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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 q”=30-500 W/m. 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
g” 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. @001 American Institute of Physic§DOI: 10.1063/1.1337064

I. INTRODUCTION objects from surface information alone. Such an ability,
£ . L | ion in a liauid however, requires an understanding of how the physical pro-
vaporative convection Is natural convection in a liquid cegses which naturally occur near the air/water interface af-

layer which has a free surface undergoing evaporation. The, . e syrface temperature field. Such an understanding is

hydrodynamic boundary condition at this free surface IScurrently lacking. Evaporative convection and the effect of

shear-free if the surface is devoid of surfactant mondayerSSurfactants and heat flux on the surface temperature field are

If a surfactant monolayer is present, the hydrodynamic .
L . ey .. important examples of these naturally occurring processes
boundary condition is one of an imposed elasticity. The dif- . . LI
» N nd were chosen for experimental investigation in this work.
ference between these two boundary conditions is S|gn|f|canat - :

: X : . An excellent survey of the early studies of evaporative
and impacts the fluid mechanics which occur near the free nvection. alond with a di ion of the historv of th
surface during evaporative convection, concomitantly affectoONVeC 3 t aol gw tha scuslf ° do i ed' sto Bf/ N ¢ el
ing the characteristics of the surface temperature field. ThEOpIC and 1ts pa(t:)e |fn g pverr]a unders ?ang ?4 ga ura
change in the surface temperature field due to both surfactafiPnvection, can be found in the review of Beegal." As

contamination and heat flux is the subject of this experimenfoted in this reference, much of the early experimental work

tal study. is due to Beard(e.g., Bamard®) who employed optical meth-

An important motivation for studying evaporative con- 0dS t0 measure the surface deformation field, and simple
vection stems from remote sensing applications. Remote seflow visualizations to understand the basic fluid mechanics.
sors located on aircraft and satellite platforms possess excelnese studies and the recent work which has followed the
lent capabilities with regard to the characterization of thegeneral lines of Beard's initial investigationge.g., Span-
ocean surface. However, the ability of these sensors to peigenberg and Rowlafififocus on the laminar, cellular struc-
etrate the ocean surface is poor. With the exception of visibléures which are observed in the low heat flux regime of
laser light imaging methods? an ability to obtain subsurface evaporative convection. Measurements of the surface tem-
information from remote platforms is lacking, restricting the perature were not obtained by these researchers.
remote location of navigational hazards, mines and subma- A less phenomenological approach to the study of
rines. evaporative convection has been pursued by investigators

Submerged objects located near the water surface affeseeking to understand the relationship between the evapora-
the fluid dynamics at the free surface, and thereby alter théon or heat transfer rate, and the air flow above the water
surface temperature fiefdTherefore it is possible, in prin- surface. Examples of such investigations can be found in the
ciple, to intuit the existence and location of near surfacework of Sharpley and Boeltéand Boelteret al® who relate
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the Nusselt number to the Rayleigh number of the air resid- rirared
ing above the water surface. Sparrow and co-workers per: camera
formed extensive studies of this nature, relating the evapora

tion rate(using the Sherwood numbeto both the Rayleigh

number for quiescent air;**as well as the Reynolds number 45 ° mirror
for forced convectiort?~1*for several geometric configura-
tions. While the bulk water temperature is recorded in stud-
ies of this type, measurements of the surface temperatur
field are not obtained.

The current investigation concerns the effect that surfac- 1 !
tant monolayers and heat flux have on the surface tempera . z\\
ture field, and the statistics and spectra which characterize it -
It is noted that many surfactants affect the temperature field
by suppressing evaporatidr.'® Our interest lies in the hy-
drodynamic damping that surfactant monolayers impose, an
the concomitant effects that this hydrodynamic damping ha heater
on the surface temperature field. Therefore, we will only bet spill tank
considering a surfactant monolayer which does not impede . _ _ _

- . . FIG. 1. Schematic illustration of the experimental setup used to obtain tem-
evaporation in this W(_)rk' . perature fields from the surface of a body of water during evaporation.

