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The spontaneous spreading of a thin volatile film along the surface of a deep fluid layer of higher
surface tension provides a rapid and efficient transport mechanism for many technological
applications. This spreading process is used, for example, as the carrier mechanism in the casting of
biological and organic Langmuir–Blodgett films. We have investigated the dynamics of
spontaneously spreading volatile films of different vapor pressures and spreading coefficients
advancing over the surface of a deep water support. Laser shadowgraphy was used to visualize the
entire surface of the film from the droplet source to the leading edge. This noninvasive technique,
which is highly sensitive to the film surface curvature, clearly displays the location of several
moving fronts. In this work we focus mainly on the details of the leading edge. Previous studies of
the spreading dynamics of nonvolatile, immiscible thin films on a deep liquid layer have shown that
the leading edge advances in time ast3/4 as predicted by laminar boundary layer theory. We have
found that the leading edge of volatile, immiscible spreading films also advances as a power law in
time, ta, wherea;1/2. Differences in the liquid vapor pressure or the spreading coefficient seem
only to affect the speed of advance but not the value of the spreading exponent, which suggests the
presence of a universal scaling law. Sideview laser shadowgraphs depicting the subsurface motion
in the water reveal the presence of a single stretched convective roll right beneath the leading edge
of the spreading film. This fluid circulation, likely caused by evaporation and subsequent surface
cooling of the rapidly spreading film, resembles a propagating Rayleigh–Be´nard convective roll.
We propose that this sublayer rotational flow provides the additional dissipation responsible for the
reduced spreading exponent. ©1998 American Institute of Physics.@S1070-6631~98!00201-3#
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I. INTRODUCTION

Many technological processes which take advantage
the rapid spreading of a thin liquid film along the surface
a deep liquid layer of higher surface tension could be c
trolled to better advantage if the mechanisms controlling
spreading rate were understood from a fundamental poin
view. This is especially true of the spreading of volatile li
uid films for which few studies have been reported, ev
though solvents are often used as the spreading vector in
preparation of organic or biological membranes. During
past two decades, studies of the spontaneous spreadin
nonvolatile and immiscible thin films on a deep liquid su
port have attracted significant attention in the engineer
community due to practical concerns with developing be
antifoaming agents, liquid fuel fire extinguishers, and m
accurate oil spill tracking algorithms. Spill tracking routin
have been considerably improved by the incorporation
hydrodynamic models predicting the rate and extent of
contaminated region. Laminar boundary layer calculatio
have shown that during the late stages of an oil spill,
spreading rate is directly controlled by the balance betw
surface tension gradients generated at the air–liquid inter
and the viscous drag generated in the water sublayer by
advancing oil film.1–9 Some of the more recent studies ha
generalized the spreading process to include different spr
ing geometries and film ‘‘feeding rates’’ as well as addition
forces like gravity, capillarity, and surface diffusion. The
modeling efforts have not yet been extended to inclu
evaporation or dissolution, additional mechanisms which
significantly affect the spreading rate. Since most conta
Phys. Fluids 10 (1), January 1998 1070-6631/98/10(1)/23/1
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nant liquids consist of volatile and/or miscible componen
there remains a need to incorporate these effects into a
istic spreading model.

Another technological process which uses the ra
spreading kinetics just described is the formation of thin
ganic films for nonlinear optical coatings, microdevices, a
biochemical sensors. The Langmuir–Blodgett process~LB!
used to fabricate such films requires successive transfe
individual monolayers of organic molecules to form a th
solid film.10 A vertical substrate is successively immers
and withdrawn from a small water trough whose surface
covered by a compressed monolayer of the organic s
stance. The compressed monomolecular films are initi
prepared by dissolving the organic compound in a vola
solvent like ethanol, hexane, or chloroform which sprea
spontaneously and rapidly over the surface of a bulk wa
film. In order to form uniform monolayers, the solvent mu
transport the material homogeneously, evaporate comple
from the water surface, and remain chemically inert11

Though the LB process is an excellent technique for crea
films of predetermined thickness and composition, it
fraught with technical difficulties associated with the dep
sition kinetics. A better understanding of the spreading kin
ics in the presence of evaporation can help control or mod
the waste inherent in producing nonuniform monolayers.

Spreading liquid films often contain surface active m
terial like detergents, hydrocarbons, or phospholipids. Th
substances can significantly lower the surface tension of
liquid on which they are deposited and introduce gradient
surface concentration which in turn produce gradients in s
face tension. Spontaneous flow toward regions of high s
236/$10.00 © 1998 American Institute of Physics
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ing
face tension, so called Marangoni flow, is typically a ve
rapid transport process whose speed is controlled by
spreading coefficient,S. Harkins12 defined this coefficient in
terms of the tensions exerted at the junction of three pha
to beS5g12g22g12 whereg1 denotes the surface tensio
of the uncontaminated liquid~or solid! substrate,g2 the sur-
face tension of the spreading liquid, andg12 the interfacial
tension between the spreading and supporting liquid. T
coefficient defines the force per unit length driving the sp
taneous spreading of a liquid film over the surface of a liq
or solid support. For spreading films of molecular dime
sions, the relevant spreading coefficient isP5g12gm

where gm represents the surface tension of the monola
covered liquid support.10

A simple force balance first proposed by Fay1 deter-
mines the temporal advance of a Marangoni driven thin fi
spreading on a deep liquid support. The analysis assum
source of constant concentration which delivers a thin fi
whose interior is in plug flow. Fay reasoned that the fo
per unit length,FS , driving the spreading process is th
spreading coefficient,S, which derives from the Marangon
shear stress integrated over the length of the spreading

FS5E
0

L~ t !]g

]x
dx5S, ~1!

where]g/]x represents the local gradient in surface tens
along the spreading film. This driving force is retarded by
viscous drag force per unit length,FV , created by the vis-
cous stress in the subsurface boundary layer integrated
the film length:

FV5E
0

L~ t !
mS ]u

]zD
z50

dx. ~2!

Thex coordinate denotes the horizontal or radial direction
spreading andz the vertical direction. The viscous stress
the surface can be estimated bymUL/d, whereU represents
the surface spreading velocity which is orderL/t. The vis-
cous boundary layer thicknessd scales as (m/r)1/2t1/2 where
m andr represent the subphase viscosity and density. F
these estimates, the location of the leading edge is descr
by

L~ t !5K
S1/2

~mr!1/4
t3/4. ~3!

By tracking the receding edge of tracer particles sprinkled
the surface of water, experiments have confirmed the
exponent as well as the coefficient controlling the speed
advance,S1/2/(mr)1/4 for nonvolatile and immiscible spread
ing films.3,7,13,14Depending on the assumptions imposed
the spreading film,K can range in magnitude from 0.665
1.52.13 A finite source of surface active material will produc
a spreading exponent smaller than 3/4. Scaling analysis f
finite source of spreading material producesL(t)
;(A2M2t3/rm)1/2(n12) wheren50 denotes a uniform fron
of infinite transverse extent,n51 a rectilinear strip, andn
52 an axisymmetric drop.9 The quantityM represents the
total mass of spreading material andA5dg/dG, whereG
represents the surface concentration. Our control exp
24 Phys. Fluids, Vol. 10, No. 1, January 1998
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ments with nonvolatile liquids indicate that even when us
microliter droplets to deposit the spreading film, the sou
behaves as an infinite reservoir during the first few seco
of spreading to reproduce the 3/4 exponent. Only during
later stages of spreading does the finite volume become a
limiting consideration, a regime beyond the scope of o
present work.

