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Fluorescence visualization of a convective instability which modulates
the spreading of volatile surface films
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The spontaneous spreading of a thin liquid film along the surface of a deep liquid layer of higher
surface tension is a ubiquitous process which provides rapid and efficient surface transport of
organic or biological material. For a source of constant concentration, the leading edge of a
nonvolatile, immiscible film driven to spread by gradients in surface tension is known to advance as
t3/4 in time. Recent experiments using laser shadowgraphy to detect the advancing front of spreading
films indicate, however, that immiscible but volatile sources of constant concentration spread with
a reduced exponent according tot1/2. Using a novel technique whereby fluorescent lines are
inscribed in water, we have detected the evolution of a thermal instability beneath the leading edge
of volatile films which strongly resembles a Rayleigh-Be´nard roll. We propose that the increased
dissipation from this rotational flow structure is likely responsible for the reduction in spreading
exponent. This observation suggests a conceptual framework for coupling the effects of evaporation
to the dynamics of spreading. ©1998 American Institute of Physics.@S1070-6631~98!01607-9#
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I. SPONTANEOUS SPREADING ON A DEEP LIQUID
LAYER

When a liquid substrate is contacted by a film of low
surface tension, surface traction is produced in proportio
the difference in surface tension between the liquid supp
and the spreading film. This traction creates rapid and sp
taneous flow toward regions of higher surface tension. T
speed of the spreading film is known to increase with
magnitude of the spreading coefficient defined
S5g12g22g12, whereg1 denotes the surface tension
the clean liquid support,g2 the surface tension of the sprea
ing film, andg12 the interfacial tension between the sprea
ing film and supporting liquid.1 This spreading coefficient is
related to the local gradient in surface tension,]g/]x,
through the relationS5*0

L(t)]g/]x dx, where the coordinate
x denotes the horizontal or radial direction of spreading a
L(t) denotes the length of the surface active film at timt
after contact with the liquid support. In the examples d
cussed below, the gradients in surface tension are cause
variations in the surface concentration,G, of the spreading
film where ]g/]x5(]g/]G)(]G/]x). The spontaneous ad
vance of a surface film driven by this type of shear stres
called Marangoni driven spreading,2 which occurs for posi-
tive values of the spreading coefficient. A small scale
ample of this spreading process occurs during the castin
Langmuir-Blodgett films. In the fabrication of these film
organic or biological molecules are dissolved in a solv
like hexane or carbon tetrachloride which spreads rap
and spontaneously over the surface of water. The org
solvent, which has a lower surface tension than pure wa
acts as the carrier liquid to transport molecules along
water surface under the action of Marangoni stresses.3 The
1581070-6631/98/10(7)/1588/9/$15.00
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solvent film eventually evaporates leaving behind a mole
larly thin organic film which can then be compressed, lift
off the water surface and deposited onto a substrate for
ther processing. A large scale example of Marangoni driv
spreading can be observed during the late stages of an
vancing oil spill. After the contaminant oil spill has thinne
sufficiently so that hydrostatic forces and inertia no long
contribute to its advance,4,5 the film will continue to spread
due to gradients in surface tension between the oil mass
the ocean surface. This spreading process is responsibl
the large scale contaminant ‘‘sheen’’ observed to extend
beyond the original periphery of the spilled oil mass.

A. Leading edge of nonvolatile surface films

Studies of the spreading of nonvolatile, immiscible film
along the surface of a deep liquid layer have shown that
Marangoni stress at the air-liquid interface establishe
boundary layer in the supporting liquid whose viscous res
tance controls the advance of the spreading film. A sim
force balance first proposed by Fay4 determines the tempora
advance of the film. Fay reasoned that for a source of c
stant concentration, the force per unit length driving t
spreading process is the spreading coefficient,S. This driv-
ing force is retarded by the drag force per unit length crea
by the viscous stress from the boundary layer integrated o
the film length L(t). For a Newtonian liquid layer, the
boundary layer approximation yields a surface stress pro
tional to *0

Lm(]u/]y)y50 dx, whereu represents the hori
zontal velocity within the supporting liquid andy the depth
beneath the air-liquid interface situated aty50. The viscous
stress at the surface can be estimated bymUL/d, whereU
denotes the surface velocity of the spreading film~of order
8 © 1998 American Institute of Physics
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1589Phys. Fluids, Vol. 10, No. 7, July 1998 Dussaud, Troian, and Harris
L/t) and d(t) denotes the viscous penetration depth wh
for unsteady parallel flow scales as (mt/r)1/2. The quantities
m and r represent the liquid support viscosity and dens
respectively. Combining these relations produces an exp
sion which locates the leading edge of the spreading film
rectilinear or radial geometry, namely

L~ t !5k
S1/2

~mr!1/4
t3/4. ~1!