The hydrodynamic damping effect of surfactant mono-
layers on heat transfer during evaporative convection was
perhaps first realized by Navon and Féhrtwho found that  ing and particle image velocimet(IV), respectively. This
the presence of an evaporation-impeding surfactant reducesfudy revealed the degree to which the surface temperature
the heat flux by an amount larger than that which could bdield is correlated to the hydrodynamics beneath, for the ex-
attributed to evaporation suppression alone. They attributederimental configuration which was investigated. Saylor
this difference to the damping of fluid motion in the water by et al? utilized infrared imagery to obtain the surface tem-
the surfactant monolayer. This effect of hydrodynamicperature field during evaporative convection in an environ-
damping on the temperature field was subsequently demomaent where both heat flux and surfactant concentration were
strated in the investigations of Jarvis and of Katsaroscarefully controlled, showing that the spatial structure of the
Jarvi€? demonstrated that monolayers of oleic acid, whichsurface temperature field was significantly affected by heat
do not impede evaporatidi can affect the average and fluc- flux and by the presence or absence of a surfactant mono-
tuating components of temperature time traces obtained atlayer. Only two heat fluxes were investigated in this work,
point on an evaporating water surface. Katsaros and Gérretthowever, preventing an understanding of the functional rela-
performed experiments similar to those of Jarvis, but in aionship between such statistical quantities as the rms and
larger volume of water and found that the presence of askewness, and heat flux. In the work presented here, the
oleyl alcohol monolayer significantly modulated the tem-work of Sayloret al?’ is extended tdi) determine the rela-
perature time traces obtained at the water surface. tionship of the skewness and rms to heat flux and surfactant

The aforementioned researchers measured surface temsncentration, andi) ascertain how the frequency spectra of
perature using thermistors and thermocouples. Much of théhe surface temperature field vary with heat flux and surfac-
fluid dynamics affecting the surface temperature field duringant concentration.
evaporative convection occurs close the air/water interface
where the inherently intrusive nature of such surface temij, EXPERIMENTAL METHOD
perature probes is undesirable. McAlister and McL&isir-
cumvented this problem by obtaining remote temperatur@' Setup
measurements using an infrared radiometer. In a laboratory The experimental facility used in these experiments is
water facility they employed a two-wavelength radiometer toillustrated in Fig. 1, which shows the tank and the optical
obtain nonintrusive temperature measurements at a poingetup used to acquire the temperature fields presented in the
These measurements showed changes in heat flux due to diéllowing section. The tank was made of glass and sealed
ferences in the air and water flow conditions, and due to theising an RTV sealant, which was allowed to cure for several
presence of a surfactant slick, demonstrating the utility ofdays before being used in the experiments. The tank was
remote temperature measurements in the study of evaporaguare, 30 cm on a side and 15 cm deep, and was insulated
tive convection. on four sides to reduce heat loss. The heat fluxes reported in

While point measurements of surface temperature ar&ec. Il are corrected for heat loss through the walls, and
useful in elucidating the temporal behavior of evaporativerepresent the flux through the water surface only.
convection, a connection to remotely sensed imagery re- Infrared images of the water surface were obtained using
quires experiments which measure the surface temperatuee Raytheon-Amber AE4256 IR camera having a 2264
field. Such measurements were obtained by Volino andnSb array. The camera is liquid nitrogen cooled and exhibits
Smith*® who simultaneously recorded the surface temperaa noise level equivalent to approximately 25 mK in measured
ture field and subsurface velocity field using infrared imag-temperature. The water surface was imaged through a 45°

\ focal length
\ 50 cm

£
o glass tank ) .
o 0 30 cm _ insulation

aluminum plate
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bounce mirror, and the imaged region was approximately 16 The heat flux was measured using calorimetry. The bulk

cm on a side. Appropriate calibrations were performed tovater temperature was measured using a mercury in glass

permit conversion of the IR imagery into surface temperaturéhermometer, having a resolution of 0.1 °C, and the rate of

fields. Spatial calibrations were also performed to allowtemperature drom Ty, /dt, along with the surface area of the

computation of the physical dimensions of structures obwater, was used to compute the heat flux from the water

served in the fields. surface. Heat transfer through the tank walls and floor was
Deionized water was used in all experiments and for allmeasured during a separate set of experiments, and these

cleaning procedures conducted prior to the experiments. Thealues were used to correct the values of heat flux reported

deionized water was obtained from a Milli-Q UV Plus deion- here.

