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Abstract

Evaporation of micro-liter drops from solid surfaces at room condition is mainly governed by diffusion. Therefore,
there should be no difference between evaporation rate of sessile and pendant drops. However, some studies indicate
a difference and explain the difference using buoyancy. The objective here is to reconcile the inconsistency in the
literature. For that, first, by comparing two identical suspended drops, one with a plate on top and the other underneath
with a space between drop and plate, we showed the contribution of buoyancy in evaporation is at most less than 8%.
When a plate was placed on top, water (its vapor is lighter than air) evaporated slower and hydrocarbons (their vapors
are heavier than air) evaporated faster. Interestingly, it was observed when drops touch the plates (i.e. sessile and
pendant drops), both water and hydrocarbon drops evaporated faster in sessile configuration. The observation for
hydrocarbons is in contradiction with what buoyancy explains. To describe the difference, different scenarios were
studied. It was found that sessile drops stay longer in the “constant wetted area” (CWA) mode, before switching to the
CCA (constant contact angle) mode, e.g. a 4 ul sessile water drop on a Poly(methyl methacrylate) coated silicon stays
in the CWA mode for 318 s whereas for a similar pendant drop this time is 274 s. Considering the fact that evaporation
rate in the CWA mode is 30—40% higher compared to the CCA mode, the faster evaporation rate of sessile drops may
be explained.
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1. Introduction fabrication [6]. In all of these applications, controlling
the evaporation rate is important. The main goal of this
study is to see if there is a significant difference
between evaporation rate of sessile and pendant drops;
and explain the difference, if there is any. This study

Drop evaporation from a solid surface is of interest in
ink-jet printing [1,2], spraying pesticides [3], thin film
coating [4], spray cooling [5], and micro/nano
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provides further insight into the process of drop
evaporation. To isolate the effect of other parameters,
the study is limited to micro-liter drops at room
temperature, atmospheric pressure, and quiescence.

Evaporation models accurately estimate the
evaporation rate of micro-liter drops; however, they
reflect no difference between evaporation rate of
sessile and pendant drops [7]. According to the
evaporation models, evaporation is limited by vapor
transport (diffusion and convection) from the drop
surface and not phase change [8-11]. Pure-diffusive
models [9] use Maxwell’s assumptions (i.e. convection
is negligible, and process is steady-state). Diffusive-
convective models [12] relax the Maxwell’s
assumptions, but for non-volatile liquids pure-
diffusive and diffusive-convective models are
equivalent [12]. The flux varying models [13] suggest
that due to the presence of a substrate, evaporation flux
of sessile drops and suspended spherical drops are not
equal. To compensate the effect of substrate, f(8), a
function of contact angle [14], is used in flux varying
models.

Despite  the evaporation models, some
experimental studies report a difference between the
evaporation rate of sessile and pendant drops (similar
liquid, drop volume and substrate) e.g. [15].

Buoyancy6 can be a potential explanation for the
difference [18-21]. In [22], using Shclieren images it
was shown that a cloud-shaped vapor layer quickly
forms over hydrocarbon sessile drops. This cloud stays
constant and slowly spreads horizontally away from
the drop. While according to diffusion, the cloud
should have spread in a roughly hemispherical
direction. To explain the shape of cloud, it should be
noted that the vapor of hydrocarbons is heavier than air
and the gravity pushes the vapor cloud down. The
downward push or buoyancy-driven convection is
against the gravity. Therefore, it impedes the vapor
flow and evaporation of sessile drops, and accelerates
the evaporation rate of pendant drops. As the vapor of
water is lighter than air, the opposite is expected for
water. However, in [19], evaporation rate of 3-
methylpentane, hexane, cyclohexane and heptane
sessile drops were studied. All of the studied liquids in
[16,19] were heavier than air. It was expected that the
buoyancy-driven convection slows the evaporation
rate; however, the opposite was observed. To explain,

(a) 6 One should not confuse buoyancy-driven
convection with convection as buoyancy is caused
by gravity and density variation whereas
convection (or bulk motion of vapor) is not [13].
Buoyancy may change the convection and
evaporation consequently [16]. The buoyancy-
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it should be noted that in both [16,19] the relation used
for calculating the evaporation rate of sessile drops
was the pure-diffusive model suggested for suspended
spherical drops (not for sessile drops). Also, the drops
with their underneath bases were raised slightly above
the horizontal substrate which makes the flow of the
vapor cloud on top of the sessile drops easier. In [23]
by studying 0.6 to 60 mm sessile water drops on
different substrates it was shown natural convection is
negligible for drops with radius smaller than 20 mm.

