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Natural convection in droplet evaporation
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Although droplet evaporation is widely assumed to be a diffusion process, our results show that when a
droplet evaporates sufficiently fast it exhibits a vigorous interior flow. This flow is driven by surface tension
gradients. The typical interior flow field behavior is shown as well as measurements of the droplet surface area
and volume as it evaporates. We also discuss the droplet lifetime and how the system tends toward a state of
marginal stability[S1063-651%96)03908-9

PACS numbdps): 47.20.Dr, 47.27.Te, 47.55.Dz

INTRODUCTION materials heat conducts much faster in the liquid phase than
in the gas phase. If there is no convection, then the liquid

Droplet evaporation occurs in many important natural andnterior of the evaporating droplet must supply the heat to the
engineering processes. These include such diverse phenosurface for vaporization. A temperature gradient normal to
ena as cloud physidd], combustion of fue[2], biological the evaporating droplet’s surface develops as heat is rapidly
crystal growth[3], heat radiator$4], etc. The first theory of conducted toward the surface. The conductive state has the
the evaporation of a droplet in a gaseous media was prgsotential to become unstabl®,10] because of the surface
sented by Maxwel[5]. He considered the simple case of atension dependence on temperatiremost cases the sur-
spherical droplet with its center of mass motionless with reface tension decreases with increasing temperature
spect to a gaseous exterior. This diffusion theory of spherical A nonuniform temperature distribution at the surface cre-
droplet evaporation leads to h& law: the square of the ates a surface tension gradient that produces a forcing in
diameterd (or, equivalently, the radius) of the droplet de-  which surface fluid is pulled toward regions of higher surface
creases linearly with timgb,6]. This theory assumes that the tension. The viscous force then transports momentum into
evaporation process is controlled by a mass diffusion procegbe interior of the droplet and a convective flow results
exterior to the droplet and leads to a total droplet lifetime throughout the droplet. This surface tension driven instability
of t;=R%p/2DAc (R is the initial radius of the spherical is called the Marangoni instabilit}j7,9,10. A moving sur-
droplet, p is the density of the evaporating media,is the  face should also drive convection exterior to the droplet in-
mass diffusion constant of the droplet material in the exterioccreasing the exterior mass and heat transport. This increased
gas, andAc is the concentration change of the droplet mate-heat and mass transport should increase the evaporation rate.
rial from the droplet surface to the ambient concentration failOn the other hand, the convection should also tend to equili-
away from the droplet Although Maxwell’'s law is derived brate the temperature at the surface decreasing any surface
from considering the exterior gas, a similar relation can baension gradients and therefore tend to stop the convection.
obtained by considering the interior liquid of the droplet. A surface tension gradient results in a Marangoni flow
Although many more refined theoretical developments havenly if there are no other forces to balance it. A stationary
included the effects of droplet center of mass motion, nonsurface element that is perturbed into motion, however, has a
spherical droplets, etf6], they have all focused on the mass viscous resistive force applied to it. A dimensionless number
diffusion in the exterior gas of the droplet. While there havethat measures the relative strengttise ratio of these op-
been previous observations of convection from evaporatioposing forces[(surface tension forg&viscous resistive
in pools of liquid[7] and drops on flat platd8], there have force)] is the Marangoni number Ma. The Marangoni num-
been no previous investigations of convection in the simplder is Ma=AoR/pv @, whereo is the surface tensiolyo is
configuration of an evaporating droplet surrounded by gas. lithe surface tension change along the interfageich must
the following we report such a flow in an evaporating drop-be present for there to exist any possibility for surface ten-
let. sion driven flow, p is the densityp is the kinematic viscos-

As an evaporating droplet decreases in mass, convectioity, « is the thermal diffusivity, an®R is the radius of the
and diffusion processes in the exterior gas medium transpodroplet, which is the characteristic length over which the
the droplet mass away from the evaporating drof@¢tThe  surface tension changer occurs. The Marangoni instability
change of phase of the liquid to a gas at the surface requira@s characterized by a critical value of the Marangoni number
an input heat called the latent heat of vaporization. In genMa,, which is the value where neither surface tension nor
eral, it is possible to have a heat flux into the surface fromviscosity dominates. When MaMa, the viscous force domi-
both the external gas and the internal liquid through conducnates and the surface perturbations dissipate. 1-Ma_,
tion, convection, or radiation. Often radiative heat transfer ihowever, the surface tension force dominates the viscous
a smaller effect than conduction and convection. In mosforce and surface perturbations grow. The viscous force then
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perature variation is systematic over the€20-min cooling