ization system consisting of a single distillation unit, fol- Further details concerning the experimental setup, in-

lowed by a millipore filter and an ultraviolet filter. Care was strumentation and procedure can be found in Sagtal?’

taken to avoid contamination by indigenous surfactants in all

portions of the experimental procedure. The deionized wateB. Data processing

was stored in nalgene carboys which were tapped from the

bottom to avoid contamination by surfactants which migrate . .

to the surface. Water was transferred from the carboys to t on concerns the skewness of the surface temperature f'e!d'

glass tank using teflon tubing and valves, minimizing any his quantity, the second moment of the pdf, is very sensi-

surfactant contamination from the piping. Prior to an experi—t've to even a small number of spurious values in the data.

ment, the tank was overflowed into a spill tank as shown irficcordingly, care was taken to locate and eliminate errone-
Fig. 1. This process removed surfactants on the surface. NRUS Values from the IR data prior to computing statistics. To
trogen bubble sparging, using a clean glass frit, was alsBacmtate.thls discussion of data processing, aschemgnc rep-
employed prior to the beginning of each experiment, to drav\;esentatmn' of t.he data accumulateq in each expen_ment is
any dissolved surfactants from the water bulk to the watePreéSented in Fig. 2. Temperature fields were acquired se-
surface where they were subsequently removed in the ovefluéntially, resolving both the spatial structure of the tem-
flow. Finally, a glass rod which was cleaned with methanolP€rature field, and the temporal evolution of that field. By
and deionized water, was used to swipe the water surfaciacking each field on top of the next, as indicated in the
prior to each experiment, to remove any remaining surfactarffgure, the data is represented as a cube, where the third
monolayers. dimension of the data cube is time. Structured in this way,
In the results which follow, two cases are consideféd: each pixel can be represented as a time trace. A single point
a clean case, and) a surfactant-covered case. For the cleanin the three-dimensional data cube is referred to as a “data
cases, the aforementioned cleaning procedure was perform@@int.” For the experiments reported here, the time traces
and then the experiments were initiated. For the surfactarere 238 data points long, which is the “depth” of the data
case, the cleaning procedure was followed by deposition of §ube. TheAt between frames varied from 0.25 to 0.75 s,
monolayer of oleyl alcohol. Oleyl alcohol was chosen be-depending on the experiment, resulting in sequences lasting
cause it does not impede evaporafiéand because its elas- from ~60 to 180 s.
ticity properties are similar to those of monolayers found on ~ The main contributor to erroneous skewness values was
the surface of typical ocean watéfsA monolayer of oleyl ~Mmalfunctioning pixels in the IR array which typically gave
alcohol was deposited by spreading a stock solution of oleyyalues which were very high or very low, some or all of the
alcohol and HPLC grade heptane. The solution quicklytime. While the total number of data points that gave spuri-
spread over the water surfateand upon evaporation of the ous values was small, they still affected the skewness values
heptane, left a monolayer of oleyl alcohol having a surfaceand therefore had to be addressed. The camera had a 12-bit
concentration o€=0.11 wg/cn?. Oleyl alcohol is insoluble  dynamic range giving values ranging from 0 to 4095. Data
in water, and hence its concentration on the water surfacgoints in the data cube having a value of 0, 1, 4094 or 4095
was constant throughout the experiment. were designated as erroneous and were flagged. The camera
Simple evaporation of the water into the quiescent labooffset and gain were adjusted to insure that the maximum
ratory air did not provide a sufficient range in heat figik and minimum temperatures observed did not correspond to
To increase the range of, the bulk water temperature was these four intensities. After flagging all of the erroneous data
elevated to different temperatures prior to initiation of thepoints, each time trace was then scanned, and traces contain-
experiment. This was achieved using the heater indicated itng more than 40 flags were discarded. Flagged data points
Fig. 1. An aluminum plate was located between the heatewhich resided in the remaining time tracgBose with<<40
and the glass tank floor to act as a heat spreader and ftags were set to a value of zero. The average temperature
prevent fracture of the glass. After the water achieved thavas subtracted from the data cube in subsequent $segs
desired temperature, a waiting period was imposed to allowelow), hence setting a point to zero is equivalent to setting
the heater plate to cool before experiments were initiated. At to the average value.
thermocouple was inserted into the air space between the In addition to pixels that gave a consistently low or high
aluminum plate and the glass floor, and data acquisition wagalue, a small number of pixels gave an almost unchanging
not initiated until this temperature dropped to the bulk waterand arbitrary value, regardless of the scene viewed. These
temperature. In this way, the possibility of convective mo-malfunctioning pixels were identified by rescanning the re-
tions originating from a warm tank floor was eliminated. ~ maining time traces and locating those traces where the val-