The usual hydrodynamic description of Marango
driven films on a deep liquid support assumes a cons
spreading coefficient and no evaporation or dissoluti
Davies and Rideal15 studied the spreading of acetone a
ethanol at an air/water interface and measured a decre
spreading rate which they attributed to film depletion by d
sorption or evaporation. In studies of aqueous mixtures
anionic or cationic surfactants spreading on benzene, J
and van Hunsel14 measured a spreading exponent of 0.5
They speculated that the spreading coefficient should
crease in time since a finite mass of rapidly expanding fi
would suffer an increase in surface tension,g2, and interfa-
cial tension,g12, through the dynamic dilution effect. Mos
recently, while investigating solitary wave behavior in turb
lent spreading phenomena in the presence of dissolut
Santiago16,17 measured a spreading exponent of appro
mately 1/2 for a highly soluble film of nitroethane spreadi
on a deep water support. In these limited studies, the p
ence of solubility or evaporation appears to decrease
spreading exponent though no systematic studies have
conducted to relate the mass loss directly to a redu
spreading coefficient or a reduced spreading exponent.

We have undertaken a series of experiments designe
elucidate the influence of evaporation on the spreading p
cess. We present results on the spreading dynamics of
eral volatile and immiscible hydrocarbon films advanci
over a quiescent water layer. To maximize the influence
evaporation on the spreading process, all experiments w
performed in a completely unsaturated atmosphere. The
por pressure and spreading coefficient of the different liqu
used in the study were selected to provide reasonable ev
ration rates and measurable spreading rates within
boundaries of our test cell. The visualization technique
choice was laser shadowgraphy since it allows noninvas
and precise tracking of the shape and speed of an advan
liquid front. This technique is superior to front trackin
methods which require seeding the surface with talc or te
particles which can unintentionally contaminate the wa
surface and/or disturb the more delicate features of the fl
Since shadowgraphy is very sensitive to regions of high c
vature in free surface flows, it displays the entire shape of
spreading film from the point of deposition to the leadi
edge and can be used to monitor several fronts simu
neously.

Our studies with hydrocarbon films of different sprea
ing coefficient and liquid vapor pressure reveal a comm
spreading exponent of approximately 1/2, significan
smaller than the exponent for nonvolatile films. Differenc
in spreading coefficient or vapor pressure only affect
speed of advance but not the spreading exponent, which
gests the presence of a universal scaling behavior. As
discuss in later sections of this work, modeling the spread
A. D. Dussaud and S. M. Troian
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TABLE I. Physical and interfacial properties of spreading liquids used.

Vapor Mutual solubility S60.2 mN/m
Density Viscosity Boiling pressure with water Pomerantz

Spreading (g/cm3! ~cp! point ~mm Hg! ~25 °C! et al. Our results
liquid ~25 °C! ~25 °C! ~°C! ~25°C! %w, solute %w, water ~Ref. 18! ~23°C!

silicone oil 0.965 965 ••• 0 0 0 ••• 9.4
toluene 0.8622 0.5525 110.6 30 0.0515 0.0334 8.5~25 °C! 8.2

p-xylene 0.8566 0.605 138.4 8.7 0.0156 0.0456 6.5~20 °C! 7.4
2,2,4

trimethyl
pentane

0.6878 0.504 99.2 49 0.00024 0.0055 4.4~20 °C! 4.1

n-heptane 0.6795 0.3967 98.4 45.7 0.00034 0.0091 1.3~20 °C! 2.3
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of a volatile immiscible film as a simple convective-diffusiv
problem, in which the evaporative mass loss is enhance
the Marangoni driven spreading process but does not ac
the film to reduce the spreading coefficient, shows that m
loss alone cannot change the 3/4 exponent observed for
volatile films.13 As some researchers have speculated, p
haps mass loss enhanced by evaporation can introduce
time dependence into the spreading coefficient ther
changing the temporal advance of the spreading film. In
paper we explore another possibility for the reduced ex
nent we have measured.

We present evidence of an unusual thermal bound
layer established in the supporting liquid. This thermal la
reflects the development of a vertical temperature grad
induced in the liquid support during the rapid spreading a
evaporation process. We link the decrease in spreading
ponent observed in volatile films to the presence of
Rayleigh–Be´nard type convective roll which develops b
neath the leading edge. This strong circulation pattern, o
present in spreading volatile films, may provide the ad
tional source of dissipation required to diminish the spre
ing exponent. We estimate the typical vertical temperat
gradient required to establish this convective roll and fi
that it is easily achievable during the spreading process
addition, the geometric characteristics of the convective
bear resemblance to Rayleigh–Be´nard cells created by pur
posely heating a liquid film from below. Unlike typical stat
studies, the observed roll propagates at the same speed
leading edge within an imposed shear field established by
spreading film.

II. EXPERIMENTAL DETAILS

A. Materials

The model liquids used as received from the manuf
turer were toluene~99.8%, Aldrich!, p-xylene~991, Ald-
rich!, 2,2,4 trimethylpentane ~99.9%, Aldrich!, and
n-heptane ~spectrophotometric grade, Mallinckrodt!. The
nonvolatile experimental control was silicone oil DC 200
viscosity 10 poise~Fluka! which has been used in past stu
ies of nonvolatile spreading films. The relevant mater
properties and spreading coefficients are shown in Tab
We have included two sources of measurement for
spreading coefficient, the eighth column lists the values c
lected from the literature by Pomerantzet al.18 while the
Phys. Fluids, Vol. 10, No. 1, January 1998
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ninth column lists our measurements. We measured sur
tension with a platinum Wilhelmy plate and interfacial te
sion with a du Nou¨y platinum ring both of which were sus
pended from a Denver Instrument electrobalance with a re
lution of 0.5 mg. All the water used in these studies w
distilled and deionized ultrapure water~18 MV cm! whose
surface tension was measured to be 72.260.3 dyn/cm at
23 °C. For the comparative studies in which we used t
powder to track the position of the leading edge, the t
~Aldrich! was purified before use by heating to 400 °C ov
night.

B. Visualization technique

The experiments were performed in a circular glass d
of 16 cm diameter and 8 cm depth fit specifically with
optically flat bottom. The surface of the spreading film w
visualized by laser shadowgraphy. A schematic of the
perimental setup for viewing the free surface of the spre
ing film is shown in Fig. 1. Shadowgraphy is sensitive
small deflections of transmitted light caused either by va
tions in surface curvature for free surface films or by var
tions in refractive index for transmission through bulk fluid
We used this visualization technique in a vertical geome
for viewing the free surface of the spreading film and in
horizontal geometry for viewing the flow behavior in th
water sublayer beneath the spreading film. The experime
assembly rests on a vibration-free optical table to minim
capillary waves from spurious mechanical vibrations in t
environment. The glass cell is illuminated from below by

FIG. 1. Optical assembly for laser shadowgraphy in vertical geometry.
25A. D. Dussaud and S. M. Troian
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beam of monochromatic light from a 1 mW He–Nelaser.
The beam is expanded by first passing through a New
spatial filter~Model 900! with a pinhole diameter of 25m and
then through a collimating lens~focal length 60 cm! to pro-
duce a uniformly lit area of 9 cm diameter which illuminat
a significant portion of the spreading film. The pinhole s
nificantly increases image sharpness. The shadows cre
by the surface film curvature are projected onto a scree
ground glass and recorded by a high resolution Dage C
camera~model MTI VE 1000! fitted with a Navitar TV zoom
lens. These images are stored onto SVHS tapes and
analyzed using standard image processing software.19

The sideview experiments to visualize the subsurf
flow behavior were performed in a square glass cell of
mensions 2032035 cm. The flat glass sides, which we
held together by a silicone adhesive sealant, minimized
tortion of the light rays. The cell was illuminated from th
side by a collimated light beam by modifying the lightin
arrangement shown in Fig. 1. Parallel light enters the fl
from one side and is deflected by regions of the fluid wh
experience variations in the refractive index. Wherever
second derivative of the refractive index is nonzero, the li
will be deflected from its original path to produce bright
dark regions20 on the projection screen depending
whether the light is brought to convergence or divergence
the local refractive index variation. Our studies reveal s
nificant thermal variations and fluid circulation beneath
location of the leading edge which was well captured by t
visualization technique.

