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Evaporation-induced flow around a pendant droplet
and its influence on evaporation

S. Somasundaram, T. N. C. Anand,® and Shamit Bakshi®
Department of Mechanical Engineering, Indian Institute of Technology Madras,
Chennai 600036, India

(Received 9 April 2015; accepted 19 October 2015; published online 13 November 2015)

Studies on the evaporation of suspended microlitre droplets under atmospheric condi-
tions have observed faster evaporation rates than the theoretical diffusion-driven
rate, especially for rapidly evaporating droplets such as ethanol. Convective flow
inside rapidly evaporating droplets has also been reported in the literature. The
surrounding gas around the evaporating droplet has, however, been considered to
be quiescent in many studies, the validity of which can be questioned. In the present
work, we try to answer this question by direct experimental observation of the flow.
The possible causes of such a flow are also explored. © 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4935355]

. INTRODUCTION

The process of droplet evaporation according to Maxwell’s equation' is described on the basis
of pure diffusion of the evaporating species through the surrounding medium. However, the exper-
imental evaporation rate has been observed to be higher than the diffusion-driven evaporation rate,
especially for rapidly evaporating pendant droplets.>> It is now understood that the process of diffu-
sion alone is insufficient to describe the evaporation process, even under atmospheric conditions, as
many other accompanying processes can influence the evaporation rate.

One of the pertinent processes which influences the evaporation rate is internal circulation.
Hegseth, Rashidnia, and Chai* observed an internal circulation inside an evaporating methanol
droplet suspended from a loop under atmospheric conditions, due to surface tension gradients. They
also mentioned the possibility of flow outside the droplet resulting from shear at the interface,
but they did not confirm the presence of flow in the surroundings experimentally. However, this
contrasts with the inference of Guéna et al.,® which they utilized in theoretical modelling of sessile
droplets of water, alkanes, etc. They used a stationary diffusion assumption to model the evaporation
of hydrophilic liquids on a silicon wafer substrate. To justify their assumption, they performed
experiments with suspended and sessile droplets using the same substrate and observed that the
evaporation rates (exponents) were similar for both. They argued that a sessile droplet of water is
more likely to have convection around it, as water vapour is lighter than air, whereas a suspended
drop of an alkane is more likely to have convection around it, as alkane vapour is heavier than air.
Equality of the evaporation rates for suspended and sessile droplets for each of the liquids led them
to conclude that convection is not important in this situation. In a recent work by Chini and Amirfa-
zIi,? the applicability of the quasi-steady assumption as well as that of the pure-diffusion assumption
in the Maxwellian model of droplet evaporation was examined for a suspended pendant droplet un-
der atmospheric conditions. They showed that relaxing the quasi-steady and pure-diffusion assump-
tions could lead to quite different results, particularly for rapidly evaporating droplets. They point
towards the presence of convection around the droplet, even under atmospheric conditions.

Indications of the presence of convection around sessile droplets had come previously from the
use of an interferometric technique to identify vapour clouds.” However, more definite interferometric
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evidence of vapour clouds around pendant droplets indicating the presence of convection was reported
recently by Dehaeck, Rednikov, and Colinet.® They suspended a droplet of 3M Novec HFE-7000
(engineered fluid) from a silicon wafer and made measurements under atmospheric conditions. This
fluid is highly volatile and its vapour is considerably heavier than air, resulting in a large value of the
Grashof number (= 852, considering the solutal contribution alone). The Grashof number is defined
as the ratio of the buoyancy force to the viscous force. The high values of the density gradient and
surface concentration were warranted by the interferometric technique used. These measurements and
simulations show that inclusion of the effects of convection around a suspended droplet along with
Marangoni convection in the interface is critical for correct prediction of local and global evaporation
rates. The local evaporation rates are also important in the context of hydrothermal instabilities®!”
which are more pronounced during the intermediate stages of evaporation'' and are thermocapillary
in origin.'?

