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Evaporating sessile drops remain pinned at the contact line during much of the evaporation process, and leave a ring
of residue on the surface upon dryout. The intensive mass loss near the contact line causes solute particles to flow to the
edge of the droplet and deposit at the contact line. The high vapor diffusion gradient and the low thermal resistance of
the film near the contact line are responsible for very efficient mass transfer in this region. Although heat and mass
transfer at the contact line have been extensively studied, well-characterized experiments remain scarce. The local mass
transport in a 100-400 μm region near the contact line of a water droplet of radius 1810 μm on a glass substrate is
experimentally quantified in the present work. Microparticle image velocimetry measurements of the three-dimensional
flow field near the contact line are conducted to map the velocity field. Combined with high-resolution transient liquid
profile shapes, the measured velocity field yields transient local evaporative mass fluxes near the contact line. The spatial
and temporal distribution of the local evaporative flux is also documented. The temperature distribution in the droplet
near the contact line is deduced from the local evaporative fluxes and interface mass transport theory.

I. Introduction
Evaporation of droplets has widespread applications in thin
film coating,1 biochemical assays,2 spray cooling,3 deposition of
DNA/RNA microarrays,4 manufacture of novel optical and
electronic materials,5 and other fields. In this article, we investigate the microscale flow field in an evaporating sessile droplet due
to its importance in understanding the underlying physics.
The evolution of sessile drops during evaporation has been
studied by a number of investigators. Picknett and Bexon6 studied
the evaporation of organic liquid droplets on a PTFE substrate
and were the first to suggest that there are two modes of
evaporation, i.e., the constant contact angle mode where the base
contracted with time while the contact angle remained constant,
and the constant contact base mode where the base diameter
remained pinned while the contact angle decreased with time.
Evaporation occurred in either of these two distinct modes, or
with some combination of the two. Shanahan and Bourges7 and
Bourges-Monnier and Shanahan8 investigated water and n-decane droplets on a variety of substrates under saturated and
unsaturated environmental conditions. Four distinct stages in the
evaporation of a sessile droplet were observed. In stage 1, the
droplet was surrounded by a hermetic box, which provided for a
saturated vapor atmosphere. Evaporation was suppressed, and
the height and contact angle of the droplet decreased only slightly
*Author to whom correspondence should be addressed. E-mail: sureshg@
purdue.edu; phone: (765) 494 5621.
(1) Kimura, M.; Misner, M. J.; Xu, T.; Kim, S. H.; Russell, T. P. Langmuir 2003,
19(23), 9910.
(2) Nguyen, V. X.; Stebe, K. J. Phys. Rev. Lett. 2002, 22, 3282.
(3) Jia, W.; Qiu, H. H. Exp. Therm. Fluid Sci. 2003, 27(7), 829.
(4) Schena, M.; Shalon, D.; Davis, R. W.; Brown, P. O. Science 1995, 270(5235),
467.
(5) Kawase, T; Sirringhaus, H; Friend, R. H.; Shimoda, T. Adv. Mater. 2001,
13(21), 1601.
(6) Picknett, R. G.; Bexon, R. J. Colloid Interface Sci. 1977, 61, 336.
(7) Shanahan, M. E. R.; Bourges, C. Int. J. Adhes. Adhes. 1994, 14(33), 201.
(8) Bourges-Monnier, C.; Shanahan, M. E. R. Langmuir 1995, 11(7), 2820.
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(due to imperfect saturation of the atmosphere), while the base
radius remained constant. When the enclosure around the droplet
was opened, the atmosphere was no longer saturated, and
evaporation proceeded with the contact radius remaining constant while the contact angle decreased (stage 2). In stage 3, the
contact line became unpinned and retracted at a constant contact
angle. Finally, in stage 4, the drop completely evaporated.
Many researchers have focused on the pinned-contact-line
stage of evaporation. Birdi et al.9 studied sessile drops of water
evaporating on a smooth glass substrate. A model was formulated
that proposed the evaporation rate to be proportional to the
droplet base radius. Evaporation of small water droplets deposited on a polymer surface was investigated by Rowan et al.10 An
experimentally supported model was developed, which showed
that evaporation rate was proportional to the height of the droplet
(and therefore the surface area of the spherical cap), and not to the
droplet base radius as claimed by Birdi et al.9 Panwar et al.11 and
Grandas et al.12 investigated the evaporation of sessile water
droplets on glass and heated aluminum, respectively. Nearly all
researchers studying the pinned stage of droplet evaporation have
reported a linear decrease in contact angle with time.7-9,11-14
Sessile droplets of volume less than 1 mg can be assumed to
take the shape of a spherical cap,6 as shape distortion due to
gravity or other effects can be neglected. Many investigators8-16
have relied on this assumption. Erbil and co-workers provided
(9) Birdi, K. S.; Vu, D. T.; Winter, A. J. Phys. Chem. 1989, 93(9), 3702.
(10) Rowan, S. M.; Newton, M. I.; McHale, G. J. Phys. Chem. 1995, 99(35),
13268.
(11) Panwar, A. K.; Barthwal, S. K.; Ray, S. J. Adhes. Sci. Technol. 2003, 17(10),
1321.
(12) Grandas, L.; Santini, R.; Tadrist, L. AIP Conf. Proc. 2004, 156.
(13) Birdi, K. S.; Vu, D. T. J. Adhes. Sci. Technol. 1993, 7(6), 485.
(14) Hu, H.; Larson, R. G. J. Phys. Chem. B 2002, 106(6), 1334.
(15) Deegan, R. D.; Bakajin, O.; Dupont, T. F.; Huber, G.; Nagel, S. R.; Witten,
T. A. Nature 1997, 389(6653), 827.
(16) Deegan, R. D.; Bakajin, O.; Dupont, T. F.; Huber, G.; Nagel, S. R.; Witten,
T. A. Phys. Rev. E 2000, 62(1), 756.