| suspending loop | cycle of the room, indicating that the maximum temperature
: [ L variation over~1 s is much lower. A methanol droplet is
| converging lens deployed, using a syringe, below a suspending loop approxi-
light sheet mately 1 mm in diameter. The surface tension at the loop,
- ‘ — - air, and methanol interface balances the weight of the droplet
e hanol drop ‘cylindrical lens | laser beaml when the droplet is sufficiently smal=2 mm in vertical
m | ’ length from the loojp The constraint of gravity forces us to
sealed chamber use the suspending loop and the small scale droplet. This
v hanging droplet configuration also prevents an ideal spheri-

cal droplet from being realized: the hanging droplet is a more
complicated oval-like shape that maintains roughly the same

\
\AR 8 4 S
V¢ VV \ | light reflected from particles in drop l
- width as it evaporates while shrinking in vertical length. In

\

r ‘ hErCD camera . image 7 streak imagcs e . . . .

fong working monimrﬂ:ﬂmputerwntll analysis | velocity fields addition to the shape distortion, the suspending loop intro-
distance ver feame grabber| 14 " eface arca duces a thermal perturbation into the system. A better
microscope | enhancement | volume method for doing this experiment is to do it in a weightless

or microgravity environment. To prevent surface contamina-
tion we first ultrasonically cleaned the chamber, syringe, sus-

FIG. 1. The data shown in Figs. 2—4 are obtained using thd®&nding loop, etc., and then dried them in a vacuum oven.
laboratory setup shown schematically in this figure. Light from alight from a He-Ne laser is focused using a converging lens
He-Ne laser is focused using a converging lens such that the wai§UCh that the waist of the beam occurs at the droplet. The
of the beam occurs at the droplet. The beam then goes throughReam then goes through a cylindrical lens to form a vertical
cylindrical lens to form a light sheet. This light sheet is approxi- light sheet as shown in Fig. 1. This light sheet is approxi-
mately 0.1 mm thick in the dropldivhere the thickness is defined mately 0.1 mm thick in the droplet. This laser light sheet
as the full width at half the maximum light intensity of the intensity illuminates Duke Scientific 2¢m polystyrene spheres tracer
profile normal to the light shektThis laser light sheet illuminates particles in the liquid droplet. The transparent walls of a
Duke Scientific 2zm polystyrene spheres tracer particles in thesealed 1610X10 cn?v sample chamber allows the flow in
liquid droplet. The liquid droplet is suspended by a small wire loopthe hanging droplet to be visualized through a microscope
inside of a sealed 2010x10 cn? chamber. The transparent walls with a long focal length lens and a charge coupled device
of the sample chamber allows the flow in the droplet to be visual-(CCD) video camera. Reflected light from the particles and
ized through a microscope with a long focal length lens and a CCQhe droplet edge are focused into the camera. Resultant im-
video camera. Reflected light from the particles and the droplehges are analyzed with the help of image processing soft-
edge are focused into the camera. The images from the camera afgyre. \We find that when a thermocouple is placed in the
recorded on a VCR and grabbed using an EPIX 4-Meg video boarq.hamper with the laser sheet shining on it that the thermo-

Resultant images are analyzed with the help of image processin@ouple increases in temperature by 0.9 °C in 2 min. Droplet

SOf.twar.e' These Images y'e!d quantitative 'nformat'pn about the V€tonvection visibly increases when the light sheet hits the
locity field, as shown in Fig. 2, through a technique known as

