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Near-surface turbulence for evaporative convection at an air Õwater interface
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Turbulence measurements are reported for the flow beneath an air/water interface undergoing
evaporative convection. Measurements were obtained using a two component laser Doppler
velocimeter system. Two hydrodynamic boundary conditions were considered for the free surface:
a shear free surface, which is the case when surfactants are absent, and a constant elasticity surface,
created by depositing a monolayer of oleyl alcohol. The shear free boundary condition case results
in significantly higher levels of near surface turbulence than the constant elasticity case. This
difference between the two cases decreases with distance from the free surface. Profiles of the
turbulent fluctuations were obtained for the horizontal and vertical velocity components and are
compared with the somewhat analogous case of a heated solid wall.@DOI: 10.1063/1.1410126#
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I. INTRODUCTION

The study of natural convection is driven by its re
evancy to a wide spectrum of fluid flows, ranging from ge
physical flows in meteorology and oceanography, to tech
logically relevant flows in heating, ventilation, and a
conditioning~HVAC! and chemical processing application
Most research on natural convection addresses the heat t
fer and fluid mechanics that occur in a layer of fluid co
tained between a solid upper and lower boundary. The t
mal boundary condition for the upper and lower plates are
either the constant temperature or constant heat flux
while the hydrodynamic boundary condition is of the no-s
type for both boundaries.

In contrast to this solid-wall model of natural conve
tion, many environmentally relevant flows involve a free s
face. Hence, natural convection occurs in an environm
where the no-slip boundary condition does not apply to
surface at which heat transfer occurs. In oceanographic
plications, for example, heat transfer occurs at the air/
interface, where the no-slip boundary condition does not
ply. Similarly, in meteorology convective cells form withi
layers of the atmosphere where either the upper or lo
boundary condition is of the no-slip type.1

In this study, we focus on evaporative convection, wh
is natural convection in a layer of liquid, driven by evapor
tion at a free surface. Evaporative convection is relevan
oceanography and limnology, where evaporation at the
water interface can drive natural convection in the wa
bulk. For these flows, the no-slip boundary condition do
not apply. Rather, for this natural convection paradigm,
free surface has a shear-free hydrodynamic boundary co
tion when the water surface is free of surfactant monolay
and a constant elasticity boundary condition when surfac
monolayers are present. As will be demonstrated in this
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per, the difference in these three boundary conditions:~i!
no-slip, ~ii ! shear-free, and~iii ! constant elasticity, is impor-
tant and has a significant effect on the hydrodynamics
occur in the near-surface region.

Of particular interest in the present work are the profi
of the fluctuating components of velocity in directions no
mal and parallel to the water surface,w8 and u8, respec-
tively. The effect of the differing boundary conditions ma
be seen in the structure of the turbulence near the interf
Such measurements have been studied in great detail fo
case of a solid wall. Perhaps the earliest solid wall studies
due to Thomas and Townsend,2,3 who performed detailed
measurements of the fluctuating components of velocity a
function of the distance from a heated plate. The literat
published since these early studies is large and an adeq
discussion of all the relevant references is beyond the sc
of this work. An excellent review can be found in Adria
et al.4 Noteworthy investigations in this area include th
work of Deardorff and Willis,5 Wyngaard, et al.,6 and
Sorbjan.7

The u8 and w8 velocity profiles for the solid wall case
tend to have the following form. Foru8, the profile has a
value of zero at the wall and rises quickly to a peak ve
close to the wall. The profile then drops slightly and rema
relatively constant for most of the region between the t
solid plates. Forw8, the profile is essentially symmetri
about the midplane, gradually rising from zero and asym
toting to a constant value near the midplane. Theu8 andw8
profiles are a function of heat flux and distance between
solid plates. However, by introducing appropriate scaling
rameters for velocity andz, the profiles ofu8 andw8 can be
made independent of tank size and heat flux~or Rayleigh
number!. Following the treatment presented in Adrianet al.,4

these scales arez* andw* , wherez* is the tank depth, and
w* is defined as
8
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3339Phys. Fluids, Vol. 13, No. 11, November 2001 Near surface turbulence for evaporative convection
w* 5~bgQ0z* !1/3, ~1!