In summary, there is no consistency in the
literature to answer if there is a meaningful difference
between evaporation rate of sessile and pendant drops.
Also, the significance of buoyancy-driven convection
is still in question.

2. EXPERIMENTAL METHODS

All experiments were performed in normal laboratory
condition (pressure: 94 kPa, temperature: 21°C, and
relative humidity: 40%); and temperatures of the
surrounding, substrate and drop were kept uniform.
The drop sizes were 48 pL. Evaporation calculations
were for the first half-life of the evaporation as for
nano-liter drops some other factors (e.g. Kelvin effect)
can take over [24]. Each experiment was repeated at
least nine times and averages are presented. The
performed experiments were: (i) suspended drops, (ii)
sessile and pendant drops, and (iii) imaging.

3. SUSPENDED DROPS

DI water (DirectQ Millipore, 18.02 g/mol),
isobutanol (Anachemia 99%, 74.12 g/mol), ethanol
(Commercial Alcohols, 100%, 46.07 g/mol), and
methanol (Fisher Scientific, 99.8%, 32.04 g/mol),
liquids were used. A downward knot was tied on a
copper wire and the drop was hung from it. Weight of
the drop was measured with the system explained in
the next paragraph for the three cases: (i) no plate, (ii)
plate underneath the drop, and (iii) plate on top of the
drop. The plate was aluminum and 1 mm gap was
between drop and plate.

A Sartorius TE214S scale was integrated into a
computer via a parallel port, which was able to give a
reading every 5 seconds to a spreadsheet. The scale
was put in an opaque box to mitigate radiation and
airflow effects while still being large enough so that

driven convection in this study is solutal and not
thermal. As shown in [17], when the difference
between the ambient temperature and substrate is
small, temperature driven buoyancy is negligible.

(b)
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diffusion can still proceed without interference. A
stand, measuring 15 cm high, was constructed to
support the substrate (see Fig. 1a). This height was
chosen to avoid any wall effects. A Fisher micropipette
was held vertically when placing the drops. For
comparing the evaporation rates, slope of drop mass
(m) in time (t) was used. Regarding the slope of drop
mass in time, as shown in [9], pure-diffusive models
follow the 2/3 law (i.e. mass to the power of 2/3
linearly decreases in time). However, for sessile drops
in the constant wetted area (CWA) mode the power
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depends on the initial contact angle [25]. For the initial
contact angle close to zero, the 1/1 law holds [20,25].
As the initial contact angle increases, it gets closer to
the 2/3 law. For the initial contact angles larger than
150°, the power is slightly lower than 2/3 [26]. For
simplicity in this study the 1/1 power is used to
compare the evaporation rates. The slopes of mass in
time were compared using t-test with 95% confidence
level.
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(1) Fig. 1 Experimental setup for (a) measuring the drop weight and (b) recording the drop image during evaporation
are shown. The stand in (a) is for holding the substrate. An opaque box was used to limit the radiation from the

room and is not shown here.
4. SESSILE AND PENDANT DROPS

DI water, as a liquid which its vapor is lighter than air
(molar mass: 28.97 g/mol); and isobutanol, as a liquid
which its vapor is heavier than air [27], were used.
From Avogadro’s law, at constant temperature, the
molar volume of a gas is constant. So, the molar mass
corresponds directly to density [28].

