured vapor distribution with the distribution computed according to the assumption of diffusion-limited
transport, i.e. no convective transport of the vapor, reveals significant differences. In Fig. 9 the vapor distribution computed for
diffusion-limited evaporation is presented above the left half of a hexane drop and the measured vapor distribution is presented
over the right half of the drop. The diffusion-limited distribution is the solution to the steady Laplace equation [12-17,19,20,36].
For simplicity, the solution for the drop geometry of a flat, circular hexane surface (Weber’s disk) is used [37]. This solution
approximates the results for the more realistic lens-shaped drop geometry, which does not have a closed form solution [16]. For a
precise quantitative comparison with the measurements, the diffusion-limited vapor distribution would have to be determined
computationally for the given drop geometry.

Under conditions of diffusion-limited transport, the vapor diffuses away from the drop in a roughly hemispherical direction
resulting in a distribution which extends vertically much further than the measured distribution does. In comparison, the
measured distribution appears as if it has been flattened, which is compatible with the hypothesis that the heavier-than-air vapor
causes a buoyancy-induced convective flow that is similar to a naturally convective flow of air over the top surface of a chilled
plate. For the case of an upward facing chilled plate, the streamlines of the convective flow are directed vertically downward
toward the plate and then turn horizontal along the plate surface [38]. Assuming a similar flow field around the evaporating drop,
shown schematically in Fig. 9, the downward moving ambient air would push the vapor cloud down and dilute it.

An important consequence of the way in which the convective flow alters the distribution of vapor is the drastic change in the
vapor concentration gradient. For the case of diffusion-limited evaporation, the concentration gradient is very low everywhere at
the drop surface except around the perimeter of the drop (along the contact line). Consequently, the evaporation occurs
predominately around the drop perimeter, as has been reported by multiple researchers [15,16,19,20,36]. In contrast, the
concentration gradient for the measured distribution is comparatively high over the whole drop surface, which suggests that the
evaporative flux is more evenly distributed. For example, the vertical gradient in the measured distribution (6C/0z) at the surface



of the hexane drop at r = 0 is a factor of 4.2 greater than the gradient at the center of the liquid surface for the diffusion-limited
distribution. Similarly, the radial gradient (0C/or) at the contact line is greater in the measured distribution than in the diffusion-
limited distribution by a factor of 3.3. Thus not only does convection enhance drop evaporation by virtue of it being a faster
transport mechanism than diffusion, also it may cause an increase in the rate of diffusion as a consequence of an increased
concentration gradient. This is the nature of the coupling between convection and diffusion that is expressed in an empirical
correlation for sessile drop evaporation, which was derived for a variety of heavier-than-air hydrocarbons species [39].
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Figure 9. Comparison of vapor distributions for a hexane drop. The distribution for the condition of diffusion-limited vapor
transport is given to the left of the central axis and the measured distribution is given to the right of the axis. Hypothesized
streamlines of the buoyancy-induced air and vapor flow are shown by the arrows over the measured vapor distribution.
Concentration values are given by the color bar in Fig. 8.

The distribution of the evaporative flux over the surface of a colloidal drop and the internal motion within the drop has been
shown to affect the resulting deposition pattern [5,9,10,15,40], and thus the distribution is likely to be important for the
applications of DNA stretching and depositing, and self-assembly and surface patterning. Marangoni-induced motion within a
drop, which affects the resulting deposition pattern, is generated by a non-uniform surface tension distribution, which, due to
evaporative cooling, is influenced by the distribution of the evaporative flux. In addition, shear stresses at the drop surface
induced by the motion of the vapor-air mixture can influence the liquid motion within the drop. In this way, the motion of the
drop is coupled with the vapor-phase transport mechanisms.

4. Conclusions

An experimental technique that combines infrared spectroscopy and computed tomography has been developed to measure the
vapor concentration distribution surrounding an evaporating sessile drop. The technique was used to measure the vapor
distributions surrounding drops of hexane and 3MP, and, to our knowledge, these are the first such measurements to be
published.

Vapor distribution measurements are important for obtaining a thorough understanding of the transport phenomena that control
sessile drop evaporation. Due to the importance of the characteristics of the vapor distribution near the drop surface in
determining the nature of the evaporation process, the measurements also are important for validating computational models
which are used to study a wide variety of characteristics of the evaporation process.