Experimental evidence of flow around a sessile droplet under ambient conditions was reported
by Kelly-Zion et al.'? using schlieren imaging. Using microgravity experiments, Carle, Sobac, and
Brutin'# confirmed the presence of flow around a sessile droplet by comparing the evaporation rate
with the diffusion-driven rate. Dunn et al.'® included ad hoc corrections to the diffusion model
to incorporate the buoyancy effect of water vapour for an evaporating sessile droplet. With this
correction, they were able to obtain a good comparison with experimental results. This indicates
that convection could be present for this situation. Saada, Chikh, and Tadrist'® also considered
buoyancy-driven convection in their numerical simulation and justified the inclusion of the buoy-
ancy correction in the earlier work of Dunn et al.'> As already mentioned, the recent work by
Dehaeck, Rednikov, and Colinet® measured vapour concentration around a pendant droplet using
an interferometric technique that clearly shows convective flow for a Grashof number of 852. For
such a high Grashof number, convective flow is quite likely. It is not easy, however, to extend these
observations to deduce the presence of convective flow in a pendant droplet for low Grashof num-
bers. The above-mentioned studies also did not provide direct evidence in terms of flow velocity
measurement. This is significant particularly because the existence of flow can be independent of
its influence on the evaporation rate. In other words, the flow may exist but need not significantly
influence the evaporation rate. For example, although it is apparent from the work of Kelly-Zion
et al."® and Carle, Sobac, and Brutin'* that evaporation-induced convection exists around an evap-
orating sessile droplet, the work reported by Gelderblom et al.'” shows that the model of Popov,'®
which is based on the pure-diffusion assumption, accurately describes the evaporation rate. Simi-
larly, Sefiane et al.’® modified the basic diffusion-based model to take into account the effect of the
change in diffusivity due to temperature and the surrounding gas, as well as the thermal conductivity
of the substrate, and found a good match with experimental measurements. The recent work of
Gleason and Putnam? also indicates that a modified diffusion-controlled model with corrections
for the non-uniform surface vapour concentration can predict accurately the evaporation rate of a
sessile droplet of water. These results suggest that free convection does not contribute to evaporation
under the conditions used in these studies, although they do not rule out its presence. Hence, in the
present paper, we rely on direct evidence for the existence of flow using velocimetry for evaporating
pendant droplets (but not for sessile droplets). Thus, the first question addressed in this paper is as
follows: Does a flow exist around a pendant droplet evaporating under ambient conditions for low
Grashof numbers? Second, if there is a flow, what causes this flow?

We explore different methods to address these questions, and we believe that the experimental
results presented in this paper give conclusive answers to them.

Il. EXPERIMENTAL SETUP AND METHOD

A schematic of the setup used in the present experimental study is shown in Fig. 1. The setup
included the test rig, systems to create the droplet and a controlled environment, and diagnostic
equipment, all of which were mounted on an optical breadboard. The test rig was a cubical chamber
of length 24 cm with a metal frame. Five sides of the chamber had glass plates fixed to the frame
with silicone rubber gaskets to ensure a leakproof fitting, while the top was made of clear acrylic.
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FIG. 1. Schematic of experimental setup: 1, cylinder for gas supply; 2, solenoid valves; 3, seeding-particle generator;
4, strobe light; 5, test rig; 6, syringe pump; 7, inlet for seeding particles; 8, inlet for gas; 9, outlet; 10, CCD camera; 11,
laser; 12, CMOS camera; 13, micro-control traverse; and 14, optical table.

The top plate of the chamber also had provision through solenoid-controlled valves to introduce
fresh gas, to introduce seeding particles, and to purge the ambient gas from the chamber. The seed-
ing particles used were small sesame oil droplets produced using a generator fabricated following
the design of Jermy.?! The measured particle size distribution of these particles (measured using a
phase Doppler interferometer) indicated that their mean size was around 2 um. The chamber was
also fitted with a K-type thermocouple to measure the ambient temperature.