To account for possible effects of substrate, drop
evaporation was studied on four different substrates:
aluminum plate (25 X 49 X 1.5 mm), glass slide (26 X
76 X 1 mm), silicon wafer (Ultrasil, 20 X 44 x 0.5
mm) and poly(-methyl methacrylate), PMMA, coated
silicon wafer (19 X 45 X 0.5 mm). The aluminum,
glass, and silicon substrates were placed in a diluted
chromo-sulfuric acid for a minimum of 24 hours and
rinsed with acetone, ethanol, and distilled water, then
dried under heat lamp in a chamber. To place a pendant
drop, the substrate was placed on the stand and the
pipette was inverted to place the drop (this was found
to be the most consistent method). After each
experiment, the substrates were washed with methanol
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followed by acetone and rinsed with distilled water and
dried using blowing nitrogen. The surfaces were kept
isolated from the environment, when not in use, to
avoid contamination. Air stream was used on the
substrate to purge the enclosure before every
experiment, to ensure all liquid was purged from the
substrate and no excess vapor was trapped within the
box. Silicon was chosen to be coated as it is smooth,
homogeneous and rigid. The PMMA coated silicon
wafer was produced as follows: PMMA powders
(Aldrich®) were diluted with Toluene (Fisher
Chemical) with solute concentration of 3% % After

spin coating at 2400 rpm, coated silicon wafers were
put in an oven for 24 hours at 100°C. Roughness of the
PMMA coated silicon was found to be similar to the
roughness of silicon before coating, i.e. 50 + 10 nm.
Roughness was measured with Axio CSM-700
Confocal Microscope with scanning resolution of
20 nm.

5. IMAGING
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DI water was used as liquid; and aluminum, glass,
silicon, and PMMA coated silicon were the substrates.
Drop images were taken using Basler A302fs CCD
camera attached to a Navitar 0.67X NIRA lens (see
Fig. 1b). Images were processed using the in-house
developed software SPPF ver. 4.2 [29]. It should be
noted that the experimental environment here is not
identical to the other two experiments. In order to
capture images a light had to be introduced within the
box, causing radiation on the sample. However, this
should not be of concern as the purpose here is to
qualitatively compare the evolution of shapes for
sessile and pendant drops during the evaporation.

6. RESULTS AND DISCUSSION

For suspended spherical drops, as shown in Table 1,
the maximum evaporation rate is when there is no plate
near the drop. Placing a plate in the proximity of the
drop decreases the evaporation rate. The evaporation
reduction is partly due to blocking the diffusion.
However, if diffusion was the only governing factor,
placing the plate on top or underneath the drop should
have had similar effects. When the plate was under,
water drops evaporated faster; and methanol, ethanol
and isobutanol (which their vapors are heavier than air)
drops evaporated slower. All these differences can be
explained using buoyancy.

Table 1 Slope of mass versus time (ug/s), as an indication of evaporation rate, is presented for water (as a liquid which its vapor is
lighter than air), methanol, ethanol, and isobutanol (as liquids which their vapors are heavier than air), drop volumes were 4—7 pl.
Drops were held in proximity of a substrate (1 mm gap between drop and plate at the beginning of the evaporation). Drop mass
measurements were for the first half life and the value of R? for all the linear fits was larger than 0.99.

Liquid Water Methanol Ethanol Isobutanol
Initial mass (mg) 6.6+£0.2 42+0.2 45+0.2 46+0.2
‘ 3.6+£0.1 21.0+1 16.2+0.3 4.8+0.1
Slope of “mass” vs. “time” —_—
34+0.2 2272 171+2 53+0.2
(hg'9) ®
4.1+0.1 255+2 19.1+1 59+1

0.04

0.03

0.02

Mass?/3 (g 2/3)

Time (s)

Mass (mg)

0 750

1500
Time (s)

(2) Fig. 2 Time trace of mass for a 6.4 mg suspended water drop in closeness of a solid surface is shown. For
substrate on top, drop evaporation is slower (evaporation time is longer). The slopes for plate on top and plate
underneath in this experiment are 3.3 ug/s and 3.6 pg/s, accordingly (R? = 0.99). The inset shows m?/3 versus

time for the same experiment.
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As shown in Table 1, for water drop when the plate
was placed on top, evaporation rate decreased by 17%

(|4'1 N 3'4|/4_1 X 100%); whereas if the same plate
was underneath, the evaporation rate decreased by
12% (|4'1 - 3'6|/4_1 %X 100%). The difference can be

attributed to buoyancy as location of the plate does not
affect the diffusion. For methanol drop when the plate
was placed on top evaporation rate decreased by 11%

(|25'5 - 22'7|/25.5 x 100%); and when the same
plate was underneath the evaporation rate decreased by

18% (12557217 - x100%).  Therefore, the

contribution of buoyancy on evaporation of water,
methanol, ethanol and isobutanol can be roughly

estimated7 as 5% (156 7341/, % 10006), 7%
(1210-2271) 100y, 5o

(|16.2 — 17.1|/19.1 x 100%), and 8%

(|4-8 - 5'3|/5_9 X 100%), respectively.