The measured vapor distributions of hexane and 3MP are very similar, and they both differ significantly from the distributions
that would result from diffusion-limited evaporation. The differences between the measured and the diffusion-limited
distributions are attributed to the effects of natural convection. It is hypothesized that the convective flow pushes the vapor down
and radially away from the drop, while also diluting the vapor cloud with air. As a consequence, the concentration gradient at the
drop surface is increased. Both the motion of the vapor-air mixture and the concentration gradient at the drop surface can affect
the motion of the liquid drop and the distribution of the evaporative flux, two key characteristics that can influence self-assembly
and surface patterning.



Two common experimental methods are incorporated into the technique to measure the vapor distribution, Fourier transform
infrared spectroscopy and computed tomography. Their use to measure the vapor distribution surrounding a sessile drop has one
significant limitation. For very low elevations, less than 1 mm in our case, most or all of the IR beam is blocked at locations
where the beam impinges on the drop. The threshold elevation depends on the diameter of the IR beam and the thickness of the
drop. Because of this impingement, a complete set of absorbance measurements, which are needed for the CT routine, are not
possible and consequently neither are measurements of the vapor distribution at these elevations. Instead, vapor concentration
values in this region must be approximated in some way, for example by extrapolating values from the measured region.

While the technique was used to measure the vapor distribution surrounding a drop undergoing steady evaporation, the technique
should be applicable also to transient evaporation if the absorbance measurements are synchronized with the evaporation process.
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Table Caption
Table 1. Molar absorptivities, integration limits, and baseline definitions for hexane and 3MP.

Figure Captions

Figure 1. Schlieren image of the vapor cloud surrounding a pinned, sessile hexane drop. The bright region indicates the presence
of vapor and the arrow demonstrates a path of the infrared beam from the FTIR through the vapor cloud.

Figure 2. Schematic of a top view of the vapor cloud (grey region) and a series of IR absorption measurements made in a single
elevation plane above the drop (Fig. 2a). The resulting distribution of the IR absorption measurements, which is equivalent to a
one-dimensional projection of the two-dimensional absorbance distribution, is shown in Fig. 2b.

Figure 3. Schematic of a profile view of a sessile drop (black) which covers the surface of a disk at the center of the copper
substrate. The drop is attached around the circular periphery of the disk and in this way the drop size is maintained during the
majority of the evaporation process.

Figure 4. Schematic of the coordinate system centered on the top surface of the central disk. The IR beam was oriented normal to
the x-z plane.

Figure 5. Two absorbance spectra representative of measurements taken at elevations of 1 mm (Fig. 5a) and 3 mm (Fig. 5b) for
IR beams passing over the center of the hexane drop. Due to the high vapor concentration directly above the drop at z =1 mm,
the absorbance peak between 3100 — 2800 cm™ was saturated and so the peak between 1520 — 1420 cm™® was used. For
elevations greater than 1 mm, the absorbance peak between 3100 — 2800 cm™ was used. The shaded regions represent the
integrated absorbance values that were used.

Figure 6. Representative plots of the integrated absorbance as a function of time during a measurement trial. The data was
acquired for a hexane dropatx =0and z = 2, 3, and 4 mm.

Figure 7. Distribution of integrated absorbance measurements in the z = 3 mm plane for hexane. The data are fitted by a
polynomial in order to compute absorbance values with high resolution and at a regular interval. Error bars indicate the standard
deviation of the measurements at each radial position.

Figure 8. Computed vapor distribution for hexane (8a) and 3MP (8b) in a vertical plane passing through the center of the drop.
The vapor concentration is normalized by the saturated value at 22.6°C and an ambient pressure of 96 kPa. The color map
indicates the vapor concentration values.

Figure 9. Comparison of vapor distributions for a hexane drop. The distribution for the condition of diffusion-limited vapor
transport is given to the left of the central axis and the measured distribution is given to the right of the axis. Hypothesized
streamlines of the buoyancy-induced air and vapor flow are shown by the arrows over the measured vapor distribution.
Concentration values are given by the color bar in Fig. 8.
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