Qo5q9/rcp , ~2!

whereq9 is the heat flux through the surface,b is the thermal
coefficient of expansion,r is the density of the working
fluid, cp is the specific heat, andg is gravity. Due to evapo-
rative cooling, the temperature of the working fluid d
creased continuously resulting in a varying heat flux dur
the course of a run. To compare data from different h
fluxes on the same plot, this above scaling was used to
lapse our data. We do not expect our collapsed data to a
with that of solid wall studies, due to the difference
boundary conditions. However, the scaling is appropri
since it is the same type of turbulence, namely buoyan
driven turbulence.

Initial work in the area of evaporative convection co
sisted of flow visualizations. For example, the general st
ies of Spangenberg and Rowland8 used schlieren photogra
phy of evaporative convection in a glass water tank, a
observed the formation of cold lines on the water surfa
which resulted in plunging sheetlike structures in the liqu
bulk. Katsaroset al.9 performed flow visualizations usin
Kalliroscope particles, in a 0.75 m by 0.50 m by 0.5 m Ple
glas water tank illustrating, in a more direct fashion, t
plunging sheets of fluid. Chernous’ko10 visualized the flow
induced in water during evaporative convection by spr
kling dye particles on the water surface and observing th
evolution. Plunging sheets were observed in addition to
ral vortices, both of which entrained the dye into the liqu
bulk.

A significant body of evaporative convection resear
addresses the bulk relationships between fluid flow and
transfer. For example relationships between the rate of
transfer from the water surface and the characteristics of
air flow above the water surface~via the air-side Rayleigh
number or Reynolds number! were developed by Sharple
and Boelter,11 Boelter et al.,12 and Sparrow and
co-workers.13–17 While not directly relevant to the presen
work, it is noted that the air-side flow plays an important ro
in ascertaining the heat flux from the water surface.

With regard to measurements of velocity during evap
rative convection, the only existing study is that of Volin
and Smith,18 who simultaneously recorded the surface te
perature field and subsurface velocity field using infrared
aging and particle image velocimetry~PIV!, respectively. In
this work, the existence of both falling sheets and spiral v
tices were quantitatively confirmed in the velocity fields th
were obtained in planes parallel and perpendicular to the
surface. Profiles ofu8 or w8 were not obtained in this work
and a quantification of the role of surfactants was not
tained.

In the current work, profiles ofu8 andw8 are obtained
for evaporative convection. These experiments are condu
for surfaces free of surfactant monolayers, and for a surf
with a known concentration of surfactant. As such, these
periments provide two results that have not been obtai
heretofore. First, these are the firstu8, w8 profiles obtained
in an evaporative convection flow. Second, this is the fi
Downloaded 07 Dec 2001 to 130.127.198.160. Redistribution subject to 
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study that quantifies the effect of changing hydrodynam
boundary conditions on subsurface hydrodynamics; nam
the difference between no-slip, shear-free, and constant e
ticity boundary conditions is revealed.

II. EXPERIMENTAL APPARATUS AND
CONFIGURATION

The experiments were performed in a water tank at
United States Naval Academy Fluids Laboratory. The dim
sions of the tank are 15 cm330 cm330 cm, as shown in Fig
1. The tank is constructed of 3.2 mm thick glass within
aluminum frame. RTV silicon was used to seal the ta
Polystyrene foam~2.5 cm thick;R55! was attached to the
tank walls to minimize heat loss. The base of the tank sa
an electrical heater, which was used to elevate the initial b
temperature of the tank water. An aluminum base plate,
tached to the tank bottom, was used to distribute the heat
more uniformly, thereby protecting the glass from therm
stresses.

