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An experimental investigation of the surface temperature field during
evaporative convection
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Measurements of the surface temperature field are presented for a water surface undergoing
evaporation. These temperature fields were measured using an infrared camera for a range of heat
fluxes q9530– 500 W/m2. Experiments were conducted for water surfaces with and without a
surfactant monolayer. A statistical analysis of the data is presented which shows the effect of heat
flux and surfactants on the root mean square and skewness of the field. The data reveals a linear
increase in the rms with increasing heat flux, which is similar for clean and surfactant conditions. In
contrast, the skewness is markedly different for the clean and surfactant-covered cases. For clean
surface conditions, the skewness attains large, negative values, becoming increasingly negative as
q9 increases. When the surface is covered with a surfactant monolayer, however, the skewness
exhibits small, negative values which approach zero as the heat flux increases. This behavior is
reflected in the pdf which is clearly asymmetric in the clean case and virtually symmetric in the
surfactant case. A physical mechanism is presented to explain these results. Temporal power spectra
are presented which reveal the role of heat flux and surfactants on the temporal evolution of the
surface temperature field. ©2001 American Institute of Physics.@DOI: 10.1063/1.1337064#
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I. INTRODUCTION

Evaporative convection is natural convection in a liqu
layer which has a free surface undergoing evaporation.
hydrodynamic boundary condition at this free surface
shear-free if the surface is devoid of surfactant monolay
If a surfactant monolayer is present, the hydrodynam
boundary condition is one of an imposed elasticity. The d
ference between these two boundary conditions is signific
and impacts the fluid mechanics which occur near the
surface during evaporative convection, concomitantly affe
ing the characteristics of the surface temperature field.
change in the surface temperature field due to both surfac
contamination and heat flux is the subject of this experim
tal study.

An important motivation for studying evaporative co
vection stems from remote sensing applications. Remote
sors located on aircraft and satellite platforms possess ex
lent capabilities with regard to the characterization of
ocean surface. However, the ability of these sensors to
etrate the ocean surface is poor. With the exception of vis
laser light imaging methods,1,2 an ability to obtain subsurfac
information from remote platforms is lacking, restricting th
remote location of navigational hazards, mines and sub
rines.

Submerged objects located near the water surface a
the fluid dynamics at the free surface, and thereby alter
surface temperature field.3 Therefore it is possible, in prin
ciple, to intuit the existence and location of near surfa
4281070-6631/2001/13(2)/428/12/$18.00
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objects from surface information alone. Such an abili
however, requires an understanding of how the physical p
cesses which naturally occur near the air/water interface
fect the surface temperature field. Such an understandin
currently lacking. Evaporative convection and the effect
surfactants and heat flux on the surface temperature field
important examples of these naturally occurring proces
and were chosen for experimental investigation in this wo

An excellent survey of the early studies of evaporat
convection, along with a discussion of the history of t
topic and its place in the overall understanding of natu
convection, can be found in the review of Berget al.4 As
noted in this reference, much of the early experimental w
is due to Be´nard~e.g., Bénard5! who employed optical meth
ods to measure the surface deformation field, and sim
flow visualizations to understand the basic fluid mechan
These studies and the recent work which has followed
general lines of Be´nard’s initial investigations~e.g., Span-
genberg and Rowland6! focus on the laminar, cellular struc
tures which are observed in the low heat flux regime
evaporative convection. Measurements of the surface t
perature were not obtained by these researchers.

A less phenomenological approach to the study
evaporative convection has been pursued by investiga
seeking to understand the relationship between the evap
tion or heat transfer rate, and the air flow above the wa
surface. Examples of such investigations can be found in
work of Sharpley and Boelter7 and Boelteret al.8 who relate
© 2001 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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429Phys. Fluids, Vol. 13, No. 2, February 2001 Surface temperature field during evaporative convection
the Nusselt number to the Rayleigh number of the air re
ing above the water surface. Sparrow and co-workers
formed extensive studies of this nature, relating the evap
tion rate~using the Sherwood number!, to both the Rayleigh
number for quiescent air,9–11as well as the Reynolds numbe
for forced convection,12–14 for several geometric configura
tions. While the bulk water temperature is recorded in st
ies of this type, measurements of the surface tempera
field are not obtained.

The current investigation concerns the effect that surf
tant monolayers and heat flux have on the surface temp
ture field, and the statistics and spectra which characteriz
It is noted that many surfactants affect the temperature fi
by suppressing evaporation.15–19 Our interest lies in the hy-
drodynamic damping that surfactant monolayers impose,
the concomitant effects that this hydrodynamic damping
on the surface temperature field. Therefore, we will only
considering a surfactant monolayer which does not imp
evaporation in this work.