Published on Web 09/23/2009

Langmuir 2010, 26(2), 880–888

Dhavaleswarapu et al.

ellipsoidal cap17 and pseudospherical cap18 models that more
accurately describe the profile of sessile droplets with contact
radii as small as 0.5 mm.
Considerable effort has been directed at experimental determination of droplet profiles during evaporation. Interferometry has
been successfully applied to obtain high-accuracy profile measurements. O’Brien and Saville19 utilized two interferometers
simultaneously to study the evaporation of sessile drops of several
liquids. One interferometer measured the droplet shape contours,
while the other measured vapor concentration surrounding the
droplet. Dimitrov et al.20 proposed a general method to use
interferometric data for the calculation of contact angles.
Image-analyzing interferometry, which correlates recorded interference fringe images to liquid film thickness, has been applied by
Wayner and co-workers21,22 in a variety of systems.
During the pinned stage of evaporation, the droplet generally
leaves a ring of residue on the substrate. The underlying physics of
this process was first explained by Deegan et al.,15 who seeded a
droplet with microparticles and visually observed the particles
moving toward the contact line and forming a deposit. This
movement of particles from the center of the drop toward the
contact line is driven by replenishment of the strong evaporation
occurring at the contact line. This nonuniform evaporation was
attributed to the large vapor diffusion gradients that arise as a
result of the strong curvature at the solid-liquid-vapor interface.
In saturated-domain systems, this intensive evaporation at the
contact line has been termed thin-film evaporation.23 Thin-film
evaporation, which takes place near a solid-liquid-vapor junction, has long been believed to be the dominant mode of heat and
mass transfer in liquid-vapor phase change systems.23 The
efficacy of heat transfer in thin films is attributed to a high
disjoining pressure gradient that results in liquid being pulled
into the thin-film region, as well as the very low thermal resistance
resulting from the small film thickness. Wayner and coworkers21,22,24 carried out extensive theoretical and experimental
studies in this field and delineated several important factors
influencing thin-film evaporation. Holm and Goplen25 found
that nearly 80% of the total heat transfer takes place from the
thin-film transition region. Stephan and Busse26 developed a
numerical model that agreed well with the measured heat transfer
data and showed that up to 50% of the entire evaporation can
take place in a 1 μm thick region despite its small geometrical
dimensions. Other researchers27,28 have attributed as much as
90% of the total heat transfer to the thin-film region. However,
Park and Lee29 suggested that the thin-film contributed less than
5% of total heat transfer due to its small geometrical extent. A
model developed by Wang et al.30 showed that 8% of the heat
transfer takes place from the thin-film region (0.16 μm long), but
(17) Erbil, H. Y.; Meric, R. A. J. Phys. Chem. B 1997, 101(35), 6867.
(18) Erbil, H. Y.; McHale, G.; Rowan, S. M.; Newton, M. I. J. Adhes. Sci.
Technol. 1999, 13(12), 1375.
(19) O’Brien, R. N.; Saville, P. Langmuir 1987, 3(1), 41.
(20) Dimitorv, A. S.; Kralchevsky, P. A.; Nikolov, A. D.; Wasan, D. T.
J. Colloid Surfaces 1990, 47, 299.
(21) Gokhale, S. J.; Plawsky, J. L.; Wayner, P. C. Langmuir 2005, 21(18), 8188.
(22) Gokhale, S. J.; Plawsky, J. L.; Wayner, P. C.; DasGupta, S. Phys. Fluids
2004, 16(6), 1942.
(23) Wayner, P. C.; Kao, Y. K.; Lacroix, L. V. Int. J. Heat Mass Transfer 1976,
19(5), 487.
(24) Wayner, P. C. AIChE J. 1999, 45(10), 2055.
(25) Holm, F. W.; Goplen, S. P. J. Heat Transfer 1979, 101(3), 543.
(26) Stephan, P. C.; Busse, C. A. Int. J. Heat Mass Transfer 1992, 35(2), 383.
(27) Xu, X.; Carey, V. P. J. Thermophys. Heat Transfer 1990, 4(4), 512.
(28) Demsky, S. M.; Ma, H. B. Microscale Thermophys. Eng. 2004, 8(3), 285.
(29) Park, K.; Lee, K. Proc. ASME Int. Mech. Eng. Congress Exposition-2003,
IMECE2003-41136, Nov 15-21 2003; Washington D.C.
(30) Wang, H.; Garimella, S. V.; Murthy, J. Y. Int. J. Heat Mass Transfer 2007,
50(19-20), 3933.