One of the main results presented in the following sec-
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Temperature
—

FIG. 2. lllustration 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 timsubtracted. In a strict sense this step was unnecessary, since
traces were also discarded. the average temperature should have been eliminated by the
The choice of discarding time traces containing 40frame average subtraction described above. The procedure
flagged data points or 40 consecutive unchanging data pointsas employed, nevertheless, to reduce possible errors which
was somewhat arbitrary. To test the sensitivity to this numwould be introduced should one or two bad time traces re-
ber, it was varied between 10 and 150 without a significantain in spite of the steps taken to eliminate them. Should
change in the computed statistics. This insensitivity indicatesuch bad time traces remain, they would not necessarily have
that, with few exceptions, a time trace had data points whicla zero dc bias, and would therefore have a significant effect
were either entirely erroneous, or entirely valid. on the computed statistics. By subtracting the time trace av-
The total number of flagged data points in a typical ex-erages, any remaining bad traces are not eliminated, but their
periment was less than 0.01% of the total number of datac bias is eliminated, and their effect on the computations of
points in the data cube11x 10°). The greatest number of the statistics is greatly reduced.
flagged data points in any experiment reported here was The final step in the data processing was a spatial Fou-
0.33%. The maximum number of time-traces discarded irrier processing of each frame, wherein the three lowest wave
any of the experiments was 28, out of 46 633 time traceshumbers in the spectrum were eliminated. During the IR
cube (0.06%. In a typical experiment, less than five time camera calibratioR’ pixel gains were set to insure a uniform
traces were discarded from the data cube. Hence, in terms ofésponse across the array. Small imperfections in this cali-
data points or time traces, a very small fraction of the avail-bration procedure resulted in a slight low spatial frequency
able data was discarded for any given experiment. variation in the imagery. The spatial Fourier filtering re-
After identifying and removing bad time traces and datamoved this error. The merit of this final step, and the ratio-
points, the remainder of the data cube was converted to termale for choosing the three lowest wave numbers in the fil-
perature. An average temperature was then computed faering, is presented in Saylet al?’
each frame in the cube and this value was subsequently sub-
tracted from each frame. Because the water in the tank wa,ﬁ RESULTS
cooling, the average frame temperature decreased slightly”
from frame-to-frame. While this change was small and did  Temperature fields obtained from sample experiments
not affect the computed spectra, mean, or rms, it did affecare presented in Fig. 3. These are fields obtained from eight
the skewness. By subtracting the frame average, error due tepresentative experiments taken from a total of 26 experi-
tank cooling was eliminated. ments reported here. The fields used in generating Fig. 3 are
After the frame-average subtraction, the time trace averthe actual temperature fields processed in the manner de-
age was computed for each trace in the data cube and thearibed in Sec. Il B. In order to present the fields in a single
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FIG. 4. Plot of the root mean squalrens) of the entire data cube associated
with each experiment, as a function of heat flux. Data are grouped into clean
and surfactant-covered conditions. The solid and dotted lines are linear fits
to the clean and surfactant data, respectively. These fits are presented in
Table I.

nates the small scale structures which are present in the clean
field. The effect of the monolayer on the spatial structure can
be characterized by the spatial Fourier spectrum which is
presented in Sayloet al?>” and is not discussed herein.