A stainless steel needle of inner diameter 2.6 mm, length 140 mm, and thickness 0.5 mm,
with a flat tip, was inserted from the centre of the top plate. A droplet of known volume (with
an initial equivalent diameter of 3.1 + 0.1 mm) was repeatably suspended at the lower end of this
needle by operating a syringe pump fitted with a 25 ml Hamilton syringe, which was connected
to the needle. A light-emitting diode (LED) strobe backlight and a 14-bit charge-coupled device
(CCD) camera of resolution 1392 x 1040 pixels, with a 105 mm macrolens, were triggered using
a National Instruments TTL module to acquire images of the droplet at 10 s intervals. A green
(532 nm) beam of diameter 1.1 mm from a continuous diode-pumped solid-state (DPSS) laser was
expanded using a 20 mm focal length plano-convex cylindrical lens to form a vertical laser sheet.
This was passed through the chamber to illuminate a region of height 85 mm. To avoid reflections
from the droplet, the top of the laser sheet was positioned about 6-10 mm below the droplet.
A high-speed complementary metal-oxide semiconductor (CMOS) camera (with a resolution of
1024 x 1024 pixels) fitted with a 50 mm lens was used to take images of the seeding particles. In
some of the experiments, for measurement of droplet surface temperature, thermal images of the
droplet were taken through a provision in one of the side plates of the chamber using a thermal
imaging camera (with a resolution of 320 x 240 pixels).

The experimental procedure was standardized as follows. The test chamber was first purged
with nitrogen (99% pure) from a nitrogen cylinder at a pressure of 2 bar for 60 s by opening
a solenoid valve. The chamber was then filled with seeding particles by opening the appropriate
solenoid valves for 1 s. Then, to reduce the seeding density, nitrogen gas from the cylinder was
again introduced into the chamber for 10 s with the outlet line open. Both valves were then closed,
and any flow still present in the chamber was allowed to subside for 120 s. A droplet of the test fluid
(99.9% pure ethanol or HPLC-grade water) was then created by operating the syringe pump at a low
flow rate (250 pl/min), to discharge a fixed volume. Backlit images of the droplet were acquired
using the CCD camera and LED backlight. These images were processed with a code written in
Matlab to determine the evaporation rate as a function of time. Images of the seeding particles
were acquired using the laser sheet and the high-speed camera. The procedure was repeated eight
times for each condition. The particle image velocimetry (PIV) images were processed with the
open-source “PIV-LAB” software’>?* to obtain the velocities. The images were well correlated,
with a correlation coefficient greater than 0.75. For some experiments, the metallic needle was
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replaced by a quartz fibre with a bead of diameter 1.3 mm at the tip, from which a droplet of
2.1 = 0.1 mm size was suspended. Streak images of the particles surrounding the droplet were also
obtained using a laser sheet and a camera set to a high exposure time (50 ms).

lll. RESULTS AND DISCUSSION
A. Is there a flow around the evaporating droplet?

To determine whether flow existed around the droplet, the chamber was seeded using small oil
particles using the method described above. Streak images were obtained, an example of which for
an evaporating ethanol droplet is shown in Fig. 2. The streaking in the illuminated region just below
the droplet clearly indicates the presence of flow below the droplet evaporating at atmospheric
temperature and pressure. The videos available online indicate the same: Movie 1?* shows the
flow below a pendant ethanol droplet, while Movie 2% shows the flow below an evaporating water
droplet. Images were taken at 50 frames/s in both cases and are played back at 5 frames/s.

The flow below the droplet is in the form of a downward plume. This flow was observed
even for slowly evaporating water droplets and both for droplets suspended from the metallic nee-
dle and for those suspended from the quartz fibre. Fig. 3 shows the velocity profile along a line
perpendicular to the needle axis, at 50 mm below the droplet, for an evaporating water droplet
(suspended from a metallic needle) and for an ethanol droplet (suspended from a metallic needle
or a quartz fibre). The velocity profiles for these cases are at an instant when the diameter of a
volume-equivalent sphere is 3 mm for the metallic needle case and 2 mm for the quartz suspender
case. The peak velocities and the extent of the disturbed region are comparable, within the range
of experimental uncertainties for these cases. As expected, the flow changed when the evaporating
liquid and the ambient gas were changed; those results will be reported separately and are not the
focus of the present study.

