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Deposition of a spontaneously-spreading film on a clean water surface creates a front which
propagates radially outward from the point of deposition. This rapidly spreading film was used as
a tool to quickly change the boundary condition of a water surface from one which is shear-free, to
a boundary condition which supports shear. Infrared images of a water surface experiencing
evaporative convection were recorded as this film spread. These images were converted to surface
temperature fields. The amount of turbulent structure present in these fields changes dramatically
across the front. Ahead of the front, significant variations at large and small spatial scales are
evident, while behind the front the small scale structures are eliminated. The time scale at which this
damping occurs is short and has not been reported on heretofore. In addition to being relevant to free
surface turbulence, these results demonstrate the utility of infrared imaging in the study of spreading
films. [S1070-663100)02703-3

I. INTRODUCTION essentially eliminated upon introduction of a surfactant
monolayer, leaving only large scale structures. In that work
The hydrodynamic boundary condition which exists at awe demonstrated the effect that films have on the surface
perfectly clean gas/liquid interface is considered to be sheatemperature field under steady state conditions; the transient
free. Films, such as surfactant monolayers or liquid-phaseehavior of this field has not been investigated. In the experi-
multilayers, can support a shear, changing this free surfac@ents presented here, a rapidly spreading film was used as a
boundary condition and concomitantly affecting the subsurtool to quickly change the boundary condition of a water
face hydrodynamics. This alteration in subsurface hydrodysurface from one which is shear-free, to a boundary condi-
namics can in turn change the surface temperature field, #on which supports shear. By measuring the temperature
quantity which is relevant to several oceanographic, metecfield during the spreading process, information was obtained
rological and remote sensing applications, and is the objeatoncerning the speed with which small scale structures in the
of interest in this study. temperature field were eliminated. In addition to its rel-
We note that, in addition to influencing subsurface hy-evance to free surface turbulence, the spreading of films finds
drodynamics, some surfactant monolayers can reduce thgpplication in the area of oil slicks and their dispefSahe
rate of evaporation? thereby affecting the surface tempera- transport of surfactants within the lutgand the formation
ture field. This effect is not the focus of the work presentedof Langmuir—Blodgett films?
herein.
Experlmer_nal studies have d_em_o_nstrated that surfac& EXPERIMENTAL METHOD
temperature time traces can be significantly affected by the
presence of a filmi=’ Such studies are typically conducted in The experiments were conducted in a 30 cm by 30 cm
a water tank where evaporation at the air/water interfacéank having a depth of 15 cm. The tank was filled to the rim
cools the water surface, creating an instability which driveswith deionized water, and several cleaning steps were used to
natural convection. This evaporatively driven natural con-eliminate any possible contamination from indigenous
vection, referred to as evaporative convecflds, typically  surfactants.Evaporation from the water surface into the am-
turbulent. These studies have shown that the average armient air environment resulted in a heat flux 80 W/n?.
fluctuating components of the surface temperature, measuréthe surface temperature field was measured by imaging the
at a point, are significantly altered by the presence of a sursurface of the water using an infrared camera. This camera
factant monolayer. was calibrated, and the calibration was used to convert each
Further information on the effect that films have on theinfrared image to a temperature field. The optical depth of
surface temperature during evaporative convection was olihe infrared camera was 25 microns; hence the fields ob-
tained in a more recent study where infrared imaging wasained are maps of the temperature averaged over the top 25
utilized to measure the surface temperature fielthese ex- wm of the water depth. We assume our measurements to be
periments showed that the small scale turbulent structuregpresentative of the surface temperature, and refer to the
evident in the temperature field of a clean water surface wermeasured temperature fields as the ‘surface temperature
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(b) alcohol/heptane mixture. The separation time between each
Whﬂ e image in the sequence is 250 ms. A palette indicating the
e relationship between the gray level in the image and the tem-
F perature to which it corresponds, is located at the bottom of
: the figure. The micrometer syringe used to place the heptane/
oleyl alcohol droplet on the water surface is visible in the left
hand side of each image. The dark black circle at the tip of
the syringe, visible in Fig. ), is the pendant droplet of the
mixture which is about to be deposited.

