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Infrared imaging of the surface temperature field
of water during film spreading
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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. @S1070-6631~00!02703-3#
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I. INTRODUCTION

The hydrodynamic boundary condition which exists a
perfectly clean gas/liquid interface is considered to be sh
free. Films, such as surfactant monolayers or liquid-ph
multilayers, can support a shear, changing this free sur
boundary condition and concomitantly affecting the subs
face hydrodynamics. This alteration in subsurface hydro
namics can in turn change the surface temperature fiel
quantity which is relevant to several oceanographic, me
rological and remote sensing applications, and is the ob
of interest in this study.

We note that, in addition to influencing subsurface h
drodynamics, some surfactant monolayers can reduce
rate of evaporation,1,2 thereby affecting the surface temper
ture field. This effect is not the focus of the work presen
herein.

Experimental studies have demonstrated that sur
temperature time traces can be significantly affected by
presence of a film.3–7 Such studies are typically conducted
a water tank where evaporation at the air/water interf
cools the water surface, creating an instability which driv
natural convection. This evaporatively driven natural co
vection, referred to as evaporative convection,8 is typically
turbulent. These studies have shown that the average
fluctuating components of the surface temperature, meas
at a point, are significantly altered by the presence of a
factant monolayer.

Further information on the effect that films have on t
surface temperature during evaporative convection was
tained in a more recent study where infrared imaging w
utilized to measure the surface temperature field.9 These ex-
periments showed that the small scale turbulent struct
evident in the temperature field of a clean water surface w
597
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essentially eliminated upon introduction of a surfacta
monolayer, leaving only large scale structures. In that w
we demonstrated the effect that films have on the surf
temperature field under steady state conditions; the trans
behavior of this field has not been investigated. In the exp
ments presented here, a rapidly spreading film was used
tool to quickly change the boundary condition of a wa
surface from one which is shear-free, to a boundary con
tion which supports shear. By measuring the tempera
field during the spreading process, information was obtai
concerning the speed with which small scale structures in
temperature field were eliminated. In addition to its re
evance to free surface turbulence, the spreading of films fi
application in the area of oil slicks and their dispersal,10 the
transport of surfactants within the lung,11 and the formation
of Langmuir–Blodgett films.12

II. EXPERIMENTAL METHOD

The experiments were conducted in a 30 cm by 30
tank having a depth of 15 cm. The tank was filled to the r
with deionized water, and several cleaning steps were use
eliminate any possible contamination from indigeno
surfactants.9 Evaporation from the water surface into the am
bient air environment resulted in a heat flux of;30 W/m2.
The surface temperature field was measured by imaging
surface of the water using an infrared camera. This cam
was calibrated, and the calibration was used to convert e
infrared image to a temperature field. The optical depth
the infrared camera was;25 microns; hence the fields ob
tained are maps of the temperature averaged over the to
mm of the water depth. We assume our measurements t
representative of the surface temperature, and refer to
measured temperature fields as the ‘surface tempera
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.



m

he
d

ar
d

d
ho
1
er
v

on
-
til
he
u
h
o
ey
rin
n

ig
ey

ach
the
em-

of
ane/
eft

of

pix-
re-

the
ich
cale
ge
the

sed
ter.
si-
ra-
re-

ra-

e,
th
sig-
ns
re-
es.

in-
al-
ure
d in

e
ig.

of
the

is
or-

nt.
be-
ale
ale
not
eal

ibly
nt

po-
,
the

ty,

le

of
ng

h

598 Phys. Fluids, Vol. 12, No. 3, March 2000 Saylor, Smith, and Flack
field.’ The total range in temperature displayed in the te
perature fields were on the order of;0.6 K, and the camera
had a noise level of approximately 25 mK. The width of t
region corresponding to each field was 16.1 cm. Further
tails of the experimental setup can be found in Sayloret al.9

To switch the surface boundary condition from she
free to one that supports shear, a surfactant was deposite
the water surface. This deposition process was recorde
the infrared camera. The surfactant used was oleyl alco
which was dissolved in heptane at a concentration of
mg/ml. A 5 m l drop of this solution was placed on the wat
surface using a micrometer syringe. The mixture spread o
the water surface, resulting in an oleyl alcohol surface c
centration of 0.0056mg/cm2 after evaporation of the hep
tane. This procedure of dissolving a surfactant in a vola
solvent, prior to deposition, is a standard method used w
studying surfactant monolayers. To ensure that the res
obtained were not due to the presence of the heptane, w
was in the process of evaporating when images were
tained, tests were conducted while applying only pure ol
alcohol to the water surface. Infrared images obtained du
these tests were qualitatively the same as those prese
below.