The hydrodynamic damping effect of surfactant mon
layers on heat transfer during evaporative convection
perhaps first realized by Navon and Fenn20,21who found that
the presence of an evaporation-impeding surfactant redu
the heat flux by an amount larger than that which could
attributed to evaporation suppression alone. They attribu
this difference to the damping of fluid motion in the water
the surfactant monolayer. This effect of hydrodynam
damping on the temperature field was subsequently dem
strated in the investigations of Jarvis and of Katsar
Jarvis22 demonstrated that monolayers of oleic acid, wh
do not impede evaporation,23 can affect the average and flu
tuating components of temperature time traces obtained
point on an evaporating water surface. Katsaros and Garr24

performed experiments similar to those of Jarvis, but in
larger volume of water and found that the presence of
oleyl alcohol monolayer significantly modulated the te
perature time traces obtained at the water surface.

The aforementioned researchers measured surface
perature using thermistors and thermocouples. Much of
fluid dynamics affecting the surface temperature field dur
evaporative convection occurs close the air/water interf
where the inherently intrusive nature of such surface te
perature probes is undesirable. McAlister and McLeish25 cir-
cumvented this problem by obtaining remote temperat
measurements using an infrared radiometer. In a labora
water facility they employed a two-wavelength radiometer
obtain nonintrusive temperature measurements at a p
These measurements showed changes in heat flux due t
ferences in the air and water flow conditions, and due to
presence of a surfactant slick, demonstrating the utility
remote temperature measurements in the study of evap
tive convection.

While point measurements of surface temperature
useful in elucidating the temporal behavior of evaporat
convection, a connection to remotely sensed imagery
quires experiments which measure the surface tempera
field. Such measurements were obtained by Volino a
Smith26 who simultaneously recorded the surface tempe
ture field and subsurface velocity field using infrared ima
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ing and particle image velocimetry~PIV!, respectively. This
study revealed the degree to which the surface tempera
field is correlated to the hydrodynamics beneath, for the
perimental configuration which was investigated. Say
et al.27 utilized infrared imagery to obtain the surface tem
perature field during evaporative convection in an enviro
ment where both heat flux and surfactant concentration w
carefully controlled, showing that the spatial structure of t
surface temperature field was significantly affected by h
flux and by the presence or absence of a surfactant mo
layer. Only two heat fluxes were investigated in this wo
however, preventing an understanding of the functional re
tionship between such statistical quantities as the rms
skewness, and heat flux. In the work presented here,
work of Sayloret al.27 is extended to~i! determine the rela-
tionship of the skewness and rms to heat flux and surfac
concentration, and~ii ! ascertain how the frequency spectra
the surface temperature field vary with heat flux and surf
tant concentration.

II. EXPERIMENTAL METHOD

A. Setup

The experimental facility used in these experiments
illustrated in Fig. 1, which shows the tank and the optic
setup used to acquire the temperature fields presented in
following section. The tank was made of glass and sea
using an RTV sealant, which was allowed to cure for seve
days before being used in the experiments. The tank
square, 30 cm on a side and 15 cm deep, and was insu
on four sides to reduce heat loss. The heat fluxes reporte
Sec. III are corrected for heat loss through the walls, a
represent the flux through the water surface only.

Infrared images of the water surface were obtained us
a Raytheon-Amber AE4256 IR camera having a 2563254
InSb array. The camera is liquid nitrogen cooled and exhib
a noise level equivalent to approximately 25 mK in measu
temperature. The water surface was imaged through a

FIG. 1. Schematic illustration of the experimental setup used to obtain t
perature fields from the surface of a body of water during evaporation.
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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bounce mirror, and the imaged region was approximately
cm on a side. Appropriate calibrations were performed
permit conversion of the IR imagery into surface temperat
fields. Spatial calibrations were also performed to all
computation of the physical dimensions of structures
served in the fields.