The water source for the experiments was a Milli-Q U
Plus system, which has an upstream single deionization
and downstream millipore and ultraviolet~UV! filters. A ten
gallon Nalgene carboy served as the supply reservoir
was connected to the tank by teflon tubing and fittings. S
con sealant was used to seal the tubing and fittings.
water tank was gravity fed from the carboy through a hole
the tank bottom. Water was taken from the bottom of t

FIG. 1. Experimental configuration.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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3340 Phys. Fluids, Vol. 13, No. 11, November 2001 Flack, Saylor, and Smith
reservoir to avoid the introduction of any surfactant that
cumulated on the surface of the reservoir. Great care
taken to ensure the water in the tank was free of conta
nants and surfactants. Once the water was obtained from
Milli-Q UV system, the deionized water only came in co
tact with a Nalgene carboy, teflon tubing, silicon sealant,
glass tank, glass rods for swiping the surface, and a g
thermometer. Prior to filling, the tank was cleaned w
methanol and rinsed numerous times with deionized wa
The tank was then soaked for 24–48 h with deionized wa
before the initial filling to leach any surface active mater
from the seals and surfaces. Further cleaning procedures
formed prior to each test run included overfilling the tank
approximately the volume of the tank, sparging with2
bubbles introduced by a glass frit to scavenge the surfac
from the bulk, and frequent swiping of the surface with
glass rod cleaned with methanol and rinsed with deioni
water.

In addition to careful cleaning procedures, it is also i
portant to have a means for monitoring surface cleanlin
since a clean surface can become contaminated without
change that is visible to the naked eye. Surface cleanline
typically monitored using anin situ surface tension measure
ment device such as a Wilhelmy plate. Separ
experiments19 have revealed that dramatic changes in IR i
agery can occur upon contamination of a clean surface,
companied by a barely discernible change in surface tens
as measured via a Wilhelmy plate. These measurement
dicate that the IR imagery is a more sensitive indicator
contamination~albeit a more qualitative one! than traditional
surface tension measurements. In the current work, the w
surface was monitored with the IR camera while the veloc
measurements were obtained to ensure that the surfac
free results were not contaminated.

Before each test the tank was slowly overfilled with w
ter from the reservoir while being heated from below. S
face contaminants, as determined from the infrared imag
were swiped off throughout the overfilling/heating proce
Once the surface was determined to be clean and the w
was approximately 20 °C above the ambient room temp
ture, the heater was turned off. The heater plate was
allowed to cool for a period of approximately 45 min. Tes
were performed once the temperature of the air gap betw
the aluminum baseplate and the glass tank~obtained with a
thermocouple! was equal to the bulk water temperature. Th
ensured that buoyant plumes of warm fluid were not form
at the tank floor. When this procedure was completed,
bulk water temperature was typically 14 °C–16 °C above
ambient room temperature.

Two surface conditions were considered for these exp
ments. The first was a clean condition, achieved using
cleaning procedure described above. The second cond
was a surfactant case, achieved by depositing 10ml of a
stock solution of oleyl alcohol in HPLC grade heptane us
a micrometer syringe. The stock solution was 9.9mg/ml of
heptane and the resulting surfactant concentration on the
ter surface was 0.11mg/cm2. The selection of oleyl alcoho
as the surfactant was based on previous experiments
determined that it did not impede the evaporation at
Downloaded 07 Dec 2001 to 130.127.198.160. Redistribution subject to 
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surface.20,21 At the concentration used here, oleyl alcoh
creates a surface pressure of 19 mN/m, as determined b
data of Barger.22

Infrared images of the water surface were obtained us
a Raytheon-Amber AE4256 CCD camera containing a 2
3254 InSb array. The camera is liquid nitrogen cooled a
exhibits a noise level of 25 mK in measured temperature
each pixel. The camera viewed the water surface via a
mirror. The imaged footprint was about 16 cm on a sid
centered within the tank. The pixel intensity output from t
camera was converted to temperature using a two step
bration procedure, as outlined in Sayloret al.,23,24 which re-
sulted in a temperature error of less than 0.25%. A len
scale calibration was also performed to determine the ac
size of the imaged structures. This was accomplished by
aging a ruler to compute a length-per-pixel value.