III. RESULTS

A sequence of temperature fields is presented in F
1~a!–1~d! showing the deposition and spreading of the ol

FIG. 1. A sequence of four temperature fields illustrating the spread
heptane/oleyl alcohol film across a water surface. The time correspondi
each image is~a! 0 ms~b! 250 ms~c! 500 ms, and~d! 750 ms. The size of
a pixel in physical space is 635mm in each direction, giving an image widt
of 16.1 cm.
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alcohol/heptane mixture. The separation time between e
image in the sequence is 250 ms. A palette indicating
relationship between the gray level in the image and the t
perature to which it corresponds, is located at the bottom
the figure. The micrometer syringe used to place the hept
oleyl alcohol droplet on the water surface is visible in the l
hand side of each image. The dark black circle at the tip
the syringe, visible in Fig. 1~a!, is the pendant droplet of the
mixture which is about to be deposited.

In each image obtained by the camera, some of the
els located in the corners of the detector gave erroneous
sponses and were designated ‘‘bad pixels.’’ These are
black regions located in the corners of each field, wh
should be ignored. It should also be noted that the gray s
values of the pixels corresponding to the micrometer syrin
cannot be converted to an accurate temperature using
palette included beneath the figure, since the calibration u
assumes the emissivity of the imaged region is that of wa

Figure 1~a! shows the temperature field prior to depo
tion of the film: a clean water surface undergoing evapo
tive convection. The temperature field exhibits cellular
gions of relatively warm fluid~light regions!, surrounded by
thin regions of relatively cold fluid~dark regions!. This pat-
tern is characteristic of that which is observed during inf
red imaging of evaporative convection~e.g., Sayloret al.!.9

Utilizing simultaneous infrared imaging of the water surfac
and subsurface velocity measurements, Volino and Smi13

demonstrated that these cellular regions are the surface
natures of convective cells, with the cold striated regio
corresponding to falling sheets of fluid, and the warm
gions in between the sheets corresponding to rising plum
Katsaroset al.14 observed these falling sheets when obta
ing horizontal temperature profiles coupled with flow visu
ization, beneath a water surface; a review of the literat
concerning these convective structures can also be foun
Katsaroset al.14

Figures 1~b!–1~d! show how the cellular pattern of th
clean water surface is altered by the spreading film. In F
1~b! the film has spread circularly outward from the point
deposition, and a clearly defined front exists between
clean surface and the spreading film. The circular region
slightly cooler than the rest of the surface and, more imp
tantly, the cellular structures so evident in Fig. 1~a! have
been completely damped out in the region behind the fro
Actually, there is some thermal structure which remains
hind the front but these are very weak and larger in sc
than those which exist ahead of the front. The small sc
structures which are eliminated by the spreading film do
return. Images obtained over a minute after deposition rev
a surface temperature field which has changed neglig
from that which exists behind the front in Fig. 1. The fai
halo which is visible ahead of the front in Fig. 1~b! is be-
lieved to be a capillary wave formed at the moment of de
sition. In Figs. 1~c! and 1~d!, the film continues to spread
and the cellular structures continue to be eliminated in
areas over which the front has passed. In Fig. 1~d!, the front
is more difficult to see. It appears to exhibit an instabili
giving it a ‘‘corrugated’’ shape.

It is important to note that the elimination of small sca

a
to
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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structures in the surface temperature field does not nece
ily signify a change in the subsurface hydrodynamics,
though such a change most likely does occur. The meas
ments presented in Fig. 1 are only temperature fields,
subsurface velocity measurements would be needed to
clusively demonstrate that the change in the surface temp
ture field is due to a change in subsurface hydrodynam
This point will be revisited.

Horizontal line sections corresponding to the center
each field presented in Fig. 1 are displayed in Fig. 2. All
these line sections reveal a general left-to-right increas
temperature. This is true even in Fig. 2~a! where the drop has
not yet been deposited on the water surface. Careful ob
vation reveals this in Fig. 1~a! as well, where the left hand
side of the field appears, on average, to be slightly da
than the right hand side. It is unclear what caused
gradual variation in temperature across the field. This m
have been due to a slight variation in the sensitivity of
camera across the image, or it may have been caused

FIG. 2. Line sections of the temperature through the center of each fie
Fig. 1. To avoid the micrometer syringe, the line section is actually for r
number 132 which is six pixels~3.79 mm! beneath the true centerline. Eac
line section has been smoothed using a 3 pixel window. ‘‘F’’ indicates the
location of the front, and ‘‘D’’ indicates the deposition location. In~a!, ‘‘ `’’
indicates the location of the black striated regions.
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variation in the cooling of the surface due to air currents
the room, for example.