Deionized water was used in all experiments and for
cleaning procedures conducted prior to the experiments.
deionized water was obtained from a Milli-Q UV Plus deio
ization system consisting of a single distillation unit, fo
lowed by a millipore filter and an ultraviolet filter. Care wa
taken to avoid contamination by indigenous surfactants in
portions of the experimental procedure. The deionized w
was stored in nalgene carboys which were tapped from
bottom to avoid contamination by surfactants which migr
to the surface. Water was transferred from the carboys to
glass tank using teflon tubing and valves, minimizing a
surfactant contamination from the piping. Prior to an expe
ment, the tank was overflowed into a spill tank as shown
Fig. 1. This process removed surfactants on the surface.
trogen bubble sparging, using a clean glass frit, was a
employed prior to the beginning of each experiment, to dr
any dissolved surfactants from the water bulk to the wa
surface where they were subsequently removed in the o
flow. Finally, a glass rod which was cleaned with metha
and deionized water, was used to swipe the water sur
prior to each experiment, to remove any remaining surfac
monolayers.

In the results which follow, two cases are considered:~i!
a clean case, and~ii ! a surfactant-covered case. For the cle
cases, the aforementioned cleaning procedure was perfo
and then the experiments were initiated. For the surfac
case, the cleaning procedure was followed by deposition
monolayer of oleyl alcohol. Oleyl alcohol was chosen b
cause it does not impede evaporation,24 and because its elas
ticity properties are similar to those of monolayers found
the surface of typical ocean waters.28 A monolayer of oleyl
alcohol was deposited by spreading a stock solution of o
alcohol and HPLC grade heptane. The solution quic
spread over the water surface,29 and upon evaporation of th
heptane, left a monolayer of oleyl alcohol having a surfa
concentration ofc50.11 mg/cm2. Oleyl alcohol is insoluble
in water, and hence its concentration on the water surf
was constant throughout the experiment.

Simple evaporation of the water into the quiescent la
ratory air did not provide a sufficient range in heat fluxq9.
To increase the range inq9, the bulk water temperature wa
elevated to different temperatures prior to initiation of t
experiment. This was achieved using the heater indicate
Fig. 1. An aluminum plate was located between the he
and the glass tank floor to act as a heat spreader an
prevent fracture of the glass. After the water achieved
desired temperature, a waiting period was imposed to al
the heater plate to cool before experiments were initiated
thermocouple was inserted into the air space between
aluminum plate and the glass floor, and data acquisition
not initiated until this temperature dropped to the bulk wa
temperature. In this way, the possibility of convective m
tions originating from a warm tank floor was eliminated.
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The heat flux was measured using calorimetry. The b
water temperature was measured using a mercury in g
thermometer, having a resolution of 0.1 °C, and the rate
temperature drop,dTb /dt, along with the surface area of th
water, was used to compute the heat flux from the wa
surface. Heat transfer through the tank walls and floor w
measured during a separate set of experiments, and t
values were used to correct the values of heat flux repo
here.

Further details concerning the experimental setup,
strumentation and procedure can be found in Sayloret al.27

B. Data processing

One of the main results presented in the following s
tion concerns the skewness of the surface temperature fi
This quantity, the second moment of the pdf, is very sen
tive to even a small number of spurious values in the da
Accordingly, care was taken to locate and eliminate erro
ous values from the IR data prior to computing statistics.
facilitate this discussion of data processing, a schematic
resentation of the data accumulated in each experimen
presented in Fig. 2. Temperature fields were acquired
quentially, resolving both the spatial structure of the te
perature field, and the temporal evolution of that field.
stacking each field on top of the next, as indicated in
figure, the data is represented as a cube, where the
dimension of the data cube is time. Structured in this w
each pixel can be represented as a time trace. A single p
in the three-dimensional data cube is referred to as a ‘‘d
point.’’ For the experiments reported here, the time tra
were 238 data points long, which is the ‘‘depth’’ of the da
cube. TheDt between frames varied from 0.25 to 0.75
depending on the experiment, resulting in sequences las
from ;60 to 180 s.

The main contributor to erroneous skewness values
malfunctioning pixels in the IR array which typically gav
values which were very high or very low, some or all of th
time. While the total number of data points that gave spu
ous values was small, they still affected the skewness va
and therefore had to be addressed. The camera had a 1
dynamic range giving values ranging from 0 to 4095. Da
points in the data cube having a value of 0, 1, 4094 or 40
were designated as erroneous and were flagged. The ca
offset and gain were adjusted to insure that the maxim
and minimum temperatures observed did not correspon
these four intensities. After flagging all of the erroneous d
points, each time trace was then scanned, and traces con
ing more than 40 flags were discarded. Flagged data po
which resided in the remaining time traces~those with,40
flags! were set to a value of zero. The average tempera
was subtracted from the data cube in subsequent steps~see
below!, hence setting a point to zero is equivalent to sett
it to the average value.