The validity of this relation has been confirmed by numero
theoretical and experimental studies over the years. W
early experiments in rectilinear geometry6–10 suggested tha
the prefactork is dependent on film constitutive behavio
later experiments by Camp and Berg11,12 demonstrated tha
this constant depends only on spreading geometry. Re
calculations13 suggest universal values ofk51.4150 for rec-
tilinear spreading~in good agreement with Camp an
Berg’s11,12 experimental value of 1.460.04) and
k51.0754 foraxisymmetric spreading. The latter predictio
is slightly higher than the reported value ofk50.88 obtained
in a recent study of silicone oil drops spreading on water.14,15

The discrepancy may be related to some uncertainty in
measurement of the spreading coefficient as well as the
ited number of experiments on which this experimental va
is based.

The relation derived in Eq.~1! also predicts the surfac
velocity at the leading edge of the film,UL5dL/dt. Detailed
experiments by Camp and Berg on single component
have clearly shown, however, that the surface velocity is
constant throughout the length of the spreading film. Whil
significant region behind the leading edge displays a sur
velocity equal to that of the leading edge, the velocity fie
near the source behaves quite differently. Experimentall
sharp transition or ‘‘acceleration zone’’ is observed betwe
the source and the leading edge. The portion of the film n
the source displays a characteristic stretched velocity pro
where the horizontal speed increases in proportion to
distance from the source. At the transition point, the surf
velocity jumps in value to the magnitude of the surface
locity at the leading edge,UL . Depending on the type o
single component oil used, the acceleration zone appea
different points between the source (x50) and leading edge
(x5L).11,12For nonanoic acid, for example, the accelerat
zone has been measured atx50.22L(t) while 1000 cS sili-
cone oil displays a transition in surface velocity
x50.58L(t). For our nonvolatile control studies using
fluorescence apparatus to be discussed, we also used 10
silicone oil for which it can be assumed that the downstre
40% portion of the film advances at the same speed as
leading edge. It has been suggested that this transitio
surface velocity may be signaling a jump in film thickne
from bulk-like behavior near the source to a molecularly th
film or even a monolayer closer to the leading edge. T
technique of surface seeding used by Camp and Berg11,12

clearly demonstrates that the advancing molecular film
haves as a rigid plate moving with the speed of the lead
edge. This specific feature of the surface velocity profi
which depends on film constitutive behavior, has not be
Downloaded 28 Oct 2008 to 131.215.237.157. Redistribution subject to AI
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predicted by the theoretical models developed to describe
spreading of surface active films on a deep liqu
layer.9,10,16–18 Phillips has recently indicated that there d
exist eigenfunctions in the spreading problem which mig
display this interesting jump property.13

The theoretical models that have been proposed pre
certain distinctive features in the sublayer flow. In particul
we briefly describe the predicted behavior near the lead
edge and near the reservoir source.16,10,17,18,13The unsteady
laminar boundary equation describing the spreading of a
face active film on a deep layer support can be reduce
time independent form by introducing similarity variable
consistent with Eq.~1! for the relevant coordinates and ve
locities. The calculations are not completely straightforwa
since the boundary layer equation is of singular parab
form.18,19,13 In the neighborhood of the leading edge of t
spreading film, the dimensionless stream function reduce
the streamfunction of a Blasius boundary layer beneat
rigid plate. Experiments indicate, however, that this behav
extends over a longer region downstream and is not
located at the tip of the spreading film. Taken together, t
oretical and experimental findings suggest that a signific
downstream portion of the spreading film behaves as a
lecularly thin film advancing as a rigid plate whose spe
equalsdL/dt. The flow profile produced beneath the sprea
ing film can therefore be viewed as an unsteady Blasius-
boundary layer corresponding to the flow beneath a flat p
which is stretching and travelling at a speeddL/dt. The sur-
face ~or ‘‘plate’’ ! speed decreases in time since the drivi
force for spreading, which scales asS/L(t), is continuously
diminished as the surface active film contaminates an e
larger area. It has also been shown that further upstream
closer to the source, the unsteady boundary layer equa
experiences a reversal in the direction of the convection
vorticity. This behavior implies the formation of two bound
ary layers, one close to the leading edge and another clos
the source. For the nonvolatile systems discussed below
have focused strictly on the downstream portion of t
spreading film known to travel at the same speed as the l
ing edge. In this paper, we present evidence for the ana
with an unsteady Blasius-like boundary layer beneath n
volatile spreading films. We then describe the unusual fl
field produced beneath spreading volatile films and link
structure observed to a thermal instability produced
evaporative surface cooling.