The development of the flow was studied through a long distance downwards from the tip of
the needle. Fig. 4 shows the velocity profile (non-dimensionalized) at a given time for 47 different
stations from the tip of the needle, varying from an axial distance of around 5-25 times the
needle-diameter. The time corresponding to this plot is 100 s (droplet diameter = 2.46 mm) after the
start of the evaporation process. The velocity is non-dimensionalized with the maximum velocity
at a given station and the distance with the radial distance at which the velocity reaches half the
maximum velocity. Certain interesting features are apparent from this figure. The collapsing of the
velocity profile is an indication of its self-similar characteristics as observed in buoyant plumes.
The extent of the disturbed region is seen to be around 4-5 times the radial distance at which half

G
~— | Ethanol Droplet

Streak lines

FIG. 2. Streaking image showing the flow below an evaporating ethanol droplet. The white horizontal line indicates the
location of the velocity profile measurements shown in Fig. 3. The contrast of the image has been enhanced to make the
droplet visible.
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FIG. 3. Velocity (vertical component) variation with distance from the suspender axis for an evaporating water droplet and
the evaporating ethanol droplets. The velocity is measured 50 mm below the tip of the suspender. The central vertical line is
the axis of the suspender. Positive values indicate downward flow. The diameter indicated is the volume-equivalent diameter
of the droplet.

the maximum velocity is reached. This is roughly 10 times the needle diameter on each side of the
axis. This is different for the case of the water droplet where the disturbed region is around 12-13
times the needle diameter on each side of the axis.

In the work described here, we investigated whether the flow was really from the evaporat-
ing droplet or whether there could be any other possible source for the flow. With this aim, the
background flow was characterized by PIV. The velocity magnitudes in the absence of the needle
were very small, with a mean of 0.07 cm/s and a standard deviation of 0.015 cm/s. Experiments
were also performed with the needle inserted in the chamber but without introducing the drop,
and again the velocities observed were very small and of a similar order. To confirm that the flow
was due to evaporation, we performed experiments with sesame oil. The sesame oil droplet did
not evaporate under the present conditions and remained unchanged in diameter for hours. The
droplet insertion process (with an insertion rate of about 250 ul/min) and other parameters for this
experiment were maintained similar to those in the experiments done with the evaporating liquids
(water and ethanol). The velocity profiles for these cases are shown in Fig. 3. The flow field and the
velocity histogram (for the vertical component of velocity) are shown in Fig. 5 (note that downward

Non-dimensional distance
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,.;agw}'i_ 0 e L LR LR

Non-dimensional downward velocity

1.2

FIG. 4. Non-dimensional velocity (vertical component) variation with non-dimensional distance at various locations (47
stations) below an evaporating ethanol droplet. The velocity is non-dimensionalized with the maximum velocity at a given
station and the distance with the radial distance at which the velocity reaches half the maximum velocity. The profiles
correspond to a time t = 100 s after the start of evaporation.
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FIG. 5. Comparison of the vertical component of velocity field (top) and velocity histogram (bottom) for the non-evaporating
(left) and evaporating droplets (right). The mean values indicated in the lower figures are for the entire window. The cross
wires at the top indicate the tip of the needle.

movement is considered positive here). It can be seen that the flow with the suspended sesame
oil droplet is of the same order as the background velocity, with a magnitude of about 0.08 cm/s.
Hence, we can conclude that considerable velocities with a definite flow pattern are only observable
in the case of evaporating droplets. The velocity histogram for the oil droplet shows a bias towards
positive, i.e., downward velocity. This probably indicates slow settling of the small particles under
gravity in the absence of evaporation-induced flow.