An increase in the small scale structure can also be ob-
FIG. 3. Sample temperature fields obtained from eight different experi-S€rved as the heat flux is increased. The heat flux increases
ments. The left-hand member of each pair was obtained under clean condivhile traveling vertically downward in either column of im-
tions and the right-hand member under surfactant-covered conditions. Eac@ges presented in Fig. 3, and an increase in small scale struc-

pair of images was obtained at essentially the same heat flux. The average P -
heat flux is indicated between each member of the image pair. The actugpre for both the clean and surfactant cases is evident. The

heat fluxes weréa) 36 W/n?, (b) 31 W/n?, (c) 219 Win?, (d) 201 win?,  temperature fields presented in Figéa)3and 3b) are for a
(e) 319 WiInt, (f) 318 W/n?, (g) 466 WInt, (h) 466 W/nt. very low heat flux, where the turbulence is most likely not

fully developed. This accounts for the qualitative difference

in appearance between these two fields and the others pre-
figure, the contrast for each field was adjusted so that all o§ented in Fig. 3.
the fields could be presented using a single gray scale palette. The presence of the monolayer also affects the statistical
The max—min temperature range was on the ordérk for characteristics of the temperature field, which are now pre-
all of the fields in the figure, and varied from 0.6 K to 2.6 K, sented. In Fig. 4 the root mean squéams) of the data cube
increasing as the heat flux increased. The temperature fieldsr each experiment is plotted against the heat flux for that
are presented in pairs, with the left-hand member of eackxperiment. This plot reveals a linear increase of tmsith
pair corresponding to an experiment conducted under cleaq” for both the clean and surfactant cases. The rms for the
conditions and the right-hand field corresponding to an exelean case is slightly higher than for the surfactant case. The
periment conducted under surfactant-covered conditiondinear fits used for the two cases are presented in Table I, and
The effect of the surfactant monolayer on the structure of theeveal that they-offset between the two fits is less than 0.02
temperature field is readily apparent: the monolayer elimiK, and the slopes differ by less than 5%, revealing a similar-

466 W/m2

TABLE I. Linear fits to the rms and skewness data presented in Figs. 4 and 5.

Case Linear fit Rms deviation from the linear (i)
o, clean(Fig. 4 o=3.05x10"4(q") +0.0376 1.9% 102
o, surfactant(Fig. 4) 0=2.92x10"4(q")+0.0188 7.4&10°°
v, clean(Fig. 5 y=-1.06x103(q")—0.8568 0.148
v, surfactant(Fig. 5) y=2.11X10"%(q")—0.3307 6.9 10 ?
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FIG. 5. Plot of the skewness of the entire data cube associated with eadAG. 6. The probability density functiofpdf) for several of the experiments
experiment, as a function of heat flux. The solid and dotted lines are lineatonducted under clean conditions. Each pdf is obtained using the entire data
fits to the clean and surfactant data, respectively. These fits are presenteddobe for that experiment.

Table I.

For clarity, only a representative sample of the pdfs are pre-
ity between the clean and surfactant cases, which is somsented in each figure. Each pdf presented in these figures is
what surprising in light of the structural differences which obtained using the entire data cube for an experiment, pro-
are apparent in Fig. 3. This point is further elucidated by thecessed in the manner described in Sec. Il. Hence, these pdfs
rms deviation from the linear fits, also presented in Table lare for the deviation of the surface temperature from the
The largest deviation of the experimental data from the lineaaverage temperature.
fits for o is 1.98x 10" 2, indicating that the scatter in the data The width of the pdfs increase witif', for both cases, as
is comparable to thg-offset between the two linear fits. This is expected from the linear increasednwith q” illustrated
again suggests that the versusq” behavior is essentially in Fig. 4. For the clean case, there is an obvious asymmetry
the same for the clean and surfactant cases. in the pdf, which is reflected in the more negativesalues

The skewnesy, defined as

(T_T )3 le+01
y=— (1)
g

Heat Flux (W/m?)

where T, is the average surface temperature, is plotted in
Fig. 5. In contrast to ther plot, the vy vs q” behavior is
significantly different for the clean and surfactant cases. In
both cases;y is negative for the entire range of heat flux
considered. However for the clean cagdecomes increas-  1e-o1
ingly negative as the heat flux increases, having a slope o
—1.06x10°3, as indicated in Table I. For the surfactant =
case, the slope is 5 times smaller in magnitude (2.11
X 1074, and is positive in sign, indicating a very slow in-
crease with heat flux. As Fig. 5 reveals, the data are well
described by a linear fit, and the difference between the twc
fits is clearly larger than the scatter in the data. 1e-03
For bothy ando, the scatter of the data about the linear
fits is larger for the clean case than for the surfactant case
We suspect that this is most likely due to the difficulty in
maintaining surface cleanliness during the clean runs. 1.0
Further insight into the statistical characteristics of the

surface temperature field can be obtained from the prObablle. 7. The probability density functiofpdf) for several of the experiments