B. Leading edge of volatile surface films

The theoretical model, which appears in the literatu
describing the spontaneous spreading of a thin liquid film
a deep liquid layer assumes nonvolatile, immiscible spre
ing films. In many practical applications, however, spread
films often contain volatile and/or soluble components. F
ther understanding of the coupling between evapora
and/or dissolution and the dynamics of spreading are
quired in order to extend the original formulation. Recen
we initiated an experimental program designed to incor
rate these mechanisms into a self-consistent model
spreading. Our first set of experiments have focused on
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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dynamic behavior of volatile but immiscible hydrocarbo
films spreading on a deep water layer. In lieu of surfa
seeding techniques to locate the position of the leading e
we have employed laser shadowgraphy to identify sev
regions of the spreading film which display strong surfa
curvature, including the region at the advancing front.14,15

These experiments were conducted at room temperatur
unsaturated conditions in order to enhance the effec
evaporation. The results show that volatile, immiscible fil
also advance on a deep liquid layer with a power law in ti
but with a reduced spreading exponent of 1/2 and a wea
dependence on the spreading coefficient than describe
Eq. ~1!. Since all the liquids tested displayed a similar r
duced exponent~despite the fact thatS and the vapor pres
sure were different!, we have hypothesized that the subs
face flow, which controls the rate of viscous dissipatio
might be similar for each liquid studied. To confirm th
possibility, another optical technique is required in order
investigate the flow behavior beneath a spreading vola
film.

II. FLOW TAGGING VELOCIMETRY MEASUREMENTS

Flow tagging velocimetry is a useful tool for visualizin
and quantifying hydrodynamic flows. Lempertet al.20 have
recently developed an optical flow tagging technique t
utilizes highly water soluble, caged dye photoactivated fl
rophores~PAFs!. Upon exposure to photons in the ran
0.350m, the caging group of the compound DMNB dextra
caged carboxy fluorescein~anionic, 3000 MW, Molecular
Probes, Inc.! is photolytically cleaved to recover the origin
fluorescein molecule which is then tracked using ordin
laser sheet fluorescence imaging. This technique, which
been used in several proof of concept studies ranging f
Poiseuille flow to vortex rollup,20 is similar to dye visualiza-
tion except that any desired pattern can be precisely wri
into the bulk water by the laser tagging geometry. The pr
cipal advantage of tracer PAFs is the simultaneous high c
trast and high intensity of the images achieved with very l
dye concentration. This feature is especially important in
surface studies because the dye tracer must not modify
value of the spreading coefficient since that would ultimat
affect the spreading speed and therefore the thickness o
boundary layer formed. In Fig. 1 is shown a schematic of

FIG. 1. Optical arrangement for flow tagging velocimetry.
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optical apparatus used for the flow tagging measureme
The third harmonic of a Q-switched Nd:YAG laser at 0.3
m was used to tag the water support by shining a beam f
the YAG laser vertically through the water layer and ‘‘wri
ing’’ one or two vertical lines in the water. The YAG lase
delivered approximately 30 mJ per pulse. A single beam w
split into two beams of 15 mJ when needed. The fluoresc
lines were interrogated by a vertical laser sheet produced
a 5 Hz flashlamp pumped dye laser~LD-490 laser dye!
which excites the dye molecules at 0.490m to fluoresce at
0.510m. The dye laser delivered approximately 200 mJ p
pulse. As shown in Fig. 1, the laser sheet was oriented in
plane defined by the tagged lines in order to capture
radial displacement of the dye lines as a function of tim
Since light distortion through the curved walls of the gla
tank amounted to less than one pixel across the field of
terest, no ray tracing was required in reconstructing displa
ment and velocity profiles.