Flow of significant magnitude, as shown in the right hand side panel of Fig. 5, was only
observed when an evaporating droplet such as water or ethanol was present, and, indeed, the flow
subsided once the droplet had evaporated and disappeared. Hence, from the present experiment,
we conclude that there is indeed flow around the evaporating droplet under atmospheric conditions
and that it originates from the evaporation process itself. In fact, during the experiments, it was not
possible to achieve a perfectly quiescent ambient medium in the presence of an evaporating droplet.

B. What causes the flow?

Having observed the flow around the droplet, it is important to identify what causes this flow.
Experiments were performed to understand the mechanism of the flow. As the droplet evaporates,
vapour is released into the surrounding gas. This vapour can be lighter or heavier than the surround-
ing medium, depending on two factors, namely, its temperature (which is essentially the tempera-
ture of the droplet surface) and its molecular weight. Under the present conditions, the temperature
of the droplet surface is always less than that of the ambient gas, due to evaporative cooling.
Temperature measurements with the infrared (IR) camera indicated that the temperature of an evap-
orating ethanol droplet suspended from a steel needle was 16.2 + 1 °C at an ambient (nitrogen)
temperature of 28 + 1 °C. The corresponding temperature for water was 19.6 + 1 °C in the same
ambient gas. The molecular weight of the vapour can be higher (ethanol in a nitrogen atmosphere)
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or lower (water in nitrogen) than that of the ambient gas, depending upon the liquid—gas combi-
nation. Therefore, the observed flow could result from the net difference in density between the
evaporating gas and the surrounding gas. This density difference determines the buoyancy force and
is accounted for in the Grashof number, which is expressed as

3 gApR?

Gr P
VePe

&)

where g (9.81 m/s?) is the acceleration due to gravity, R is the outer radius of the needle, Vg is
the kinematic viscosity of the ambient gas, and p, is the density of the ambient gas. The pendant
droplets are pinned along the contact line at the needle edge till the end of evaporation. Hence, the
needle radius (rather than the droplet diameter) is used as the length scale for convection. Ap, which
is the net density difference causing the flow, is given by

M,- M To—T.
Ap=p Tg(xs—xm)—( T )] 2

Here, M is the mixture molecular weight, x; is the mole fraction of the vapour at the droplet surface,
and x is the mole fraction far away from the droplet (0 in the present case). p is the mixture density
calculated at an average temperature of %(TS + T) and mole fraction of the vapour of %(xS + Xoo)-
M, is the molecular weight of the vapour and M, is the molecular weight of the gas. T; and T,
are the droplet surface and ambient temperatures, respectively, and T is the average of these two
temperatures. Note that this definition of the Grashof number accounts for both thermal and solutal
effects, either of which could dominate. With the solutal effect alone, and considering 75 = T, this
reduces to the expression given by Dehaeck, Rednikov, and Colinet.® The values of the Grashof
number for all the present experiments are shown in Table I. It is observed that the values of the
Grashof number are very low for the present case and are less than 10. This means that the buoyancy
force and the viscous force are comparable to each other. Hence, the question arises whether this is
enough for buoyancy-driven convection.

The second possible mechanism generating the flow could be the momentum flux of the vapour
leaving the droplet surface due to evaporation. To investigate this further, we created an equivalent
situation by introducing gaseous nitrogen or carbon dioxide through the needle at a volumetric flow
rate and momentum flux close to those produced by the ethanol vapour generated from droplet
evaporation in the ambient nitrogen gas. This experiment was done by filling a syringe from a gas
cylinder and then introducing the nitrogen or carbon dioxide from the needle using the syringe
pump. The idea behind this experiment was to isolate the effects of the two possible mechanisms,
namely, the momentum flux induced by evaporation and the buoyant flow due to density differ-
ence. Buoyant forces will be absent in the case of nitrogen injected into ambient nitrogen, but
the momentum flux due to introduction of the gas will be present. It should be noted that car-
bon dioxide has a similar molecular weight (44 kg/kmol) to ethanol (46 kg/kmol) and hence will
provide a close representation of the effect of molecular weight on density. Thus, with a similar
momentum flux as that due to evaporation, the experiment injecting nitrogen into nitrogen repre-
sents the same momentum flux condition in the absence of a density gradient, while the injection
of carbon dioxide into nitrogen represents the combined effect of a momentum flux and a density

TABLE 1. Data for evaporating ethanol and water droplets suspended from a metallic needle and a quartz fibre (volume-
equivalent droplet diameter =2 mm and 7, = 301 K).