C. Experimental procedure

All parts of the cell and drop delivery system whic
were in contact with the test liquids were carefully clean
The stainless steel needle and syringe plunger used to de
the spreading droplet were degreased successively with
etone and methanol, then rinsed with pure water and dr
All glassware was first degreased by this same proced
soaked in fresh sulfochromic acid for 10 min, and fina
rinsed with copious amounts of the ultrapure water. Af
this thorough cleaning the glass cell was stored in a cl
glass box. Prior to an experiment, the delivery syringe w
flushed several times with the test liquid of interest and th
drawn to hold a specified amount in preparation for the
tual droplet deposition onto the water surface.

The cell was filled with ultrapure water to a depth of
cm. All experiments were conducted at a room tempera
measured to be 2361 °C. During each experiment the ce
remained opened to the atmosphere to provide comple
unsaturated conditions in solvent vapor. The test area
kept as free as possible from dust and other environme
contaminants by large protective dividers housing the exp
mental assembly. The syringe delivery system, consistin
a 100m l precision Hamilton digital syringe, was capable
delivering small and precise volumes in the range of 2–4m l.
We selected such small microvolumes of liquid in order
eliminate hydrostatic forces as an important initial spread
mechanism.

The syringe was mounted on a vertical position lift th
allowed careful manual control of the liquid-filled needl
26 Phys. Fluids, Vol. 10, No. 1, January 1998
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Before each run, the needle was positioned very close to
water surface such that once the apex of the droplet actu
touched the water, the hydrocarbon was spontaneo
drawn across the water surface by Marangoni stresses.
delivery system prevented the suspended droplet from b
accidentally dropped or sprayed from any significant hei
which could introduce undesired inertial effects into t
spreading process. Some residual liquid often remained
the needle tip presumably because the Marangoni and c
lary forces responsible for pulling on the hydrocarbon dro
let could not assume the entire volume. This residual volu
presented no problem and was used to determine the vol
of liquid deposited. Since the syringe piston was microme
controlled, we manually adjusted the delivery system to a
precisely the required volume for the next spreading eve
The volume for each deposition event was therefore caref
controlled.

Cleaning the entire assembly after each spreading e
was time consuming but necessary for the nonvolatile te
with silicone oil. We found a simpler solution for the volatil
systems. A single droplet was deposited onto the calm w
surface every 40 s, a time period which we determined w
sufficient for any surface film to evaporate and for the wa
surface to return to quiescent conditions. We determined
the surface tension of the air–water interface had returne
its original clean state after 40 s~for the volumes tested! by
performing the following test. The surface tension of t
air–liquid interface was measuredin situ by using a Wil-
helmy plate located at a distance of 1.5 cm from the nee
tip. In Fig. 2 is shown the measurements during a series
successive depositions of toluene droplets. Within 10 s
each deposition, the surface tension of the water returne
a value of 72.2 dyn/cm, indicating no surface contaminati
A time period of 40 s between each deposition seemed
ensure that each spreading event was an independent
reproducible measurement. In order to collect statistica
significant spreading measurements, we performed ten

FIG. 2. Continuousin situ measurement of surface tension of tolue
spreading on water. Measurements taken at a distance of 1.5 cm from
of deposition during successive depositions of toluene droplet~V.3m l ).
A. D. Dussaud and S. M. Troian
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cessive droplet depositions on the same water surface be
thoroughly cleaning the cell as described above. We c
ducted 10–20 separate depositions for each volatile liqu

III. RESULTS

A. Surface film profiles of spreading films

Typical surface shadowgraphs of spreading nonvola
and volatile films are shown in Figs. 3~a!, 3~b!, 4~a!, and
4~b!. The black circular region at the farthest corners of
photographs delineates the maximum field of view allow
by the optical assembly. The outermost white band rep
sents the highly curved leading edge of the spreading fi
The rings of gray and black observed ahead of the sprea
front, seen clearly in Fig. 4, represent capillary-grav
waves generated by the droplet placement onto the w
surface. Since the speed of these waves was measured
at least 24 cm/s, far in excess of the speeds of the hydro
bon films described below, they are easily distinguisha
from the leading edge of the contaminant film. The sc
matic diagrams in Figs. 3~c! and 4~c! trace the origin of the
bright and dark bands in the shadowgraphs. The surface
pology has been exaggerated for purposes of ray trac
Concave regions of the film surface converge the incom
light to produce bright white bands while convex regions
the film diverge the light to produce dark gray or black r
gions on the projection screen. Regions of no curvature~ei-
ther flat or constantly sloping areas! transmit the incoming
light undisturbed to produce uniformly gray shadows. W
note that the volatile films display much stronger curvat
near the leading edge and near the source region. In
analysis described below, we monitored the advance of th
distinct bands, labeledL(t), B(t), andR(t) in Figs. 3 and 4,
when sufficient contrast allowed. We identifyL(t) with an
elevated rim at the leading edge of the spreading film
R(t) with the periphery of the droplet source. ThoughL(t) is
used to locate the position of the advancing rim, the m
surements are actually taken at the trailing edge and no
forward edge of the white band. In the numerous shad
graphs studied, the sharpest contrast for accurate image
cessing occurred at the trailing edge because of its proxim
to the very dark region behind the rim. On the time scale
our measurements~approximately 2 s of spreading! the
width of the white band did not grow in time so thatL(t) is
identified with the leading rim of the contaminant film. Th
terms leading rim and leading edge will be used interchan
ably.

We know with certainty thatL(t) accurately tracks the
elevated rim at the leading edge of the spreading film
comparison with previous studies of nonvolatile films a
with our own separate experiments using talc powder
visualization. For the silicone oil studies, our measureme
of L(t) reproduce previous measurements of the lead
edge by surface seeding with teflon particles.3,7,14 For the
volatile substances, we sprinkled pure talc powder onto
surface of an initially quiescent water surface. We monito
the receding talc front while illuminating the surface by las
shadowgraphy. Since the small talc particles blocked
Phys. Fluids, Vol. 10, No. 1, January 1998
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transmitted light, their location could be observed simul
neously with the outermost white band seen in Fig. 4. T
talc powder was pushed to the outer radius of this white b
never penetrating into this elevated rim. This white band w

FIG. 3. Shadowgraph images produced by optical assembly in Fig. 1~a!
and ~b!: silicone oil (V.4m l ) spreading on water at two different time
after deposition;~c!: ray tracing and inferred surface profile.
27A. D. Dussaud and S. M. Troian
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sometimes distorted from perfect circularity due to aggreg
ing clumps of the talc powder, a practical concern wh
justifies the use of laser shadowgraphy alone in monitor
the location of moving liquid fronts.

FIG. 4. Shadowgraph images produced by experimental assembly in F
~a! and~b!: toluene (V.3m l) spreading on water at two different times aft
deposition;~c!: ray tracing and inferred surface profile.
28 Phys. Fluids, Vol. 10, No. 1, January 1998
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t-
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Shadowgraphy is mainly a qualitative tool since the e
act film thickness profile cannot be determined unambi
ously. The light intensity is proportional to the second de
vate of the film thickness so that different surface profi
can give rise to similar intensity patterns. It is nonethele
unambiguous that the largest white band in the shad
graphs locates a thickened rim at the film front. Although t
study of this elevated rim is beyond the scope of this pa
and should be studied using optical techniques better su
to measurements of the surface shape, we have reviewe
literature to make contact with previous work reporting a
vancing rims in free surface flows. Many studies have inv
tigated the shape of the so-called Thoreau–Reyno
ridge,21–25 whose existence was fully explained by Harp
and Dixon in 1974.26 As described by Scott and others,24