The experiments were conducted in a circular transp
ent glass tank measuring 8 cm in radius and depth. App
priate degreasing and cleaning measures were undertake
the glass tank and all parts in contact with the water or
ringe delivery system as previously described.14,15 The tank
was filled to a depth of 4 cm with an aqueous dextran c
boxy fluorescein solution~0.5 mg/l !. The addition of this
small amount of caged fluorescein did not affect the surf
tension of the ultrapure water~distilled and deionized 18
MV! which was measured to be 72.260.3 dyn/cm at 23 °C.
To avoid any forceful ejection and possible splatter of a t
droplet onto the water surface~which could introduce unde
sirable inertial effects during the spreading process!, the
droplet was carefully brought into contact with the wat
surface by translating a syringe needle attached to a
crometer driven vertical translation stage. As soon as
droplet touched the water surface, it was rapidly wick
away and spread across the surface of the deep water l
This thin spreading film was observed to shear the tag
lines and displace them radially. The location of the d
placed lines was recorded by a high resolution black a
white Dage CCD camera fitted with a Navitar TV zoom len
The images were stored onto SVHS tapes and analyzed u
standard image processing software.

A. Spreading behavior of nonvolatile surface films

Since this flow tagging device has never before be
used in studies of the dynamics of spreading, the appar
was first tested by measuring the velocity profile in the s
porting water layer during the spreading of a nonvolati
immiscible film. Silicone oil DC 200~Fluka, S59.460.2
dyn/cm,m5965 cp,r50.965 g/cm3 at 25 °C! was chosen
as the control sample. As discussed in Sec. I A, previ
studies have shown that beyond a distancex50.58L(t) from
the origin, the surface velocity is spatially uniform and equ
to that of the leading edge. We measured the subsur
velocity profile beneath this ‘‘rigid’’ portion of the film in
order to confirm the analogy with an ‘‘unsteady’’ Blasiu
boundary layer.

A microliter Hamilton glass syringe was used to depo
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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1591Phys. Fluids, Vol. 10, No. 7, July 1998 Dussaud, Troian, and Harris
a 3 ml droplet of silicone oil onto the quiescent water su
face. Our previous studies15 have shown that during the firs
few seconds of spreading, such small volumes still behav
a source of constant concentration to produce a film
advances according to the 3/4 spreading law. A single ve
cal fluorescent line was drawn at a distance of 4.24 cm a
from the point of deposition. The horizontal displacement
the entire fluorescent line as a function of the depth bene
the air-liquid surface was measured at five successive
intervals after motion of the tagged line commenced, nam
Dt50.2, 0.4, 0.6, 0.8 and 1.0 s.~The pumped dye laser di
not allow us to probe time intervals smaller than 0.2 s.! This
task was performed by digitizing the relevant image and
ing a mouse driven cursor to trace out the (x,y) coordinates
of the pixels corresponding to the displaced fluorescent l
In order to nondimensionalize the velocity field, a measu
ment of the average surface velocity of the film was requi
corresponding to each time intervalDt. An estimate of the
surface velocity was obtained by measuring the displa
ment,d, of the fluorescent element at the air-liquid interfa
from its original undisturbed position and dividing by th
appropriate time intervalDt. This estimate,d/D, should pro-
vide a reliable measure ofUL5dL/dt for short time inter-
vals after motion of the dye line commences. For the lon
time intervals, this estimate provides an average speed w
slightly underestimates the actual value of the surface ve
ity @since the surface speed of the forward part of the film
continuously decreasing according to Eq.~1!#.

In Fig. 2 is shown the resulting dimensionless veloc
profile throughout the water sublayer,u/UL , as a func-
tion of the dimensionless depth below the surfa
h5y(UL /nd)1/2, for a typical spreading run of silicone o

FIG. 2. Dimensionless velocity profile in water sublayer for silicone
spreading on water. Icons represent experimental data obtained at five
cessive intervals after motion of tagged line commences. All measurem
correspond to section of spreading film known to behave as a rigid m
layer. Solid line represents theoretical profile for Blasius boundary la
with free stream velocity equal toUL'd/Dt.
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on water. The quantityn5m/r represents the kinematic vis
cosity of the water. These dimensionless variables were c
sen to make comparison with the Blasius velocity profi
produced for steady uniform flow over a thin flat plat
which is plotted as a solid line in Fig. 2. The effective Re
nolds number for the displaced tagged line has been defi
as Red5rULd/m. All five measurements were taken withi
the ‘‘rigid plate’’ regime close to the leading edge. Even f
the longest time interval accepted (Dt51.0 s!, however, the
dye line only traveled a distanced50.29L(t), well within
the downstream 40% portion of the film known to advance
the speed of the leading edge. According to Fig. 2, ther
good agreement between theory and experiment. This ag
ment establishes that a nonvolatile, immiscible film spre
ing spontaneously over the surface of a quiescent deep l
gives rise to an unsteady Blasius-like velocity profile ne
the downstream portion of the film. This agreement also c
firms that the subsurface flow is mostly unidirectional
character. Below we describe the results of experiments
ing volatile films which signal the breakdown of the boun
ary layer approximation beneath the leading edge.