Two components of velocity were obtained with a T
ColorBurst system with a 4 W argon-ion laser. One fib
optic probe contains all four beams along with the transm
ting and receiving optics for backscatter data acquisition
350 mm lens was used on the probe resulting in a measu
volume length of 2.3 mm and diameter of 0.16 mm. The b
~486 mm! and green~514.5 mm! beams were rotated 45°
This orientation required coincidence data acquisition, h
ing a coincidence window of 0.01 s. In order to obtain me
surements very near the free surface, the probe was t
upward approximately 5°, resulting in one blue and o
green beam nearly parallel to the water surface. Since
tank was filled to the point of having a meniscus, the bea
were tilted at a slightly higher angle than surface paralle
order to transmit the beams through the glass without dis
tion due to the meniscus. Tilting the beams incurred a fix
error of less than 0.5% to the velocity measurements.

III. DATA ACQUISITION AND DATA REDUCTION

The bulk water temperature in the tank was measu
throughout the experiment with mercury in a glass thermo
eter, having 0.1 °C resolution. The rate of decrease in te
perature was used to compute the total heat loss from
water. This heat loss is due to evaporation at the surfac
well as conduction through the sides and base of the tank
order to quantify the conductive heat loss, an additional
periment was performed at the same ambient conditions.
tank was heated to 20 °C above ambient, and then cap
with a 48 mm Plexiglas lid with an additional 10 cm o
insulation to essentially eliminate heat transfer through
top of the tank. The bulk water temperature was then
corded over a period of 12 h, yielding the conductive h
loss ~approximately 25% of heat flux due to evaporation!.
This loss was used to correct the evaporative heat flux d
provided in Sec. IV.

The measurement volume was traversed in the sur
normal direction using a Velmex 9800 traverse with a re
lution of 5 mm. The 5° tilted beams allowed for accura
detection of the surface. The surface was initially loca
visually by positioning the center of the measurement v
ume at the point where the beams refract at the surface.
adjustments were then made by observing the quality of
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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3341Phys. Fluids, Vol. 13, No. 11, November 2001 Near surface turbulence for evaporative convection
laser Doppler velocimeter~LDV ! signal as the measureme
volume approached the surface. This method locates the
sition of the free surface within approximately one measu
ment volume diameter. At the end of each profile, the f
surface was relocated, accounting for any change in sur
level during the experiment. Evaporation in the tank resul
in a surface level change of approximately 6mm/min ~total
run times were approximately 90 min!, an amount that would
not significantly affect the initial readings very near the s
face.

To obtain velocity profiles, the measurement volume w
moved to the first location and data was obtained. The m
surement volume was then traversed to each subseque
cation in the profile. Velocity profiles were obtained at
vertical depths in the tank ranging from 0.2 to 50 mm bel
the surface. For one run, data was first taken near the su
and then the measurement volume was traversed down
from the surface. The heat flux decreased as the meas
ment volume moved away from the surface since the b
water temperature decreased over the 90 min that the ve
ity profile was obtained. The second data run was taken
in the bulk water, 50 mm below the surface, and then
measurement volume was traversed upward toward the
face, frequently relocating the free surface. For this case,
heat flux decreased as the measurement volume move
ward the surface. Table I lists the range of heat flux, conv
tive velocity, and Reynolds number based on convec
scales during each run.

The water was seeded with TiO2 particles, approxi-
mately 2–4mm in diameter. The cleanliness of the particl
was a concern since any surfactant on the particles woul
difficult to remove from the bulk water. The particles we
cleaned by a rigorous, multistep process. Initially the p
ticles were soaked in deionized water. The particles accu
lated at the bottom of the container and the surfactant, wh
rose to the surface, was decanted off. This process wa
peated several times. The soaking and decanting process
then repeated several times with methanol and then hep
Particle cleanliness was tested by monitoring a clean w
surface with the IR camera while depositing some of
particles on the water. There was no discernable differe
between the infrared image obtained before and after
inclusion of the cleaned TiO2 particles.