?ty d_enSity functions(pdfs) themse_lves. These are presentedgongycted under surfactant-covered conditions. Each pdf is obtained using
in Fig. 6 for the clean case and Fig. 7 for the surfactant casehe entire data cube for that experiment.

le+00

Ll

le-02
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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 thetfiest 90 s of
experiment.

which exist for the clean cas@ig. 5. This asymmetry is creasing the heat flux increases the degree of high frequency
especially visible in the left wing of the pdf in Fig. 6, which structure in the time trace.
extends as far as1.0 K from the average, while the right The effect of heat flux and the presence of a monolayer
wing does not exceed 0.75 K. For the surfactant case, then the frequency spectra is presented in Figs. 9—-11. The
pdfs are relatively symmetric, in accordance with the smallpower spectra for several representative experiments, ob-
values ofy presented in Fig. 5. A physical mechanism whichtained under clean conditions, are presented in Fig. 9, and
explains the asymmetry of the pdfs and thes q” behavior  power spectra for the surfactant case are presented in Fig. 10.
is presented in Sec. IV. These spectra were obtained by computing a spectrum for
As illustrated in Fig. 2, each pixel in the data cube caneach time trace in the data cube, and then performing an
be represented as a time trace, revealing the temporal evolensemble average over all traces. The sensitivity of the
tion of the temperature field at each point. Examples of suclpower spectra to heat flux is much weaker for the clean case
time traces are presented in Fig. 8, where the temperature #itan for the surfactant case. In Fig. 9, there is a slight trend
the center pixel of each temperature field presented in Fig. ®ward increasing energy with increasing heat flux at high
is plotted as a function of time. These time traces reveal drequencies. However, for virtually all frequencies, a very
damping of the temperature fluctuations upon addition of ssignificant increase in energy is observed with increasing
surfactant monolayefat constant heat flyx It is also evi- heat flux for the surfactant case displayed in Fig. 10.
dent, at least between the two lowest heat fluxes, that in- The effect of surfactants on the spectra is isolated in Fig.
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grlG. 11. Comparison of frequency spectra obtained under clean and
surfactant-covered conditions. Comparison is made at a low and a high heat
flux.

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

11, where two heat fluxes, one low and one high, are se-

lected, and the spectrum is presented for the case of cledi@rison of the current results with theoretical predictions cor-

and surfactant-covered surface conditions for each heat fluxésponding to the precise configuration considered here is
This plot reveals that the presence of the surfactant mond?0t possible. However, a significant body of literature exists

layer reduces the energy by a significant amount, in excess #®r natural convection heated from below with an insulated

a factor of 3. This reduction is seen to occur at all frequentipper boundary®~**These investigations, which we refer to
cies measured. as “heated floor” studies, provide predictions fer(but not

v) vs gq”. These predictions are now compared with the
present experimental results.
Heated floor experiments are similar to the present con-
A theory which predicts the andy vs q” behavior does figuration in that the thermal boundary conditions are analo-
not exist for evaporative convection. Therefore, a direct comgous to those employed here. That is, for evaporative con-
vection there is an insulatddwer boundary, and a cooled
upper boundary while in heated floor studies the lower
le-02 boundary is heated and the upper boundary is insulated.
Hence, our configuration can be thought to be analogous to
the heated floor case if the whole configuration is simply
flipped over. The one flaw in this analogy is that the heated
floor has a no-slip boundary condition, while the analogous
boundary in evaporative convectidgthe cooled boundajy
has a boundary condition which is either shear-fifee the
clean surfaceor elastic(for the surfactant-covered surface
The work of Handleret al®® shows that even extremely
small quantities of surfactant can create a boundary condi-
tion which is insignificantly different from a no-slip bound-
ary condition. This suggests that predictions developed for a
heated floor may serve adequately to describe the results pre-
sented here for evaporative convection, at least for the
surfactant-covered case. This postulate is now explored.
The scales relevant to this problem are presented in the
work of Townsend® A more recent investigation due to
Adrian et al 32 presents an excellent summary of the research
in this field, and their treatment is followed below. The scal-

ing of o typically takes the form
FIG. 10. Frequency spectra for several of the experiments conducted under
surfactant-covered conditions. o= 0yf(2), 2