whenever surface active films accumulate near a surface
rier, they immobilize the surface and resist compression
dilation, forming a flexible surface film. A liquid stream o
density,r, flowing towards the barrier at constant velocit
U, encounters the edge of this static and almost incompr
ible film of surface tension,g, and is suddenly retarded b
the viscous boundary layer which has formed underneat
Inviscid pressure variations of orderrU2 deflect the surface
of the uncontaminated water a height,h, determined by the
balancerU2;rgh;g]2h/]x2, where the last term repre
sents the Laplace pressure caused by surface curvature i
streamwise direction.26 It has been argued in th
literature22,23 that this ridge should also form in front of
surface active film rapidly advancing over a quiescent wa
surface since an observer moving with the leading edge
serves the identical flow conditions just described for
stationary monolayer. Studies in which the Reynolds rid
has been carefully measured,24,25 however, have used on
coming streams of constant velocity whereas the nonvola
spreading films we have studied experience a constantly
minishing speed,dL/dt;t21/4, due to the diminished Ma-
rangoni stresses created during spreading. Though we ca
locate exactly the actual leading edge of the spreading fi
the elevated front we observe could signal the presenc
the Thoreau–Reynolds ridge. The elevation appears to o
at least partly, if not wholly, in the oil covered portion of th
film. The elevation increases in the presence of evapora
suggesting once again that the elevation develops in the
drocarbon covered portion of the water. Jensen9 has recently
proposed a different mechanism by which the leading e
of a nonvolatile film can undergo significant deflections, w
a strong depression behind the moving front and a surf
elevation at the leading edge. Though these calculations
not include the effects of capillarity or gravity, they clear
demonstrate the possibility of surface elevation from M
rangoni stresses and provide an explanation for surface
flection quite distinct from the formation of the Thoreau
Reynolds ridge. We intend to address this issue in fut
experiments using optical techniques more sensitive to
surface slope of the advancing film. In particular, care
measurements of the surface elevation as a function of t
can distinguish between these two mechanisms.

1.
A. D. Dussaud and S. M. Troian
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TABLE II. Power law fits to leading edge,L(t), and reservoir edge,R(t),for three independent experiments o
silicone oil spreading on water.

Expt.
no.

L5kLtaL

~A!
L5kL* t3/4

~B!
R5kRtaR

~C!

Linear
correlation
coefficient

kL aL kL* kR aR ~A! ~B! ~C!
I 8.58 0.708 9.00 3.17 0.921 0.998 0.997 0.994
II 8.76 0.844 7.96 3.08 0.950 0.999 0.993 0.996
III 8.08 0.671 8.26 3.36 1.053 0.999 0.995 0.999

Average 8.48 0.741 8.40 3.20 0.975 ••• ••• •••
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B. Control study with nonvolatile films: spreading of
silicone oil

To our knowledge laser shadowgraphy has not been u
to visualize the spreading of thin films on a deep liquid lay
We therefore used our apparatus first to measure the lea
edge of pure silicone oil spreading on water. Silicone oi
an excellent control sample since it neither evaporates
dissolves in water. For these reasons, it has been use
many spreading experiments to confirm the scaling law
nonvolatile systems given by Eq.~3!.3,7,13,27,28All previous
experiments were conducted in rectilinear geometry wit
constant concentration source provided by an infinite re
voir. Our spreading experiments also use an effective infi
reservoir ~on the time scale of our measurements! but the
spreading occurs in axisymmetric geometry. Equation~3! is
equally valid for axisymmetric geometries but the coefficie
K is smaller than in rectilinear geometry since the spread
material must cover an ever widening area. The coefficienK
for silicone oil spreading on water in axisymmetric geome
is not available in the literature but similarly behaving o
have been tested in this geometry.13 We compare our result
with these relevant studies.

Two typical shadowgraphs for a spreading silicone
droplet are shown in Fig. 3 at timest50.17 s andt50.3 s
after deposition. The radius,L(t), was measured by a fitting
routine which draws a circle through three randomly selec
points on the periphery of the ring. The rapid spread
speed causes the leading edge to fall out of view within
s. The data obtained within this short time period, howev
allows a good fit to power law behavior. We fitted the da
collected from three spreading experiments in two differ
ways with slightly different results as shown in Table II. Th
column labeled~A! represents a least-squares fit of the d
to the formL5kLtaL where bothkL and aL are adjustable
parameters. The column labeled~B! represents a least
squared fit to the formL(t)5k* Lt3/4 where the only adjust-
able parameter isk* L . The bottom row lists the averag
values for the three spreading experiments. As shown in
umn~A!, the full two parameter fit yields an average value
0.741 for the spreading exponent of silicone oil advanc
over water. This value is in excellent agreement with
theoretical prediction of 3/4.

Comparison of the overall coefficient between the t
fitting forms yields similar values, namelykL58.48 for the
two parameter fit andk* L58.40 for the single parameter fi
According to Eq.~3! the overall prefactor in the spreadin
0, No. 1, January 1998
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law depends on the spreading coefficient and the density
viscosity of the support liquid according tokL

5KS1/2/(mr)1/4. By substituting the values for silicon
spreading on water we findK50.88 ~for the two parameter
fit! and K50.87 ~for the single parameter fit!. Camp13 has
compiled all available theoretical and experimental valu
for K. Theoretical predictions for the value ofK in unidirec-
tional geometry have varied between 0.665 and 1.52 dep
ing in part on assumptions regarding the constitutive beh
ior of the film. Experimental values obtained from th
spreading of single or multicomponent oils and alcoh
have ranged between 1.1<K<2.1. Camp’s own careful ex
periments of different spreading oils in unidirectional geo
etry produced values in the range 1.27<K<1.45, while pre-
liminary experiments in axisymmetric geometry produc
coefficients in the range 0.67–1.06~see Appendix A in Ref.
13!. Since our calibration studies with silicone oil are
good agreement with Camp’s preliminary measurement
axisymmetric geometry, we conclude that despite the sh
measurement interval allowed by our assembly (t&0.5 s!,
the laser shadowgraphy technique accurately captures th
havior of the leading edge of a spreading film. We no
however, that even under stringent conditions of cleanline
the value of 3/4 for nonvolatile systems is not always rep
ducible from a single run due to the small spreading area
the limited time interval available with our test cells~8 cm in
radius!. Three separate runs were required to produce g
agreement with the 3/4 spreading exponent.

Besides the white ringL(t) there exists another white
band at the droplet periphery labeledR(t) whose temporal
growth is also included in Table II. The location of this mo
ing edge was nicely fit by a power law of the formR(t)
5kRtaR with average values for the coefficient and expon
given bykR53.20 andaR50.975. Since this moving bound
ary has not before been reported in the literature, more
periments are required to determine these values more
actly. For example, it would be interesting to study if th
spreading exponent is closer to a value of one. Such a
tional studies could determine the dynamics of by which
macroscopic droplet delivers material to the thin spread
film downstream. From these limited measurements it
pears nonetheless that the spreading behavior near the s
region is different than the spreading dynamics downstre
29A. D. Dussaud and S. M. Troian

 license or copyright, see http://pof.aip.org/pof/copyright.jsp



le
rv
e

-
re
t
e

r
o

su
ed
ct
d
e
d
lls
r

as
he
nce
5.
ids
the
ent
ast

tted
ys
as

ers
The

c-
x-
dies
fer

la-
lts
ent
s fit
b-
Re-
ing

tile
as-
o-

ay
ni

ir,
er-
h

C. Spreading of volatile films

Figure 4 displays a shadowgraph of a toluene drop
spreading on a deep water support. Due to the higher cu
ture of the moving fronts in the volatile systems, the thr
distinct fronts,L(t), B(t), and R(t) could easily be mea
sured over a time interval of approximately 2 s. As compa
to the silicone oil studies, the slower spreading speeds of
volatile films allowed data to be collected over a longer tim
period. Unlike the silicone oil, however, we noted that afte
time interval of a few seconds, the radius of the reserv
droplet for toluene and xylene, labeledR(t) in Fig. 4~c!,
stopped advancing and began retracting from the water
face in a rapid and spontaneous manner. This receding
underwent a peculiar fingering instability with a distin
wavelength followed by a period of turbulent mixing an
retraction.29 During this period of reservoir dewetting, th
leading edgeL(t) continued to advance smoothly an
steadily over the water surface until reaching the cell wa
Despite this smooth advance, we present here only the

FIG. 5. Time evolution of bandsL(t), B(t), and R(t) for toluene (V
.3 m l) spreading on water in an unsaturated atmosphere.
30 Phys. Fluids, Vol. 10, No. 1, January 1998
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sults from the initial stage of spreading~during the periodt
&2 s for the minute volumes used! during which the reser-
voir was well behaved and stable.