In addition to pixels that gave a consistently low or hig
value, a small number of pixels gave an almost unchang
and arbitrary value, regardless of the scene viewed. Th
malfunctioning pixels were identified by rescanning the
maining time traces and locating those traces where the
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.



-
-

431Phys. Fluids, Vol. 13, No. 2, February 2001 Surface temperature field during evaporative convection
FIG. 2. Illustration of the data cube
created by sequentially acquired tem
perature fields. Each pixel can be rep
resented as a time trace.
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ues did not change for 40 consecutive points. Such t
traces were also discarded.

The choice of discarding time traces containing
flagged data points or 40 consecutive unchanging data po
was somewhat arbitrary. To test the sensitivity to this nu
ber, it was varied between 10 and 150 without a signific
change in the computed statistics. This insensitivity indica
that, with few exceptions, a time trace had data points wh
were either entirely erroneous, or entirely valid.

The total number of flagged data points in a typical e
periment was less than 0.01% of the total number of d
points in the data cube (.113106). The greatest number o
flagged data points in any experiment reported here
0.33%. The maximum number of time-traces discarded
any of the experiments was 28, out of 46 633 time trac
cube ~0.06%!. In a typical experiment, less than five tim
traces were discarded from the data cube. Hence, in term
data points or time traces, a very small fraction of the av
able data was discarded for any given experiment.

After identifying and removing bad time traces and da
points, the remainder of the data cube was converted to t
perature. An average temperature was then computed
each frame in the cube and this value was subsequently
tracted from each frame. Because the water in the tank
cooling, the average frame temperature decreased slig
from frame-to-frame. While this change was small and
not affect the computed spectra, mean, or rms, it did af
the skewness. By subtracting the frame average, error du
tank cooling was eliminated.

After the frame-average subtraction, the time trace av
age was computed for each trace in the data cube and
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subtracted. In a strict sense this step was unnecessary,
the average temperature should have been eliminated by
frame average subtraction described above. The proce
was employed, nevertheless, to reduce possible errors w
would be introduced should one or two bad time traces
main in spite of the steps taken to eliminate them. Sho
such bad time traces remain, they would not necessarily h
a zero dc bias, and would therefore have a significant ef
on the computed statistics. By subtracting the time trace
erages, any remaining bad traces are not eliminated, but
dc bias is eliminated, and their effect on the computations
the statistics is greatly reduced.

The final step in the data processing was a spatial F
rier processing of each frame, wherein the three lowest w
numbers in the spectrum were eliminated. During the
camera calibration,27 pixel gains were set to insure a uniform
response across the array. Small imperfections in this c
bration procedure resulted in a slight low spatial frequen
variation in the imagery. The spatial Fourier filtering r
moved this error. The merit of this final step, and the rat
nale for choosing the three lowest wave numbers in the
tering, is presented in Sayloret al.27

III. RESULTS

Temperature fields obtained from sample experime
are presented in Fig. 3. These are fields obtained from e
representative experiments taken from a total of 26 exp
ments reported here. The fields used in generating Fig. 3
the actual temperature fields processed in the manner
scribed in Sec. II B. In order to present the fields in a sin
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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432 Phys. Fluids, Vol. 13, No. 2, February 2001 Saylor, Smith, and Flack
figure, the contrast for each field was adjusted so that a
the fields could be presented using a single gray scale pa
The max–min temperature range was on the order of 1 K for
all of the fields in the figure, and varied from 0.6 K to 2.6
increasing as the heat flux increased. The temperature fi
are presented in pairs, with the left-hand member of e
pair corresponding to an experiment conducted under c
conditions and the right-hand field corresponding to an
periment conducted under surfactant-covered conditio
The effect of the surfactant monolayer on the structure of
temperature field is readily apparent: the monolayer eli

FIG. 3. Sample temperature fields obtained from eight different exp
ments. The left-hand member of each pair was obtained under clean c
tions and the right-hand member under surfactant-covered conditions.
pair of images was obtained at essentially the same heat flux. The av
heat flux is indicated between each member of the image pair. The a
heat fluxes were~a! 36 W/m2, ~b! 31 W/m2, ~c! 219 W/m2, ~d! 201 W/m2,
~e! 319 W/m2, ~f! 318 W/m2, ~g! 466 W/m2, ~h! 466 W/m2.
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nates the small scale structures which are present in the c
field. The effect of the monolayer on the spatial structure c
be characterized by the spatial Fourier spectrum which
presented in Sayloret al.27 and is not discussed herein.