IV. DISCUSSION
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FIG. 12. Plot of the rmsr presented in Fig. 4, scaled to the conduction . . .
scale, ,. The solid line iso/6,=0.839 and the dotted line is/6, I_:IG..13. Plot ofo from Fig. 4, scalet_j to_the convection scalg,. The solid
—0.640. line is o/ 6, =2.79 and the dotted line is/ 6, =2.19.

where 6, accounts for the variation af with heat flux, and

f(z) accounts for its variation with distance from the surface,

z In the case of a heated floor, Towns&hfinds

and surfactant data, 0.839 and 0.640, respectively. The scal-

ing works well for the surfactant case, where the data are
relatively constant over the range of heat flux considered.

f(z2)=2/z,, (3)  Surprisingly, the clean data is also well scaleddgy There
wherez, is the thickness of the conduction layer, is more _scatter about the mean than for the surfactapt case,
but this is observed to be true for the raw data as We&dy.
Zp=alwyg, (4 4 and Table).

a is the thermal diffusivity, andv, is defined below. This

The scaling described above is valid only for the con-

form of f(z) forcesa to zero near the heated wall, which is duction region near the cooled surface. It can be argued that
not the case for evaporative convection. This difference befor cléan surface conditions where there is no hydrodynamic
tween the heated floor and evaporative convection cases #&mping due to a surfactant monolayer or solid wall, the
not surprising, since the boundary conditions are differentconduction scales may not be appropriate and that, instead,
To accommodate this difference, we ignore the spatial porth® convective scal@, which is employed away from the
tion of the scaling in Eq(2) and focus on the degree to wall in the'natural convection paradigm, may bg more rel-
which scalings by 6, renderss insensitive tag”; that is, we ~ €vant. Again, following the treatment due to Adrianal,*

ask the question, “Isr/ 6, a constant for evaporative con- 0 is defined as

vection, as is the case in heated floor studies?”

=Qo/w, , 8
Following Adrianet al,* the scaling temperaturéy, is 0= Qo/ Wy ®
defined as where
00=Qo/Wo, ©) w, =(89Quz,) ™%, ©
where . " ;
andz, is the tank depth. The vs g” data scaled t@, is
Qo=0"/pcy, (6) presented in Fig. 13. The solid and dotted lines are the aver-
age values for the scaled clean and surfactant data, 2.79 and
Wo=(Bg Qo) @ 39

2.19, respectively. The values of/ 6, are larger than the

[H, is used instead of” in Adrian et al®? in Eq. (6)]. B is
the thermal coefficient of expansionijs the fluid densityc,
is the specific heat, anglis the acceleration due to gravity.
The scaling variabl®, presented in Eq5) is valid for the

values ofa/ 6, presented in Fig. 12. The rms deviation of the

data from the average is presented in Table Il, as a fraction
of the data average. This table reveals no significant change
in the scatter for the two different scalings, and it seems that

conduction regionz<z, which is the region near the heated 6, and ¢, scale the data equally well.

wall where conduction dominates the heat transfer process.

Figure 12 presents the data of Fig. 4, scaleddo The

Predictions ofy vs g” were not found in the literature.
While the y results cannot, therefore, demonstrate the utility

solid and dotted horizontal lines are the average for the cleaof any existing theory, the behavior of does provide in-
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TABLE Il. Rms of data presented in Figs. 12 and 13, scaled to data average.

Case

rms/avg

ol 8y, clean(Fig. 12
ol 6y, surfactant(Fig. 12
olé, , clean(Fig. 13
ol 6, , surfactant(Fig. 13

0.504
0.339
0.509
0.557

0.

0

437

o
X

clean
rfactant
]

sight into the hydrodynamics of evaporative convection. In ° .
our earlier workk’ we explain the difference between the &° x
symmetry of the pdf for the clean and surfactant cases using °
the difference between the average surface temperature an  ~
the bulk temperature. This idea is now expanded upon to
explain the present results.