High data rates proved challenging due to the very l
velocities observed during the experiments. Velocities w
on the order of 3–6 mm/s with a zero average velocity
both components. The fringes were shifted at 5 kHz to
move directional ambiguity. The fringe velocity of approx
mately 18 mm/s resulted in multiple readings of slow mo

TABLE I. Heat flux, convective velocity, and Reynolds number range
each run.

q9(W/m2) w* (mm/s) Re*5w*z* /n

Run 1—Clean 498–348 4.0–3.5 860–690
Run 2—Clean 560–345 4.2–3.5 890–690
Run 1—Surfactant 375–283 3.6–3.3 780–642
Run 2—Surfactant 372–259 3.6–3.2 780–620
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ing particles in the measurement volume. The repea
validations for a particle that remained for long periods
the measurement volume were filtered from the data ba
on a minimum time between valid bursts, prior to statistic
analysis.

Data at each depth was obtained over a period of 10 m
resulting in 2000–3000 valid data points. The measureme
from the experiments at like conditions~measurement vol-
ume traversing away from the surface and toward the s
face! were averaged once nondimensionalized by the h
flux, resulting in datasets consisting of 4000–6000 d
points. The total fixed and precision errors based on a 9
confidence interval for the turbulence data is less than 5%
both components.

IV. RESULTS

Surface temperature and subsurface turbulence mea
ments of an air water interface undergoing evaporative c
vection are now presented. Figures 2~a! and 2~b! show infra-
red images of clean and surfactant covered surfa
respectively, for a heat flux of 407 W/m2. In both images, the
average temperature has been subtracted, so that white
resents temperatures above the average and black repre
temperatures below the average. The dynamic range of
image is approximately 1 K. As seen in the figures, there
dramatic change in spatial scale of the convective struc
when comparing the clean and surfactant cases. The c
surface shows a large range of scales, including very
structures, the smallest of which may not be captured du
the spatial resolution limit of the camera. In contrast, t
surfactant case exhibits much larger-scale structures, som
which are vortical in nature. Observing the images in r
time reveals structures in the clean case that are highly ac
as the warm fluid~white! rises to the surface and falls rapid
in thin cool sheets~black!. By comparison, the structures i
the surfactant case are much less active, remaining cohe
for much longer time periods. A more complete descripti
of the infrared images, including statistics on the temperat
fields, is found in Sayloret al.23,24

The spatial and temporal differences observed in
temperature fields are obviously linked to the near-surf
convective turbulence. This is confirmed in Figs. 3 and
where sample time traces are presented for the horizonta~U!
and vertical~W! component of velocity for the clean an
surfactant cases at two near-surface depths. The data
sented was obtained over a period of 200 s. Gaps in the
trace for the surfactant data indicate periods of zero data r
Low data rate, inherent to very low-velocity flows, we
more common for the less active surfactant case.

For the very near-surface case~Fig. 3!, marked differ-
ences are apparent between the clean and surfactant c
Looking first at the horizontal velocity traces, note the d
matic reduction in the highest-frequency fluctuations of
signals, with the addition of the surfactant. The clean sig
also appears to include a large-amplitude, low-freque
structure that is also damped by the addition of surfactan
the surface. The vertical velocity fluctuations are mu
smaller than the horizontal for both the clean and surfac

r
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3342 Phys. Fluids, Vol. 13, No. 11, November 2001 Flack, Saylor, and Smith
cases. This is expected due to the zero vertical velo
boundary condition at the interface. There does not appea
be a damping of high-frequency fluctuations due to the
dition of the surfactant, for the vertical velocity.