An increase in the small scale structure can also be
served as the heat flux is increased. The heat flux incre
while traveling vertically downward in either column of im
ages presented in Fig. 3, and an increase in small scale s
ture for both the clean and surfactant cases is evident.
temperature fields presented in Figs. 3~a! and 3~b! are for a
very low heat flux, where the turbulence is most likely n
fully developed. This accounts for the qualitative differen
in appearance between these two fields and the others
sented in Fig. 3.

The presence of the monolayer also affects the statis
characteristics of the temperature field, which are now p
sented. In Fig. 4 the root mean square~rms! of the data cube
for each experiment is plotted against the heat flux for t
experiment. This plot reveals a linear increase of rmss with
q9 for both the clean and surfactant cases. The rms for
clean case is slightly higher than for the surfactant case.
linear fits used for the two cases are presented in Table I,
reveal that they-offset between the two fits is less than 0.0
K, and the slopes differ by less than 5%, revealing a simi

i-
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FIG. 4. Plot of the root mean square~rms! of the entire data cube associate
with each experiment, as a function of heat flux. Data are grouped into c
and surfactant-covered conditions. The solid and dotted lines are linea
to the clean and surfactant data, respectively. These fits are present
Table I.
TABLE I. Linear fits to the rms and skewness data presented in Figs. 4 and 5.

Case Linear fit Rms deviation from the linear fit~K!

s, clean~Fig. 4! s53.0531024(q9)10.0376 1.9831022

s, surfactant~Fig. 4! s52.9231024(q9)10.0188 7.4631023

g, clean~Fig. 5! g521.0631023(q9)20.8568 0.148
g, surfactant~Fig. 5! g52.1131024(q9)20.3307 6.9031022
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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433Phys. Fluids, Vol. 13, No. 2, February 2001 Surface temperature field during evaporative convection
ity between the clean and surfactant cases, which is so
what surprising in light of the structural differences whi
are apparent in Fig. 3. This point is further elucidated by
rms deviation from the linear fits, also presented in Tabl
The largest deviation of the experimental data from the lin
fits for s is 1.9831022, indicating that the scatter in the da
is comparable to they-offset between the two linear fits. Thi
again suggests that thes versusq9 behavior is essentially
the same for the clean and surfactant cases.

The skewnessg, defined as

g5
~T2Ta!3

s3
, ~1!

where Ta is the average surface temperature, is plotted
Fig. 5. In contrast to thes plot, the g vs q9 behavior is
significantly different for the clean and surfactant cases
both cases,g is negative for the entire range of heat flu
considered. However for the clean caseg becomes increas
ingly negative as the heat flux increases, having a slop
21.0631023, as indicated in Table I. For the surfacta
case, the slope is 5 times smaller in magnitude (2
31024), and is positive in sign, indicating a very slow in
crease with heat flux. As Fig. 5 reveals, the data are w
described by a linear fit, and the difference between the
fits is clearly larger than the scatter in the data.

For bothg ands, the scatter of the data about the line
fits is larger for the clean case than for the surfactant c
We suspect that this is most likely due to the difficulty
maintaining surface cleanliness during the clean runs.

Further insight into the statistical characteristics of t
surface temperature field can be obtained from the proba
ity density functions~pdfs! themselves. These are present
in Fig. 6 for the clean case and Fig. 7 for the surfactant ca

FIG. 5. Plot of the skewness of the entire data cube associated with
experiment, as a function of heat flux. The solid and dotted lines are li
fits to the clean and surfactant data, respectively. These fits are presen
Table I.
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For clarity, only a representative sample of the pdfs are p
sented in each figure. Each pdf presented in these figure
obtained using the entire data cube for an experiment, p
cessed in the manner described in Sec. II. Hence, these
are for the deviation of the surface temperature from
average temperature.

The width of the pdfs increase withq9, for both cases, as
is expected from the linear increase ins with q9 illustrated
in Fig. 4. For the clean case, there is an obvious asymm
in the pdf, which is reflected in the more negativeg values

ch
ar
d in

FIG. 6. The probability density function~pdf! for several of the experiments
conducted under clean conditions. Each pdf is obtained using the entire
cube for that experiment.

FIG. 7. The probability density function~pdf! for several of the experiments
conducted under surfactant-covered conditions. Each pdf is obtained u
the entire data cube for that experiment.
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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FIG. 8. Sample time traces obtained from the center pixel of each of the temperature fields presented in Fig. 3. Temperature is plotted for the firstthe
experiment.
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which exist for the clean case~Fig. 5!. This asymmetry is
especially visible in the left wing of the pdf in Fig. 6, whic
extends as far as21.0 K from the average, while the righ
wing does not exceed 0.75 K. For the surfactant case,
pdfs are relatively symmetric, in accordance with the sm
values ofg presented in Fig. 5. A physical mechanism whi
explains the asymmetry of the pdfs and theg vs q9 behavior
is presented in Sec. IV.