In each image obtained by the camera, some of the pix-
els located in the corners of the detector gave erroneous re-
sponses and were designated “bad pixels.” These are the
black regions located in the corners of each field, which
should be ignored. It should also be noted that the gray scale
values of the pixels corresponding to the micrometer syringe
cannot be converted to an accurate temperature using the
palette included beneath the figure, since the calibration used
assumes the emissivity of the imaged region is that of water.

Figure Xa) shows the temperature field prior to deposi-
tion of the film: a clean water surface undergoing evapora-
tive convection. The temperature field exhibits cellular re-
gions of relatively warm fluidlight regions, surrounded by
thin regions of relatively cold fluiddark regiong This pat-
tern is characteristic of that which is observed during infra-
red imaging of evaporative convectide.g., Sayloret al,).°
Utilizing simultaneous infrared imaging of the water surface,
FIG. 1. A sequence of four temperature fields illustrating the spread of @and subsurface velocity measurements, Volino and <hith
heptape/oley] alcohol film across a water surface. The time corresponding t9emonstrated that these cellular regions are the surface sig-
each image iga) 0 ms(b) 250 ms(c) 500 ms, andd) 750 ms. The size of . . . .

a pixel in physical space is 63om in each direction, giving an image width natures of .convectlv'e cells, with the . cold striated regions

of 16.1 cm. corresponding to falling sheets of fluid, and the warm re-
gions in between the sheets corresponding to rising plumes.
Katsaroset al1* observed these falling sheets when obtain-

_ ing horizontal temperature profiles coupled with flow visual-
perature fields were on the order600.6 K, and the camera. j,qion heneath a water surface: a review of the literature

had a noise level of approximately 25 mK. The width of the .\ erning these convective structures can also be found in
region corresponding to each field was 16.1 cm. Further deg 5isar0set a4
tails of the_ experimental setup can be foun.d. in Sagtoal® Figures 1b)—1(d) show how the cellular pattern of the
To switch the surface boundary condition from shear-qjoan \yater surface is altered by the spreading film. In Fig.
free to one that supports shear, a surfactant was deposited 9f};) e film has spread circularly outward from the point of
the water surface. This deposition process was recorded Ry sition, and a clearly defined front exists between the
the_ infrared camera. T_he surfactant used was ole_yl alcoholiean surface and the spreading film. The circular region is
which was dissolved in heptane at a concentration of 1.Qjighay cooler than the rest of the surface and, more impor-
mg/ml. A 5 ul drop of this solution was placed on the water (;n4y * the cellular structures so evident in Figajlhave
surface using a micrometer syringe. The mixture spread ov&{een ‘completely damped out in the region behind the front.
the water surface, resulting in an oleyl alcohol surface conpcya|ly, there is some thermal structure which remains be-
centration of 0.005pg/cnt after evaporation of the hep- ping the front but these are very weak and larger in scale
tane. This procedure of dissolving a surfactant in a volatilgy,, those which exist ahead of the front. The small scale
solvent, prior to deposition, is a standard method used Whegy,c(res which are eliminated by the spreading film do not
studying surfactant monolayers. To ensure that the resuligm |mages obtained over a minute after deposition reveal
obtalr_wed were not due to the presence of the heptane, whichi g, tace temperature field which has changed negligibly
was in the process of evaporating when images were Ok, that which exists behind the front in Fig. 1. The faint
tained, tests were conducted while applying only pure oleyhal0 which is visible ahead of the front in Fig(hl is be-

alcohol to the water surface. Infrared images obtained duri”ﬂeved to be a capillary wave formed at the moment of depo-
these tests were qualitatively the same as those presentgﬁiion. In Figs. 1c) and 1d), the film continues to spread,

below. and the cellular structures continue to be eliminated in the

areas over which the front has passed. In Fig),lthe front

lll. RESULTS is more difficult to see. It appears to exhibit an instability,
A sequence of temperature fields is presented in Figgiving it a “corrugated” shape.