For sessile and pendant drops, as shown in Table
2; independent of the liquid type and substrate,
evaporation was always faster in sessile configuration.
As shown in Table 2, sessile water drops on glass,
silicon, PMMA coated silicon and aluminum

evaporatd  35% (199 7521/ x100%), 24%
(51=417 s ro0m), 19 (37731,

100%), and  23% (12772217, x 100%),

respectively, faster than pendant drops. Also, sessile
isobutanol drops on glass, silicon, and aluminum

evaporated 16% (|8'6 N 7'4|/7.4 x 100%), 18%

(113 =111/, x100%), and 30% (1131017, x
100%), respectively, faster than pendant drops.

Table 2 Slope of mass versus time, as an indication of evaporation rate, is presented for water (as a liquid which
its vapor is lighter than air), and isobutanol (as a liquid which its vapor is heavier than air), the largest characteristic
length of sessile and pendant drops was 2 mm. Isobutanol dissolves PMMA and was not included. Initial contact angle
of water drops on glass, silicon, PMMA coated silicon and aluminum were 9.40, 20.40, 40.90 and 73.10. There was
no significance difference between contact angle of sessile and pendant drops

Substrate Glass Silicon PMMA Aluminum
Slope of 69+0.1 51+02 37+0.1 27+0.0
“mass” vs. Water == | 51:01 4.1+0.1 3.1+0.1 2240.1
“time” Isobutanol hd 8.6+0.2 13+0.5 Dissolves 13+1
(ng/s) % 7.440.3 1105 Dissolves 10£0.5

If diffusion was the only governing factor, sessile
and pendant drops should have had equal evaporation
rates (as long as both sessile and pendant drop shapes
were unaffected by gravity, which is the case here, see
Appendix I). Also, buoyancy-driven convection
cannot explain the faster evaporation rate of sessile
isobutanol drops. Even for water, buoyancy cannot
explain the up to 35% faster evaporation of sessile
drops. Regarding Table 2, it should be noted that the
evaporation of methanol and ethanol on the substrates
was very fast and finding a meaningful slope was not
possible.

The above discussions suggest there should be
another factor which overrides the effect of buoyancy.

(¢) 7 These percentages are produced only for
comparing different cases. They are not proper for
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Likely such factor stems from the interaction of drop
and surface. This is so, since when drops were not in
contact with the plate, buoyancy could explain the
evaporation rate difference.

As shown in Table 2, for the same liquid type (e.g.
sessile water drops) changing the substrate changes the
evaporation rate. The substrate may change the length
of the contact line (through changing the contact
angle), mobility of the contact line (through changing
the contact angle hysteresis), and heat transfer
(through changing the thermal conductivity of the

comparing the buoyancy-driven convection with
evaporation rate.
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(3) Fig. 3 Time trace of mass for a 4.8 mg water drop in sessile and pendant configurations on an aluminum surface
is shown. It was observed that when drop is in sessile configuration, drop evaporation is faster (evaporation time
is shorter). The slope of mass versus time for sessile and pendant configurations in this experiment are 2.7 pug/s
and 2.2 pg/s, respectively (R? = 0.99). As shown in the inset, m?/3 versus time for the first half-life is linear as
well (which is the suggested relation for pure-diffusive evaporation of spherical drops). For simplicity, we used
the slope of mass versus time rather than m?/3 versus time.

substrate) [24,30-32]. The temperature of the drop, and Due to gravity, contact angle of sessile drops is
substrate are controlled and surface cooling for thissize slightly smaller than pendant drops [34]. However, the
of drop is negligible (less than 0.02°C [33]). Also, for difference is negligible for micro-liter drops (see
sessile and pendant drops, thermal conductivity of the Appendix I). For a constant drop volume, smaller
substrate is the same. Therefore, thermal conductivity contact angle is equivalent to larger contact line and
of the substrate will not be discussed. evaporation rate is higher near the contact line [35-37].
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Therefore, using a substrate with lower contact angle
may increase the evaporation rate, e.g. see Table 2.
Although, the contact angle could explain different
evaporation rates on different substrates, it cannot
explain the difference between evaporation rate of
sessile and pendant drops.