As illustrated in Fig. 2, each pixel in the data cube c
be represented as a time trace, revealing the temporal ev
tion of the temperature field at each point. Examples of s
time traces are presented in Fig. 8, where the temperatu
the center pixel of each temperature field presented in Fi
is plotted as a function of time. These time traces revea
damping of the temperature fluctuations upon addition o
surfactant monolayer~at constant heat flux!. It is also evi-
dent, at least between the two lowest heat fluxes, that
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creasing the heat flux increases the degree of high freque
structure in the time trace.

The effect of heat flux and the presence of a monola
on the frequency spectra is presented in Figs. 9–11.
power spectra for several representative experiments,
tained under clean conditions, are presented in Fig. 9,
power spectra for the surfactant case are presented in Fig
These spectra were obtained by computing a spectrum
each time trace in the data cube, and then performing
ensemble average over all traces. The sensitivity of
power spectra to heat flux is much weaker for the clean c
than for the surfactant case. In Fig. 9, there is a slight tre
toward increasing energy with increasing heat flux at h
frequencies. However, for virtually all frequencies, a ve
significant increase in energy is observed with increas
heat flux for the surfactant case displayed in Fig. 10.

The effect of surfactants on the spectra is isolated in F
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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11, where two heat fluxes, one low and one high, are
lected, and the spectrum is presented for the case of c
and surfactant-covered surface conditions for each heat
This plot reveals that the presence of the surfactant mo
layer reduces the energy by a significant amount, in exces
a factor of 3. This reduction is seen to occur at all frequ
cies measured.

IV. DISCUSSION

A theory which predicts thes andg vs q9 behavior does
not exist for evaporative convection. Therefore, a direct co

FIG. 9. Frequency spectra for several of the experiments conducted u
clean conditions.

FIG. 10. Frequency spectra for several of the experiments conducted u
surfactant-covered conditions.
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parison of the current results with theoretical predictions c
responding to the precise configuration considered her
not possible. However, a significant body of literature exi
for natural convection heated from below with an insulat
upper boundary.30–35These investigations, which we refer t
as ‘‘heated floor’’ studies, provide predictions fors ~but not
g) vs q9. These predictions are now compared with t
present experimental results.

Heated floor experiments are similar to the present c
figuration in that the thermal boundary conditions are ana
gous to those employed here. That is, for evaporative c
vection there is an insulatedlower boundary, and a cooled
upper boundary while in heated floor studies the low
boundary is heated and the upper boundary is insula
Hence, our configuration can be thought to be analogou
the heated floor case if the whole configuration is sim
flipped over. The one flaw in this analogy is that the hea
floor has a no-slip boundary condition, while the analogo
boundary in evaporative convection~the cooled boundary!
has a boundary condition which is either shear-free~for the
clean surface! or elastic~for the surfactant-covered surface!.
The work of Handleret al.36 shows that even extremel
small quantities of surfactant can create a boundary co
tion which is insignificantly different from a no-slip bound
ary condition. This suggests that predictions developed fo
heated floor may serve adequately to describe the results
sented here for evaporative convection, at least for
surfactant-covered case. This postulate is now explored.

The scales relevant to this problem are presented in
work of Townsend.30 A more recent investigation due t
Adrian et al.32 presents an excellent summary of the resea
in this field, and their treatment is followed below. The sc
ing of s typically takes the form

s5u0f ~z!, ~2!

er

der

FIG. 11. Comparison of frequency spectra obtained under clean
surfactant-covered conditions. Comparison is made at a low and a high
flux.
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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whereu0 accounts for the variation ofs with heat flux, and
f (z) accounts for its variation with distance from the surfa
z. In the case of a heated floor, Townsend30 finds

f ~z!5z/z0 , ~3!

wherez0 is the thickness of the conduction layer,

z05a/w0 , ~4!

a is the thermal diffusivity, andw0 is defined below. This
form of f (z) forcess to zero near the heated wall, which
not the case for evaporative convection. This difference
tween the heated floor and evaporative convection case
not surprising, since the boundary conditions are differe
To accommodate this difference, we ignore the spatial p
tion of the scaling in Eq.~2! and focus on the degree t
which scalings by u0 renderss insensitive toq9; that is, we
ask the question, ‘‘Iss/u0 a constant for evaporative con
vection, as is the case in heated floor studies?’’