1(a)—1(d) showing the deposition and spreading of the oleyl It is important to note that the elimination of small scale

160 162 164 166 168 170 17.2
T(°C)

field.” The total range in temperature displayed in the tem
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7] variation in the cooling of the surface due to air currents in
the room, for example.
A comparison of the line sections in FiggbP—2(d) with
the line section in Fig. @) (where the film has not yet been
depositefireveals a slight lowering of the temperature in the
region behind the front. This reduction in temperature was
computed by averaging the temperature in that portion of the
_ line section located behind the froftising a method for
1 w locating the front which is described belpand subtracting
] this value from an average of the same portion of the line
3 section in Fig. 2a). This procedure gives a value of
] —0.06 °C,—0.08°C, and—0.03 °C for Figs. ®), 2(c), and
—: F 2(d), respectively. This reduction in temperature is not due to
] the general left-to-right variation in temperature, discussed
above, since this variation is accounted for when subtracting
the two computed averages. This drop in temperature is
partly due to evaporation of heptane in the spreading film.
O'Brien et al® shows a cooling of the surface during the
spread of a nonevaporating film which they attribute to an
increase in the water evaporation rate due to stirring of the
air above the water surface. This may also be playing a role
b in cooling the region behind the front.
_ The dark striated regions which surround the convective
1 @ cells in the area ahead of the front correspond to downward
4 dips in the temperature which can be seen in the plots of Fig.
—: 2. They are particularly evident in Fig(& and their location
5 is indicated using the /\"’ symbol. In Figs. 2b)—2(d) the
- region behind the spreading front shows an elimination of
7 D the downward spikes which are present in Figa)2This
' I ; 1 ' I ' ' ' I observation agrees with the reduction in the small scale stri-
100( el 15 200 250 ated structure behind the front seen in Fig. 1.
* (piels) While the location of the front is easy to spot with the
FIG. 2. Line sections of the temperature through the center of each field ieye in Fig. 1, its exact location is not at all apparent in the
Fig. 1. To avoid_thg mi;rometer syringe, the line section is actuglly for row|ine sections of Fig. 2. The lack of downward spikes behind
number 132 which is six pixelts. 79 mm beneath the mﬂe,,c-em?r"ne' Each the front does not provide a good measure of the front loca-
line section has been smoothed gsa 3 pixel window. “F” indicates the . . . . - ]
location of the front, and “D” indicates the deposition location (&, “/\”  tion, since the distance between the dark striated regions is
indicates the location of the black striated regions. large relative to the apparent thickness of the front. The fact
that the area behind the front has a slightly lower tempera-
ture is also difficult to use in locating the front, since the
overall variation in temperature across the image is larger
structures in the surface temperature field does not necessdnan the temperature decrease due to the spreading film,
ily signify a change in the subsurface hydrodynamics, al-making it difficult to select a temperature threshold which
though such a change most likely does occur. The measurgrould define the front.
ments presented in Fig. 1 are only temperature fields, and To more rigorously define a front location, a small por-
subsurface velocity measurements would be needed to cotien of the temperature field encompassing the front was ex-
clusively demonstrate that the change in the surface temper&racted, thereby making the variation in temperature across
ture field is due to a change in subsurface hydrodynamicghe front large with respect to the temperature variation in
This point will be revisited. the subimage. The pdf of the subimages for Figé) and
Horizontal line sections corresponding to the center ofl(c) were bimodal and the minimum between the two peaks
each field presented in Fig. 1 are displayed in Fig. 2. All ofwas used as a threshold to create a binary image. Figure 3
these line sections reveal a general left-to-right increase ipresents the subimage extracted from Fi),las well as the
temperature. This is true even in Figawhere the drop has pdf for that subimage and the resulting binary image ob-
not yet been deposited on the water surface. Careful obserained by setting the threshold to 16.75 °C, the temperature
vation reveals this in Fig. (&) as well, where the left hand corresponding to the minimum between the two peaks of the
side of the field appears, on average, to be slightly darkepdf. The frontal location is obvious in the binary image. The
than the right hand side. It is unclear what caused thisubimage extracted from Fig(d) did not display a bimodal
gradual variation in temperature across the field. This maydf, and instead the front was located by progressively in-
have been due to a slight variation in the sensitivity of thecreasing the contrast until the subimage became binary.
camera across the image, or it may have been caused by a The frontal locations calculated in the manner described
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FIG. 3. (a) Subimage extracted from Fig(H). (b) Temperature pdf for the
extracted subimagéc) Binary version of the subimage, obtained by setting
a threshold at the minimum between the peaks in the bimodal pdf.

above are catalogued in Table | for Figgbjt-1(d). The
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TABLE I. Location of spreading front.