. ) . suspending loop. In our experiments we block the light sheet
particle displacement tracking. The volume and surface areas of the - .
droplets are found from software where the user defines the symsfO that it dpes hot s_hlne on the Iqop and we do not see any
metry axis of the droplet and then draws the edge of the dropleiappare.”t difference in the convec_tlve .behaworv.\/hen the light
with a computer mouse. The volume and surface areas are th eet is on or off. .Droplet velocity fieldsee Fig. 2 apd
integrated and errors calculated. Qroplet t_adgesése'e Fig. 3 are then recorded as a functlpn pf
time using a video frame grabber. The chamber is first
_ o flushed with air so that initially the methanol partial pressure
transports momentum into the interior of the droplet and gy the external gas within the chamber is insignificant. The
convective(or Marangonj flow results. ExperimentallyAo droplet is then deployed and the chamber sealed. As the
is usually controlled throug_h a temperat_ure change that i”droplet evaporates the relative humidiigH) of methanol
duces a temperature gradient perpendicular to the surfaGgcreasegrelative humidity=(partial pressure of methanbl
[Aoc=(Ag/AT)AT, whereAo/AT is a constant of the me- (yapor pressure of methanpl By measuring the volume of
dia that is usually negatiyeAlthough thisAT results in a  he droplet, through image analysis of the axisymmetric
uniform surface temperaturd T still measures the magni- droplet, we monitored the RH of the external gas in the
tude of temperature change that a temperature perturbatidhamper as the droplet evaporated. Typically the RH in-
would produce along the surface. creases from 0% to 15% when one droplet evaporates in the
sealed chamber. Figure 2 shows a typical velocity field in-

side of the droplet.
PROCEDURE AND APPARATUS

Our experiments are conducted at atmospheric pressure RESULTS AND DISCUSSION
and room temperature in a sealed glass and metal chamber
using methanol as our evaporating media as shown in Fig. 1. Figures 2 and 3 show that significant and vigorous con-
The chamber is in a temperature controlled room that allowsection occurs inside of an evaporating droplet. The un-
a temperature variation of at most 0.1 °C inside the chambesteady cellular structures, such as the ones shown in Fig. 3,
over the~20 min needed to evaporate a droplet. This tem+end to last~1 s before they slow and stop. The cells always
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0.11 em/s

480
FIG. 2. Thex andy components of the veloc-

ity field inside the center plane of an evaporating
droplet. The droplet edge has been drawn to
scale. Five consecutive images captured in a
CCD camera were used to calculate the velocity
field. Tracer particles2 um diametey in a laser

r light sheet(100 um thick) are imaged in the CCD
camera. The axis of the camera lens is perpen-
- dicular to the light sheet. The suspending loop is
above the droplet. These images yield quantita-
tive information about the velocity field through a
technique known as particle displacement track-
ing. Corrections have been made for light refrac-
tion at the axisymmetric droplet surface. The cor-
rections for refraction change the magnitude and
direction of the velocity vectors somewhat. The
qualitative features of the flow cells are only
T slightly changed.

1 160 320 480 640
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appear to form near the droplet surface, indicating that thelom at any place on the surface, although there is usually
driving force is produced at the surface by surface tensiosome delay before another cell forms in the same location.
gradients. As shown in Figs. 2 and 3, the size of the celldhe cellular flow appears to be disordered in space and time.
generated by the localized surface tension gradients are &ligure 4 shows the surface area and volume as a function of
the order of the droplet radius. Cells appear to form at rantime. In addition, the boundary condition at the surface

FIG. 3. Each of the six streak images of the
droplet shown are made by exposing a moving
tracer particle for 0.033 s and enhancing the re-
sultant image. The suspending loop is above the
droplet. The evolution of the flow is ové s with
0.20 s between images. This typical case starts
with a cell that has just formed near the surface at
the left. This cell exists for abaud s before stop-
ping while another cell forms elsewhere at the
surface near the bottom right edge.

e) t =0.80 seconds f) t = 1.00 seconds
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Methanol Drop Evaporation (P=1.0 atm, T=20.0°C) TABLE . Cpnductive lifetimes (,.), convective Iifetimes t0),
13 a2 and Marangoni numberéMa) at various temperature differences
I e (AT). The convective lifetimes matches the data in Fig. 4 near the
12 ] . - critical Marangoni number.
- T surface area 10
N
E 1ot " volume o m; AT i te Ma (Ma,=80)
~ A L8
§ ; 5 & 4°C 19.1 min 02 s 5585
< 8T 2 1°C 1.3 h 33s 1396
3 ] e 3 0.5°C 26 h 13.1 s 698
8 6 - L5 Q .
5 S 0.1°C 12.8 h 5.4 min 140
2.1 T4 0.06 °C 21.3 h 15.0 min 84
r3 0.05°C 255 h 21.6 min 70
1 -2
2 L
-1
o -0 is known as the Jacobs numkkyr, which measures the ratio
0 2 4 & 8 10 72 1416 18 20 of heat conductedper unit massC,AT to the latent heat
Time (minutes) (per unit masp hyy. Using R/t;~aJ,(1/R)+UJ, and the