The mobility of contact line can also be a potential
explanation for the difference between evaporation
rate of the sessile and pendant drops [15]. If we turn
our attention to evaluation of the drop shape during the
evaporation and consider the evaporation modes, one
can seek alternative explanation for observations here,
now that other possibilities are eliminated. According
to Picknett and Bexon [30], for evaporation of pure
sessile drops, the following two drop shape changes or
a combination of them is expected: (i) decrease of
wetted area with constant contact angle; and (ii)
constant wetted area with decreasing contact angle.
Each of these drop evolution cases is called an
evaporation mode [38-40]. Evaporation of drops
usually starts in the CWA mode, then switches to the
CCA mode [41-43]. According to Picknett and Bexon
[30] evaporation in constant wetted area (CWA) mode
is faster than that in constant contact angle (CCA)

mode (by 30—40%). This is consistent with the relation
between contact line and evaporation rate [44] as in the
CCA mode contact line shrinks whereas in the CWA
mode contact line remains constant.

As shown in Table 3, there is a meaningful
difference between the time sessile and pendant drops
stay in the CWA mode (same liquid type and
substrate). For example, a 4 pl sessile water drop on
PMMA coated silicon stays for 318 s in the CWA
mode, whereas the same system but pendant stays for
274 s in the CWA mode (with 95% confidence), see
Table 3. Difference between contact line motion of
sessile and pendant drop is also mentioned in [15]. In
[15], pendant and sessile water drops with a mixture of
1 and 3 pm polystyrene spheres evaporated at room
temperature and 0% humidity. For the whole
evaporation time, sessile drops evaporated in CWA
mode. However, the contact line of pendant drops
appeared not fixed (Devlin et al. [15] did not compare
the evaporation rate of sessile and pendant drops). As
evaporation rate is higher in CWA mode; this can
explain why sessile drops evaporate faster than
pendant drops.

Table 3 Time spent in CWA (constant wetted area) or CCA (constant contact angle) modes during the evaporation of a 4 pl water

drop.
Substrate CWA (s) Lifetime (s)
i 3 318+ 77 1138 +98
PMMA coated silicon
—w _ 274t40 1205+ 114
. i 3 1185+61 13557
Aluminum
—wp 115549 140071
i 3 665 t 42 905 £ 49
Glass
—w  >/0+21 1040+ 14
- 320+ 28 1445 £ 35
PMMA coated aluminum
—w  285%33 1535+ 62
The above result also poses an interesting question alone cannot explain the difference between

as why the pendant and sessile drops demonstrated
different behavior in terms of their contact line motion
during the evaporation. Some explanations are
provided in [15] based on convection within the drops.
But this matter can be studied in a dedicate separate
study.

In summary, it was found that buoyancy is a
contributor to the evaporation; however, buoyancy

1

—_

5

evaporation rate of sessile and pendant drops. The
effect of buoyancy is overshadowed by drop shape
evolution during the evaporation (i.e. the time spent in
the CWA mode).

7. CONCLUSIONS

To have a better insight into the evaporation of sessile
and pendant drops, this study examined the difference
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between evaporation rate of sessile and pendant drops.
It was found there is a significant difference between
evaporation rates of sessile and pendant drops.
Literature suggests “buoyancy” as a possible candidate
for explaining the difference. By studying suspended
drops near a plate, it was found that depending on the
vapor’s weight and location of plate (above or
underneath the drop) evaporation rate accelerated or
decelerated in favor of buoyancy (which is found to be
in the order of 5-8%). However, in the case of sessile
and pendant drops, regardless of vapor’s weight, and
on different substrates, sessile drops evaporated 16—
35% faster. We showed that the buoyancy effect is
overshadowed by another factor. This factor stems
from the interaction of drop and surface. Because when
drops were not in contact with the plate, buoyancy
could explain the evaporation rate difference. The
factor is found to be due to contact line dynamics of
the drop during the evaporation. It was shown that
sessile drops stay longer in the CWA mode compared
with pendant drops, and evaporation rate in the CWA
mode is (30-40%) faster than that in the CCA mode.
An interesting question to be answered is as why the
pendant and sessile drops demonstrated different
behavior in terms of their contact line motion during
the evaporation, which can be studied in future.
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Appendix |