Time (ms) X (pixels) X (mm)
Drop deposition location 47 29.8
Front in Fig. Xb) 250 135 85.7
Front in Fig. Xc) 500 189 120
Front in Fig. 1d) 750 210 133

Fig. 2.

Two spreading velocities can be computed from the
frontal locations: one from the change in frontal position
which occurs between Fig(l) and Fig. 1c), and one from
the change in frontal position which occurs between Fig) 1
and Fig. 1d). The average spreading velocity from Figs.
1(b)—1(c) is 137 mm/s, and from Figs.(d—1(d) it is 52
mm/s. Because the drop has not yet touched the water sur-
face in Fig. 1a), a spreading rate cannot be computed from
Figs. 1@ and 1b). O’'Brien et al® obtained velocity pro-
files for a spreading film of oleic acid, and reported a surface
velocity of 160 mm/s and 80 mm/s at 125 ms and 500 ms
after deposition, respectively. While their surfactant differs
from the oleyl alcohol/heptane system presented here, it is
worthwhile noting that their velocities are in rough agree-
ment with those measured here.

IV. DISCUSSION

An important result is the rate at which a small scale
structure in the temperature field is damped. In the 250 ms
which elapse between Fig.(@ and Xb), the small scale
structures behind the advancing front have been completely
eliminated from the temperature field. Note that even in the
region just behind the advancing front, no remnant of the
original structures are visible. This suggests that the damping
occurs rapidly with respect to the speed at which the front
propagates. Therefore, an estimate of the time seglat
which these structures are damped can be obtained by divid-
ing the width of the froni; by the speed at which it propa-
gates,vs,

X¢

LItV 1)

The width of the front is estimated using Fig(@B which
shows that the change from the relatively cooler region of
the film to the warmer nonfilm region occurs over a distance
roughly 5 pixels thick(~3 mm). Using x;=3 mm, andv;
=137 mm/s(above, and substituting these values into Eq.
(1) gives 7q~22 ms.

A discussion of the mechanisms which might contribute
to the damping of small scale structures in the temperature
field is now presented.

It has been established that the structures observed in the
surface temperature field during evaporative convection are
correlated to the subsurface hydrodynanfit§Also, it is

droplet deposition location is indicated, along with thewell known that surface films damp subsurface motion.
x-location of the front for each of the three images. TheHence, it is logical to expect that the damping of a small

tabulated frontal locations are signified by the letter “F" in

scale structure evident in Fig. 1 is due to a modification of
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the subsurface hydrodynamics, caused by the film. Beforsubsurface fluid motion. A possible explanation of the ob-
discussing this hypothesis, however, several simpler explaserved damping of a small scale structure in the surface tem-
nations, which concern the blockage of evaporation or infraperature field is that the spreading film is damping fluid mo-
red radiation by the film, are addressed and discounted. tion in a thin layer of water, preventing the convective
One might suspect that the elimination of small scalestructures in the liquid bulk from expressing a thermal sig-
structures behind the front is due to a blockage of infrarechature at the free surface. The camera used in these experi-
emission from the water layer beneath. This is unlikely forments collects infrared radiation from a layer of water, 25
several reasons. First, in the instance where there is still hepsm in thickness. For the aforementioned mechanism to be
tane present in the layer, its maximum thickness is equal tplausible, it is necessary that fluid motion in this 23n
the droplet volume divided by the area over which the drop-thick layer be damped and that existing thermal structures
let has spread. In Fig.(h), this thickness is-0.5 um. Fora homogenize via conduction, in a time scale which is compa-
layer of this thickness the total attenuation of radiation at theable to the observed damping time scatg;22 ms[Eq.
infrared wavelengths used to obtain these fields is insignifi¢1)]. The time scales for this viscous damping and thermal
cant. Furthermore, it is known that deposition of a small dropghomogenization arer, and 7, respectively, and are esti-
of a volatile film results in the formation of a small “reser- mated as
voir” at the deposition site, from which the thin liquid film