Langmuir 2010, 26(2), 880–888

Article

as much as 60% of the overall heat transfer takes place from a
5 μm long region. While all the above studies were conducted
under saturated vapor conditions, more recently we have
shown31,32 that, in systems that are open to air, a 50 μm long
region near the contact line contributes to nearly 50-70% of the
heat transfer from an evaporating meniscus. It is to be noted that
none of the above studies had access to local velocity measurements to quantify the evaporative mass loss in the thin-film
region.
The flow field near the thin-film region of an evaporating
droplet has been studied by a few researchers. Deegan et al.16 used
a particle image velocimetry (PIV) technique and developed a
time-averaged, height-averaged velocity field. The dependence of
velocity on time and height were not resolved, and a comprehensive description of the flow profile could not be obtained. Zhang
and Chao33 observed thermocapillary convection effects in volatile sessile drops resting on aluminized glass using noninvasive
shadowgraphy. Other efforts included investigation of internal
convection in a droplet using PIV techniques;34-36 much of the
work in this field has employed flow visualization, and quantitative measurements have been limited.
In this article, we study the pinned contact angle stage in the
evaporation of ∼0.44 μL (∼ 0.44 mg) unheated sessile droplets of
water on a glass substrate. Quantitative investigation of the threedimensional (3D) velocity field obtained by microparticle image
velocimetry (μPIV) and transient droplet profiles measured by
interferometry and goniometry are used to estimate the mass
transfer taking place in a 100-400 μm region near the contact line
of a droplet of radius ∼1810 μm; 3D resolution at this scale has
not been achieved in past studies. μPIV measurements made over
multiple horizontal measurement planes illustrate the flow behavior. The transient local evaporative mass fluxes near the contact
line are computed from the velocity measurements. The strong
dependence of velocity on time and droplet height is highlighted.
A simple heat balance analysis is conducted to estimate the
temperature differences in the domain. The aim of this work is
to experimentally determine the length of the region near the
contact line that contributes to nearly all the evaporative heat
transfer; to our knowledge, such measurements have not been
previously reported.