A comparison of the line sections in Figs. 2~b!–2~d! with
the line section in Fig. 2~a! ~where the film has not yet bee
deposited! reveals a slight lowering of the temperature in t
region behind the front. This reduction in temperature w
computed by averaging the temperature in that portion of
line section located behind the front~using a method for
locating the front which is described below! and subtracting
this value from an average of the same portion of the l
section in Fig. 2~a!. This procedure gives a value o
20.06 °C,20.08 °C, and20.03 °C for Figs. 2~b!, 2~c!, and
2~d!, respectively. This reduction in temperature is not due
the general left-to-right variation in temperature, discuss
above, since this variation is accounted for when subtrac
the two computed averages. This drop in temperature
partly due to evaporation of heptane in the spreading fi
O’Brien et al.15 shows a cooling of the surface during th
spread of a nonevaporating film which they attribute to
increase in the water evaporation rate due to stirring of
air above the water surface. This may also be playing a
in cooling the region behind the front.

The dark striated regions which surround the convect
cells in the area ahead of the front correspond to downw
dips in the temperature which can be seen in the plots of
2. They are particularly evident in Fig. 2~a! and their location
is indicated using the ‘ ‘̀ ’ ’ symbol. In Figs. 2~b!–2~d! the
region behind the spreading front shows an elimination
the downward spikes which are present in Fig. 2~a!. This
observation agrees with the reduction in the small scale
ated structure behind the front seen in Fig. 1.

While the location of the front is easy to spot with th
eye in Fig. 1, its exact location is not at all apparent in t
line sections of Fig. 2. The lack of downward spikes beh
the front does not provide a good measure of the front lo
tion, since the distance between the dark striated region
large relative to the apparent thickness of the front. The f
that the area behind the front has a slightly lower tempe
ture is also difficult to use in locating the front, since th
overall variation in temperature across the image is lar
than the temperature decrease due to the spreading
making it difficult to select a temperature threshold whi
would define the front.

To more rigorously define a front location, a small po
tion of the temperature field encompassing the front was
tracted, thereby making the variation in temperature acr
the front large with respect to the temperature variation
the subimage. The pdf of the subimages for Figs. 1~b! and
1~c! were bimodal and the minimum between the two pea
was used as a threshold to create a binary image. Figu
presents the subimage extracted from Fig. 1~b!, as well as the
pdf for that subimage and the resulting binary image o
tained by setting the threshold to 16.75 °C, the tempera
corresponding to the minimum between the two peaks of
pdf. The frontal location is obvious in the binary image. T
subimage extracted from Fig. 1~d! did not display a bimodal
pdf, and instead the front was located by progressively
creasing the contrast until the subimage became binary.

The frontal locations calculated in the manner describ

in
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.



he
he
in

he
on

s.

sur-
m

ce
ms
rs
it is
e-

le
ms

tely
the
the
ing

ont

ivid-
-

of
ce

q.

te
ture

the
are

n.
all
of

ng
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above are catalogued in Table I for Figs. 1~b!–1~d!. The
droplet deposition location is indicated, along with t
x-location of the front for each of the three images. T
tabulated frontal locations are signified by the letter ‘‘F’’

FIG. 3. ~a! Subimage extracted from Fig. 1~b!. ~b! Temperature pdf for the
extracted subimage.~c! Binary version of the subimage, obtained by setti
a threshold at the minimum between the peaks in the bimodal pdf.
Downloaded 01 Nov 2000  to 130.127.12.50.  Redistribution subject t
Fig. 2.
Two spreading velocities can be computed from t

frontal locations: one from the change in frontal positi
which occurs between Fig. 1~b! and Fig. 1~c!, and one from
the change in frontal position which occurs between Fig. 1~c!
and Fig. 1~d!. The average spreading velocity from Fig
1~b!–1~c! is 137 mm/s, and from Figs. 1~c!–1~d! it is 52
mm/s. Because the drop has not yet touched the water
face in Fig. 1~a!, a spreading rate cannot be computed fro
Figs. 1~a! and 1~b!. O’Brien et al.15 obtained velocity pro-
files for a spreading film of oleic acid, and reported a surfa
velocity of 160 mm/s and 80 mm/s at 125 ms and 500
after deposition, respectively. While their surfactant diffe
from the oleyl alcohol/heptane system presented here,
worthwhile noting that their velocities are in rough agre
ment with those measured here.