B. Spreading behavior of volatile films

Volatile films undergoing evaporation while spreadin
produce a very different subsurface signature. Figure 3

uc-
ts

o-
r

FIG. 3. Fluorescence images of sublayer flow forp-xylene spreading on
water at three instances in time after droplet deposition. Rotational motio
clearly evident beneath leading edge of spreading volatile film.
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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time evolution photograph of the displacement profile of t
initially vertical dye lines during the spreading of
3 ml p-xylene droplet on water. The hydrocarbonp-xylene
~99%1, Aldrich! has a vapor pressure of 8.7 mm Hg,
spreading coefficient on water ofS57.460.2 dyn/cm, and
densityr50.857 g/cm3 at 25 °C. The time stamps on th
three frames shown,t50.4, 1.2 and 2.4 s, correspond to th
time elapsed after droplet deposition~not to be confused with
Dt defined earlier!. Experiments conducted with toluen
~99.8%, Aldrich!, which has a higher vapor pressure (30 m
Hg!, a slightly larger spreading coefficient (S58.260.2
dyn/cm!, and densityr50.862 g/cm3 at 25 °C, displayed
the same general behavior as shown in Figs. 3 and 4.
horizontal boundary near the top of each frame in Fig.
which separates the black from the gray region, repres
the air-liquid interface along which the volatile film sprea
from right to left. The syringe needle used to deposit
liquid droplet is located to the right and out of view. Th
slanted striations below the air-liquid interface are artifa
introduced by reflections of the laser sheet from the cylind
cal lip of the glass tank. The fluorescent line to the right
somewhat wider in shape because of the lens arrange
that was used to write the lines. The optical assembly co
be improved to produce equal width lines. The wider lin
which is displaced first because of its proximity to the po
of deposition, is strongly bent into an elbow shape and t
pulled in the horizontal direction. After approximately 0.4
the tip of the tagged line begins to wind around an imagin
axis oriented perpendicular to the page. The number of w
ings appears to increase with time indicating a region of fl
circulation which propagates radially. From above, this fl
structure would resemble a propagating torus whose ver
cross section increases in time. The second vertical lin
displaced to the left slightly in advance of actual contact w
the propagating roll. The leading edge of the spreading fi
must therefore extend a small distance beyond the roll st
ture. Inspection of the third frame, which presents a w
developed roll, reveals that the lower portion of the seco
line is displaced to the right as expected for rotational flo

Since the dye lines are observed to move vertically
well as horizontally, it is no longer possible to infer direct
from their displacement the velocity profile in the wat
layer. Fluid elements located at an original horizontal po
tion beneath the air-liquid interface suffer translation and
tation during the spreading process. The only available in
mation that can be obtained from frames such as th
shown in Fig. 3 is the spatial location of the stretched a
rotated dye line. The filled circles in Fig. 4 represent t
digitized contours of the leftmost edge of the dye line clos
to the point of deposition forDt50.2, 0.4 and 0.6 s afte
motion of the line has commenced. For the series show
Figs. 3 and 4, the dye line was located at a distance 1.66
from the point of deposition. At the final time show
(Dt50.6 s!, the displacement of the tagged line from
undisturbed position at the air-liquid interface was measu
to bed52.70 cm while the length of the spreading film fro
the origin was measured to beL54.27 cm. The final
measurement in this series was therefore made a
location from the origin corresponding tox5(4.27
Downloaded 28 Oct 2008 to 131.215.237.157. Redistribution subject to AI
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22.70)/4.27L(t)'37%L(t). While for nonvolatile films
this position might lie outside the region corresponding
the rigid plate approximation, for volatile films it is unknow
whether there exists an equivalent acceleration zone
where it might be located. As a point of comparison, ho
ever, no region of large scale circulation was ever obser
in the silicone oil studies even for times beyon
Dt51.0 s whend/L far exceeded 40% and the rigid pla
approximation was no longer valid. Aside from the fact th
toluene spreads more rapidly thanp-xylene on water, the
displacement profiles for toluene bear the same disto
shape as the profiles shown in Fig. 4.