The evolution rate of the three bands was measured
before by fitting a circle to three random points along t
periphery of each ring. As an example, the temporal adva
of all three bands for a toluene droplet is shown in Fig.
Toluene has the largest spreading coefficient of the liqu
tested and spreads the most rapidly. In Table III we list
results of all the volatile spreading experiments, each ev
lasting no more than 2 s. Because of the very low contr
exhibited byn-heptane in the region nearB(t), this bound-
ary could not be measured with good accuracy and is omi
from the list. Surprisingly, each moving boundary displa
power law behavior. As shown in Table III, all the data w
successfully fit to the functional formr i5ki t

a i ~where i
5L,B, or R) for the three different spreading radiir i(t). The
parameterski anda i represent the two adjustable paramet
whose values are determined form a least-squared fit.
standard deviation for the values ofkL andkB is typically 3%
to 4%, while forkR the value is closer to 8%. This reprodu
ibility is quite good given the fact that we are deriving e
ponents over a limited range in time and that surface stu
with a high surface tension liquid like water can easily suf
extraneous contamination.

The spreading behavior of the leading edge for all vo
tile liquids tested is shown in Fig. 6 along with the resu
from the silicone oil experiments. The solid lines repres
the average power law behavior from the least-square
presented in Table III while individual icons for each su
stance represent data collected from three arbitrary runs.
markably, even in the presence of evaporation the lead
edge advances as a power law in time for all the vola
films examined. Within experimental error, this exponent
sumes a value of 1/2, significantly lower than the 3/4 exp
nent produced by the silicone oil films. This behavior m
signal a universal scaling law for deep layer Marango
driven spreading coupled to film evaporation.

The time evolution of the edge of the droplet reservo
R(t), is plotted in Fig. 7. The solid lines represent the av
age exponent in Table III while individual icons for eac
ts,

TABLE III. Power law fits to bandsL(t), B(t),andR(t) ~measured in cm! for four volatile hydrocarbon films
spreading on water in an unsaturated atmosphere.N5number of independent spreading experimen
a i5spreading exponent of bandi , ki5overall spreading prefactor, andr 5linear correlation coefficient for the
two parameter fit.

Liquid Leading edgeL(t) BoundaryB(t) ReservoirR(t)

N aL kL r N aB kB r N aR kR r

toluene 10 0.496
0.05

4.866
0.27

0.999 20 0.606
0.04

4.386
0.21

0.997 20 0.536
0.05

1.146
0.10

0.994

p-xylene 10 0.476
0.02

5.156
0.16

0.999 20 0.586
0.05

4.636
0.23

0.996 20 0.526
0.05

1.636
0.13

0.990

2,2,4
trimethyl-
pentane

10 0.476
0.03

3.836
0.15

0.997 11 0.576
0.03

3.296
0.13

0.996 11 0.456
0.03

1.146
0.11

0.991

n-heptane 13 0.486
0.04

3.226
0.11

0.993 ••• ••• ••• ••• 13 0.366
0.02

1.046
0.07

0.996
A. D. Dussaud and S. M. Troian
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substance represent data collected from three arbitrary r
A comparison of the data in Table III reveals that the res
voir typically advances three to four times slower than
leading edge. The spreading exponentaR ranges in value
from 0.35 for n-heptane to approximately 0.5 for toluen
p-xylene, and trimethylpentane. The exponentsaL and aR

are very similar in value for toluene,p-xylene, and trimeth-
ylpentane, but the value ofaR for n-heptane is much smalle
thanaL . In addition,n-heptane produces the smallest co
ficient kR . According to Table I,n-heptane is highly volatile
and displays a very small spreading coefficient on wa
Perhaps evaporation/condensation at the droplet locatio

FIG. 6. Radial advance of leading edge,L(t), for volatile liquids and non-
volatile silicone oil spreading over water surface in an unsaturated a
sphere. Solid lines represent a power law fit to the data,L5kLtaL, where
values ofkL andaL are listed in Tables II and III.

FIG. 7. Measurement ofR(t) for droplets (V.3 – 5m l) of volatile liquids
spreading on water in an unsaturated atmosphere. Solid lines represe
average power law fit to the data,R5kRtaR, where values ofkR andaR are
listed in Table III.
Phys. Fluids, Vol. 10, No. 1, January 1998
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affecting the advance ofR(t) and slowing both its spreadin
coefficient and exponent. In line with this trend, we al
noted thatkR is largest for xylene, the hydrocarbon with th
lowest vapor pressure of the volatile liquids tested.

With the addition of film evaporation, the spreadin
prefactorski cannot simply be deconvoluted in a mann
analogous to Eq.~3!. Since there is no theoretical model
the literature for the influence ofS and PV , the film vapor
pressure, on the spreading dynamics of a thin film, we
tempted to find some empirical trends betweenkL andkR and
these two material parameters. In Figs. 8~a! and 8~b! we plot
the correlation ofkL and kR againstS and PV . The coeffi-
cient kR does not correlate well withS; however,kL in-
creases with increasingS, as expected if the driving force fo
the leading edge derives from the spreading coefficientS.
We have fit this rise to the relationkL;S0.36, though more

o-

the

FIG. 8. Correlation ofkL andkR with ~a! spreading coefficient,S, and~b!
vapor pressure,PV , for different volatile liquids.
31A. D. Dussaud and S. M. Troian
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FIG. 9. Sideview shadowgraphs (0.7 s&t&1.83 s) for toluene spreading on water produced by directing a horizontal collimated beam of light ne
air–liquid interface.
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volatile liquids, whose spreading coefficients on water sp
more than a decade, need to be examined in order to se
an accurate value for this exponent. In comparing the rat
advance of nonvolatile with volatile liquids, the former a
vance asS1/2 from Eq. ~3!, somewhat stronger than the co
relation for volatile substances. In Fig. 8~b! we have plotted
the correlation ofkL and kR with the vapor pressurePV .
There is no evident correlation betweenkL and PV , but a
clear correlation ofkR with PV which we have fit to the form
kR;PV

20.24. Once again, more samples must be tested
secure the exact value of this exponent. Further studies
being conducted to elucidate the trends in the data wh
suggest that the rate of advance of the leading edge is
trolled by the spreading coefficientS while the rate of ad-
vance of the reservoir is more closely linked to the vap
pressure.

D. Visualization of subsurface flow

1. Shadowgraph imaging

The well-known 3/4 exponent describing the location
the leading edge for nonvolatile, immiscible films spread
from an infinite reservoir derives from the presence o
laminar viscous boundary layer established by the rap
spreading surface film. Since the spreading exponent in v
tile systems is much reduced, we investigated the flow
havior beneath the volatile spreading films to gain an und
standing of differences induced by the presence
evaporation. To visualize the flow pattern which develops
32 Phys. Fluids, Vol. 10, No. 1, January 1998
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the water subphase, we employed both sideview laser s
owgraphy and seeding of the bulk water support with hig
reflective aluminum flecks. The sideview shadowgraphy
tects strong variations in the refractive index caused by d
sity variations in the bulk fluid induced by compositional
thermal effects. An estimate of the thickness of the spread
film from the volume of hydrocarbon deposited and the ar
coverage indicates that the volatile film is typically less th
a micron in thickness. Since the density variations obser
occur on the scale of millimeters, the intensity variatio
observed on the projection screen must develop not in
sponse to concentration variations but in response to sig
cant vertical temperature gradients in the water sublayer

The four time-lapse photographs shown in Fig. 9 clea
display the subsurface motion for toluene spreading on
ter. The syringe needle used for deposition appears to
right in each photograph. The top rim of the glass cell wh
houses the water support appears at the top of each fra
The rough bottom surface of the cell is created by the s
cone sealant used to assemble the five sides of the recta
lar tank. The thick black region beneath the spreading fi
denotes a region undergoing sharp changes in the refra
index, n, where the spatial variations,]2n/]z2, strongly de-
flect the transmitted light away from its original trajector
While the subsurface motion during the spreading of silico
oil is featureless, spreading volatile films develop an unus
thermal layer in the water support. In Fig. 9, approximate
0.7 s after the toluene droplet touches the water surface,
sharp bright lines trace out a wide horizontal strip of thic
A. D. Dussaud and S. M. Troian
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nesst'5 mm beneath the surface toluene film. This reg
is capped by an elliptically shaped roll beneath the lead
edge.