II. Experimental Apparatus and Procedures
The cleanliness of the substrate and liquid has a critical
influence on the evaporation process. In order to achieve reliable
and repeatable results, a consistent approach to the preparation of
the liquid and substrate is adopted in all the experiments. The base
liquid used is cleanroom-grade deionized water available at
Purdue University’s Birck Nanotechnology Center. Surfactantfree, charge-stabilized, fluorescent polymer microspheres (Duke
Scientific Co.) with a density of 1.05 g/cm3 and diameter of 0.5 μm
are used to seed the fluid for the velocimetry experiments. A low
particle concentration (volume fraction ∼1:133 000) is used to
avoid particle clumps. To ensure uniform dispersion of particles
and prevent particle clumps, the solution is initially mixed in an
ultrasonic bath (B200, Cole-Parmer) for 15 min, and periodically
agitated ultrasonically to maintain particle dispersion. Droplets
(31) Dhavaleswarapu, H. K.; Garimella, S. V.; Murthy, J. Y. J. Heat Transfer
2009, 131(6), 061501.
(32) Migliaccio, C. P.; Dhavaleswarapu, H. K.; Garimella, S. V. Proc. International Intersociety Electronic Packaging 2009, IPACK2009-89134, July 19-23 2009,
San Francisco.
(33) Zhang, N.; Chao, D. F. J. Flow Visualization Image Process. 2001, 8, 302.
(34) Hegseth, J. J.; Rashidnia, N.; Chai, A. Phys. Rev. E 1996, 54(2), 1640.
(35) Hu, H.; Larson, R. G. J. Phys. Chem. B 2006, 110(14), 7090.
(36) Lu, H. W.; Bottausci, F.; Fowler, J. D.; Bertozzi, A. L.; Meinhart, C.; Kim,
C. J. Lab Chip 2008, 8(3), 456.
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of volume 0.44 μL are deposited on the slides using a pipet (AP-2,
Accupet) by bringing them slowly into contact with the substrate.
This is essential for minimizing the effects of droplet impactinduced flows. The uncertainty of volume measurement using the
pipet is (10%. Precleaned microscope glass slides (Gold Seal
plain) are used as the substrate. To remove any surface contaminants, the slide is cleaned in a 2% detergent solution (Micro-90,
Cole-Parmer) with ultrasonic agitation for 15 min. The slide is
then rinsed in ultrapure water and blow-dried with extradry-grade nitrogen. Slides were prepared one at a time, just before
they were needed, to ensure that collection of foreign particles on
the substrate is kept minimal.
In order to determine the mass loss from a small region near the
contact line, combined velocity and droplet profile measurements
are needed. These measurements could not be obtained simultaneously because reflection of the μPIV light source off the droplet
surface impeded profile measurement. Hence independent acquisition of velocities and droplet profiles in distinct experiments was
conducted, which in turn required multiple similar droplets to be
generated for study. Several factors render the achievement of
identical droplets challenging: (i) The surface condition of the
substrate can lead to variability in the initial contact angle of
the droplet. (ii) Microirregularities on the substrate or minor
changes in droplet deposition can lead to asymmetric droplet
rings, including fingering, cusps, and elliptic shapes. These shapes
lead to nonuniform evaporation along the contact line. (iii) The
different intensities of the light sources for the interferometer,
goniometer and μPIV lead to a variability in droplet evaporation
rates. The time of evaporation of nominally identical droplets
varied from 180 to 240 s as a result; the lowest time corresponds to
the interferometer experiment while the highest time corresponds
to the goniometer experiment. (iv) The uncertainty in droplet
volume as deposited is (10% by volume, leading to a large error
in local mass flow rate estimates. (v) Finally, as a consequence of
different light intensities and initial droplet volumes, the pinned
duration of a droplet also varies.
The following strategies were implemented in the experiments
to mitigate these confounding factors. Surface cleanliness is a
critical factor in contact angle measurement. The contact angle of
a water droplet of fixed volume on glass was found to vary
between 5° and 50°, depending on the cleanliness of the surface.
For the present experiments, with the cleaning procedure described earlier, the initial contact angle variation was controlled
to (5%. The particle deposit ring of each droplet was visually
inspected, and data corresponding to droplets with particle
deposit rings that were deformed in any way were discarded. On
the basis of the measurements of droplet profile, a simple expression for the shape of any drop is derived based on its initial mass,
mass at unpinning and time of unpinning, as will be shown later in
this article. With the knowledge of these quantities, shapes of
droplets under μPIV investigation were obtained. Finally, since
the initial contact angle of water droplets on a cleaned glass
substrate is constant across samples, droplets of fixed volume
have identical radii. Similarly, droplets of identical radius and
identical contact angle have the same volume. Thus, only droplets
of radii 1810 ( 1% μm were considered for this study.
A. Goniometric Measurement of the Droplet. The objective of this experiment is to image the droplet evaporation process
and determine the modes of evaporation of the droplet, to verify
that droplets of fixed volume have identical radii, and also to
deduce the initial volume of the droplet from its shape at the time
of deposition. A goniometer (CAM 100, KSV Instruments Ltd.)
with 2 magnification (spatial resolution ∼ 3 μm) and LED
backlight is used to image the droplet in side view. The pinned
duration and the total evaporation time of the droplet are ∼140
and ∼240 s, respectively. It is noted that the LED backlight does
not produce significant heating and thus has a minimal effect on
the evaporation of the droplet.
B. Interferometric Measurements at the Contact Line. A
scanning white-light interferometer (NewView 6200, Zygo, Inc.)
882 DOI: 10.1021/la9023458
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Figure 1. (a) Interference fringes recorded at the contact line of an
evaporating water droplet. The vertical scan is initiated with the glass
substrate and contact line region of the droplet in focus. (b) Ring
formed by the microparticles after the droplet has fully evaporated.
with a 10 Mirau objective that is typically used to measure the
profiles of solid surfaces is employed here to make profile
measurements of the droplet near the contact line, and thus
deduce its contact angle. It records interference fringes while
scanning over the specimen, which gives a 3D profile of the
droplet. Figure 1a shows fringe patterns of the glass substrate
and deposited droplet. No instabilities were observed at the
contact line. The vertical scan of the surface is completed in less
than 1 s; however, stage loading and saving of data sets added
an additional 11-15 s. Hence, typically three scans were completed before a droplet underwent unpinning of its contact line. In
total, 150 droplets were studied, with 60 meeting the aforementioned circular particle ring shape criterion.
The video microscope and precision automated stage of the
interferometer were used to examine the radii of the droplets after
they were fully evaporated. The stage was moved in the x-y plane
such that the perimeter of the deposit ring could be viewed (see
Figure 1b), and the coordinates of 16 points on the ring outer
perimeter were recorded. A least-squares circular regression was
performed on the ring coordinate data to estimate the radius of the
ring. The uncertainty of the circular fit was (0.5%; in comparison, the uncertainty due to stage resolution was negligible.
C. μPIV Measurements of the Flow Field. Epifluorescent
μPIV was employed to map the small-scale spatial flow fields near
the contact line of an evaporating droplet. The 3D flow field in an
evaporating droplet is mapped by making μPIV measurements at
three different horizontal planes as identified in Figure 2. The
main challenge in obtaining 3D flow fields with evenly spread
focal planes is the accurate positioning of the planes. The
desired positioning was achieved by identifying the base plane
(z = 0 μm) by focusing on the particles that were stuck to the
surface and moving the stage gradually until the required plane
was reached.
The μPIV system consists of an inverted Nikon microscope
(TE 2000), an Excite light source (New Wave Research, Inc.) and
an interline transfer charge coupled device (CCD) camera (Roper
Scientific Photometrics, CoolSNAP HQ) assembled on an optical
table to minimize mechanical vibrations. A 20 magnification
objective lens was selected to provide the maximum possible
resolution with the desired field of view. The seed particles absorb
green light (λ ∼ 542 nm) and emit red light (λ ∼ 612 nm). Their
settling velocity is estimated to be 4.2  10-8 m/s, which is
negligibly small in comparison to the mean fluid velocity of 3 
10-5 m/s. Also, their sedimentation time is estimated to be on the
order of several hours, which is again negligible in comparison to
the typical recording duration (∼60 s). The images are captured by
the CCD camera with a time interval of 100 ms between successive
images. The images are analyzed using EDPIV software.37 For a
(37) Gui, L.; Wereley, S. T. Exp. Fluids 2002, 32(4), 506.
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Figure 2. Schematic diagram of a droplet in a cylindrical coordinate system. The image is not drawn to scale.
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Figure 4. A representative 3D surface profile of a droplet section
obtained by interferometry at time t ∼ 40 s. A low magnification
was used just for this measurement so that a larger field of view
could be imaged.

Figure 3. Stages of evaporation of a 0.44 μL water droplet on a
glass substrate.

20, 0.5 N.A. objective with 0.5 μm particles, the depth of focus
and the depth of correlation are 5 and 7 μm, respectively.