The surface velocity near the downstream portion of
spreading volatile film was estimated as described earlie
measuring the quantityd/Dt. These values agreed very we
with previous measurements of the speed of the lead
edge,dL/dt, obtained by laser shadowgraphy.14,15 Besides
simply digitizing the displaced dye lines, it is also useful
make comparison with the displacement that would be
served beneath a nonvolatile film traveling at the same sp
as the leading edge of thep-xylene film. From the estimated
surface velocity of the volatile film, we calculated the L
grangian position,@x,y#5@uDt,y#, that would instead have
resulted had the sublayer flow been purely unidirectional
Blasius-like, as for the silicone oil spreading on water. T
solid lines shown in Fig. 4 represent the theoretical displa
ment profiles for a nonvolatile film spreading with the sam
surface speed as the volatilep-xylene film. It is evident from
these curves that the actual fluid displacement benea
volatile film is inconsistent with the shear field produced
an unsteady Blasius boundary layer. The experimental d
trace out a very flat trajectory ahead of the original locat
of the dye line whose foremost region undergoes substa
rotation. The dye line undergoes strong deformation as
pulled upward into a tight 90° bend and then stretched in
horizontal direction. This flow structure obviates the pos
bility of using the simple boundary layer approximatio
which led to the 3/4 spreading exponent for non-volat
films, to predict the 1/2 exponent observed with volatile s
tems.

A key to the rotational structure observed in the fluore
cence experiments lies with the temperature information c
tained in the sheared water layer. The water layer benea
p-xylene or toluene film spreading in unsaturated conditio
was observed to undergo a cooling effect during the spre
ing process. Density variations occurring in the bulk wa
during the rapid surface spreading were visualized by a la
shadowgraphy apparatus in which an incident He-Ne la
beam was directed to shine horizontally through one side
a water filled rectangular glass tank. Further details of
apparatus can be found elsewhere.14,15 Sideview shadow-
graphs taken with this arrangement highlight regions in
bulk water which undergo density variations due to therm
or compositional effects during the surface spreading p
cess.

In Fig. 5 is shown three shadowgraphs obtained at tim
t50.9, 1.6, and 2.7 s after deposition of a 3ml droplet of
p-xylene on water. The horizontal black line running acro
the field of view near the top of each frame represents the
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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FIG. 4. Digitized displacement profiles corresponding to a fluoresce
tagged line sheared during the surface spreading ofp-xylene spreading on
water. The foremost part of the profiles beneath the leading edge o
spreading film reflects the contour of the region in the water layer unde
ing rotational flow. The solid line, shown for comparison, corresponds to
Lagrangian displacement that would be produced by a simple Blasius
flow beneath a nonvolatile surface film traveling at the same surface velo
as the volatilep-xylene film.
Downloaded 28 Oct 2008 to 131.215.237.157. Redistribution subject to AI
lip of the glass tank. The thicker black horizontal band in t
center of each photograph represents the region of light
flection caused by the water meniscus on the inside sur
of the glass tank. The bottom of this band locates the ac
air-water interface. The bright lines which form delineate
shear water layer which undergoes visible density chan
during the spreading process. The foremost region of
layer develops an elliptical roll which can be identified as t
same region of fluid circulation beneath the spreading fi
previously shown in Figs. 3 and 4. Measurements of
aspect ratio of the elliptical cross section from the shado
graphs compare well with those from the shadowgraphy
periments indicating that both techniques are probing
same convective structure. As can be seen from the len
scale on the shadowgraphs in Fig. 5, the visible layer wh
develops beneath the spreading film measures several m
meters in thickness. Compositional variations can theref
be ruled out as the main source of light deflection since
surface film is immiscible with water and displays color

ly

he
o-
e
e

ity

FIG. 5. Laser shadowgraphy images of sublayer flow forp-xylene spread-
ing on water at three instants in time after droplet deposition. Layered st
ture below air-water interface highlights regions which develop den
variations due to thermal effects. Elliptical shape to the left of the laye
region demarcates region of fluid circulation.
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fringes while spreading, implying that the film thickness is
the micron range. The highly visible sheared layer in Fig
is therefore linked to the evolution of a cooled horizon
layer which lies just below the air-liquid interface. No su
large scale cooled region was ever detected with this ap
ratus during the spreading of silicone oil on water. In Fig
we compare data obtained previously with las
shadowgraphy14,15 to locate the leading edge ofp-xylene
spreading on water with data obtained from the fluoresce
flow tagging to map the position of the center of the elliptic
roll which develops beneath the same spreading system.
open circles represent the location of the leading edge
tained from two different spreading events, while the fill
circles represent the location of the center of the roll for
sequence shown in Fig. 3. The data indicate that the con
tive roll develops beneath the advancing front of the spre
ing film and propagates radially at the same speed as
leading edge of the film. Although the optical field of vie
of the two different apparati only captures the spreading p
cess over a short time period, both the center of the elli
and the leading edge of the spreading film advance in tim
t1/2, as indicated by the dotted line.