To better visualize this flow profile, we conducted sep
rate measurements in which the entire water support
seeded with highly reflective aluminum particles and illum
nated by a vertical laser sheet. These experiments confir
that the ellipsoidal fluid element represents the cross sec
of a localized rotational flow moving in horizontal fashio
right beneath the free surface in tandem with the mov
front. This circulatory flow is not a vortex but a radiall
advancing roll concentric with the origin where the droplet
initially deposited, as sketched in Fig. 10. The roll is elli
soidal and not circular in cross section probably becaus
develops within an overall shear flow. As shown in the low
part of Fig. 10, the advancing roll traces out a flat horizon
thermal region. As discussed in greater length in the n
section, the two bright lines and the development of the c
vective roll are believed to be caused by the evaporation
cooling of the rapidly spreading volatile film. This circula
tory flow pattern requires some time to develop. In the to
ene photographs shown in Fig. 9, the convective roll o
appears onscreen after approximately 0.7 s. This time
may be attributed to two different reasons. There is alw
present a water meniscus on the walls of the cell which p
vents reliable observation of the fluid within the first 3 m
or so of the air–liquid interface. Perhaps the thermal lin
only become visible when the thickness of the cooled fl
layer has exceeded 3 mm. A second possibility is that
observable thermal layer may not develop until the surf
film has spread to a critical radius to produce sufficient s
face cooling and a significant change in the water’s refrac
index. The thickness of the cooled layer increases with t
and remains practically flat except at the leading edge, wh
the convective roll steadily increases in size. As shown
Figs. 9~c! and 9~d!, it appears that as the first bright lin
begins fading, a second bright line appears above the
We do not understand the development of this second li

FIG. 10. Schematic of radially advancing convective roll beneath a spr
ing volatile film. Magnified view of stretched roll which produces flat the
mal layer.
Phys. Fluids, Vol. 10, No. 1, January 1998
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2. Geometric aspects of the subsurface thermal
boundary layer

Previous work by O’Brienet al.30 on the spreading of
oleic acid on water has shown that the motion in the wa
subphase during the spreading of a thin nonvolatile imm
cible film resembles a laminar viscous boundary layer. T
study is one of the few in the literature to have visualized
shape and velocity profile of the bulk water dragged along
a rapidly spreading surface film. Unfortunately, compariso
between experiment and the velocity profiles expected fr
a Blasius viscous boundary layer theory were not made.
the most part, researchers have implicitly assumed the p
ence of a laminar viscous boundary layer because of
excellent agreement between experiments and the expre
for the location of the leading edge given by Eq.~3!.

In the absence of any instabilities and in the presence
simultaneous heat and momentum transfer in the water
port, a laminar Blasius thermal boundary layer,dDT , should
develop whose thickness is smaller than the viscous bou
ary layer, d, by a factor Pr1/3, where Pr represents the
Prandtl number of the subphase liquid, according to

dDT5
5.0

Pr1/3S nx

U D 1/2

. ~4!

In this equation,n represents the kinematic viscosity of th
subphase liquid,x the distance behind the advancing fron
andU5dL/dt the velocity of the advancing front. The vis
cous boundary layer is here defined in the frame of refere
of the advancing film as the distance beneath the film wh
the longitudinal velocity reaches 99% of the free stream
locity U. We compared the shape and evolution of the th
mal layer observed in Fig. 9 with the shape and evolution
a Blasius thermal boundary layer. The upper curve in Fig.

d-

FIG. 11. Comparison of shape of thermal layer observed in Fig. 9 w
Blasius thermal boundary layer for fixed instant in time.
33A. D. Dussaud and S. M. Troian
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represents a snapshot of the shape of a Blasius thermal
which would develop in the water subphase after a period
1 s if the spreading film could simply be regarded as a c
uniformly moving plate advancing over a warmer water s
face. The thickness of this thermal boundary layer for wa
at 20 °C was estimated from the parameter valuesPr
56.96 andn50.99531022 cm2/s. The values ofx and U
5dL/dt were calculated from the actual position and spe
of the toluene front from the fitted equationL(t)54.86t0.49

in Table III to give the values att51 s of x54.86 cm and
U52.38 cm/s. The experimental data represents the th
ness of the thermal layer measured directly from shad
graph images. Since shadowgraphy is only sensitive to
second derivate in the refractive index, it cannot locate
actly the actual boundary of the thermal layer which may
slightly inside or outside the contour shown. As evident
Fig. 11, however, the observed thermal layer assume
much flatter profile away from the leading edge than a B
sius thermal boundary layer.

Besides comparing the shapes of these profiles at
instant in time, we also compared the temporal evolution
the thermal layer at the locationx5L(t) corresponding to
the position defined by the point of deposition. In Fig. 12 t
experimental points represent the growth of the flat port
of the thermal layer during a time interval 0.7 s&t&1.6 s for
two independent spreading events. The theoretical curve
resents the temporal growth of the thickness of the Blas
thermal boundary layer beneath the point of deposition@i.e.,
x5L(t)]. These theoretical values were estimated by sub
tuting x5L(t)54.86t0.49 andU5dL/dt[Lt into Eq. ~4! to
give dDT(t)55.0(nt/aL)1/2/Pr1/3. Within experimental er-
ror, the thickness of the flat thermal layer appears to incre
at the same rate as the thickness of a Blasius layer.
agreement is not surprising sincedDT(L) scales asnL/Lt ,
which for any front advancing with a power in time,L
5kLtaL, will always produce the scalingdDT;t1/2. This cor-

FIG. 12. Comparison of the temporal evolution of a flat portion of t
thermal layer in Fig. 9 with the Blasius thermal layer at a fixed positionx
5L behind the leading edge.
34 Phys. Fluids, Vol. 10, No. 1, January 1998
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respondence simply reflects the role of thermal conduc
and convection in determining the rate of heat transfer fr
the warmer bulk water to the cooler air–liquid interface.

Figure 11 clearly illustrates that the thermal bounda
layer beneath the volatile spreading film is not of the Blas
type. Not only is the profile very flat behind the moving fro
but there exists a region of fluid circulation at the leadi
edge. We have measured the shape and extent of
stretched roll as it advances beneath the water surface. S
these measurements are taken directly from shadowgra
which cannot locate precisely the boundaries of the conv
tion pattern, they serve mostly as estimates of the region
the flow affected by thermal gradients. In Table IV we li
results from four different experiments for toluene spread
on water. The aspect ratio of the roll was measured 1 s a
drop deposition since the roll did not appear until 0.7 s h
elapsed. The horizontal extent of the roll is denoted byl and
its vertical extent byd. The horizontal extent was more dif
ficult to measure due to the low contrast on the side farth
from the leading edge. This ambiguity may have led to
larger variations in this measurement. The average as
ratio, l /d, for the development of the roll after 1 s of sprea
ing was measured to be 1.7, indicating significant ‘‘stretc
ing’’ in the streamwise direction. Although these studies re
resent the flow behavior for toluene on water, we ha
observed similar phenomena at the leading edge ofp-xylene
whose vapor pressure is smaller than toluene. We sus
that many spontaneously spreading volatile films will exhi
the development of this convective roll whenever the surf
cooling effect is significant. We are presently investigating
more detail the formation of the convective roll31 using a
novel laser-induced fluorescence flow tagging technique32 re-
cently developed to visualize flow fields in water.