III. Results and Discussion
A. Stages of Evaporation. Figure 3 shows representative
images depicting various stages of the entire evaporation process
of a microsphere-laden water droplet on glass obtained using a
goniometer. Three distinct stages of evaporation are observed:
1 First, the contact line remains pinned, and the contact
angle decreases progressively (see Figure 3a,b,c)
2 The contact line recedes suddenly. (see Figure 3d)
3 Complete dryout occurs.
These modes of evaporation were also observed in ref 7. The
unpinning of the droplet occurs at the time when the surface
tension forces cannot sustain a pinned contact line. After this
time, the droplet begins to recede continuously until dryout. This
angle at which the unpinning occurs is referred to as the receding
angle in the constant-contact-angle mode of evaporation.38 This
constant receding angle in our experiments is 0.9° ( 0.2°. The
two-dimensional (2D) droplet images are found to be near-perfect
fits to circles, corroborating the spherical cap assumption. This
result is in agreement with that of many previous researchers.8-16
Using the spherical cap assumption, the average initial mass m0,
the average mass at the time of unpinning mu, and the mean radius
R of the droplets are estimated to be 0.437 ( 0.02 mg, 0.08 (
0.02 mg, and 1810 ( 17 μm, respectively. By comparing droplets
of the same contact angle and different initial volumes, it was also
verified that the initial volume of the droplet is only a function of
its radius.
B. Contact Angle Variation with Time. The transient
droplet profiles in the thin-film region are obtained using a
high-resolution (0.1 nm in the z-direction) optical interferometer.
Figure 4 shows a 3D surface profile of the droplet at the contact line. It can be seen that no inflection point is observed in the
(38) Chandra, S.; Di Marzo, M.; Qiao, Y. M.; Tartarini, P. Fire Saf. J. 1996,
27(2), 141.
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Figure 5. Time-dependent contact angle estimated from the interferometric measurements at the contact line. The error margins on
the contact angle and the specified time are (5% and (0.5 s,
respectively.

thin-film region as noticed by Gokhale et al.21 This apparent
disparity could be due to the absence of the adsorbed film that
would be present in a saturated vapor environment as used in
Gokhale et al., or to inadequate lateral resolution in the present
measurement (0.1 μm in the x-y plane).
A 2D radial slice of this data is obtained and a least-squares
algorithm was implemented to fit a circle to the data, as the
droplet shape is assumed to be a spherical cap. The contact angle
is defined as the derivative of the profile at the contact line.
Uncertainty in the contact angle calculation is dominated by that
of the circular fit, increasing with the curvature of the fitted circle,
up to a maximum of ( 5%. The contact angles so obtained for all
the droplets studied are plotted in Figure 5. It is observed that the
contact angle varies linearly with time. This result is in agreement
with the literature.7-14,17 On the basis of this result and since the
droplet assumes a spherical cap shape at any given time, it can be
concluded that the volume and the height of the droplet also vary
linearly with time.
C. μPIV Results. μPIV measurements are made at three
different horizontal planes in the droplet as identified in Figure 2.
Given the transient nature of droplet evaporation, many similar
droplets needed to be tested for obtaining the required data.
Figure 6a-i depicts the velocity maps at three different planes z =
4, 8, and 13 μm and three different times t = 53, 63, and 73 s in a
250 μm  450 μm region at the contact line; the contact line of the
pinned droplet is shown as a dark region at the left edge of each
plot. The blank portion in some of the vector maps represents the
region of the droplet that is no longer in focus since the height of
DOI: 10.1021/la9023458

883

Article

Dhavaleswarapu et al.

Figure 6. (a-i) Velocity in r-θ plane in a 400 μm region near the contact line at three different horizontal measurement planes, z = 4, 8, and

13 μm identified in Figure 2 at three different times t = 53, 63, and 73 s. The white portion in the images shows the region that is out of focus.

the droplet surface has decreased by this time to fall below the
light sheet illuminating the given horizontal plane. As the height
of the droplet decreases with time, the extent of the out-of-focus
region also increases with time. Similarly, at the higher planes of
measurement, as a result of the droplet curvature, the out-of-focus
region is larger. Approximately 70 images were averaged to
produce the velocity field, which have an uncertainty due to
averaging of (5%. Streamtraces are also superposed on the
figures to illustrate the flow direction. Assuming that there is no
swirl in the liquid, the z-velocity near a plane plane z = 8 μm is
estimated from conservation of mass to be ∼10-7 m/s. Since this
out-of-plane motion is very small and negligible compared to the
radial velocity (∼3  10-5 m/s), the radial velocity depicted in
Figure 6 can be considered to be the absolute velocity of the liquid.
884 DOI: 10.1021/la9023458