The initial possible shape difference is due to gravity.
For micro-liter drops, the Bond number value is
low, 0.019 for sessile, and 0.018 for pendant drops
(Bo = £
liquid and vapor, g is the gravitational acceleration, y
is the surface tension, L is a characteristic length and
is equal to 3V/S; V is the drop volume and S is the drop
surface area) [28]. As such, gravitational forces should
not affect the drop’s shape, meaning that sessile and
pendant drops should have the same shape (see Fig.
Al-1). This is also tested using image processing
methods and comparing the initial shape of similar
drop volumes and surfaces in sessile and pendant
configurations.

Ap is the density difference between the

To better verify that sessile and pendant micro-liter
drops have similar shapes, the sphericity (/) definition
was used, see Eq. Al-1.

T[1/3 (6V5)2/3
= 755
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where V and S are volume and surface area of the
ellipsoidal shape, accordingly, and can be found from
Egs. 3 and 4:

(a) (b)

(4) Fig. Al-4 Images of a 4 mg water drop in (a)
sessile, and (b) pendant configurations on
PMMA-coated silicon are shown.

— 2
Vs = §1Ir1 Ty

21y 1,2

si
122 412 Iy

Sy = 2mry 2 +

where ry and r, are minor and major radii of the
ellipse (see Fig 7).

Drop

Fig. Al-5 An ellipsoidal cap shape drop with drop height
(h), wetted radius (a), and contact angle (0) is shown in 2-
D. The ellipsoidal cap (which represents a drop affected b);

gravity) is a portion of an ellipsoid with major and mindf

radii of r; and r.

A sphere has a sphericity (Jr) of unity. If drop is
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affected by gravity, its shape deviates from spherical
cap to an ellipsoidal cap shape [29-31], and the value
of sphericity deviates from unity. Assuming that the
drop is axisymmetric, one of the symmetrical axes of
the ellipsoid becomes perpendicular to the substrate
and the other axis of symmetry is parallel to the
substrate (see Fig. 7).

The values of r; and r, cannot be measured from
the drop image. Instead, the values of drop height (h),
wetted radius (a), and contact angle (0) can be found
using the drop images and image processing [15]. In
the following, r; and r, are found as functions of h, a,
and 0. The general equation of an ellipse with minor
and major radii of r; and r;, is:

2 2
X y
_Z+_Z=1
Iy Iy

At x = a, the tangent to the ellipse is 6 degrees
with respect to the x-axis (see Fig. 7), as such one has:

dy

= —tan6
dxly—q

Using Egs. 5 and 6 one can find the value of r; and
r, based on the drop height (h), wetted radius (a), and
contact angle (0) as:

90
. \W

30

Contact angle
(degrees)

0 500 1000 1500

Time (s)

(a)
1200
900
600
300

Drop height (um)

0 500 1500

Time (s)

1000

(©)

_ ahtan® — h?
2= atan 6 — 2h

and:

_ a(atan ® — h)?
1= tan 0 (a tan ® — 2h)

Analyzing the drop images to find 6, a and h then r;
and r, (using Egs. 7 and 8), it was found that the
sphericity of sessile and pendant water drops was 0.95
+0.01 and 0.96 + 0.01, respectively. These two values
are reasonably similar which indicates that sessile and
pendant drops have relatively similar shapes. Also,as
the sphericity values are close to unity, it can be
concluded that both sessile and pendant drops have
spherical cap shapes. Above discussion shows that the
initial drop shape cannot explain the difference
between the evaporation of pendant and sessile drops.

Appendix Il 5)

Evaporation of a 4 pl water drop on aluminum is
shown. As shown below, for the first 400 s evaporation
is in the constant wetted area (CWA) mode, then
switches to the constant contact angle (CCA) mode.

__ 1600
€

= 1200

(%2}

.2 800

©

©

= 400

©

=

et 0

g 0 500 1000 1500

Time (s)

(b)

Fig. Al-6 (a) contact angle, (b) wetted radius, and (c) drop height of a 4 pl water drop on aluminum is shown.
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