3. Discussion and comparison with other cellular
convective phenomena

We reviewed the literature to find only one model
which researchers have coupled Marangoni driven sprea
to evaporation. Camp13 treated the Marangoni driven sprea
ing of volatile films along a deep fluid layer as a classic
convection–diffusion process. The Marangoni stress es
lishes a viscous boundary layer beneath the spreading
while the evaporation process establishes a concentra
boundary layer above the film. The spreading film is mo
eled as a moving rigid plate whose speed is determined f
Eq. ~3!. The surface concentration of the moving plate
assumed constant in space and time.33 Both the momentum
and concentration boundary layers are assumed to be q
steady. The analysis predicts that the largest mass loss oc

TABLE IV. Dimensions of propagating sublayer convective roll. Horizon
extent5l and vertical extent5d.

L ~cm! l ~cm! d ~cm! l /d

5.2 0.76 0.42 1.8
5.0 0.96 0.52 1.8
5.3 0.78 0.52 1.5
4.9 0.84 0.50 1.7
A. D. Dussaud and S. M. Troian
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at the advancing front atx50 according toJ;PV(UL /x)1/2

whereJ represents the mass loss in mol/~cm2-s!, PV is the
film vapor pressure which vanishes infinitely far from t
film, UL is the velocity of the spreading film of lengthL, and
x the distance behind the leading edge.34 Assuming that the
only effect of evaporation is to introduce mass loss into
spreading dynamics, then the spreading exponent of 3/
unaffected. This analysis which predicts the amount of m
terial lost to evaporation could be extended to link the m
loss to an increase in the spreading coefficientS but this
aspect has not been pursued in the literature. We expect
simple evaporative cooling of the surface with no distorti
of the flow field in the water phase would produce a sma
value of S thereby decreasing the spreading speed, but
effect would not necessarily change the spreading expo
unless there were some unusual time dependence introd
into S. For the solvents we used,dg/dT is approximately 0.2
dyn/°C. Even for temperature drops at the surface of the
as large as 5 °C, which is far in excess of the tempera
drops produced during the spreading process,S would only
decrease by about 1 dyn/cm. It appears unlikely that suc
small decrease in the value ofS can produce the large mea
sured difference in spreading exponents between nonvol
and volatile films. In his experimental studies, Camp p
formed some preliminary spreading studies with sligh
volatile fluids of very high spreading coefficients lik
nonanoic acid (S53662 andPV51.031023 mm Hg! and
undecanol (S541.462 andPV56.831023 mm Hg! and re-
ported the usual 3/4 spreading coefficient. Our studies w
films of much lower spreading coefficients and high vap
pressures produce instead a spreading exponent closer t
with a thermal boundary layer in the water subphase v
different in shape than a Blasius profile. We conclude fr
our studies that although evaporative surface cooling can
crease the value of the spreading by a small amount,
presence of the fluid circulation at the leading edge int
duces into the problem another significant source of visc
dissipation. The circulation in the sublayer obviates the p
sibility of a simple analysis based on laminar boundary la
flow since the rotational flow violates the assumptions inh
ent in the boundary layer approximation. The additional d
sipation is expected to play a major role in the spread
dynamics and will surely decrease the speed of the adv
ing film. It is this aspect of the sublayer flow on which w
focus in this work.

We hypothesize that the smaller exponent associa
with the spreading of volatile liquids is linked to the add
tional viscous dissipation that occurs in the water subla
due to the presence of the rotational convective flow. Fr
the shadowgraphs it is evident that the coupling of M
rangoni driven spreading and evaporation produces a sig
cant temperature gradient in the water sublayer beneath
volatile spreading film. This temperature gradient can es
lish a convective instability similar to the development of
Rayleigh–Be´nard instability in liquids heated from below o
in evaporating and drying paint films in which the top su
face of the film is effectively cooler than the interior.35 Our
experiments with aluminum flecks indicate significant ro
tional flow beneath the leading edge with an upward fl
Phys. Fluids, Vol. 10, No. 1, January 1998
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behind the advancing rim where the surface is somew
depressed and a downward flow at the front of the advanc
rim. As first explained by Sternling and Scriven36 for steady
cellular convection, purely Be´nard instabilities caused b
thermocapillary flow often display an upward flow where t
surface is depressed and a downward flow where the sur
is elevated in contrast to purely Rayleigh instabilities cau
by buoyancy effects in which the upward flow occurs whe
the surface is most elevated and downward flow where
surface is depressed. Our particle seeding experiments
out a flow pattern more like Be´nard cellular convection bu
further experiments are being conducted to elucidate
issue.31

We compare the aspect ratio of the propagating roll
served in our studies with similar measurements that h
previously been made in true Rayleigh–Be´nard experiments
in which a initially quiescent fluid film bounded below by
heated plate is open to the atmosphere. Koschmiede37

studies on the aspect ratio,l /d, of convective rolls~including
both buoyancy and surface tension effects! in a finite con-
tainer with a rigid conducting lower boundary produced v
ues in the range 1.35– 1.56, depending on the magnitud
the Biot number characterizing the heat transfer from
open upper surface. Our values shown in Table IV, rang
from l /d51.5– 1.8, are slightly larger indicating stretchin
in the horizontal direction. We attribute this stretching to t
fact that the convective roll beneath the leading edge is
perposed onto an overall shear flow caused by the Maran
driven spreading process.

Unlike the conventional setup used to study Rayleig
Bénard phenomena in which there develops many horizo
rolls, the volatile spreading films display only one roll durin
the time interval of measurement. The simplified model p
posed by Camp13 for simultaneous heat and mass trans
can be used to understand why there appears only a s
convective roll beneath the spreading film and why this r
appears beneath the leading edge and not further upstr
Within the approximations described earlier, the lead
edge experiences the largest mass loss and therefore the
est cooling. In addition the thickness of the boundary laye
smallest at the leading edge. These two effects should
duce the largest vertical temperature gradient in the w
layer at that location. In order for a Rayleigh–Be´nard con-
vection cell to form, the system must exceed a critical R
leigh or Marangoni number to produce cellular convectio
both of which are directly proportional to the vertical tem
perature gradient. By this argument, if an instability shou
occur, it would first appear beneath the leading edge. S
the vertical temperature gradient decreases away from
leading edge, the brightness of the lines observed sho
decrease further back from the advancing front. The brig
ness of the thermal lines should also decrease in time s
the slower the spreading velocitydL/dt, the smaller the
overall evaporation rate and the less the surface cool
Both of these features have been observed in our shad
graphs.

Recently there has been reported in the literature
other example of a convective roll observed during t
spreading of a nitroethane droplet in a saturated atmosp
35A. D. Dussaud and S. M. Troian
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on a deep water layer. Nitroethane is highly miscible w
water. Using schlieren visualization in a study devoted
late stage interfacial turbulence of surface films, Santiag17

noted the presence of two advancing subsurface rolls du
the spreading and dissolution process. One roll develo
beneath the leading edge of the spreading film while a s
ond developed beneath the droplet reservoir. Given the c
analogy in the formation of Be´nard cellular instabilities us
ing either thermal or solutal driving forces, these recent
periments may indicate the possibility of convective rolls
either volatile or miscible spreading systems. Further stud
are required to explore this intriguing analogy.