III. CHARACTERISTICS AND PROBABLE ORIGIN OF
THE PROPAGATING CONVECTIVE ROLL

The flow tagging profiles shown in Figs. 3 and 4 and t
thermal signature shown in Fig. 5 reveal the developmen
a convective roll beneath the leading edge of a volatile fi
spreading spontaneously and rapidly across the surface
deep water layer. We link this flow structure to the develo
ment of a thermal instability during the spreading process
is well known that a thin quiescent liquid layer subject to
vertical temperature gradient can undergo Rayleigh-Be´nard
convection when the lower supporting surface is h
warmer than the top surface of the liquid21,22 if the critical
Rayleigh or Marangoni number is exceeded. When view
from the top, for example, a liquid layer contained in a c

FIG. 6. Comparison of the temporal advance of the leading edge and
center of the elliptical roll forp-xylene spreading on water. Data for th
leading edge were obtained from laser shadowgraphy~open circles! while
data for the center of the roll were obtained from fluorescence flow tag
~filled circles!. The dotted line represents a spreading exponent of 1/2.
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cular cell will spontaneously produce either a series of c
centric rolls coincident with the curved sidewalls or cellula
like hexagonal patterns. Our studies with volatile film
spreading in an ‘‘open’’ axisymmetric geometry reveal on
a single radially propagating, transverse roll. We have ne
observed a series of convective rolls nor a hexagonal c
vective pattern~except during a dewetting process which o
curs at very late times23!. Despite the lack of fixed restrain
ing sidewalls as in the usual Rayleigh-Be´nard problem, the
leading edge of the film seems to provide a natural mov
boundary which confines the convective roll. In analogy w
the classic Rayleigh-Be´nard instability, it appears that th
observed roll develops spontaneously in response to a v
cal temperature gradient created by evaporative surface c
ing. The convective roll does not appear immediately up
deposition of the volatile droplet on the water surface b
requires the surface film to spread some distance. This
scent period may be related to the fact that a critical vert
temperature gradient must first be established before the
vective instability can be produced. This is substantiated
experiments with films more volatile thanp-xylene for
which the roll develops earlier in the spreading process.

By considering the simplest possible convectiv
diffusive model,24 we can understand the source and locat
of the instability during the spreading process. If we assu
to first order that the spreading coefficient is unaffected
the evaporative mass loss and that the forward part of
spreading film can be treated as a flat plate undergoing
multaneous spreading and evaporation, then the leading
of the spreading film will undergo the strongest cooling
fect since it experiences the largest evaporative flux. T
vertical temperature difference between the warmer bulk
ter and the cooler liquid surface is therefore expected to
largest at the leading edge. According to this simp
convective-diffusive model, the concentration bounda
layer established in the air close to the air-liquid interfa
should cause the evaporative flux to diminish away from
leading edge. The upstream portion of the spreading film w
then be warmer than the downstream portion. If this is
deed the case, then the evaporating surface will crea
spontaneous vertical and horizontal temperature gradien
the sheared water layer. A quantitative measure of these
perature gradients is required to confirm this picture. Unf
tunately, direct thermocouple measurements in the overly
concentration boundary layer and the subsurface she
layer have proved difficult and inconclusive. We suspe
nonetheless, that the reason that the convective roll app
beneath the leading edge is related to the fact that the lea
edge of the film is first able to exceed the critical temperat
drop required for onset of thermal convection.

Partly due to the difficulty in making direct temperatu
measurements, it cannot yet be determined whether this t
mal instability is caused by buoyancy forces~Rayleigh con-
vection!, thermocapillary forces~Bénard convection!,25 or
both acting in conjunction. Because the thickness of
sheared layer which participates in the rotational flow is
the order of several millimeters, both effects are expecte
contribute to the roll formation. The relevant critical Ra
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leigh number (Rac) and Marangoni number (Mac) for the
volatile spreading system described in this paper is,
course, not available in the literature. Rough estimates of
temperature drop that would be required to produce an in
bility can be made based on the values that have been
rived in the literature for free-free boundaries and no she26

(Rac5658) or for a lower rigid surface, a free upper surfa
and no shear27! (Mac580). These estimates give values
DT'1.8 °C for buoyancy driven flow andDT'0.03 °C for
thermocapillary driven flow15 where the layer depth is th
thickness of the cooled boundary shown in Fig. 5 and not
depth of the entire water support. Although the bound
conditions corresponding to these critical numbers are
the appropriate ones to use for the spreading problem,
estimates are useful for illustrating the order of magnitude
temperature drop required to initiate unstable flow.