Configuration
T, Evaporation rate ~ Evaporation rate (diffusion-driven)  Grsolutal ~ GFThermal Gr
Suspender  Liquid (K) (mg/min) (mg/min) (no unit)  (no unit)  (no unit)
Steel Ethanol 288 5.5 0.74 2.3 3.8 6
Quartz Ethanol 283 0.8 0.52 1.7 53 6.9
Steel Water 293 0.5 0.33 -0.7 2.3 1.6

Quartz Water 288 0.21 0.27 -0.5 3.2 2.6
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FIG. 6. Velocity (vertical component) variation with distance from the needle axis for gas flow and an evaporating ethanol
droplet. The velocity is measured at 50 mm below the needle tip. The central vertical line is the axis of the needle. Positive
values indicate downward flow. The diameter indicated for the evaporating droplet is the volume-equivalent diameter at that
particular instant during evaporation.

gradient (only solutal). The momentum flux to be imposed was calculated by obtaining the average
velocity, i.e., volumetric flow rate (of evaporated vapour from the ethanol droplet) per unit needle
flow area. The product of the density of the gas or vapour and the square of the average velocity
is the momentum flux. Using this method, the momentum flux for nitrogen injected into nitrogen
at a flow rate of 60 ul/s is 0.147 mN/m?, that for carbon dioxide injected into nitrogen at a flow
rate of 50 ul/s is 0.156 mN/m? and that for an ethanol droplet with a vapour generation rate of
50 pl/s is 0.163 mN/m?. The results of this study are presented in Fig. 6, which shows the velocity
profiles at 50 mm from the needle tip for an ethanol droplet evaporating in ambient nitrogen (at
three different times corresponding to diameters of 3, 2, and 1.5 mm), carbon dioxide injected into
ambient nitrogen at an injection rate of 50 ul/s (close to that in the evaporation case), and nitrogen
injected into ambient nitrogen at injection rates of 50 and 60 ul/s.

As can be seen from Fig. 6, the flow induced by the injection of nitrogen into ambient nitrogen,
at flow rates (of 50 and 60 ul/s) similar to the vapour generation rate, is very small compared to
the flow induced by the evaporating droplet. The flow induced by nitrogen in ambient nitrogen at a
similar momentum flux is smaller than that induced by carbon dioxide in nitrogen or by ethanol in
nitrogen. Hence, the observed flow is predominantly not due to the momentum flux of vapour leav-
ing the evaporating surface. It can also be noted from the figure that the momentum flux, although
small, need not be negligible, as can be seen in the case of a nitrogen flow rate of 60 ul/s.

Injection of carbon dioxide into nitrogen results in a much higher flow, which is similar to that
induced by the evaporating ethanol droplet. Hence, the results presented in this section strongly indi-
cate that buoyancy-driven flow is the origin of the flow observed around an evaporating droplet. The
effects of molecular weight (solutal) and temperature (thermal) are both important in creating this
flow. In this context, it can be seen from Fig. 3 that the direction of flow below the evaporating water
droplet is downward. Although the solutal effect suggests that the flow should be upward, the thermal
effectis dominant here. Owing to the low temperature of water during its evaporation, the surrounding
gas (i.e., nitrogen) in the vicinity of the droplet probably also gets cooled and hence falls downwards.