IV. DISCUSSION

An important result is the rate at which a small sca
structure in the temperature field is damped. In the 250
which elapse between Fig. 1~a! and 1~b!, the small scale
structures behind the advancing front have been comple
eliminated from the temperature field. Note that even in
region just behind the advancing front, no remnant of
original structures are visible. This suggests that the damp
occurs rapidly with respect to the speed at which the fr
propagates. Therefore, an estimate of the time scaletd at
which these structures are damped can be obtained by d
ing the width of the frontxf by the speed at which it propa
gates,v f ,

td5
xf

v f
. ~1!

The width of the front is estimated using Fig. 3~a! which
shows that the change from the relatively cooler region
the film to the warmer nonfilm region occurs over a distan
roughly 5 pixels thick~;3 mm!. Using xf53 mm, andv f

5137 mm/s~above!, and substituting these values into E
~1! givestd;22 ms.

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

It has been established that the structures observed in
surface temperature field during evaporative convection
correlated to the subsurface hydrodynamics.7,13 Also, it is
well known that surface films damp subsurface motio
Hence, it is logical to expect that the damping of a sm
scale structure evident in Fig. 1 is due to a modification

TABLE I. Location of spreading front.

Time ~ms! x ~pixels! x ~mm!

Drop deposition location 47 29.8
Front in Fig. 1~b! 250 135 85.7
Front in Fig. 1~c! 500 189 120
Front in Fig. 1~d! 750 210 133
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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the subsurface hydrodynamics, caused by the film. Be
discussing this hypothesis, however, several simpler ex
nations, which concern the blockage of evaporation or in
red radiation by the film, are addressed and discounted.

One might suspect that the elimination of small sc
structures behind the front is due to a blockage of infra
emission from the water layer beneath. This is unlikely
several reasons. First, in the instance where there is still
tane present in the layer, its maximum thickness is equa
the droplet volume divided by the area over which the dr
let has spread. In Fig. 1~b!, this thickness is;0.5 mm. For a
layer of this thickness the total attenuation of radiation at
infrared wavelengths used to obtain these fields is insign
cant. Furthermore, it is known that deposition of a small d
of a volatile film results in the formation of a small ‘‘rese
voir’’ at the deposition site, from which the thin liquid film
spreads radially outward.16 Hence, the heptane film can b
expected to be even thinner than the calculated 0.5mm thick-
ness, further reducing any attenuation of infrared emiss
from the water beneath it. In the event that the heptane
rapidly evaporated, leaving only a monolayer of oleyl alc
hol, prior research has demonstrated that infrared emissio
insignificantly affected by the presence of a monomolecu
film.17 Finally, the thermal structures which have been elim
nated by the advancing film are small in size, while t
larger structures have been reduced in their intensity, but
still visible. This observation cannot be explained by opti
damping, which would be scale-insensitive.

Another possible explanation for the reduction in sm
scale structure observed in Fig. 1 is that the evaporatio
water is reduced by the presence of the heptane film, the
reducing evaporative convection. If this were the case,
temperature behind the front would increase. In fact,
mean surface temperature behind the front actually decre
very slightly, suggesting that evaporation reduction is not
cause of the observed behavior. A related possibility is t
the heptane has rapidly and completely evaporated, leavi
monolayer of oleyl alcohol which might be stopping evap
ration. However, oleyl alcohol has been shown to insign
cantly affect evaporation,7 again obviating the possibility
that the small scale damping is due to a reduction in eva
ration.

Finally, it is possible that evaporation of heptane h
actually increased the heat flux behind the front. All oth
things held constant, an increase in heat flux would resu
more small scale structure in the surface temperature fi
The fact that the region behind the front has areducedlevel
of structure indicates that either~i! the heat flux has no
increased, or~ii ! the heat flux has increased, and the damp
due to the surfactant is so effective that the small scale st
tures are still damped. In either case, it is safe to concl
that a change in heat flux is not the dominant cause of
reduction in small scale structure behind the front.

Having discounted mechanisms which concern
blockage of evaporation or infrared radiation by the spre
ing film, we now present several physical processes conc
ing the modification of subsurface hydrodynamics by
film, which may explain the experimental results.