Following Adrianet al.,32 the scaling temperature,u0 , is
defined as

u05Q0 /w0 , ~5!

where

Q05q9/rcp, ~6!

w05~bgQ0a!1/4 ~7!

@H0 is used instead ofq9 in Adrian et al.32 in Eq. ~6!#. b is
the thermal coefficient of expansion,r is the fluid density,cp

is the specific heat, andg is the acceleration due to gravity
The scaling variableu0 presented in Eq.~5! is valid for the
conduction region,z,z0 which is the region near the heate
wall where conduction dominates the heat transfer proce

Figure 12 presents the data of Fig. 4, scaled tou0 . The
solid and dotted horizontal lines are the average for the c

FIG. 12. Plot of the rmss presented in Fig. 4, scaled to the conducti
scale, u0 . The solid line is s/uo50.839 and the dotted line iss/uo

50.640.
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and surfactant data, 0.839 and 0.640, respectively. The s
ing works well for the surfactant case, where the data
relatively constant over the range of heat flux consider
Surprisingly, the clean data is also well scaled byu0 . There
is more scatter about the mean than for the surfactant c
but this is observed to be true for the raw data as well~Fig.
4 and Table I!.

The scaling described above is valid only for the co
duction region near the cooled surface. It can be argued
for clean surface conditions where there is no hydrodyna
damping due to a surfactant monolayer or solid wall, t
conduction scales may not be appropriate and that, inst
the convective scaleu* which is employed away from the
wall in the natural convection paradigm, may be more r
evant. Again, following the treatment due to Adrianet al.,32

u* is defined as

u* 5Q0 /w* , ~8!

where

w* 5~bgQ0z* !1/3, ~9!

and z* is the tank depth. Thes vs q9 data scaled tou* is
presented in Fig. 13. The solid and dotted lines are the a
age values for the scaled clean and surfactant data, 2.79
2.19, respectively. The values ofs/u* are larger than the
values ofs/u0 presented in Fig. 12. The rms deviation of th
data from the average is presented in Table II, as a frac
of the data average. This table reveals no significant cha
in the scatter for the two different scalings, and it seems t
u0 andu* scale the data equally well.

Predictions ofg vs q9 were not found in the literature
While theg results cannot, therefore, demonstrate the uti
of any existing theory, the behavior ofg does provide in-

FIG. 13. Plot ofs from Fig. 4, scaled to the convection scale,u* . The solid
line is s/u* 52.79 and the dotted line iss/u* 52.19.
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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sight into the hydrodynamics of evaporative convection.
our earlier work,27 we explain the difference between th
symmetry of the pdf for the clean and surfactant cases u
the difference between the average surface temperature
the bulk temperature. This idea is now expanded upon
explain the present results.

The surface temperatureT is constrained to values lowe
than the bulk water temperatureTb . Evaporation is a cooling
process, and thereforeT cannot exceedTb . This upper
bound in temperature permits large, infrequent excursi
below the average surface temperatureTa , but proscribes
large excursionsabove Ta . Hence, if the pdf is asymmetric
it is skewed to the left, givingg,0.

The degree to which this restriction onT affects the pdf
is determined byTa . If the average surface temperature
relatively close toTb , then the pdf will be highly skewed
because the liquid at the surface cannot deviate significa
from the average in the positive direction, while deviatio
in the negative direction are unrestricted. On the other ha
if Ta is significantly smaller thanTb , then relatively large
excursions inT can occur, even to the right, since the av
age temperature is very different from the bulk temperatu
permitting a symmetric pdf. Hence, conditions which favo
small value for the magnitude ofTa–Tb result in a more
skewed pdf, and conditions which result in a larger value
the magnitude ofTa–Tb favor a symmetric pdf.

As revealed by Eq.~1!, s also plays a role in the valu
of g. Hence, the way in whichs varies withTa–Tb is im-
portant. This is especially true in this discussion becaus
s increases, the effective width of the pdf grows, making
importance of the upper bound on temperature more imp
tant and making the skewness more negative. Howeve
noted earlier,s increases linearly withq9 in a fashion which
is essentially identical for the clean and surfactant ca
Thus, any difference in theg vs q9 behavior for these two
cases cannot be attributable to how the width of the pd
growing with heat flux.