The direction of the flow can be predicted from the expression for Ap in Eq. (2). Ap, the
difference between the surface and ambient densities, is negative (upward flow) if M, < M, (for
purely solutal convection) or T > T, (for purely thermal convection). However, for thermosolutal
convection, the combined effect of temperature and molecular weight determines whether the gas
in the vicinity of the droplet is lighter or heavier than the ambient gas. For water in nitrogen,
although the molecular weight of water is less than that of nitrogen, the flow moves downward,
which indicates that the thermal effect is dominant here. This can also be seen from the thermal
and solutal Grashof numbers as listed in Table I. These can be obtained by considering only the
solutal or thermal contributions in the expression for the density gradient in Eq. (2). Water vapour
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TABLE II. Properties of water and ethanol,? thermal conductivity of steel,2® and thermal conductivity of quartz?’ (used for
the calculation of diffusion-driven evaporation rate and Gr values in Table I).

Configuration
Ts  Latent heat of vaporization  Vapour pressure  Thermal conductivity of suspender at 301 K

Suspender  Liquid  (K) (kJ/kg) (kPa) (W/(m K))

Steel Ethanol 288 937.14 4.30 14
Quartz Ethanol 283 944.06 3.12 1.4
Steel Water 293 2445.30 2.31 14
Quartz Water 288 2451.10 1.91 1.4

being lighter than ambient nitrogen, the solutal Grashof numbers are negative. However, the thermal
Grashof number which is positive dominates here. Hence, the net effect causes a downward flow.

There are of course other minor effects which can cause the flow in the droplet surroundings.
One possibility is that the metallic needle containing the ethanol might cool the surrounding and
hence cause the flow. However, the temperature of the needle was observed to be close to that
of the ambient from the thermal images. The other possibility is of Marangoni convection induc-
ing the flow in the surroundings. It has been reported earlier in the literature>* that Marangoni
convection is insignificant in the case of evaporating pendant water droplets. The presence of flow
in the surroundings (with similar velocities as in the case of ethanol) even for evaporating water
droplets in the present study indicates that the contribution of Marangoni convection to the flow
is insignificant. Additionally, experiments were described earlier with the introduction of CO, gas
into a nitrogen ambient at a flow rate similar to that of the ethanol vapour generation rate from
an evaporating pendant ethanol drop. The molecular weights of ethanol and CO, are similar. The
CO; introduced produced a flow very similar to that observed in the case of evaporating ethanol
droplets. While Marangoni convection is expected to be present in the case of ethanol droplets, it is
absent in the case of the gaseous CO, flow. Hence, the chances of Marangoni convection driving the
surrounding flow for both water and ethanol drops are unlikely.

Table I also presents different experimental data and calculated diffusion-driven evaporation
rates apart from Grashof numbers. The values of the physical properties used for these calculations
are shown in Table II. The cases include a water droplet suspended from a metallic needle, a water
droplet suspended from a quartz fibre, an ethanol droplet suspended from a metallic needle, and
an ethanol droplet suspended from a quartz fibre. The thermal conductivities of the metallic needle
and quartz are very different, as can be seen from Table II. The evaporation rate of ethanol from
the metallic needle is highest among the four cases. The evaporation rate of ethanol from the quartz
fibre is quite low and indeed closer to the evaporation rate of water from the metallic needle. The
evaporation rate of water from the quartz fibre is the lowest.

By comparing the experimental and calculated evaporation rates, it can be observed that with
the use of a quartz suspender, the evaporation rates (measured and diffusion driven) are closer,
indicating that the suspender seems to play a more important role on the evaporation rate than the
convective flow under the present conditions.

IV. CONCLUSIONS

We have directly observed flow around single droplets evaporating in nitrogen gas at atmo-
spheric temperature and pressure. The magnitude of the velocity has been quantified by PIV
measurements. The flow is seen to exist for both rapidly and slowly evaporating droplets (ethanol
and water) with low Grashof numbers. The experiments conducted confirm that this flow originates
from buoyant forces due to thermal and solutal effects. The flow is directed downward for both
ethanol and water droplets evaporating in a nitrogen ambient, indicating the dominance of thermal
buoyancy under these conditions.
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