The surface temperatuiieis constrained to values lower 20 x
than the bulk water temperatufg. Evaporation is a cooling i ot et e e
process, and therefor& cannot exceedl,. This upper 600
bound in temperature permits large, infrequent excursions
below the average surface temperatdrg, but proscribes FIG. 14. Plot of the difference between the bulk temperature and the aver-

large excursiongbove T,. Hence, if the pdf is asymmetric, age surface temperature, vs heat flux, for each of the experiments.
it is skewed to the left, givingy<<0.

The degree to which this restriction dnaffects the pdf
is determined byT,. If the average surface temperature islarge, negative value, the pdf itself can only reach a certain
relatively close toTy, then the pdf will be highly skewed level of symmetry. That is, once is essentially zero, further
because the liquid at the surface cannot deviate significantlgecreases iff,— T, can have no further effect on the sym-
from the average in the positive direction, while deviationsmetry of the pdf. This is exemplified in Fig. 14, where, for
in the negative direction are unrestricted. On the other handhe surfactant casel,—T, decreases almost linearly with
if T, is significantly smaller tha,, then relatively large heat flux at large heat fluxes, yet the valueyadh Fig. 5 are
excursions inT can occur, even to the right, since the aver-not changing rapidly. At these high fluxes, the pdf is very
age temperature is very different from the bulk temperaturesymmetric,y is almost zero, and further increasesigfT,
permitting a symmetric pdf. Hence, conditions which favor aresult in no change.
small value for the magnitude of ,—T, result in a more One of the motivations for this work was the develop-
skewed pdf, and conditions which result in a larger value foment of the groundwork for obtaining a remote sensing
the magnitude off ,— T}, favor a symmetric pdf. method for locating submerged objects. In Sec. | it was noted
As revealed by Eq(1), o also plays a role in the value that development of such a method would first require an
of v. Hence, the way in whiclo varies withT,—Ty, is im-  understanding of how naturally occurring phenomena, such
portant. This is especially true in this discussion because aas variations in surfactant concentration and heat flux, affect
o increases, the effective width of the pdf grows, making thethe surface temperature field. The work presented here rep-
importance of the upper bound on temperature more imporesents a solid step in this direction. Moreover, the statistical
tant and making the skewness more negative. However, agsults are intriguing in this regard and suggest some avenues
noted earlierg increases linearly witly” in a fashion which  for future research. The results reveal thas insensitive to
is essentially identical for the clean and surfactant casedeat flux when surfactants are present. It is frequently argued
Thus, any difference in the vs q” behavior for these two that the ocean surface is, except for rare occasions and loca-
cases cannot be attributable to how the width of the pdf igions, always covered with surfactant monolay&ré If this
growing with heat flux. is indeed the case, then the insensitivityyofo q” makesy
Figure 14 is a plot ofT,—T, vs q” for data obtained a candidate parameter for the remote detection of submerged
under clean and surfactant conditions. As the plot revealgbstacles, such as mines. Sincwill not vary from image to
T,—Ty is close to a value of-—1.0 whenqg” is small, for image as a result of heat flux variatiofvshich are bound to
both the clean and surfactant cases. &sis increased, occul, any deviation ofy from its typical background value
T,—Tp, approaches zero, for the clean case. This agrees witlnay suggest the presence of a submerged object.
the skewness trends for the clean céBig. 5, where the Obviously the situation investigated here is idealized;
skewness becomes increasingly negative wgth For the waves and wind were absent, and both of these can be ex-
surfactant case, on the other hand, Fig. 14 showsTthal, pected to significantly affect the temperature field. For ex-
becomes more negative @sincreases. This indicates that as ample, Jessup and co-workers have documented modulations
q” increases, the pdf can become more symmetric. While of the surface temperature due to breaking wavesicros-
is relatively insensitive tq” for the surfactant case, in Fig. 5 cale breaker®’ and swell wave&*? Nevertheless, the re-
the weak trend it does exhibit ig—0; i.e., toward symme- sults presented here for evaporative convection alone suggest
try. It is noted that whileT,—T, can attain an arbitrarily the possible utility of usings to detect submerged objects; at
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