The critical numbers cited above were originally deriv
for the case of a linear vertical temperature profile. The p
sibility of both a vertical and horizontal temperature gradie
is expected to produce a nonlinear temperature profile in
supporting water layer. The calculation corresponding t
nonlinear temperature field applied to a liquid layer und
going simple shear has only recently been presented for
in a closed system.28 Earlier theoretical work29 has shown
that the critical Rayleigh number for instability can be r
duced up to a factor of 6 when a quiescent liquid layer~i.e.,
no imposed shear field! contained in a long horizontal rigid
container is subject to a vertical and horizontal tempera
gradient established by holding the bottom and left bou
aries at a warmer temperature than the top and right bou
aries. This result has been explained by noting that the h
zontal temperature gradient will tend to enhance
rotational flow thereby lowering the critical value require
for onset of convection. Theoretical studies have also sho
that a gentle Couette or Poiseuille flow subject to a lin
vertical temperature gradient will undergo instability in cla
sic Rayleigh-Be´nard fashion with the relevant critical value
unchanged.30 Gentle shear merely serves to orient the lon
tudinal or transverse convective rolls when formed. Sign
cant deviations from the classic description occur if in ad
tion to an external flow field and a vertical temperatu
gradient, there exists a horizontal temperature gradien
horizontal temperature gradient will produce thermal adv
tion and a nonlinear temperature profile.31 As discussed by
Stiller and Scho¨pf,28 there have been very few studies of th
sort in an open geometry. Their recent studies~for no-slip
upper and lower boundaries and constant heat flux! suggest
that the nonlinear temperature profile can trigger a small
stable layer unrelated to the actual channel height, as ind
we have observed for volatile films. The modes they inv
tigated, however, were strictly longitudinal.

IV. CONCLUSION AND DIRECTIONS FOR FUTURE
STUDY

By combining results from fluorescence flow taggi
and laser shadowgraphy, it is evident that the flow field
neath the leading edge of a volatile spreading film bears
resemblance to the unsteady Blasius boundary layer for
Downloaded 28 Oct 2008 to 131.215.237.157. Redistribution subject to AI
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beneath nonvolatile films. Rapid surface spreading in c
junction with evaporation generates a cool shear water la
beneath the spreading film. The drop in surface tempera
is expected to be largest near the leading edge where a
mal instability linked to Rayleigh-Be´nard convection has
been observed. The instability resembles a single transv
propagating roll. The rotational flow within the propagatin
roll must produce excess viscous dissipation not presen
the boundary layer created beneath nonvolatile sprea
films. This additional source of dissipation should certain
contribute to the deceleration of a volatile spreading fil
We expect that this excess dissipation is ultimately resp
sible for the smaller spreading exponent that has been m
sured in volatile spreading films. The exact value of 1
however, may be due to the thermal instability as well as
presence of a time dependent spreading coefficient cre
by a nonuniform evaporation rate, as expected from a sim
convective-diffusive model for spreading.

In this work we have addressed the spreading dynam
of volatile and immiscible films. Another fruitful area of in
vestigation is the study of nonvolatile but highly miscibl
spontaneously spreading films. Given the analogy betw
thermally driven and solutal driven instabilities,25 it is tempt-
ing to speculate that the thermal instabililty observed bene
volatile surface films could be paralleled by the formation
solutal instability beneath nonvolatile but highly miscib
surface films. The presence of a vertical concentration gr
ent would play the same destabilizing role as a vertical te
perature gradient. Each of these processes can produce
vective rolls. Recent experiments32 involving the spreading
of highly miscible nitroethane films in a saturated atm
sphere spreading on the surface of a deep liquid layer c
sisting of a mixture of nitroethane and water have also fou
that the surface film advances with an exponent close to
Schlieren studies of the subsurface flow have shown sig
cant fluid circulation beneath the leading edge. This appa
parallelism between volatile and soluble systems may offe
tantalizing clue into the general mechanism for convect
instability whose surface signature appears to be the
spreading exponent.
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