A similar result may be noted in the low-contact-angle droplets in
Hu and Larson.39
All the velocity maps in Figure 6 depict that the flow goes into
the thin-film region of a droplet to compensate for evaporative
loss. Two trends can be noticed from Figure 6: (i) For a fixed
z-plane location and fixed radial location, the local velocity
increases as time progresses; conservation of mass requires the
local velocity to increase when the droplet height decreases. (ii)
At a fixed time and a fixed radial location, the local velocity
increases in the z-direction, as a direct consequence of no slip at
the wall. In each of the nine plots in Figure 6, it is observed that
there is insignificant variation of velocity perpendicular to the
(39) Hu, H.; Larson, R. G. Langmuir 2005, 21(9), 3963.
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radial location. A line velocity vector map was reconstructed by
space-averaging along this direction. Figure 7a-c illustrates the
velocity profile in the z-direction at the three different times
reconstituted from such line vectors obtained from Figure 6.
The feeding flow into the contact line region can be clearly
observed. Both the trends discussed above;the feeding flow into
the contact line and the increase in velocity with height at fixed
time and radial location;are more clearly evident in Figure 7.
The variation in velocity with radius is illustrated by normalizing the results from Figure 7 in Figure 8. The velocity at any
given point U(r,z,t) is normalized with respect to the maximum
velocity at the same radial location r and time t, i.e., Umax =
max[U(r,z0 ,t)], where z0 varies from 0 to h(r,t). Figure 8 shows the
normalized experimental data, a curve fit to the data, and also a
velocity profile predicted from the model of Hu and Larson.39 The
curve fit, derived on the basis of a no-slip assumption at the wall, is
given by (U/Umax) = 1 - (1 - (z/h))4; the standard deviation of
the fit is (13%. It is interesting to note that the velocity profile
resembles plug flow rather than parabolic flow as predicted by Hu
and Larson40 or half-parabolic flow as predicted by Hu and
Larson.39 While the parabolic flow is representative of a zerovelocity boundary condition at the interface, the half-parabolic
flow is representative of a zero-shear boundary condition at the
interface implying slip. The present measurements show that a
zero-shear boundary condition seems more realizable than a zerovelocity boundary condition. However, the apparent discrepancy
between the curve fit through the experimental measurements and
the analytical model of Hu and Larson39 could be due to the fact
that the model is based upon lubrication theory analysis and some
simplifying assumptions, which fail near the contact line of the
droplet on two accounts. First, lubrication theory assumes a
parabolic velocity profile, and this approximation is most applicable in the central region of the droplet, which is relatively flat. At
the edges, the more tilted droplet surface does not submit as well
to this approximation. Second, an apparent singularity observed
in both the numerical and analytical result39 at the droplet contact
line plays a larger role in low contact angle droplets, such as those
studied here. We further emphasize that the measurements presented here were focused in the small region near the contact line
that is critical for heat transfer. The velocity profiles in this region
do not apply to the entire droplet domain. It appears that
presently available models for the velocity field in low-contactangle evaporating droplets must be refined further to better
represent the physics close to the contact line.
D. Subregion Heat Transfer. The main objective of this
article is to quantify the heat and mass transfer taking place
through a small region near the contact line of an evaporating
droplet. To this end, an annular subregion of width L (see
Figure 2) extending from 100 to 400 μm away from the contact
line is defined as the region of interest. The region within 100 μm
of the contact line falls within the depth of focus, and it is therefore
difficult for the 3D velocity field to be resolved in this region using
the present approach. Using the linear relationship between
evaporation rate and time obtained in section III.B, the droplet
mass m(t) at time t is estimated by measuring the initial mass m0 at
time t = 0 and mass mu at the time of unpinning t = tu. The
expression that results is m(t) = m0 -(m0 - mu)(t/tu). The values
m0 and mu are fixed values in this work based on the design of the
experiments. By recording the time of unpinning, tu ∼ 113 ( 2 s,
from the μPIV experiments, and using the previously recorded
values of m0 and mu, the time-dependent droplet mass m(t) is
obtained. Assuming that the liquid density remains constant, the
(40) Hu, H.; Larson, R. G. Langmuir 2005, 21, 3972.
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Figure 7. Velocity vectors in the r-z plane in a 400 μm region near
the contact line at three different times (a) t = 53 s, (b) t = 63 s, and
(c) t= 73 s. The inclined line indicates the droplet profile in the
region at that time.

Figure 8. Plot of normalized radial velocity as a function of
normalized z-coordinate. Also shown are a curve fit to the experimental results and the profile predicted by a previous model.

droplet shapes at any time are obtained from m(t) and radius R.
Thus the transient shapes for the droplet under μPIV investigation are obtained.
We have previously shown that a 50 μm region near the contact
line of an evaporating meniscus contributes to as much as
50-70% of the total heat transfer from the meniscus depending
on the heat flux and geometrical details.31,32 These results were
based on thermal analysis carried out on the basis of microscale
infrared temperature measurements obtained in the region of the
contact line. The infrared transparency of an 80 μm thick heptane
film was exploited in these measurements. Because of the infrared
transparency of heptane being limited to this film thickness,
measurements could not be performed to outline the full
extent of the contact-line region, which contributes to the total
heat transfer. One of main outcomes of the present work is
DOI: 10.1021/la9023458
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identification of the extent of the contact-line region over which
nearly all the evaporative mass loss occurs.
Consider an axisymmetric drop as shown in Figure 2. The
conservation of liquid mass over an infinitesimal annular element
of thickness dr determines the relationship between the velocity
U(r,z,t) and profile h(r,t) and the local mass flux of liquid crossing
any cylindrical radial plane at a given time J(r,t):
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


Dhðr, tÞ 2
Jðr, tÞ 1 þ
Dr
Z hðr, tÞ
1D
Dhðr, tÞ
ðr
¼ -F
Uðr, z, tÞdzÞ - F
r Dr
Dt
0

ð1Þ

where t is time and F is density of the liquid. Equation 1 shows that
the mass of liquid evaporated is equal to the net flux of the liquid
entering the control volume minus the rate of change of the
amount of liquid in the control volume. This liquid crossing
a cylindrical plane r = R - L is the amount of liquid being evaporated in the region downstream from the cylindrical radial plane.
The mass lost from the annular subregion extending from r=R
to r = R - L is estimated by multiplying both sides of Equation 1
with the area of an infinitesimal annular element 2πrdr and
integrating from r=R to r=R - L,
Z

m_ sub-region ðL, tÞ ¼ - 2πFðR -LÞhðR - L, tÞ 

hðR -L, tÞ
Dh 
UðR - L, z, tÞdz -F 
ð2πðR - LÞLÞ
Dt 
0
hðR -L2 , tÞ
ð2Þ

where the left-hand side of eq 2, m_ subregion(L,t), represents the rate
of mass loss from the annular subregion of width L at time t.
U(R - L,z,t) and h(R - L,t) denote the local velocity and height at
a location r = R - L at time t. The first term on the right-hand
side represents the net mass entering the annular subregion, and
the second term represents the rate of change of liquid in the
annular subregion. Dh=Dtjr ¼R -ðL=2Þ represents the average rate of
decrease of height of the annular subregion evaluated at its
centroid r = R - (L/2). With this information, the fraction of
mass being lost through the annular subregion η(L,t) can be
evaluated as
m_ sub-region ðL, tÞΔt