spreads radially outwar. Hence, the heptane film can be I :L_2 2)
expected to be even thinner than the calculatequ@rbthick- Yo

ness, further reducing any attenuation of infrared emissio

from the water beneath it. In the event that the heptane has

rapidly evaporated, leaving only a monolayer of oleyl alco- L2

hol, prior research has demonstrated that infrared emissionis 7=~ )

insignificantly affected by the presence of a monomolecular
film.” Finally, the thermal structures which have been elimi-where v is the kinematic viscosity of liquid water and is
nated by the advancing film are small in size, while thethe thermal diffusivity. Substituting 2%xm for L in each
larger structures have been reduced in their intensity, but arequation gives,=0.6 ms andr,=4 ms, the sum of which
still visible. This observation cannot be explained by opticalis less thanry=22 ms. This suggests that the damping of
damping, which would be scale-insensitive. subsurface motion and the subsequent homogenization of ex-
Another possible explanation for the reduction in smallisting thermal structures in a 2om thick layer of water can
scale structure observed in Fig. 1 is that the evaporation abccur within the observed 22 ms damping rate. This is a
water is reduced by the presence of the heptane film, therelsyrude estimate, and a closer agreement betwgesnd the
reducing evaporative convection. If this were the case, theum of =, and 7; is not expected. This analysis does not
temperature behind the front would increase. In fact, therove that the experimental results are caused by this mecha-
mean surface temperature behind the front actually decreasasm, but only that this mechanism can explain what was
very slightly, suggesting that evaporation reduction is not theobserved.
cause of the observed behavior. A related possibility is that  Another possible explanation for the rapid elimination of
the heptane has rapidly and completely evaporated, leavingsmall scale structures is that these structures are being
monolayer of oleyl alcohol which might be stopping evapo-smeared as the film rapidly advances across the surface. As
ration. However, oleyl alcohol has been shown to insignifi-the film advances, some liquid may be entrained, effectively
cantly affect evaporatioh,again obviating the possibility being “pulled” by the spreading film and smearing out the
that the small scale damping is due to a reduction in evapacstructures. There is some support for this idea in the imagery.
ration. For example, referring to Fig.(d), there is a circular struc-
Finally, it is possible that evaporation of heptane hasture apparent in the field located just beneath the tip of the
actually increased the heat flux behind the front. All othermicrometer syringe. In Fig. (b), this structure has become
things held constant, an increase in heat flux would result ilarger, suggesting that it has been radially stretched by the
more small scale structure in the surface temperature fieldnoving film. However, the effectiveness of the damping
The fact that the region behind the front haseducedlevel  seems to be the same as the film progresses outward, where
of structure indicates that eithdi) the heat flux has not its velocity is lower and one would expect a reduction in the
increased, ofii) the heat flux has increased, and the dampingeffect. Hence, while this mechanism may be playing a role in
due to the surfactant is so effective that the small scale struavhat is observed other effects are probably dominant.
tures are still damped. In either case, it is safe to conclude The work of Dussauet al*® provides another possible
that a change in heat flux is not the dominant cause of thenechanism. In this work, it is demonstrated that the spread-
reduction in small scale structure behind the front. ing of a volatile liquid film on a water surface creates a
Having discounted mechanisms which concern thevortex roll which propagates radially outward, just behind
blockage of evaporation or infrared radiation by the spreadthe spreading film and just beneath the air/water interface. If
ing film, we now present several physical processes concerrsuch a vortex is present in our experiments, then it would be
ing the modification of subsurface hydrodynamics by thelogical to assume that it homogenizes the surface tempera-
film, which may explain the experimental results. ture field by mixing the surface fluid with that just beneath
As noted earlier, it is well known that a film damps the surface. The strength of this vortex should be expected to
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