At a depth of 4 mm~Fig. 4!, the differences between th
clean and surfactant cases are much less pronounced
traces for the horizontal velocity component are qualitativ
almost identical for the clean and surfactant runs, with
exception of a slight damping in the vertical velocity com
ponent for the surfactant case. As the distance from the
face increases, there is a reduction in the high-freque
fluctuations and an overall reduction in the horizontal vel
ity magnitudes for the clean case. This indicates that
intense fluctuations in the horizontal plane are confined
very thin ~,4 mm! surface sublayer.

The observations discussed above are quantified in
turbulence profiles presented in Fig. 5. The horizontal (u8)
and vertical (w8) components of the turbulence intensiti

FIG. 2. ~a! Infrared image clean surface,q95407 W/m2. ~b! Infrared image
surfactant surface,q95407 W/m2.
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have been nondimensionalized by convection scales@Eqs.
~1!, ~2!#. As discussed in the data acquisition section, the d
were obtained during two different runs. These runs provid
identical points at two heat fluxes. An examination of t
separate runs showed some scatter, even with the conve
scaling. However, the scatter is significantly less than
differences due to changes in the boundary condition. Ba
on the convection scaling, we make the assumption that
heat flux dependence has been removed from the data.
allowed averaging the data from the two runs, thereby red
ing the noise in the averaged data presented in Fig. 5.

Note that the data collapses below a certain depth for
two different boundary conditions. This suggests that the
sumption of the validity of the convection scaling is corre
at these depths, and that the effect of the boundary is not
at this depth. The differences near the surface are most li
due to differences in the free surface boundary condition

The high level of turbulent activity near the surface f
the shear free boundary condition~clean! is evident in Figs.
5~a! and 5~b! when compared to the constant elastic
boundary condition~surfactant!. The horizontal componen
of the turbulence intensity@Fig. 5~a!# is four to five times
larger near the surface for the clean case than for the su
tant case. Both cases reach approximately the same leveu
at z/z* 50.1, or 15 mm below the surface. The turbulen

FIG. 3. Velocity time trace,z520.5 mm.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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3343Phys. Fluids, Vol. 13, No. 11, November 2001 Near surface turbulence for evaporative convection
intensity in the vertical direction@Fig. 5~b!# is also signifi-
cantly larger~three to four times! for the clean case than th
surfactant case near the surface, before approaching the
level approximately 15 mm (z/z* 50.1) below the surface
These results reveal that changing the hydrodynamic bou
ary condition from shear-free to constant elasticity chan
the turbulence intensity by as much as a factor of 5. T
difference is confined to a thin sublayer, approximately 0.1z*
in extent.

V. DISCUSSION

The primary result obtained from the experiments her
concerns the difference between clean and surfactant be
ior, particularly near the water surface. The differences
tween the shear-free, constant elasticity and no-slip boun
conditions are now further explored by comparing the tur
lence results of the present experiment to two natural c
vection experiments, where turbulence measurements w
obtained in the horizontal layer above a heated surface
an insulated top. For the heated wall studies there is a no
boundary condition at the boundary where heat transfer
curs, compared to the shear-free or constant elasticity bo
ary for the present experiment, as illustrated in Fig. 6. T
bulence results from all three experiments are presente

FIG. 4. Velocity time trace,z524 mm.
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Figs. 7~a! and 7~b!. The turbulence measurements of Pras
and Gonuguntla25 were obtained with a planar particle imag
velocimeter ~PIV! system, whereas the results of Adria
et al.4 were obtained with a two-component LDV system. A
data has been nondimensionalized using convection sc
The kinematic heat flux,Q05q8/rcp , from the heated sur-
face was 0.15 °C mm/s for Adrian andQ050.20 °C mm/s for
Prasad. For the present experiments,Q0 ranged from 0.06–
0.12 °C mm/s.

FIG. 5. The rms velocity profiles, clean and surfactant.