ηðL, tÞ ¼ 
Δt
m
t
þ
m t - Δt
2
2

ð3Þ

where the numerator represents the amount of liquid evaporated
in an annular subregion of thickness L at time t during the time Δt
and the denominator represents the amount of liquid evaporated
from the entire droplet between times t - (Δt/2) and t + (Δt/2).
The dimensionless surface area available for evaporation in the
subregion R(L,t) is given by
RðL, tÞ ¼

πð2RL þ 2hð0, tÞhðR -L, tÞ - L2 -hðR -L, tÞ2 Þ
πðR2 þ hð0, tÞ2 Þ

ð4Þ

where the numerator represents the surface area of the annular
subregion, and the denominator represents the surface area of the
droplet at time t. h(0,t) represents the height of the droplet at its
axis. Owing to the linear decrease in mass of the droplet with time,
it follows that R(L,t) = R(L), i.e., the surface area fraction is
independent of time.
886 DOI: 10.1021/la9023458

Table 1 summarizes the percentage contribution of subregion
heat transfer η(L,t) as a function of distance from the contact line
L, surface area fraction R(L) and time t for all the experimental
results obtained in this work. The uncertainty of this estimate is
estimated to be (14%. It is observed that at t = 53 s, nearly all of
the heat transfer from the droplet occurs through a 400 μm region
near the contact line, which accounts for only 39% of the total
surface area. This shows the high efficiency of heat transfer near
the contact line. Our previous work31,32 showed that nearly
50-70% of heat transport occurs from a 50 μm region (surface
area fraction ∼5-10%) in an evaporating meniscus. The reason
for the difference in these two results is that the earlier studies were
performed for a steady evaporating meniscus in a channel31 and in
a V-groove32 with an external applied heat flux. This applied heat
flux augments thin-film evaporation31 and hence provides for
more effective heat/mass transport.
Two important trends may be noted from the results in Table 1:
first, η increases with an increase in L and reaches an asymptotic
value for constant t; second, η decreases with an increase in time
t for constant L. The first of these trends is apparent because an
increase in width of the subregion extends its surface area and thus
enhances the total mass lost from that region. An increase in
width of the subregion also increases the film thickness, which in
turn increases the thermal resistance of the film, thereby rendering
the film less effective for heat/mass transport; thus η shows
asymptotic behavior, which becomes 100% when subregion
covers the entire droplet surface, i.e., L = R. The reason for the
second trend is that, as evaporation progresses, the average liquid
film thickness decreases as does the associated thermal resistance
for the entire liquid film. Accordingly, a larger portion of the
droplet participates in efficient heat transfer as can be seen in
Table 1. This result emphasizes the inherently transient nature of
droplet evaporation; the mass flux J is not only a function of the
distance from the contact line L but also a strong function of time
t. All the existing models in the literature are minor variations of
the Laplace solution to an equivalent electrostatic problem of a
lens-shaped conductor in free space. The droplet surface is
assumed to be a saturated surface of fixed concentration, and
the atmosphere is taken to be an infinitely large spherical surface.
In low-contact-angle droplets, the solution obtained via this
methodology does not exhibit a strong dependence on time.
From eqs 2 and 4, the transient local evaporative mass flux
J(L,t), which is the mass lost per unit area, can be derived as
JðL, tÞ ¼

m_ sub-region ðL, tÞΔt
RðL, tÞπðR2 þ hð0, tÞ2 Þ

ð5Þ

The variation of local mass flux with L at t = 63 s, calculated
from eq 5, is compared with predictions from several existing
models and plotted in Figure 9. The parameters from the experiments used as inputs to the models are the followings: diffusion
coefficient of water in air D = 26.1 mm2/s, relative humidity
RH = 0.3, and saturated vapor concentration on the droplet
surface at T = 20.5 °C of cv = 1.87  10-8 g/mm3. As noted
earlier, the highest local mass flux occurs at the edge of the droplet
and decreases asymptotically with distance from the contact line.
The main observation from Figure 9 is that none of the models
come close to predicting the mass flux measured in the experiments; in fact, all of them underpredict J(L,t) by nearly an order
of magnitude.
Consider the evaporation rate of a droplet from the present
experiments (∼3.2  10-6 g/s) and the evaporation rate predicted
by the model of Hu and Larson14 for droplets with contact angle
less than 40°, which is given by m_ = 4RD(1 - RH)cv ∼ 2.5  10-6 g/s.
Langmuir 2010, 26(2), 880–888
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Table 1. Variation of Cumulative Heat Transfer to the Total (η, %)
with Distance from the Contact Line (L, μm), Surface Area Fraction
r(L) of the Differential Annular Sub-Region Time (s)
η [%]
L [μm]
100
150
200
250
300
350
400

surface area fraction R(L)

53 s

63 s

73 s

0.11
0.16
0.21
0.26
0.30
0.35
0.39

31
56
60
64
79
91
97

33
41
59
64
68
77
86

30
36
60
69
69
72
72

Table 2. Temperature Values in the Domain Obtained from Solving
Eqs 5, 6, and 7,a
L [μm]

J [kg/m2s]

Tlv - Tv [°C]

100
150
200
250
300
350
400

0.0097
0.032
0.008
0.026
0.0089
0.029
0.0079
0.026
0.007
0.023
0.0069
0.022
0.0068
0.022
a
Experimental conditions: Tv=20.5 °C, t=63 s.