above velocity scale we g&/t.~aJ,(1/R)(1+M,). This

FIG. 4. By measuring the surface area and volume of a droplefin@lly  yields the convective I|fe_t|me_tcf(R2/aJa)[1/
at many different times using imaging software, the temporal evo{1+Ma)]. We note that the conductive lifetinte (at Ma=0
lution of these quantities is found. The surface area and volum&0rresponding to no floys ti~R/ad,.
tend to follow each other in time because of the geometrical con- Although our results show clearly thAfT is an important
straint of the suspending loop, which maintains a roughly constanparameter for the evaporation process, it has been previously
width while the droplet length decreases. The solid lines are showignored in this problem. Table | shows both the convective
as guides to the eye. lifetime t. and the conductive lifetime, of the methanol
droplet for a range oAT values. The conductive lifetimig
is in agreement with the data given in Fig(418 min) for
LQT=4 °C, which is equivalent to Ma5585. This Ma is sev-
eral orders of magnitude larger than the critical Marangoni
number Ma=80 [12]. Clearly a purely diffusive exterior

The evaporation rate decreases with increasing RH Thmass transport and conductive interior heat transport should
P 9 ) ad to a Marangoni flow. The large mass flux from convec-

rqte ,Of cell fprmation and t.h-e particle speeds also depreasei n inside of the droplet, as indicated in Figs. 2 and 3, makes
with increasing RH. In addition, we have observed, using thg; jikely that such a large temperature change occurs. We
same experimental protocol, a.s_lower evaporation rate in faye measured\T under different conditions using two
water droplet that does not exhibit convection. We have alsqmg|| thermocouples, one inside the droplet and one just out-
observed a higher evaporation rate in an acetone droplet tha{ge of the droplet. We have found theT~0.2 °C just after
has stronger convection. the droplet is deployed using a different chamber that is op-
Although our data show that the interior convective heaterated below ambient pressure. AT=0.06 °C, Ma=Ma,
transport to the droplet surface must play a large role in theindt, agrees with the data, which suggests that the droplet
evaporation process, to our knowledge, no one has ever cotends to a state of marginal stability. The interior heat trans-
sidered it before. To include the convective effects we neegbort from convection brings the droplet toward thermal equi-
to introduce a velocity scale. This is accomplished in thdibrium, while evaporation produces destabilizing tempera-
usual way by balancing the force per unit mass due to surture gradients at the surface. These two opposing tendencies
face tensionAa/pR?, with the viscous force per unit mass keep the evaporating droplet system near a state of marginal
v(U/R?) at the surface of the droplet to get the velocity scalesStability. A small section of Marangoni unstable surface gen-
U =Ao/pr [11]. This can also be rewritten in terms of Ma as erates a cellular flow that transports the hot fluid to the cold
U=Ma(a/R). The heat out of the surface through evapora-Side of the surface tension gradient. This conyective .heat
tion is (dm/dt)h,~ pA(R/t)h,, (Wherem is the mass of the transport decreases the surface tension g_radlent _untll the
droplet,t is the time h, is the latent heat of vaporization per driving force and the cellular flow stops. This explains the
unit mass, and is the area perpendicular to the heat flow Cellular lifetime as the time required for hot fluid to move
This output heat must be balanced by the heat into the Suﬁpproxmately one cycIe. In a convection ce!l and St‘?‘b"'ze
face. The heat into the surface includes both a heat condu he sprface tension grad|ent. Thel—s'convchon cell life-
tion term kA(dT/dr)~kA(AT/R), wherek is the thermal ime is tﬁe time required for a hot f'de particle to travel
conductivity, and a heat convection term of ordermm at the speed of-1 mm/s(see Fig.
pC,UATA, whereC, is the specific heat at constant pres-

should lead to exterior convective transport. We did not hav
the ability to observe convective flow in the exterior of the
droplet.

sure andU is the characteristic velocity. This balance im-
CONCLUSION
plies thatR/t.~(k/pCp)(C,AT/hig)(1/R)+U(C,AT/hyy),
wheret, is the convective lifetimek/pC,, is just the thermal We have observed vigorous convection inside an evapo-

diffusivity « and the dimensionless combinati@pAT/h,q rating droplet. This convection is disordered in space and
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time and appears to be generated by local surface tensidviarangoni instability while the resulting strong convection
gradients. A simple scaling argument shows that the lifetimdeads to stability.

of the droplet is R¥aJ,)[1/(1+M,)]. This time scale ACKNOWLEDGMENTS
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