As noted earlier, it is well known that a film damp
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subsurface fluid motion. A possible explanation of the o
served damping of a small scale structure in the surface t
perature field is that the spreading film is damping fluid m
tion in a thin layer of water, preventing the convectiv
structures in the liquid bulk from expressing a thermal s
nature at the free surface. The camera used in these ex
ments collects infrared radiation from a layer of water,
mm in thickness. For the aforementioned mechanism to
plausible, it is necessary that fluid motion in this 25mm
thick layer be damped and that existing thermal structu
homogenize via conduction, in a time scale which is com
rable to the observed damping time scale,td;22 ms @Eq.
~1!#. The time scales for this viscous damping and therm
homogenization aretv and t t , respectively, and are est
mated as

tv5
L2

n
~2!

and

t t5
L2

a
, ~3!

wheren is the kinematic viscosity of liquid water anda is
the thermal diffusivity. Substituting 25mm for L in each
equation givestv50.6 ms andtv54 ms, the sum of which
is less thantd522 ms. This suggests that the damping
subsurface motion and the subsequent homogenization o
isting thermal structures in a 25mm thick layer of water can
occur within the observed 22 ms damping rate. This is
crude estimate, and a closer agreement betweentd and the
sum of tv and t t is not expected. This analysis does n
prove that the experimental results are caused by this me
nism, but only that this mechanism can explain what w
observed.

Another possible explanation for the rapid elimination
small scale structures is that these structures are b
smeared as the film rapidly advances across the surface
the film advances, some liquid may be entrained, effectiv
being ‘‘pulled’’ by the spreading film and smearing out th
structures. There is some support for this idea in the imag
For example, referring to Fig. 1~a!, there is a circular struc-
ture apparent in the field located just beneath the tip of
micrometer syringe. In Fig. 1~b!, this structure has becom
larger, suggesting that it has been radially stretched by
moving film. However, the effectiveness of the dampi
seems to be the same as the film progresses outward, w
its velocity is lower and one would expect a reduction in t
effect. Hence, while this mechanism may be playing a role
what is observed other effects are probably dominant.

The work of Dussaudet al.18 provides another possibl
mechanism. In this work, it is demonstrated that the spre
ing of a volatile liquid film on a water surface creates
vortex roll which propagates radially outward, just behi
the spreading film and just beneath the air/water interface
such a vortex is present in our experiments, then it would
logical to assume that it homogenizes the surface temp
ture field by mixing the surface fluid with that just benea
the surface. The strength of this vortex should be expecte
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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decrease as the film spreads radially, and decreases in v
ity. If this is the case, it would seem that the amount
homogenization of the small scale structures should decr
as the film spreads outward, a trend which is not observe
least for the time interval of the imagery presented in Fig

It is not possible to state conclusively which of the thr
mechanisms described above is responsible for the s
scale damping observed in these experiments. It is noted
elimination of the small scale structures due to vortex rol
or due to smearing of the surface would result in a reapp
ance of the small scale structures after the spreading pro
is complete. This is not the case; the small scale struct
never reappear in the infrared imagery once the film
spread. This suggests that while smearing and vortex ro
may be playing a role, the dominant mechanism is m
likely attributable to a damping of subsurface motion by t
spreading film. It is not possible to state this conclusive
however, and a detailed program of simultaneous infra
and subsurface velocity measurements would be require
connect the observed change in the temperature field with
hydrodynamics.

In addition to their relevance to turbulence near a f
surface, the results presented here demonstrate the utili
infrared imaging as a diagnostic tool for measuring
spreading rates of surfactants and thin liquid films. Curr
methods for performing these measurements can be cl
fied as invasive or noninvasive. Invasive methods, such
those which use teflon particles to track the front,19 are sub-
ject to contamination. Noninvasive methods empl
shadowgraphy,20 where regions of the air/liquid interfac
which exhibit a finite curvature are visualized. Because
propagating film deforms the air/liquid interface, such sh
owgraphic methods can be used to intuit the location of
film front. A drawback of these methods, however, is that
actual location of the film is not detected, since regions
high curvature may not necessarily correspond to the ac
location of the film front. Moreover, as the velocity of th
film front decreases, the curvature imparted on the surfac
the front weakens, reducing the image contrast.

If the elimination of small scale structures in the image
is due to damping of subsurface turbulence, as postula
then the infrared imaging method described here repres
an improvement over existing methods for studying fi
spreading. The surface boundary condition changes f
shear-free to one which supports shear,only at locations cov-
ered by the film. If it is indeed this change in bounda
condition which changes the infrared image appearance,
the location of the film front can be obtained without am
guity. Furthermore, since the contrast in the image is du
the damping of these structures, and not the speed at w
the front propagates, there is the potential for measuring v
slow spreading rates. Furthermore, even well executed s
owgraphic experiments16,18 show that the contrast at th
measured front is not especially sharp, even when the f
velocity is relatively high. The unoptimized infrared imag
presented in this study show a very clear frontal bounda
and further development of the technique can be expecte
result in even better contrast.
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