Tsl - Tlv [°C]
0.138
0.167
0.278
0.321
0.322
0.337
0.335

The equilibrium vapor pressure Pv_equ is the pressure at which
the vapor is in equilibrium with the liquid. Assuming a flat
interface, Pv_equ simplifies to the saturation pressure Psat at Tlv.30
As this is a quasi-steady problem, the vapor is assumed to
remain saturated at all times. Substituting the experimental value
of J shown in Figure 9 in eq 6 and using the constants M = 0.018
kg/mol; σ̂=1; R = 8.314 J/Kmol; Tv=20.5 °C; Pv=2414 Pa, the
interface temperature Tlv is obtained. The vapor temperature
recorded is the room temperature measured close to the droplet.
A simple analysis is carried out to obtain the solid-liquid
interface temperature (Tsl). As convection in the fluid is small
owing to its small velocities and the subregion is far from the
axis of the droplet, one-dimensional (1D) conduction along the
z-direction is assumed. With an evaporative boundary condition
at the liquid-vapor interface, a 1D heat transfer balance yields
kðTsl -Tlv Þ
¼ Jhfg
h

Figure 9. Evaporation mass flux along the droplet surface near the
contact line at t = 63 s. Symbols and the lines represent the
experimentally obtained values and those predicted by models,
respectively.

It is interesting to note that this model underpredicts the evaporation rate, but not by the order-of-magnitude difference that would
explain the disparity seen in Figure 9. We believe that it is the flux
distribution that causes this apparent mismatch between the
experimental and model results. As seen in Figure 9, the flux
values predicted by the models are very large close to the line and
decrease asymptotically thereafter. However, our present experiments, as well as those in our previous work,31,32 demonstrate that
such high mass fluxes are unlikely at the contact line.
E. Heat Balance Analysis. Consider the evaporating droplet shown in Figure 3. At the interface of the droplet, the liquid is
first converted to vapor. The vapor then diffuses through the
vapor/air mixture into the ambient. This transient evaporation
process can be considered as quasi-steady, as R2/Dtu is very
small.14 As reviewed in ref 41, Schrage proposed a theory for
evaporation at an interface, in which the net mass flux across the
interface J may be written as
!1=2
!
Pvequ ðTlv Þ
2^
σ
M
Pv
ð6Þ
- 1=2
J ¼
2 -^
σ 2πR
Tlv 1=2
Tv
where σ̂, M, and R are the accommodation coefficient, molecular
weight (kg/kmol), and universal gas constant (J/mol K), respectively. Pv, Tv, and Tlv are the vapor pressure, vapor temperature and liquid-vapor interface temperature, respectively.
(41) Carey, V. P. Liquid-Vapor Phase Change Phenomena; Hemisphere Publishing House: New York, 1992.

Langmuir 2010, 26(2), 880–888

ð7Þ

where k and hfg are the thermal conductivity and latent heat of
water, respectively. The temperature differences obtained from
solving eqs 5, 6, and 7 are listed in Table 2. It can be seen that the
temperature differences along the liquid-vapor interface are very
small. Similar results were obtained in ref 40 by numerical
analysis. The temperature difference between Tsl and Tlv represents the effect of evaporative cooling. A small, slowly evaporating droplet with no external heating gives rise to a very small
amount of evaporative cooling which would be difficult to resolve
via temperature measurements.
The intensive evaporation near the contact line is known to
create a temperature gradient along the meniscus. This temperature gradient along the interface results in a surface tension
gradient that can give rise to Marangoni convection. Hu and
Larson40 numerically showed the existence of very low thermal
gradients in droplets with contact angles less than 10° and hence
concluded that the induced Marangoni convection is negligible. It
can thus be concluded that there is no effect of convection in the
present work as well, and that its contribution to the total heat
transfer, if any, is negligible.

IV. Summary
Microfluidic visualization techniques were used to quantitatively map the 3D flow near the contact line of a 0.44 μL
evaporating droplet on a glass substrate. The local fluid velocity
U(r,z,t) was resolved as a function of radial (r) and vertical (z)
position and time (t). The local velocity was found to decrease
with r, increase with z, and increase with t when each set of the
other two variables were held constant. The velocity was also
found to increase as the contact line is approached. The normalized velocity profile in the droplet in the contact-line region
resembles a plug flow instead of the parabolic flow that was
assumed by previous researchers. A 400 μm region near the
DOI: 10.1021/la9023458
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contact line of a droplet of radius 1810 μm was found to
contribute almost all the mass transport taking place from the
entire droplet at earlier times; the percentage contribution to the
total from this region decreases with time. The transient local
evaporative mass transfer was characterized as a function of
distance from the contact line and time. It attains high values near
the contact line and decreases away from it and decreases with
time. The existing models in the literature underpredict the values
of mass flux by nearly an order of magnitude. This disparity raises
questions about the validity of lubrication theory assumptions
made in prior models. On the basis of the interface mass transport
theory and a 1D conduction analysis, the interface temperatures
in the domain were obtained. This confirmed that the temperature
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differences were too weak to induce a Marangoni flow in the
system and hence did not influence the present results.
In ongoing work, local velocity measurements are being
performed in a steady evaporating meniscus to identify the extent
of the thin-film region that is critically responsible for heat
transfer; this would have important implications in the design
of high-heat-flux two-phase devices.
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