FIG. 6. A comparison of experimental configurations.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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In Fig. 7~a! the scaledu8 data from the present exper
ments are presented, along with that due to Prasadet al. and
Adrian et al. It is noted that the data from the present cle
and surfactant experiments extends down to a value
z/z* ;0.001. Unfortunately, the data of both Prasad a
Adrian do not extend to values ofz/z* ,0.01, making com-
parisons somewhat difficult. Some comparison can be m
however, since it is known that for the solid wall studies
Prasad and Adrian, theu8 data must approach zero in th
region. In contradistinction to this solid wall behavior, for th
data presented here~particularly for the clean case! the val-
ues ofu8 are relatively large. Indeed, for the clean case,
value of u8 reaches its maximum at the smallest value
z/z* measured. This is an important difference between
free surface and solid wall studies. Moreover, observing
results of Prasad and Adrian, it seems thatu8 reaches a peak
at a location relatively deep in the water bulk, indicating th
the turbulent kinetic energy is necessarily expressing it
away from the wall, where it is not damped by the wa
Again, in contrast to this solid wall behavior, the clean ca
shows its maximum right at the surface, since this reg
experiences the least amount of resistance or damping.
point is further borne out in Figs. 8~a! and 8~c!, where data
for the u component of turbulent kinetic energy~TKE! and
total TKE are presented, respectively. Here again, the c

FIG. 7. The rms velocity profiles, clean and surfactant.
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of
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e,
f

e
f
e
e

t
lf

e
n
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an

data shows its maximum value at the surface, while the s
wall cases show a maximum deeper in the bulk.

For all cases discussed here~solid wall, constant elastic-
ity, and shear-free!, w8 must equal zero atz/z* 50. This
trend is observed in Fig. 7~b!, where all four datasets ap
proach a value of zero asz/z* decreases~a theoretical simi-
larity equation by Sorbjan7 with a constant based on th
Adrian data is included!. As z/z* increases,w8 increases for
all cases plotted. This trend is expected, sincew8 must
achieve large values away from either the solid wall or
free surface, and hence gets larger as one travels into
water bulk. This trend is also observed in Fig. 8~b!, for the
vertical component of TKE.

For theu8 andw8 data of Fig. 7 and for the TKE plots o
Fig. 8, the ‘‘deep water’’~largez/z* ! behavior of the Prasad
and Adrian data significantly exceed the values of the pres
data. Moreover, there is also a significant difference in
values obtained by Prasad and Adrian over the entire ra
of z/z* . The exact cause of these disparities is unclear.
differences may be due to an inability of the scaling para
eters to collapse this data. The difference may also also
due to differences in the measurement methods for all th

FIG. 8. Kinetic energy.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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experiments. Accordingly, in the aforementioned discuss
we have focused on changes in the velocity or TKE data
function of z/z* , rather than absolute values for these p
rameters.

VI. CONCLUSIONS

Significant differences are observed for the subsurf
hydrodynamics during evaporative convection depending
the surface boundary condition. A shear-free boundary sh
a higher level of near-surface turbulence compared to a c
stant elasticity boundary condition. This difference is larg
in the horizontal component of velocity and is contained i
thin near-surface sublayer. The solid wall boundary condit
displays higher levels of turbulence away from the surfa
than both the shear-free or constant elasticity boundary c
dition.

Finally, we note that one of the long term goals of th
research is to relate subsurface hydrodynamics, namely
velocity field, to observations that can be made of the wa
surface. Specifically, we are interested in utilizing remot
sensed imagery such as IR imagery and correlating this
agery to what is occurring beneath the water surface.
work of Saylor et al.23,24,26 has demonstrated that infrare
imagery is highly sensitive to the presence of surfact
monolayers and to the surface heat flux during evapora
convection. The sensitivity of IR imagery to the state of t
water during evaporative convection suggests that infor
tion concerning subsurface hydrodynamics may be obta
remotely. The current study does not directly correlate inf
red imagery of the water surface to subsurface hydrodyn
ics. However, the variation in velocity profiles as a functi
of surfactant contamination and as a function of heat fl
may be coupled with the work of Sayloret al. to provide a
rough correlation between IR imagery and subsurface ve
ity characteristics. Future work where simultaneous meas
ments of surface imagery and subsurface profiles are
tained will permit more direct correlations.
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