The most important difference between the bound
conditions in our studies and those traditionally used to st
Rayleigh–Be´nard convection is the presence of an over
shear flow on the convection motion as well as an additio
space- and time-dependent horizontal temperature gradie
the surface of the volatile film due to the simultaneo
spreading and evaporation. In the absence of any theore
model for these different conditions, we have estimated
critical Rayleigh and Marangoni numbers calculated for d
ferent boundary conditions and in the absence of a shear
to estimate an order of magnitude for the vertical tempe
ture gradient required to initiate a convective roll. For th
mocapillary cells, the Marangoni number is defined to be

Ma5
]g

]T

DTd

rnk
, ~5!

where]g/]T represents the change in surface tension w
temperatureT, DT the temperature difference between t
warmer lower surface and the cooler upper surface,d the
thickness of the fluid layer participating in the cellular co
vection,n the kinematic viscosity,r the fluid density, andk
the thermal diffusivity of the heated fluid. In our estimate w
use the critical value,Mac580, derived for a lower rigid
surface and a free upper surface.35 Substituting a typical ther-
mal boundary thickness from our shadowgraphs,d50.3 cm,
and the material constants for water at 20 °C, nam
n50.99531022 cm2/s, k50.14331022 cm2/s, r50.998
g/cm3, and]g/]T50.1331023 dyn/cm K, the critical tem-
perature difference for unstable flow isDTc50.03 °C. Such
a small temperature difference is easily achievable in eva
rating systems. Since buoyancy effects may also help init
the convective roll, we estimated the vertical temperat
drop that would be required to induce a buoyancy driv
instability as determined by the Rayleigh number:

Ra5
agDTd3

nk
, ~6!

wherea is the volume expansion coefficient andg the gravi-
tational constant. For steady flow with free-free boundar
the critical Rayleigh number has been calculated to beRac

'657.5.37 Using the same values of the parameters as ab
anda51.4331023 cm2/s, the minimum temperature differ
ence for unstable flow isDTc51.77 °C, larger than the pre
vious estimate but still within reasonable limits.
36 Phys. Fluids, Vol. 10, No. 1, January 1998
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4. Measurements of vertical temperature profile

Direct temperature measurements at the film surface
throughout the water sublayer would clearly establ
whether there exists a significant temperature gradient
pable of producing a Rayleigh–Be´nard like roll in these
spreading studies. Unfortunately, for the reasons descr
here, such temperature profiles proved difficult to meas
We used very thin J-type thermocouples (0.125 mm! in situ
to measure the local temperature during the spreading
toluene droplet on a quiescent water surface. Since the
perimental assembly only allows a few seconds of obse
tion before the spreading film encounters the cell walls,
thermocouples must register the local temperature v
quickly for an accurate reading. Even for thin wires of 125m,
the thermocouples can only achieve a 60% response in
s which was not sufficient to produce accurate readings d
ing the rapid spreading studies. In addition, we measured
resolution of the thermocouples to be60.25 °C, a value se
by the noise level of the multiplex chip in the electron
readout process. The readings achieved during the sprea
process were not exactly reproducible and always fell wit
the temperature range 0 °C&DT&0.25 °C, whereDT de-
notes the temperature difference between the warmer w
in the bulk to the cooler water near the surface. Finally,
order to position several thermocouples at a fixed dista
from the point of deposition at several depths below the w
ter surface, a small scaffold is required which slows t
spreading process. In summary, we suspect that the temp
ture drop close to the surface is somewhat larger than
noise limit but that custom signal amplification, exceptio
ally fast response times, and a minimally intrusive scaffo
will be required to make these delicate direct measureme
For the time being, the thermal profiles from the sidevie
shadowgraphs confirm the presence of strong tempera
variations in the water sublayer adjacent to the spread
film and the measured values forDT fall in between the
estimates from the critical Marangoni and Rayleigh numbe

IV. CONCLUSION

Previous studies in the literature have established
the location of the leading edge of a nonvolatile, immiscib
surface active film spreading on a deep liquid layer is w
described by Eq.~3!. The 3/4 spreading exponent reflects t
balance between Marangoni driven spreading and visc
retardation from the laminar boundary layer in the liqu
support. The spreading speed is controlled by the param
S1/2/(mr)1/4. In this paper we have studied the spreadi
dynamics of volatile immiscible films on a deep water lay
for hydrocarbons with different spreading coefficients a
vapor pressures. Unlike previous spreading studies for wh
the location of the advancing front was tracked by surfa
seeding, we used laser shadowgraphy to detect the loca
of moving boundaries across the surface of the spread
film. The fastest moving boundary corresponds to the lead
edge while the slowest corresponds to the periphery of
droplet reservoir. With this apparatus, we have reprodu
the correct spreading law for nonvolatile liquid films fo
which the spreading exponent is 3/4. Our spreading stu
A. D. Dussaud and S. M. Troian
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with volatile films, however, produce a spreading expon
of 1/2. This exponent is unaffected by using hydrocarb
liquids of different spreading coefficient or vapor pressu
Our studies suggest that Marangoni driven spreading cou
with evaporation displays a common spreading exponent
the leading edge much diminished from the nonvolatile ca
We have also shown that while the speed of the leading e
is well correlated with the spreading coefficient, the reserv
speed is better correlated with the vapor pressure. Fur
work is needed to confirm the dependence of the sprea
velocity on these two parameters. The moving bounda
are visualized by the development of regions of high cur
ture in the spreading film. Shadowgraphy reveals a sign
cant rim associated with the leading edge, which becom
more pronounced in the presence of evaporation. We h
initiated an investigation of the temporal evolution of t
entire shape of the spreading film using Moire´ topography to
test recent theoretical predictions of surface elevation cre
by Marangoni stresses.9

We have correlated the surface motion of the spread
film with the development of an unusual thermal bound
layer in the water sublayer. Using sideview shadowgrap
which is sensitive to density variations caused by therm
gradients, we have measured a horizontally flat thermal
gion capped by a stretched convective roll located right
neath the leading edge of spreading volatile films. Wher
the nonvolatile control sample~silicone oil! showed no fluid
circulation, the volatile samples clearly displayed a stro
circulation which we attribute to a Rayleigh–Be´nard type
convective roll. In analogy with this well known instability
the spreading film produces surface cooling due to
evaporation process which is enhanced by the rapid spr
ing. According to a simple convective-diffusive model
evaporation, the leading edge of the film experiences
largest mass loss and therefore experiences the largest
ing effect. The vertical temperature gradient established
this leading edge is substantial enough to give rise to a c
vective Rayleigh–Be´nard roll which propagates with th
leading edge. Comparison with the geometric aspect rati
classical Rayleigh–Be´nard cells reveals that the convectiv
roll in our experiments is stretched in the spreading dir
tion. This stretching is probably due to the fact that the c
vective roll develops within an overall shear flow created
Marangoni spreading. The significant fluid circulation occ
ring at the advancing front is expected to produce a w
mixed and cooled thermal layer beneath the spreading fi
This rapidly advancing, churning horizontal motion produc
a thermal layer which is initially of the same approxima
thickness as the advancing roll and flat in profile from t
leading edge back to the source region.

Estimates based on the available critical Marangoni
Rayleigh numbers in the absence of a shear field prod
temperature drops which appear easily achievable i
spreading volatile film. Experiments carefully designed
measure directly the temperature gradient producedin situ
during the spreading process would prove very useful
theoretical model incorporating the rapid horizontal moti
due to Marangoni spreading with the superposed rotatio
motion created by the induced vertical temperature grad
Phys. Fluids, Vol. 10, No. 1, January 1998

Downloaded 15 Sep 2006 to 131.215.240.9. Redistribution subject to AIP
t
n
.
ed
or
e.
ge
ir
er
ng
s
-
-

es
ve

ed

g
y
y
l

e-
-
s

g

e
d-

e
ol-

at
n-

of

-
-

y
-
ll
.

s

d
ce
a

A

al
nt

is required in order to determine the new critical values
the Marangoni and Rayleigh numbers appropriate to the
ometry corresponding to our experiments. We note, ho
ever, that our experiments bear some conceptual similarit
the geometry considered by Unny and Niessenby38 in their
theoretical work and later investigated experimentally
Koshmieder.37 Both studies showed that in the presence o
constant horizontal temperature gradient superimposed
a vertical one, there develops a net horizontal Marang
flow superposed on the convective rolls which leads to
lower critical value of the Rayleigh number for buoyanc
driven systems. The critical value was found to be as m
as six times smaller than the value required in the absenc
a horizontal temperature gradient. We suspect that the h
zontal motion associated with the spontaneously sprea
process can therefore serve to reinforce the usual conve
instabilities arising from the presence of a vertical tempe
ture gradient by lowering the critical numbers required
unstable flow.

The presence of a Rayleigh–Be´nard instability in these
spreading studies may help explain the fact that differ
volatile liquids spread with the same exponent despite dif
ent spreading coefficients and vapor pressures. Its exist
provides a large additional source of dissipation which m
be responsible for the reduction in spreading exponent fr
3/4 to 1/2. We are excited by this possibility and ha
launched further studies to explore the details of this fl
pattern.
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