Figure 14 is a plot ofTa–Tb vs q9 for data obtained
under clean and surfactant conditions. As the plot reve
Ta–Tb is close to a value of;21.0 whenq9 is small, for
both the clean and surfactant cases. Asq9 is increased,
Ta–Tb approaches zero, for the clean case. This agrees
the skewness trends for the clean case~Fig. 5!, where the
skewness becomes increasingly negative withq9. For the
surfactant case, on the other hand, Fig. 14 shows thatTa–Tb

becomes more negative asq9 increases. This indicates that a
q9 increases, the pdf can become more symmetric. Whilg
is relatively insensitive toq9 for the surfactant case, in Fig.
the weak trend it does exhibit isg→0; i.e., toward symme-
try. It is noted that whileTa–Tb can attain an arbitrarily

TABLE II. Rms of data presented in Figs. 12 and 13, scaled to data ave

Case rms/avg

s/u0, clean~Fig. 12! 0.504
s/u0, surfactant~Fig. 12! 0.339
s/u* , clean~Fig. 13! 0.509
s/u* , surfactant~Fig. 13! 0.557
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large, negative value, the pdf itself can only reach a cer
level of symmetry. That is, onceg is essentially zero, furthe
decreases inTa–Tb can have no further effect on the sym
metry of the pdf. This is exemplified in Fig. 14, where, f
the surfactant case,Ta–Tb decreases almost linearly wit
heat flux at large heat fluxes, yet the values ofg in Fig. 5 are
not changing rapidly. At these high fluxes, the pdf is ve
symmetric,g is almost zero, and further increases ofTa–Tb

result in no change.
One of the motivations for this work was the develo

ment of the groundwork for obtaining a remote sens
method for locating submerged objects. In Sec. I it was no
that development of such a method would first require
understanding of how naturally occurring phenomena, s
as variations in surfactant concentration and heat flux, af
the surface temperature field. The work presented here
resents a solid step in this direction. Moreover, the statist
results are intriguing in this regard and suggest some ave
for future research. The results reveal thatg is insensitive to
heat flux when surfactants are present. It is frequently arg
that the ocean surface is, except for rare occasions and l
tions, always covered with surfactant monolayers.37,38 If this
is indeed the case, then the insensitivity ofg to q9 makesg
a candidate parameter for the remote detection of subme
obstacles, such as mines. Sinceg will not vary from image to
image as a result of heat flux variations~which are bound to
occur!, any deviation ofg from its typical background value
may suggest the presence of a submerged object.

Obviously the situation investigated here is idealize
waves and wind were absent, and both of these can be
pected to significantly affect the temperature field. For e
ample, Jessup and co-workers have documented modula
of the surface temperature due to breaking waves,39 micros-
cale breakers,40 and swell waves.41,42 Nevertheless, the re
sults presented here for evaporative convection alone sug
the possible utility of usingg to detect submerged objects;

e.

FIG. 14. Plot of the difference between the bulk temperature and the a
age surface temperature, vs heat flux, for each of the experiments.
o AIP copyright, see http://ojps.aip.org/phf/phfcpyrts.html.
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the very least, it may be useful for low wind conditions.
While the insensitivity ofg to q9 points toward its pos-

sible use in detecting underwater objects, the linear relat
ship betweens andq9 suggest its possible use in measuri
heat flux. Because the degree of surfactant contamina
does not affect the measurement, and because of the
degree of linearity in thes vs q9 data,s could be a robust
measure of heat flux. The lack of waves or wind preclud
extrapolation of these results to oceanic conditions. Ho
ever, it should be noted that similar results have been
tained over wavy water surfaces where heat flux is relate
rms temperature fluctuations using the surface rene
model.43 These results are intriguing and suggest that pu
ing this line of thought in the evaluation of field data m
prove fruitful.

V. CONCLUSION

Measurements of the surface temperature field were
sented for the case of evaporative convection under b
clean and surfactant-covered conditions. The rms and sk
ness were plotted as a function of heat flux for both cas
showing a linear increase in rms with heat flux for both co
ditions. The skewness shows intriguing results, demons
ing a very weak dependence on heat flux in the presence
surfactant monolayer, but exhibiting a linear decrease
skewness with heat flux, for the clean condition. This beh
ior is reflected in the pdfs which are asymmetric for the cle
case and approximately symmetric for the surfactant c
This behavior is explained as being the result of differen
in the average bulk/surface temperature difference for
two cases. Frequency spectra of the surface temperature
also presented, illustrating greater energy at virtually all f
quencies for the clean case, when compared with the su
tant case, at constant heat flux. Finally, the possible utility
rms and skewness in the remote sensing of heat flux
submerged objects is noted.
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